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Summary. 1. The gill cleaning movements of Lisius
weeur in definite periods (houls). The sequence of
movements in a bout, and the movements themselves,
are highly stereotyped. 1
- In s bout of gill cleaning the puired gill plates

are ad:luuut across the midline so that m)unsxte gill
plates can interact. The interaction cansi of
rhythmic flicking of the inner lobe of a gill plate
between Lthe book gill lamellae of the contrulateral gill.

3. Each bout of cleaning lasts Tor approximately
one minute and can be divided inte four basic phases:
pairing, crossing over, lateral cleaning, and medial
cleaning (1]

4. There are two distinel pairing arrangements
ol the gill plates during cleaning. During left leading
(LL) cleaning all the @il plates are paired with an
adjacent gill plate, except L, and Ry During right
leading (RL) cleaning, which ix the mirror image of
LL cleuning, all the gills arc paired except for R,
and Ls (Fig. 3)

3. Cleaning bouts are further organized into long-
term patterns which last for hours (Fig. 4).

6. There are four major muscle groups invelved
i gill cleaning, Muscles 48/115 adduct the gill plate
across the midline; museles 113/114 flick the inmer
lobe, and muscles 20 (remoter) and 22 {promotor)
control the anterior-posterior position of the gill plats
during ¢leaning. The patterns of activity of these mus-
cles are reliably different during RL and LL cleaning
(Fig. 5)

Each abdominal ganglion controls the move-

ments of a pair of gill plates. During a hout of clean-
ing one member of the pair i heing cleaned (subpro-
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gram A) und the other is not being cleaned (subpro-
grum B). It is suggested thal there are higher-order
imterganglionic neurons which control the expression
of either the RL or 1L patterns of cleuning, This
is accomplished by dictating which gill plate of a
pair uses subprogram A and which subprogram B,
[or all five ganglia.

8. It s coneluded that a gill eleaning boul consti-
ttes a moderately complex fixed action pattern,
meeting the eriteria of stereotypy within and betwezn
animals, intricacy of appendage movenents, involy
ment of mare than one effector system, and tendency
to occur in ils entirety in the absence of apparent
stimuli (vacuum activity),

Introduction

Numerous studies have demonstrated that central
nervous systems of both vertebrates and invertebrates
are capable of generating rhiythmic motor programs
m the absence of sensory leedback (Grillner, 1975
Davis and Kennedy, 1977; Moffett, 1977). In some
cases, it has been demonstrated that seversl mars
complex (ixed action patterns are also of central ori-
gin (Dorsell etal,, 1973; Koester ctal, 1974), For
example, contact with a starfish (riggers a swinming
motor pragram in the Trironia central nervous syslem
(CNS) that lasts for up to 30s, and is comprised
of four diserele stages (Dosett et al., 1973; Willows
etal, 1973), Even behaviors that last 3-4 h, such as
insect molting or eclosion, have been demonstrated
to be highly stereolyped, and largely centrally pro-
grammed (Truman and Sokolove, 1972 Carlson and
Bentley, 19

It is then important to determine how long and
complex a molor score can be preprogrammed in
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ind Lo what degree the day-to-day behavior
of various animals is & manifestation of such fnnate
meehanisms, In this and the following two pupers
we address these questions through an analysis of
Limadus gill cleaning behavior in intact animals and
as expressed by the isolated opisthosomal (abdon-
inul) central nervous system

Gill cleaning was first described by ITyde (1893)
and later Patten (1912). However, in neither of these
accounts was the behavior characterized in detail,
This may have heen due to the rather disorganized
appearance of gill cleaning upon casual observation.
However, on closer examination, 1 have found gill
cleaning 10 be a highly stereotyped, complex fixed
action pattern. In this puper T will present a deserip-
tion of gill cleaning in terms of the movements of
the five pairs of abdominal appendages and the under-
Iying musele activity, The following paper (Watson,
19807 is concerned with the manner in which bouts
of gill cleaning and related activities are organized
inlo long-lerm patterns, Finally, the companion paper
(Wyse etal., 1980) demonstrates that the neural corre-
lates of both the gill-cleaning fixed action pattern
and the long-term patierns of gill ac ity are ex-
pressed endogenously by the isoluted abdominal
CNS.

Materials and Methods

Specimens of Limutus
oblained Trom the Mari

eataes (15 25 em carpace widih)
Biclogical Labora
na 57 recireula

Experiments were carcied put 4t room e
fum, allowing ditest visualizas
zes. Films were

and individual frames were

luss-battomed agua
of the gill
il movemen
purpeses
Mauseular activity was reconded chronic
using insulated 40 and 42 gruge stinles

nd filming
alysis of the
ted for ilhustrs

with Eastman 910
with 40 gauge stainloss steel wires insericd
through small holes drilled along the dorsal midline of the opistho-
sotma, just over the cardiac ganglion. A plified sisnals were siimal.
tancansly displaced on a d yiagraph (Beckman Ty REB} and tape
recarded for subsequent photographs

s Anatony

© neuromuscular anatomy
L. 1885; Patten and Redenbuu,
Wyse, 1972; Wyse und Page, 1
ion of the major muscles an
i ¥ movements. M
¢ and muscle 22 is the major promotor.

il muselos are alsa involved in positioning the gill plates
cleaning. Muscles 48 and 115 are responsible for adduction of
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055 the midline. In this stody these the muscles were

Il plates

d as a single [unctional unil. The other
used during gill clesning are 117 and 14,
1 rouped together for analysis, are respousih

for the flicking movements of the inner Jubes

Results

Deseriprion of Gill Plate Movements
During ¢ Cleaning Bowr

Linuhis book gills are located on the ventral side
of the opisthosoma (see inset of Fig, 1) There are
3 pairs of gill plates which have gill lamellag arra red
like pages of u hook on their posterodorsal surface
(Fig. 1). During gill cleaning bouts the gill plates are
adducted medially across the midling agd the jnner
lobes are ficked between the lamellae of the gills
an the opposite side. Fach bout lasts for APProxi-
mately | min and is almost always preceded by a
periad of ventilation or swimming. Each bayt begins
with the gill plates remoted (Fig. 2A), and then pro-
ceeds through four general phases: pairing, crossing
over. lateral cleaning. and medial cleaning (Fig, 2,

During gill cleaning adjacent gill plates are paired
nadistinetand stereatyped arrangement. In the 2-3 s
of the pairing phase (Fig. 2B), the proper configura-
tion of the gills is attained by remoting some gill
plates, promoting others, and holding a few station-
ary. Figure 2B is a photograph that was taken carly
in the pairing phase, when only a few il plates had
begun to pair. The left fourth gill plate (L.) had
started to pair with the left fifth gill plate (L) To
do this, R remained remoted, Ls was actively pro-
moted. and the medial portion of L, was slightly
remoted so that it could slide under the right foucth
gill plate which had itsell moved slightly forward.
I'he consequences of these pairing movements become
more evident in Figs. 2C-E. These show that all the
gill plates pair except for the first gill plate on one
side (L in this case) and the fifth #ill plate on the
opposite side (Ry). When all the gills are properly
arranged they begin to cross over.

During the crossing-over phase (Fig. 2C lasting
about 3 s, gill plates are adducted across the midline
so that gill plates on oppasite sides can interact. This
is & eritical phase of eleaning because if the gill plates
begin (o cross over, and correct pairing 1s disrupted,
the animal will often terminate the cl ning hout
premuturely. This usually does not occur because dur-
ing pairing the gills are also positioned in a V-shape,
with their inner lobes held in close opposition (far
example, gill plates L, and L; in Fig. 2B and 2C).
During the latter purt of the crossing-over phase the
gill plates are positioned so that the lamelle are in
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the proper orizntation to be cleuned. This is accom-
plished by & pronounced promotion of all the gill
plates, making them more accessible by spreading the
gill lamellue somewhat so that the inner lobes can
casily cloun hetween them

The complere sequence of pairing and crossing
over is finished approximalely 10-12 5 after the start
of a cleaning bout. The actual cleaning ol the
lamellac then commences, This consistls of thythmic
Clicking of the inner lobe of w gill plate between the
Tamellae of the o i
mately 100 lamell
during this phase there is only time lor the inner
lohe w clenn between several pairs ol gill lamellag,
using 2 3 flicks per pair. Gill plaes are maximally
udducted during thi se ool cleaning (Fig. 20, 2F)
and so the most laerally positioned gill lamellae are
cleaned [irst

here is no firm delineation between lateral elean-
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g and medial cleaning because throughout u el
ing houl, will plates gradually become more and more
remoted  and  less adducted  seross the midline
(Fiz. 2F). Ilowewer, there is o point, after about 10

L3s of lateral clewning when marked relaxation of
adductor muscles oceurs, allowing the more medial
portions of the gill plates 1o interaet (Fig 2E and
2F}. The most characteristic [eatures of medial clean-
ing are the rhythmic adductions of the gill plates
that accompuny the flicking mevements of Lhe nner
lobes. Thus, medial cleaning can be Curther subdi-
vided into distinet cleaning episodes. These are best
understood n terms of the intersetions of two contra-
Tateral gill plates (such as Ry and L,), In Fig. 2D
Ry is cleaning the gill lamellae located underncalh
gill plate 1.5, The basic movements of Ry are as tol-
lows (Fig. 2F): adducton and promation {which
bring the inner lobe in conlact with the lamellas), two
or three Clicks of the inner lobe between the lamellac,




Cleaning Hehavior

—> Anl.

Aost.

Lot. —> Med

0 T e 0 &0
Time [ seconds]

Fig \oted) just prior 1o the initiation of a bout of claning.
B Puiting. During his phase the gills pair P i, of early pairing phase, shows pait
L, (lefl fourth) and Ly, € Crossing Over. After all the gills hnve paired they are addueted across the midline, allow
\ppasitc side, Noto the ¥-shape of cach paic, which helps prevent their separation during adduction. D L
point the gills are fully inferlocked in a fixed arrangement such that all the gills are paired exeept for Re
oo fully prometed, which Jelps o expose spread the hook gill lemellae for cleaning. During this phas
1 between the most Lateral lamellae (for example in this photograph the inn i Ly and L; ase
wen Lhe I Medial Cleaning. As in lateral cleaning. the inner lobes <l
Lhe appasite side. But now the gills wre les and promoled, g0 t
F Schematic d mavement of & smgle will (R) during an enre bout of deaning.
L in. the lateral-medial direction. Letters correspond 1o the phases d
riythmic adduetions and promotions during lateral cleaning. Sce text for details
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Left Leading

Fig. 3. Lefi-leading (L) and right-leading (R
Tigur hes

L) clea
shows photographs and g

ahduction (probably passive), and remotion. After

a brief pause the cycle is repeated
occurring in a bout.

The cleaning bout ends with a nearly synchronous
remotion of all the gills, which by this time are nearly
fully uncrossed. Following this remotion. ventilation
or swimming usually reswmes immediately

10-12 episodes

Left Leading (LL}
andd Right Leading {RL) Cleaning

There are two types of gill cleaning, which | have
defined according to the pairing arrangement ol the
gills (Fig. 3). During lelt leading {L.L) cleaning (which
is the type illustrated m Fig, 2), all the gills are paired
except for L, and Ry Right leading (RL) cleaning
is w mirror image of LL, with all the gills paired
exeept for Ry and Ls. The type of cleaning occurring
atany given time is most easily identified by compar-

b

Right Leading

ing the relative positions of the fifth pair of gill plates:
Re is not paired in LL, and Ly is unpaired in RL

The use of both types of cleaning arrangements
insures that all gills eventually are cleaned : most of
the gil ept the (ifth pairy being cleaned by two
il plat the same time. Therefore, during LL
cleaning: Ls is cleaned by Ry, Ry by Ly and Lg,
Ly by Ry and Ro. Ry by Ly and Ly, and L, by
R, and Ry, During RL cleaning: Ry is cleaned by
Ls Ly by Ry and Ry Ry by Ly and Ly, L, by
Ryand Ry, R, by L, and L,.

Gill cleaning bouts usually alternale with periads
of ventilation or swimming. During long-lerm se-
quences ol periodic gill eleaning and ventilation, both
Lypes of cleaning are employed (Fig, 43, The two types
do not alternate or occur in any readily predictable
sequence, [Towever, over long periods of lime the
two oceur intoughly cqual proportions. For example,
over & 24-h period one unimal executed 137 bouts of
LI ¢leuning and 125 bouts of RL cleaning.
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Fig. 5, FMUi records of LL and RI
plute dusing an entire clcamn« bout, T
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&l plate. accompanicd by Nicking of the inac Tohes (sho
and remati The remations i
gills. Likewise the thus the
diry s quite different. This ditfere:
IF \vhur}s m RL, R; is heing cleaned,

Muscle Activily During Gill Cleaning

Musele activity recorded durng gill ning is dis-
tinguishuble from activity recorded during any of the
other respiratory movements (Fig. 3). Museles 48 and
115 are usually quiet, but during gill cleaning they
are aetive in long duration. high amplitude bursis
Muscles 113 and 114 also fire in bursts during clean-
ine: these are of short duration (0.3=1 s), and usually
occur in doublets o Lriplets. The regular rhythmic
activity in muscles 20 and 22 during normal ventila-
tion switches to sporadie discharges durmg gill clean-
Units active in muscle 20 during cleaning are

ing,

h record shows activ
s of ventilalion are #
adduction (4-h s bursts in musele 81 and promotien (musde 22) o

mplitude ol e bursts in nmsele 451 sl

hul st clesmin

cleaning muscles o
of the top reeord

During LL <

o included st the e

episodos are sepazared by abduction
. thereby pradually closing he
vs throughout the bout, Dirin
¢ Ut during LL. B, is clenning Ly t
the basic cleaning episodss are aat as
ol 48, Further discussion i tie Lext

in musele 114]

usually Targer than those recorded during ventilation,
Thus, differences in both frequency und @ nplitude
of activity in musele 20 allow for a clear distinetion
between pill eleaning and ventilation during long-term
recordings (Fig. 4.

Patterns of muscle activity recorded from a given
will plate are dilferent during the two types of clean-
ing. During LI cleaning (Fig. 5. bottom}. the right
first gill (R} is not being cleaned itself, bul ix actively
involved in cleaning 1, (see Fig. 3 for ¢larilicati
of the position of each gill plate during the two types
of cleaning). Muscles 43/1 15 are active in 46 5 bursts,
corresponding to udductions of the gill plate. Each




WIT. Warson IIT: L

s Gill Cleaning Beha

RL - First Right Gill

20 4t 4

Sttt >
48 .
14 L -
LL-First Left Gill
20 i -t et
ag ¥
14
LL- First Right Gill
20 Hip—-
48
14 et — +—i H—ii
RL - First Left Gill
2 i
iz e ton
114 i il + e +

pir of gill plates. The top tww s
sels of traces demosstrate th
and during RL, Ly is cleaning R, (see T
in Ry during LL should be the s
The records from the o
animal. This further de
ganglion

3 far s

thar se

uscles ol the right gill plate
teates the similari

ol these bursts i accompunied by bursting in mus-
cle and short multiple bursts in museles 1137114
Each individual burst in 113/114 results in a Mick
aof the inner lobe. Muscle 200 is luirly quict in the begin-
ning of the cleaning bout, but gradually the bursts
beeome stronger and oceur mare frequently, as the re-
mation between episodes beconies more pumnunce:

The basic differences between LL and R
wre represented in the EM(F records. [)urm" R]_
cleaning (top of Fig. 5) R, is not engaged in cleaning.
but it is being cleanced by L, and L, There are [o
bursts in 113/[14 (thus fewer Mlicks), nearly conlinu-
ous bursting in 48/115, and the bursting in muscles 20
and 22 s less discrete than during LL ¢leuning, These
differences ure probably less pronounced in the other
2ill puirs because. unlike the first pair of oill plates,
Lhey are always involved in the cleaning, whether they
are being cleaned or nat.

z

Meator Subprograms

The available evidence indicates that there are two
gill eleaning subprograms. There is one or gills that

6. The two basic gill cleaning »uhpmzmu; w demonsrated b

vpioal aclivity of gill plates thet are not being clamad, Dusing (
i ¢ of gill pasitions during LL und RIL ¢

during RL,

des of a
hattom two
g B, is cleaning I,
ng). Therefore, the m,
7 comparison is shown

s thast from the left were made Fros
am izl 1o animal, as well os widin @ single

are being cleaned (A), and one for gills that are not
being cleuned (B). Viewed in terms of 2 single pair
of gills, the muscle activity in one gill plate during
Is similar to the pattern seen in the con-
tralateral ng plate during RL cleaning, and vice versa.
This similarity i apparent even in comparisons he-
wween dilferent animals, indicating stereotypy be-
L animals s well as within the same animal.
For cxample, Vig 6 compares activities of muscles
ol the first right gill plae (R) of one snimal with
those of the first left gill plate (L) of another animal.
As shown in the upper wo sets of iraces of the
il plates engaged in cleaning but nat being cleaned
(Ry during LI, L, during R1.} had compurable pal-
teens of motor outpul as did gill plates that were
bemgeleuned. but were not actively cleaning (R, dur-
ing RL, L, during LL cleaning; hottom two scts of
records of Fig. 6).

The first pair of gill plales, which are the most
accessible Tor recording purposes. unflortunarely are
atvpical hecause they are the only gills that zet cleancd
while not engaged in cleaning a mors anterior gill
at the same time, To test whether the muscle activity
patterns recorded are unique ro the lirst pair of gill
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plites, it would be necessary to obtain recordings
from all the muscles in each pair of gill plates. This
is very difficult because of the geometry of the gills,
which leads 1o mierference with the electrodes during
cleaning, This problems doss not exist with muscle 20,
however, because one can implant electrodes i the
dorsal insertions. By comparing the activity of mus-
cle 20 in all Tive pairs of gill plutes the relationship
between the activity in those gills and that recorded
Trom the Mirst pair was determined. Judging from this
anulysis the two subprograms seen in the first pair
are typical for all gill pairs. Therefore, the subpro-
gram seen in the Lop two iraces of Fig. 6 is probably
the same for all g@lls that are not cleaned and the
hottom two taces are characteristic of the subpro-
ram utilized by all the gills thut wre being cleaned.

Discussion

My analysis of Lanulus gill cleaning indicates that
it is @ complex (ixed setion pattern. Cleaning bouts
are slercotyped within and between animals, last ap-
proximately | min, are accompanied by reduction in
heart rate, and are arganized into long-lerm patterns
which last for hours. Each bout is itsell” divided into
four identifiable phases, and these can be further sub-
divided inte separate fixed acts, or episodes. Finally,
houls of cleaning always tend to ovcur in their entir-
ety, usually in the absence of any apparent stimuli
{vacuum activity). While we have yet to complete
a thorough analysis of gill cleaning at the level of
individual neurons, the aforementioned characteris-
ties ke this behavior potentially valuable For inves-
tigating the neural basis of & complex lixed action
pattern. In Tact our experiments thus far, as reported
in the o ing paper, demoenstrate that all the
gill cleaning observed in the intact
mal persist in the isolated abdominal CNS (Wyss
et al,, 19801

The functional signilicance of gill cleaning has
not been inw ated. One possibility is that it serves
Lorid the gill lamellae of Bdellura candida. This triclad
twrbellarian s found only on Limuhs, and it c
be seen on nearly every animal examined in its natural
habitaL. 1s is presently considered to be ectocommen-
sl (Hyman, 1951; Jennings, 1974): however, its eag
cases appear 1o damage the lamellae and this may
interfere with efficient gas exchange (unpublished ob-
servation)

Another hypathesis is thar gill cleaning helps o
clear lamellag of debris that is abundantin the natural
habitat of Lisehe. Although litde is known about
the natural history ol Liwedus, they are bottom
dwellers and are often found buried in the sediments.
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However, preliminary Lests show na obvious correla-
tion between the amount of suspended debris in the
experimental chamber and the duration or Mrequency
of cleaning. In fact, one animal cleaned intermitently
for 14 b in a virtually debris-lree aquarium.

The complete lixed action pattern of gill cleaning
includes simultaneous bradycardia (see Iig.4). This
may serve two functions: (1) o maintain the proper
hemodynamic relationship between the heart and
gills: (2) to increase the elficiency of the entire respira-
tory system. The blood pressure in the branchial ca-
nals, through which bleod passes from the gills 1o
the pericardial cavity, is considerably increased during.
gill cleaning (Watson and Freadman, unpublished re-
sults), Pressure increases could have a signilicant of-
fect on cardiac function unless the heart was inhibited
at the same time. A similar cxplanation has been
put forth Lo explain the inhihition of the heart during
respiratory pumping in Aplysia (Koester et al., 1974).
Concomitant inhibition of the heart during apnea and
cleaning may also serve Lo increuse the el ney of
the respiratory syslem by matching cardiac cutput
with oxygen uptake. In fact, the frequencies of the
heart und gill thythms have been shown to covary
at all times (Watsen and Wyse, 1978). The neural
mechanisms responsible for this covariation are pre-
sently under investigation and the results should help
shed light on the interganglionic coordination of dif-
ferent activities during complex fixed action pattern

Although the interactions between all five pairs of
gill plates are complex, those hetween plates of a
pair are [airly straightforward ; one plate is using sub-
program A and the other subprogram B during RL
cleaning, and vice versa. Thus, as in Lisndis ventila-
tion (Hyde, 1893), und lobster swimmeret beating
(Davis, 1969 Stein, 1971), the basic motor subpro-
grams are probably located in each ganglion, and
coordinated by interganglionic interncurons. Fyi-
dence for this hypothesis comes [rom lesion studies
and personal observations. I lesions are made be-
tween ganglia of the ventral cord, the more posterior
gills will sometimes clean, while the pills anterior w
the cut ventilate (Patten, 1912). I the ganglia are
split lengthwise then cach hemiganglion s ¢
of performing cleaming movements (Hyde,

1893,
Even in the intact animal single gill plates have been
observed undergoing crude, but distinguishable, gill

cleaning movements. Intersegmental control and
coordination of these ganglionic pallern generators
is complicaled by the existence of two subprograms.
To get reciprocity between a pair and coordination
between all five pairs, there must be intergan glionic
interneurons that sclect which gl plate of o pair uses
subprogram A and which subprogram B, for all five
ganglia. This type of coordination and control is pat-
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ticularly intriguing becuuse of the unique pairing ar-
rangement and the unpredictable order of occurrence
of LL and RL cleaning.
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