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Summary

Hydrogen sulfide (HS) is a well-known inhibitor of frequency of spontaneous activity were relatively
aerobic respiration via its reversible binding of insensitive to anoxia, but that the sensitivity to HS was
mitochondrial cytochrome c oxidase, but recent studies similar to that seen in field-stimulated muscle
have suggested that HS may have other non-respiratory (Kg=2.7-32mmolt1). The toxic effects of HS were
actions. We have studied the effects of HS on spontaneous reversible, with almost complete recovery under anoxic
and evoked contractiondn vitro under hypoxic and anoxic  conditions within the first hour. These data indicate that
conditions in nerve—muscle preparations from the echiuran HS at millimolar concentrations can directly inhibit muscle
worm Urechis caupo Contraction amplitude in response to  contraction. Although the mechanism of this action is
electric field stimulation under anoxic conditions was unknown, it does not appear to involve metabolic pathways
completely abolished by HS within minutes in a classic or oxygen transport.
dose-response relationship Kg=31mmoll?, r2=0.86).
Exposure of body wall and esophagus to Hif vitro for up Key words: muscle, contraction, toxicity, Echiutdrechis caupp
to 6h demonstrated that the contraction amplitude and hydrogen sulfide.

Introduction

Hydrogen sulfide (HS) is a metabolic poison that is typicallyharbor symbiotic HS-oxidizing bacteria, but that remain
fatal to animals relying solely on aerobic respiration. The besaerobic themselves either by oxidizing HS or by sequestering
characterized toxic effects of HS are its reversible inhibition oHS from aerobic tissues (Powell and Somero, 1986; Soetero
cytochrome ¢ oxidase, the terminal element of the al. 1989), and (4) animals that may directly exploit HS as an
mitochondrial electron transport chain, and its reaction witlenergy sourcevia mitochondrial HS oxidation (Powell and
hemoglobins to form sulfhemoglobin and sulfmyoglobin,Somero, 1986; Leet al. 1996; see Volkel and Grieshaber,
thereby greatly decreasing their oxygen affinity. The action 01996).

HS on cytochromec oxidase is more potent than that of Implicit in these descriptions is the assumption that the
cyanide, with 50% inhibition at concentrations as low agrimary and most important toxicity of HS is its inhibitory
1umol 11 (Nicholls, 1975; National Research Council, 1979).effect on aerobic metabolism. However, many studies,
HS is a weak acid existing in three charge stateS, HS and  primarily of vertebrates and especially of mammals, suggest
$?-, that occurs naturally in a number of marine and aquatithat HS has other, non-respiratory toxic effects (for a review,
environments, including hydrothermal vents, cold seepssee Reiffensteiret al. 1992). A number of reports have
mudflats and marshes. In each of these environments, diverdemonstrated an effect of HS on vertebrate nerve and muscle
communities of animals have been found that are specificallyssue, with reported actions including inhibition of axonal
adapted to the presence of HS (Sonedral. 1989; Childress, conduction (Becket al. 1983), inhibition of synaptic
1995; Fisher, 1995). transmission (Abe and Kimura, 1996), interaction with nitric

Animals adapted to sulfidic environments have typicallyoxide signaling (Kruszyna&t al. 1985; Hosokiet al. 1997),
been classified into four categories: (1) animals that tolerai@teration of ion channel activity (Kombiahal. 1993), effects
the toxicity of HS by remaining in anaerobiosis throughout aon RNA synthesis (Beauchamgt al. 1984) and, during
exposure (Oeschger and Storey, 1990), (2) animals that remalavelopment, changes in neurotransmitter content and
aerobic during exposure by excluding HS or oxidizing it to lessieuronal growth (Rotlet al. 1995; Hannah and Roth, 1991).
toxic forms, but that have no metabolic HS requirement (Vettelowever, in most of these studies, the actions of HS were not
et al. 1987; Vismann, 1991; Arpt al. 1995), (3) animals that dissociated from the effects of HS on metabolism. Thus, it is
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unclear whether HS might have acted directly on, for examplg@reparationsn vitro. Finally, the most obvious two muscular
nerve cell membranes, receptors, ion channels or intracellulactivities ofU. caupg the constant pumping of water through
signaling mechanisms. its burrow and the periodic ventilation of its hindgut for gas
Sedentary invertebrates are abundant in many sulfidiexchange, are maintained in isolated nerve—muscle
environments, and in some cases comprise the majority of tipgeparations for many hours (Lawry, 1966).
macrofauna. The behavior of such animals, which includes
bivalves, tube worms and some burrow-dwelling animals, ]
consists primarily of rhythmic muscular movements for Materials and methods
feeding and gas exchange. In many cases, it is possible to Animal collection and handling
isolate nerve and muscle tissues from these animals such thatUrechis caupavere collected during low and moderate tides
these rhythmic patterns are retainéd vitro. To begin from two California locations: Elkhorn Slough, Monterey
investigating whether non-respiratory toxicity of HS is anCounty, and Pillar Point Harbor (Princeton Harbor), San Mateo
important factor for HS-adapted marine invertebrates, w€ounty. Worms were collected with a polyvinylchloride
studied the effects of HS on both rhythmic and evoked musckuction gun or were hand-dug from burrows. They were then
contractions using vitro nerve—muscle preparations from the transported to the laboratory within 2-3 h of collection, where
marine echiuran worrJrechis caupo they were maintained unfed in recirculating seawater aquaria
U. caupolives in U-shaped burrows in mud- and sandflatsor up to 3 weeks. Experimental animals weighed between 40
along the California coast (Fisher and MacGinitie, 1928; Argand 80 g wet mass.
et al. 1992).U. caupocontinuously circulates water through
its burrow with anterior-to-posterior peristaltic waves along its Reagents and solutions
muscular body wall, supplying oxygen, bringing food particles Bathing solution was made from artificial sea water (Instant
into the mucus net and expelling wastes and gametes from tgean, Aquarium Systems) with 0.1% glucose and
burrow. While manyJ. caupolive subtidally, a subpopulation 0.05mol ! Tris buffer (Sigma). HS was added, as needed,
lives in the intertidal zone where the HS concentration reachémom stock solutions of 100mmof or 500 mmoltl
25-30umol -1 and oxygen tension drops to as low as 30 % ofNaS9H,0 or from a saturated N& stock solution maintained
air saturation during low tides (Art al.1992). In comparison at 4°C. Osmolality was adjusted to 1000 mosmotkas
with HS concentrations found in other sulfidic habitats, whichmeasured with a vapor pressure osmometer (Wescor). Anoxic
can extend well into the millimolar range, the concentrationsolutions were prepared by deoxygenation by vigorously
experienced by. caupoare rather low. Nonetheleds, caupo  bubbling pure M gas until the oxygen tension was less than
possesses a variety of mechanisms to detoxify or sequester s kPa (measured using a Clark-style oxygen electrode
including heme-based oxidation of HS to thiosulfate and HSealibrated against fresh 2% sodium sulfite). Bathing solutions
binding by heme compounds (for a review, see Atpal. were adjusted to pH7.4 by titration with NaOH or HCI. All

1995). experiments were conducted at room temperature (20-22 °C).
U. caupohas a very simplified anatomical arrangement ' '
consisting of a thick, muscular body wall surrounding an Tissue preparation

undivided coelomic cavity which contains paired sets of Body wall nerve—muscle preparations were dissected as
gonads, a pair of excretory organs termed anal vesicles,nauscle tissue sheets approximately 1 cm wide and 2cm long,
ventral nerve cord suspended within the coelomic cavity byith associated nerve tissue, including the attached nerve cord.
several hundred pairs of peripheral nerves, and a long intestii@ese preparations were obtained from three positions in the
that folds back on itself several times, terminating in thevorm: the anterior section (including the proboscis), the
hindgut and cloaca. The hindgut, which is suspended withimiddle section and the posterior section (including a portion of
the coelomic cavity and connected to the body wall by strandtie hindgut). In addition to body wall nerve—muscle
of muscle tissue, is tidally ventilated with water, andpreparations, some experiments also utilized preparations of
approximately half of the total oxygen uptakelbfcaupoat  esophagus, which also contracts spontaneourslyvitro.
normoxia occurs across this tissue surface (Jeliah. 1996). Esophageal preparations were dissected from the muscular
U. caupohas no vascular system, and the coelomic fluid, whiclanterior-most portion of the intestine. Body wall and
contains hemoglobin in large coelomocytes, circulates freelgsophageal preparations were stored in aerated bathing
within the coelomic cavity, bathing all of the organs, includingsolution until needed (up to 3h).
the entire serosal surfaces of the body wall and hindgut.

There are specific advantages in udihgcaupofor studies Measurement of spontaneous contractile activity
of neuromuscular activitin vitro. Unlike invertebrates from Body wall and esophageal nerve—muscle preparations were
the sea floorU. caupois readily obtained from the local placed into a muscle chamber containing aerated bathing
environment during low tides and is easily maintained in theolution. The tissue was suspended between an isometric force
laboratory in standard seawater aquaria. Additionally, the veryansducer (FORT250g for body wall, FORT10g for
simple anatomy ob). caupoand its lack of a closed vascular esophagus, World Precision Instruments) and the base of the
system permit nearly normal perfusion of isolated tissuehamber with silk or cotton thread. The force transducer was
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mounted above the chamber with a manipulator, whichvires to be continuously bathed in flow-through, aerated, HS-
allowed adjustment of preload tension. The force transducéree bathing solution. The remainder of the nerve was exposed
output was low-pass-filtered at 100Hz, amplified (CP2020 the same solution as the muscle sheet. The nerve was
preamplifier, Sable Systems) and digitally recorded aperiodically advanced through the stimulator to a ‘fresh’
2-10samples$ (Sable Systems PC-based analog to digitasegment to minimize any cumulative damaging effects of
converter). electrical stimulation. Preload on the muscle sheets was
A study of spontaneous activity at varioBs, levels was maintained at a constant tension (approximately 30g) to
performed on body wall preparations. In this experiment, theompensate for any tissue stretch between stimulation
baseline activity of the preparation was recorded after an initi@xperiments.
10 min equilibration period. ThBo, of the bathing solution The nerve—muscle preparation was maintained in aerated
was then altered by bubbling it with mixtures of &hd @  bathing solution for 60 min while the spontaneous activity was
(mixed from compressed gas with a GF-4 gas-mixingontinuously monitored. At 30 min and at 1h, the nerve was
flowmeter, Cameron Instrument Company) to normoxiastimulated with 20ms 4-10V biphasic pulses at a frequency
(Po,=21kPa), hypoxiaRo,=4-5kPa), anoxiaRp,<0.5kPa) of 100Hz (Grass SD9 stimulator) until the evoked contraction
or hyperoxia Po,>40kPa). The order dPo, treatments for appeared to be tetanized. The contraction was digitally
each tissue preparation was randomized. The oxygen tensicecorded at 10sampledsand analyzed off-line for peak
of the bathing solution was continuously monitored using @&ontraction amplitude, time to peak amplitude (time lag
Clark-style oxygen electrode. The bathing solution wadetween initiation of the stimulus and the peak amplitude for
continuously stirred on a magnetic stir plate to ensure thoroughat contraction) and time to half-relaxation (the time required
mixing. Initial control experiments were conducted for 2 h atafter the cessation of stimulation for the muscle tension to
each experimental oxygen tension to ensure that any changer@duce by half). The bathing solution was then replaced with
contraction pattern was a factor of bathing soluRenand not  anoxic bathing solution, and monitoring of spontaneous
of time. contractile activity was continued for another hour. The nerve
To determine the concentration of HS required to inhibitvas then stimulated and the muscle response recorded after 30
muscle activity, body wall and esophagus nerve—muscland 60 min as before. HS was then added from a stock solution
preparations were mounted in a recording chamber, gpH7.4) to bring the total HS concentration to between 1 and
described above, and allowed to equilibrate for 1 h in anoxi mmol 1. Monitoring and recording of spontaneous activity
bathing solution. At the end of the equilibration, a baselinend stimulation of evoked activity were then continued for an
recording of spontaneous activity was obtained. HS stoc&dditional 60 min as described above.
solution was then incrementally added to the bathing solution At the end of the HS exposure, a section of the nerve
at 30 min intervals (together with water to maintain osmolalitypetween the stimulator probe and the muscle was gently
at 1000mosmolkd, and 0.5moli! HCI, if necessary, to crushed using forceps, and the nerve was again stimulated as
maintain pH at 7.4). A recording of spontaneous activity wakefore. The inability of this stimulus to evoke any contraction
obtained just prior to each addition. For each tissuafter the crush confirmed that the previous responses were not
preparation, these additions were repeated until no spontanealige to direct electrical stimulation of the muscle.
activity was evident.
Throughout the experiment, the bathing solution was kept Electric field stimulation
well-stired with a magnetic stirrer, and the pH was For field stimulation, body wall muscle strips, 1-2cm long
continuously monitored and adjusted. The gas space above #ed 2—-3 mm wide, were dissected out and placed in cold bathing
bathing solution was continuously flushed with, Mut the  solution until needed. Suitable strips were mounted in an acrylic
solution itself was not bubbled wittpNuring the experiments, muscle chamber (inside chamber dimensions 4cm long, 1cm
since this would tend to strip the volatile$species of HS wide, 1cm deep) with a panel of platinum mesh attached
from the solution. For exposures to a single HS concentratidengthwise on either side of the muscle strip. Using cotton
lasting more than 30min, the bathing solution was replacetiiread, one end of the muscle strip was then secured to one end
every 60-90min to ensure that the HS concentration wasf the chamber, and the other end was passed under a glass rod
constant. at the other end and up to a force transducer (FORT10g, World
Precision Instruments) mounted on a micromanipulator above
Direct nerve stimulation the chamber. Anoxic bathing solution was continuously
For studies of evoked activity, muscle tissue from the micirculated through the chamber from a reservoir by a peristaltic
section of the body wall was dissected out and mounted @smp at 3mimint. This perfusion continued throughout the
described above, except that the anterior portion of the nervemainder of the experiment. After a strip had been mounted in
cord leading to the muscle was left intact. The section of ththe chamber, current pulses were passed between the platinum
nerve dissected free in these preparations was typically at leasesh electrodes (and thereby across the muscle strip) every
2cm in length. The anterior end of this nerve was inserted intomin from an electronic stimulator (Grass S88) for the duration
a special stimulating electrode probe (Burn and Rand, 196@f the experiment. These pulses were 15Hz, 20ms duration
that allowed the portion of the nerve between the stimulatingiphasic pulses. The electrical potential across the chamber was
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100V, with a total current of 75mA. The stimulation was Anterior
continued for each event until the contraction amplitude
reached a plateau.

During an initial 30 min equilibration period for each new
tissue strip, optimal preload was determined by gradually
increasing the tension on the tissue, using the Anoxia
micromanipulator, until the contraction was maximal. This _
tension was then maintained throughout the remainder of the NOMOXia . WA VAN pan
experiment. After a baseline recording had been established,
the HS concentration of the bathing solution was increased Posterior
incrementally at 20 min intervals until no contraction could be
evoked. Data presented for each HS concentration are from the
last stimulus of each 20min exposure period. All amplitudes
are reported relative to the amplitude for that tissue at the end

of the anoxia control period. NormOXia"‘MN\‘\MNMMMANWMMMMMAMMNmeMMNM

Statistical analyses and data presentation 109

Values are presented as means + one standard deviation 1 min
(s.p.). Single-factor analysis of variance (ANOVA) or within- Fig. 1. Representative recordings of spontaneous activityréchis
subjects ANOVA, as indicated, followed by Tukey orcaupo body wall nerve-muscle preparations. Body wall
Student—-Newman—Keuls multiple-comparison tests was usEnerve—ml_JscIe preparati(_)ns isolated from the anterior _(top tracings)
to test for significant differences between measurements (z:2" PoSterior (bottom tracings) of the worm were placed into a muscle
1984: Glantz, 1997). Differences were considered Significarchamber containing aerated (normoxic) or nitrogen-gassed (anoxic)

. bathing solution (artificial sea water with 0.1% glucose and
atP<0.05. Amplitude and frequency results from spontaneouy g a1t Tris buffer). Spontaneous activity was recorded with an

muscular activity data were analyzed using specially writtelisometric force transducer. Scale bars represent time (horizontal bar,
software, with the intent of reducing investigator bias.n min) and tension (vertical bar, in g).

Dose-response data were fitted to the equatio
y=Kd/([HS]+Kqd), wherey is the tissue response relative to the

anoxic control, [HS] is the HS c_oncentra'gon n ”.‘mh' and activity in these preparations was not significantly different from
.Kd represents the HS concentrapon atwhich the tl_ssue FESPONKEG: at normoxia at either anoxia or hyperoia®). Midsection
is _half of the control vglue (Hille, 1_992). Non-linear curve reparations were not affected by changdsin(N=6, data not
fitting was performed using commercial software (DeltaGrap hown).
v. 4.02, SPSS Inc.). Six anterior and posterior body wall preparations were
exposed to micromolar HS concentrations (8048001171
Results for 20 min under either normoxic or anoxic conditions (three
Response of spontaneous body wall activity to vaiing  tissues tested at each condition). Because the addition of HS
and micromolar HS concentrations consistently caused a brief (<2 min) increase in baseline muscle
Nerve—muscle preparations contracted rhythmically andension, amplitude data presented below were collected after
spontaneouslyin vitro. At normoxia, preparations isolated this contraction had subsided. Regardless of whether oxygen
from both the anterior and posterior regions of the wornwas presentin the bathing solution, the average peak amplitude
demonstrated a rhythmic pattern with a frequency ofnd frequency of spontaneous activity were not significantly
approximately 5.8 contractions min (Fig. 1). Exposure to affected by HS exposure (Fig. 2A-D, filled bars). As described
anoxia initiated a superimposed lower-frequency pattern above, amplitude data were normalized to the average
approximately 0.6 contractionsmiy which then remained amplitude in normoxic, HS-free conditions.
throughout the duration of the experiment. For further analyses
of rhythmic behavior, we considered only the underlyingResponse of direct nerve stimulation to anoxia and millimolar
higher-frequency component. HS concentrations
The average amplitude of spontaneous contractions was notTo determine whether the ability of the nerve cord either to
significantly affected by any of th&, values tested (Fig. 2A,B, conduct impulses or to initiate depolarization of the muscle
open bars). To normalize for differences between muscle massuld be inhibited by millimolar HS concentrations, we
and strength between tissue preparations, contraction amplitudesalyzed the contractions resulting from direct electrical
at eachPo, in the figure are normalized to the average amplitudstimulation of the nerve cord in four body wall nerve—muscle
at normoxia. Anterior and posterior preparations from the bodpreparations following a 1h exposure to 1-5mrmolHS
wall demonstrated a significant effectRd, on the frequency under normoxic conditions. To confirm that any effects of HS
of spontaneous activity only between normoxia and hypoxiavere not due to inhibition of aerobic metabolism, each tissue
(Fig. 2C,D, open bars). However, the frequency of spontaneogsmple was exposed first to 1 h of normoxia, followed by 1h

Anoxia
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Fig. 2. Response dfrechis caupdody 3 8

wall nerve-muscle preparations to ] A +HS Cc * +HS

varying levels of oxygen with and 6

without added HS. (A,B) Relative 27 * _
amplitude. All amplitude values were 1.59 4 Anterior
normalized to the average amplitudel 14 fer

under normoxic, HS-free conditions.= 054 £ 2

(C,D) Frequency. These values wer 0 ‘ ‘ ‘ £ 0 ‘ ‘ ‘

not  normalized.  Body  wall g ] 3 g ‘

nerve—muscle preparations isolate B § D %

from the anterior (A,C) or posterior @ 2.5 §_ 64 =

(B,D) of the worm were placed into a® 2 =

muscle chamber containing bathing 151 4 Posterior
solution equilibrated to oxygen tensions ]

of <0.5kPa (anoxic), 5kPa (hypoxic), 2

20kPa  (normoxic) or  >40kPa 0.5

(hyperoxic). HS was added to a 0 % f f 0 % f %

concentration of 80-3Q@mol -1 with <05 5 20 >40 <05 20 <05 5 20 >40 <05 20

an oxygen tension of either less than 0.5 Oxygen tension (kPa) Oxygen tension (kPa)

or 20kPa (filled bars). Spontaneous
activity was recorded with an isometric force transducer. Values are means(N=6). Significantly different values within a plot are
indicated by asterisks.

of anoxia, and finally 1 h of anoxia with 1-5 mn@IHS. The the amplitude of spontaneous esophagus activity was similar
nerve was stimulated at the beginning, at the midpoint and & that on body wall. Amplitude was almost normal at
the end of each exposure. Functional measurements of musélenmol 1 HS, but was virtually absent at 32 mmd! HS
activity, such as the time required to reach peak force, thgig. 5). Fitting a dose—response curve yieldeda of
maximum force achieved during stimulation and the time2.7mmolt! (r2=0.40), indicating a somewhat higher
required to reach half-relaxation after cessation of the stimulugensitivity than that of the body wall. However, the frequency
were not significantly affected by changesPn, or by the of spontaneous esophagus activity was not affected by HS

addition of 1-5mmoli! HS during anoxia (Fig. 3). (P=0.14) and did not fit the dose-response curve equation.
Response of spontaneous activity to HS Response of body wall activity to long-term exposure at
To determine whethed. caupotissues were completely millimolar HS concentrations

insensitive to HS, body wall and esophagus nerve—muscle Although the exposures in the previous dose-response
preparations were exposed to stepwise increases of HS up téxperiments were of relatively short duration, each tissue sample
maximum concentration of 140mmo}l under anoxic Wwas exposed to gradually increasing HS concentrations over a
conditions. The exposure duration at each concentration w@eriod of 2-3h. Thus, it is possible that the dose-response
at least 20 min, and each tissue was tested until a concentratifiects were due not to the higher concentration, but rather to
was reached that inhibited the contraction amplitude by at leaéte longer duration of the exposure. To confirm that this was not
90%. Each tissue was typically exposed to at least four Hthe case, body wall nerve—muscle preparations were exposed to
concentrations. Nine body wall and four esophagugnoxia with either 5mmott HS for 2.5h or 10 mmott HS for
preparations were tested, with a minimum of three preparatiorish, with 10 tissue preparations tested at each concentration (Fig.
at each concentration, except as noted. To confirm that a®). At both concentrations, the preparations continued
effects were not due to inhibition of aerobic metabolism, thé&pontaneous activity throughout the duration of the exposure.
response to each HS concentration was normalized to tkgontraction frequency was unchanged, on average, at both HS
response recorded after a 1 h exposure to anoxia in the abseaoscentrations. Contraction amplitude was unaffected by a 2.5h
of HS, performed at the very beginning of each experiment. exposure to 5mmott HS, but was significantlyP<0.05 by
Body wall nerve—-muscle preparations exhibited practicalANOVA) and consistently decreased after a 3h exposure to
normal spontaneous activity up to 10mmblHS (Fig. 4). 10mmoll! HS. However, contraction activity persisted
Above this concentration, the average amplitude and frequengiyroughout the exposure, remaining at 20 % of the anoxic control
of spontaneous activity decreased and became consistenigyel after 6h.
absent at 100 mmot} HS. Fitting each body wall data set to
the dose—response curve yielded a frequéaaf 32 mmol 1 Reversibility of HS toxicity in body walll
(r2=0.49) and an amplitudéq of 15 mmol I (r2=0.76). To determine whether the inhibitory effects of HS on
Esophagus preparations contracted regularly, as did tlepontaneous activity are reversible, four body wall
body wall preparations (data not shown). The effect of HS onerve—muscle preparations were exposed to 10 mibl$
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S Fig. 4. Dose-response characteristics of spontaneous activity in
] Urechis caupo body wall nerve-muscle preparation to HS.
0- ) . . (A) Effect of HS on the relative frequency of spontaneous muscular
Normoxia Anoxia AnoxiatHS activity. (B) Effect of HS on the relative amplitude of spontaneous
Bathing solution activity. Values are means &D. (N=9 preparations, with 3-4

preparations tested at each concentration) and are presented relative
to the value after a 1h exposure to anoxia in the absence of HS.

relative to the response at normoxia. (A) Time required fo'Detalls of the dose—response curve are given in Materials and

contraction to reach peak force; (B) peak force; (C) time required fcme_thods. Freﬁugichd—SZ mmol I (r2=0.49, P<0.005), amplitude
relaxation to reach half of the peak force. Muscle tissue from the min_l5 mmol F (r*=0.76,P<0.005).
section of the body wall was dissected out and mounted in a nen
chamber such that the anterior portion of the nerve cord leading

the muscle was left intact and was inserted into a stimulatiniﬁ fth lati litude t ds th trol val
electrode probe. The remainder of the nerve was exposed to the sa 8°Very of the refative amplitude towards the control value

solution as the muscle sheet. The nerve was stimulated twice pdr'd- 7)- Interestingly, the removal of HS resulted in a

hour with tetanizing pulses. Contraction force was measured with dgPnsistently increased contraction frequency, averaging about

isometric force transducer. Tissues were exposed to bathing solutiéyyice the anoxic control frequency after 60 min. It is important

equilibrated with air (normoxia) or nitrogen (anoxia). HS was addedo note that the HS ‘recovery’ period was under anoxic

to anoxic bathing solution to a concentration of 1-5mmoll conditions, so reversibility is likely to be due solely to reversal

(Anoxia + HS). Values are means. (N=4). of binding and/or HS diffusion out of the tissues, as opposed
to HS oxidation.

Fig. 3. Response ofUrechis caupo body wall nerve-muscle
preparations to direct nerve stimulation. All data are presente

during anoxia for 90min, followed by replacement of the Response of field-stimulated muscle activity

bathing solution with anoxic, HS-free bathing solution. The Body wall muscle strips were depolarized by electric field
recovery of spontaneous activity was then followed forstimulation to bypass the nerve—muscle conduction pathway.
60—-100 min. As expected, 10 mmdIHS reduced the average This allowed the effects of HS on muscle to be isolated from
contraction amplitude to approximately 20% of the anoxidhose on nerves or on the nerve—muscle synapse. Muscle strips
control and had a smaller effect on the contraction frequencyere exposed to HS concentrations ranging fromu2@l |-

In every case, however, removal of the HS resulted in a gradutal 140 mmolt! under anoxic conditionNE6 strips, with 3—4
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25- et al. 1996), which is twice the frequency of spontaneous
A ] contractions seen in the body wall nerve—muscle preparations
2 in vitro (5.8 contractions mit#). The lower-frequency pattern,
initiated by hypoxiain vitro, occurred at approximately
15 ¢ 0.6 contractionsmirt, which is very similar to the

0.5contractionsmit  frequency of hindgut ventilation
contractions seen in whole animals (Jukdral. 1996). Since
both the high- and low-frequency patterns were seen in
nerve—muscle preparations isolated from either the anterior or
posterior portions of the worm, the pacemaker sites for both
burrow irrigation and hindgut ventilation appear to be
‘ ! ! : distributed throughout the animal.
In intact animals, body wall peristaltic frequency, but not
B hindgut ventilation frequency, is sensitive to changes in
ambientPo, (Julianet al. 1996). We did not see this sensitivity
in the preparationsn vitro. Two explanations for this
difference are that responsiveness of peristaltic frequency to
Po, may require an intact nervous system or that peristaltic
| frequency is normally modulated by signals from the coelomic
0.5 fluid, such as metabolites or hormones. In contrast to our
| findings, Lawry (1966) reported that body wall nerve—muscle
] ° preparations did, in fact, respond to changes in bathing solution
0 Po, with an alteration in contraction frequency. Unfortunately,
this information was presented without statistics or a

- o
0.1 1 10 100 description of variability, so it is difficult to make quantitative
HS concentration (mmol |-1) comparisons.

Relative frequency

o
ol S
L L
—e—
-

o
L

15
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Fig. 5. Dose—response characteristics of spontaneous activity in
Urechis caupoesophagus preparations to HS. (A) Effect of HS on

the relative frequency of spontaneous muscular activity. (B) Effect ¢ 3 E
HS on the relative amplitude of spontaneous activity. Values ar 254
means 1s.0. (N=4 tissue preparations at each concentration, excey ]

) 2
for 10, 32 and 100 mmot}, for which the data represent the average ] o
of three, two and two preparations, respectively) and are present z 157 Smmol I71HS
relative to the value after a 1 h exposure to anoxia in the absence § 19 & i ................ % .... i .... i .............. Frequency
HS. Details of the dose—response curve are given in Materials a1 § 05; Amplitude
methods. Amplitudés=2.7 mmol 1 (r2=0.40,P<0.005). Frequency % ]
data did not fit the dose—response curve. g O0-
@ f T | T )
E 0 05 1 15 2 25
strips tested at each concentration, a total of 34 trials). Fie % 37 B
stimulation produced a clear dose-response relationsh o 25
between HS concentration and contraction amplitude (Fig. € 8, |
with aKg of 31 mmol I (r2=0.86). g 1
15 E 10 mmol I-1HS
, _ 1A g Qg § 8 Frequency
Discussion 05 3
The control of rhythmic behavior rechis caupo 0- E { Amplitude
In addition to the finding of HS actions in muscle, the o e
present report also provides new information about the activit o 1 2 3 4 5 6
and location of pacemaker sites ih caupo Evidence of Exposure duration (h)

ganglionic processes in echiurans has never been reporlFi'

. o g. 6. Effects of long-term exposure to 5 and 10mmMoHS on
(Pilger, 1993), but Lctiwry (1966? suggested that tW(.) dIStInCUrechis caupo body wall nerve-muscle preparations. Tissues
pacemakers located in the anterior and posterior regions of t|, o exposed to anoxia with either 5mmbIHS for 2.5h (A) or
body wall or intestine control peristalsis of both the body wal1gmmolrt HS for 6h (B). Values are meanssb. (N=10 tissue
and the hindgut, initiating ventilatory, feeding and burrowingpreparations for each panel, with each data point representing 2—4
activity. In intact animals, body wall peristalsis occurs at arpreparations) and are presented relative to the value after a 1h exposure
average frequency of 12 contractions nhiat normoxia (Julian to anoxia in the absence of HS. Circles, frequency; squares, amplitude.
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Fig. 8. Dose—response characteristicklodchis caupanuscle strips
stimulated with tetanizing, 100V electric field pulses. The HS
concentration of the anoxic bathing solution was increased
incrementally at 20min intervals until no contraction could be
evoked. Tissues were stimulated every 5min throughout the
experiment. Data presented for each HS concentration are from the
last stimulus of each 20min exposure period. All amplitudes are
reported relative to the amplitude for that tissue at the end of an
initial control period in anoxic, HS-free bathing solution. Values are
means = sbD. (N=6 strips, with 3-4 strips tested at each
concentration, 34 trials total). Details of the dose-response curve are
given in Materials and methods. Amplitud&s=31mmol!
(r?=0.86,P<0.001).
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Fig. 7. Recovery of spontaneous activitjdrechis caupdody wall  guinea pig ileum and portal vein but not in thoracic aorta, HS
nerve-muscle preparations from a 90min exposure to 10moll glone at concentrations of 0.3—1 mméllcould almost
HS. Time zero indicates the beginning of HS washout in anoxigompletely reverse the response to exogenous acetylcholine
_bat_hi_n_g solution. (A) Recovery of cont_raction fre_quency from HSznqg norepinephrine.
inhibition. (B) Recovery of contraction amplitude from HS =, 5 \yhole-animal study, Vettest al. (1987) tested the
inhibition. The data from four preparations are presented. Values ajgeo o of Hs on heart rate and scaphognathite beat frequency
relative to the control responses in anoxic, HS-free bathing solution.. -
in several decapod crustaceans bathed in aerated sea water. HS
up to 1.4 mmolt! (the highest concentration tested) increased
scaphognathite beat frequency and had no effect on heart rate
Non-cytochrome actions of HS on nerve and muscle  in a hydrothermal vent crab. However, as a result of the high
Little information is available regarding the effects of HS onHS-oxidizing capacity of this crab, the blood HS concentration
muscle activity. In this study, we have demonstrated the firstever exceeded 1@@noll~l. Non-HS-adapted crustaceans
evidence of a direct action of HS on spontaneous musckhowed less resistance to HS, with a 40—90 % decrease in heart
contraction. Bhambhasei al.(1997) examined skeletal muscle rate and scaphognathite frequency resulting from exposure to
biopsies from exercising humans exposed 48 Bas, but their  100-30Qumol -1 HS.
analyses involved only assays for metabolic markers of In contrast to the limited research on muscle, a number of
anaerobic and aerobic metabolism. To our knowledge, onlgesearchers have examined the effects of HS on vertebrate
two previous studies have examined the effects of HS onervous tissue and have suggested that HS has direct effects on
muscle contraction. In both studies, HS, in combination witmerve activity. Beclet al.(1982, 1983) reported that short-term
various NO-releasing compounds, was applied to mammaliaexposure to very high concentrations of HS (100 mmpldr
smooth muscle that had already been placed in a state Id$S gas (42 %) caused sciatic nerve bundldzanfa pipienso
contraction by a neurotransmitter, such as acetylcholine drecome unresponsive or to have a weakened compound action
norepinephrine. It was found that HS reversed the action gdotential. The actions of HS were found to be qualitatively
some NO-releasing compounds (Kruszyetaal. 1985), but different from those of cyanide. Beait al. (1982, 1983)
augmented the action of others (Kruszgtal. 1985; Hosoki  concluded that the inhibitory effect of HS on nerve function was
et al. 1997). Hosokiet al. (1997) also demonstrated that, in independent of any actions on metabolism, and proposed that
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an unknown direct site of HS toxicity exists on the nerveof these other animals have the same HS sensitivity as those of
membrane. A similar conclusion was reached by Geeed.  U. caupg then HS toxicity may be a significant factor in the
(1995), who examined the effects of HS on the respiratordistribution and physiology of these animals.
rhythm-generating pattern of rat brairvitro. In this tissue, HS
caused a reversible, dose-dependent decrease of up to 40%0Res non-respiratory HS toxicity limit the distribution of HS-
the frequency of rhythmic respiratory bursts within minutes of adapted animals?
application. Although the E3 was 12Qumol |1, the rhythmic Soft marine sediments are generally anoxic or severely
pattern continued even in 6QMoll™l HS, the highest hypoxic just a few centimeters below the surface. In these
concentration tested. As in the studies described above, Gresrdiments, the HS concentration commonly approaches
et al. (1995) argued that, contrary to expectations, neuron& mmoll and can exceed 20 mmotl (for a review, see
oxidative metabolism was not radically perturbed by HS, an&¥ismann, 1991). The complex ecological structure of this
proposed that HS can directly interfere with nerve membransulfidic environment, with its world-wide distribution, was
potential or transmitter function. first described almost 30 years ago (Fenchel and Riedl, 1970).
Animals inhabiting cold seeps can also encounter very high
Relationship between anoxia tolerance and HS tolerance HS concentrations. Pore-water HS in cold seeps has been
If the sole effect of HS toxicity were inhibition of aerobic measured at 8 mmoil in the Gulf of Mexico (Nixet al.
metabolism, then it might be assumed that animals with a high995) and at 19mmot} in Monterey Bay, USA, with
anaerobic capacity could readily tolerate a limited-duration H&average values in the centers of two Monterey Bay cold seeps
exposure simply by entering anaerobiosis. In this case, tha#f 7.2 and 9.5 mmott (Barry et al. 1997). In contrast, even
presence inUJ. caupo of well-developed HS detoxification though the HS concentration of the hot hydrothermal vent
mechanisms (Arget al. 1995) might be seen as somewhateffluents can exceed 5 mmol) the HS concentration in the
surprising since (1Y. caupohas an anaerobic tolerance of ‘mixing zone’, where most HS-adapted animals are found,
over 6 days, and (2) HS exposureUn caupois limited in  averages 30@mol |1 (for a review, see Fisher, 1995).
concentration (maximum measured HS concentration of The high HS concentrations in cold seeps may give the first
70umol I71), duration (continuous exposure of at most 2 h) andndication that there is a limit to HS tolerance. Although
frequency (fewU. caupoburrows are exposed by low tides vesicomyid clams in Monterey Bay cold seeps typically appeared
more than a few times per week; Aepal. 1992). to utilize nearly 100% of the available space at sites where HS
Thus, the presence of elaborate detoxification mechanismgas detected, the central areas with the highest HS concentrations
in U. cauposuggests that the function of detoxification is not(7—9 mmol 1 or more) were often barren, with few or no clams,
only the maintenance of aerobic metabolism during tidal HSuggesting that these HS concentrations exceed their
exposure, which might provide an energetic advantage evehysiological tolerance (Barst al. 1997). If we assume that the
with the added metabolic cost of maintaining a detoxificatioreffect of HS on vesicomyid muscle is similar to thatbmraupo
system, but may also include the protection of the tissues fromuscle Kq between 3 and 30 mmol), then muscle contraction
some, as yet undetermined, non-respiratory toxicity. Indee@mplitude in vesicomyid clams at the centers of these seeps
although anoxia tolerance and HS tolerance are stronglyould be inhibited by at least 25%. Of course, this assumes that
correlated across a range of invertebrates, when compared witbsicomyid tissue HS concentrations would be similar to those
anoxia alone, the addition of HS to anoxic water uniformlyof the pore water, which may not be the case, depending on
decreases survival time by 10-60% (Theedeal. 1969; tissue-based HS sequestration and oxidation. Additionally,
Groenendaal, 1980; Levitt and Arp, 1991). This findingmuscle tissue of animals adapted to high-HS environments may
suggests that HS has lethal effects beyond those of simpbe found to have a lower sensitivity to HS than th&l.afaupo

inhibiting aerobic metabolism. In either case, the possibility that a cytochrome-independent
effect of HS on muscle activity limits the distribution of animals
Relevance of the results in high-HS environments is worthy of further study.
Even thoughU. caupois, in its natural environment, only
known to experience HS concentrations of less thaprb@di 2, Possible mechanisms of HS action

the following two hypotheses illustrate how our finding of a toxic The mechanism by which HS inhibited muscle contraction in
effect of HS with aKq in the millimolar range may be of our experiments is unknown. Because Kxeof HS in our
physiological relevance. First, the toxic effect of HS on musclexperiments was similar whether the muscle was depolarizing
contraction may result from molecular interactions between HSpontaneously or being depolarized by field stimulation, the site
and targets that are common to other tissue types, and our abilitfyaction of HS must be in the muscle itself and not in the nerve
initially to recognize this interaction only in muscle may be itsor at the neuromuscular junction. However, field stimulation of
easily observable result, the inhibition of contraction. Indeednuscle still relies on ion channel conduction, intracellular second
although similar actions of HS in other tissue types may haveraessengers, shortening of the actin-myosin complex and, after a
lower Kg, the effects may be more difficult to recognize. Secondsufficient number or duration of contractions, the continued
although U. caupodoes not normally experience millimolar production of ATP and the proper functioning of ion pumps.
concentrations of HS, many organisms do. If the muscle tissuesThus, one possible explanation for our results is that high HS
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concentrations interfere with glycolysis, with decreased muscle We do not have sufficient information to rule out other
contraction amplitude therefore resulting from depletion ofossible direct sites of HS action. However, the molecular
ATP. However, two arguments make this possibility less likelymechanisms proposed for the interactions between HS and
First, while nerve and musclelih caupcalmost certainly share hemoglobins may provide a useful starting point. While HS
the same glycolytic enzymes, nerve tissue activity wagreatly reduces the oxygen affinity of hemoglobins by forming
apparently unaffected by the same HS concentrations thatiifhemoglobin and sulfmyoglobin, in the clé&olemya reidi
significantly affected muscle contraction. It should be notedHS appears to alter cytoplasmic hemoglobin—oxygen reaction
however, that we did not record nerve membrane potenti&inetics directly, reducing the rate of hemoglobin deoxygenation
directly, and thus we do not know tlig for HS on nerve (Krauset al.1996). In the hemoglobin of the hydrothermal vent
activity. A second argument against inhibition of glycolysis istube wormRiftia pachyptila HS is known to bind reversibly to
that, although long-term exposures of body wall muscle ta site separate from the heme oxygen-binding site. It has been
10mmol ! HS decreased the amplitude of contraction to lessuggested that HS binding in this case occurs at disulfide bridges
than half the normal level, this amplitude persisted for at leasfa thiol-disulfide exchange, in which an oxidized disulfide in a
6h. At a frequency of approximately 6 contractionstithis  protein undergoes nucleophilic attack by a reduced thiol ¢arp
period must have constituted over 2000 contractions. In the fielg. 1987). This reaction could be readily reversible, since a
stimulation experiments, by comparison, exposure of a musclhange in HS concentration could allow the protein-disulfide to
strip to an HS concentration well above tig completely  reform. A similar action at an unknown target in muscle might
inhibited the ability of the strip to contract within minutes andreversibly inhibit contraction, as is seen in our study. Further
before more than one contraction had been evoked (data ngtperiments will be required to determine the mechanism of HS
shown). Thus, it is unlikely that the inability to contract wastoxicity in muscle, whether HS-mediated muscle toxicity limits
due simply to depletion of high-energy substrates. the distribution of animals in high-HS environments and whether
It is possible that the effect of HS exposure on muscle is S has additional, as yet undiscovered, toxic effects.
least partially due to decreased intracellular pH. At pH7.4, HS
exists primarily as b5 and HS (the relative concentration of  Thjs research was supported by NSF IBN-9218732 and
§" is very low and probably insignificant). SinceSHis  NjH MBRS S06 GM52588-01-7 to A.J.A. We are grateful to
uncharged, this species is assumed to be much more permeaglgar | ang and Jennifer Buelna for help conducting these
across cell membranes than is either of the charged speci§gdies and to members of the RTC-SFSU Ecophysiology
(Julian and Arp, 1992). During HS exposure, therefore, theaporatory for help collecting and maintaining animals, and

influx of H>S without accompanying Hr s is expected 10 \ye thank the two anonymous reviewers for helpful comments
cause intracellular acidification, although this has only beegp this manuscript.

confirmed in large multinucleate algal cells (Jacques, 1936). In

vertebrates, an intracellular acidification by 0.5-1pHunit can
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