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Summary

The relationship between segmental mobility and the response in which responses are maintained as long as the
organisation of thoracic stretch receptors was examined in stretch stimulus is delivered. Both TSR-2, with a long
the deep-sea isopo@athynomus doederleiniwhich shows muscle strand, and TSR-3, with a single, long receptor
a developed adaptive behaviour during digging. The muscle, have a wide dynamic range in their stretch-
movements of segments during digging were analysed activated response. In addition, TSR-2 is controlled by an
from video recordings, which showed that a large intersegmental inhibitory reflex from TSR-3. These results
excursion occurred in the anterior thoracic segments. Dye- suggest that, although TSR-1 has no receptor muscle and
fills of axons revealed four types of thoracic stretch TSR-2 has a less-differentiated receptor-like muscle, they
receptor (TSR): an N-cell type (TSR-1), a differentiated N- are fully functional position detectors of segmental
cell type (TSR-2), a muscle receptor organ (MRO)-type movements, as are the MRO-type receptors TSR-3 to
with a long, single receptor muscle (TSR-3) and an MRO- TSR-7.
type with a short, single receptor muscle (TSR-4 to
TSR-7).

Physiologically, TSR-1 and TSR-2 are tonic-type stretch Key words: stretch receptor, muscle receptor organ, N-cell,
receptors. TSR-3 to TSR-7 show two kinds of stretch- accessory neurone, crayfish, Crustacea, isopBdthynomus
activated responses, a tonic response and a phasico-tonic doederleini.

Introduction

The presence of muscle receptor organs (MROs) in the It has been argued, from decapod examples, that N-cells may
posterior thorax and the abdomen was first reported ihe associated with reductions or changes in segmental
Homarus vulgarisand Palinurus vulgarisby Alexandrowicz — mobility. This hypothesis was supported by studies on thoracic
(Alexandrowicz, 1951; Alexandrowicz, 1952). Since then,stretch receptors of the crayfish and rock lobster (Wiersma and
MROs have been found in a wide variety of decapodsRilgrim, 1961) and of the hermit crab (Pilgrim, 1974). Pilgrim
isopods, mysids and stomatopods (Alexandrowicz, 1954Pilgrim, 1964) also reported that in the more primitive
Alexandrowicz, 1956; Pilgrim, 1960; Pilgrim, 1964; Bush andMalacostraca, which are stomatopods with free thoracic
Laverack, 1982; Rydqvist, 1992; Wallis et al., 1995). In crayfishsegments, fully developed MROs were present in the posterior
the abdominal MRO consists of a pair of receptor cells withour thoracic segments and that the most anterior thoracic
receptor muscles, together with motor innervation of the recepteegment had a stretch receptor that could be ‘tentatively
muscles and inhibitory innervation of the receptor cells. It isegarded’ as an N-cell. Little is known about the function of
thought to play a role in controlling abdominal posture (Fieldsthe N-cell except that it responds to a stretch stimulus with
1966; Sokolove, 1973; McCarthy and Macmillan, 1995). Inslowly adapting impulse discharges (Wiersma and Pilgrim,
the anterior thorax ofd. vulgaris and P. vulgaris there are 1961). However, Macmillan and Field (Macmillan and Field,
stretch receptors without differentiated receptor musclesl994) advanced our understanding of the N-cell in the crayfish
Alexandrowicz (Alexandrowicz, 1952) referred to these stretciCherax destructoby characterising the responses of the N-cell
receptors as N-cells and suggested that N-cells might represéntactive contraction of the muscle on which the dendrites of
a primitive form of MRO. Alternatively, Alexandrowicz the N-cell terminate. Contractions were evoked by electrical
(Alexandrowicz, 1956) proposed, in a study of receptor elemenstimulation and passive muscle stretching. As a consequence
of Leander serratusthat ‘the N-cell might be the remnants of of this work, they proposed that N-cells monitor postural and
the retrograding receptor organs, presumably from MRO1'. locomotory movements in the less mobile thorax.
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As mentioned above, the relationship between segment A
mobility and the morphology of stretch receptors has bee
examined in crustaceans with a carapace. Crustaceans suct
isopods and the primitive syncariélnaspides tasmaniae
which are articulated along all, or almost all, of their entire
body, should provide another opportunity to study N-cells, if
they are present in the anterior thorax (Wallis et al., 1995
Along these lines, we have previously examined the isopoc
Armadillidium vulgareand Ligia exotica(Niida et al., 1990;
Niida et al., 1995b; Niida et al., 1998). An vulgare which is Gelatine
noted for its rolling-up and digging behaviour, all the pairec
thoracic stretch receptors are of the slowly adapting type. In
exoticg which is characterized by its fast locomotor activity
and for its failure to roll up, paired stretch receptors are of th

rapidly and slowly adapting types, except in the secon
thoracic segment. Morphologically, the anterior thoracic B
stretch receptors of these isopods are similar to the N-cells A “‘\
decapods and the posterior thoracic stretch receptors & ° NN
e . @R
similar to the MRO-like stretch receptors. b /';!,l\!'.';g‘_;}}\\\\\
These on-going studies have yet to determine whether tt %% NN
MRO/N-cell distinction in thoracic stretch receptors is relatec a

to joint mobility. We have also examined the thoracic stretch
receptors of the deep-sea isopBdthynomus doederlejni Fig. 1. Experimental arrangement for recording digging behaviour
whose stretch receptors may reflect the development (A) and the method used to measure segmentgl deflegtion (B.):.(A?
adaptive behaviour, since this animal has a more distincti\f;hﬁpe_OI acré"cl_c‘j"’a”ls '\[/'vere placsd in-an Eqrailum tTohmduce dltgglng
I ; : - ehaviour. Solid gelatine served as a substratum. The sea water was
Eggg;n of digging behaviour than thatofvulgare(Sekiguchi, aerate_d and ke_pt at 14°C. (B) Poial;sno!b indicate_ the ante_rior and
In this report, we first describe the movements of the anteri(pOStenor margins of the head, respectively. Similarly, paatsdd

. . . > indicate the posterior margins of the second and third thoracic
thoracic segments during burrowingBndoederleinand then  gegments; respectively. For the second thoracic segment,alines

identify the morphological and physiological characteristics 0and bc formed the angles of extension and flexion. For a more
the most anteriorly located thoracic stretch receptors and of tldetailed explanation, see the text.

neighbouring stretch receptors associated with segment
movements. Some of these findings have been report
previously in abstract form (Niida et al., 1995a). An aguarium containing gelatine (1.6 % w/v in sea water) was
used to simulate sea-bottom sediment.LAshaped wall made
of acrylic plastic was placed away from the lateral side of the
i aquarium (Fig. 1A). Whenever the animal made contact with
Animals the wall with its head, it began to make a burrow. In the absence
Male and female specimens of the deep-sea isopasf the L-shaped wall, the animal dug along the side of the
Bathynomus doederleirfOrtmann, 1894) were collected in aquarium, which impaired the observation of normal segmental
baited traps set on the sea floor at a depth of 200-500 m in thexion and extension. The angle of each thoracic segment under
Sea of Kumano during cruises 93-99 of the training vessdélexed and extended conditions was measured by placing a clear
Seisui-maryFaculty of Bioresources, Mie University, Japan).acetate sheet on the video monitor and tracing the segmental
These animals, which measured 4-14cm in total length, weggbstures of flexed and extended animals.
maintained in recirculated sea water at 14 °C on a diet of fresh The angles of extension and flexion of the thoracic segments
crayfish. were defined as the angles between two segments; for example,
as seen in Fig. 1B, the angle of the second thoracic segment is
Recording of behaviour formed by lineab, which is drawn from the front of the head
The digging behaviour of freely movirg) doederleinwas  to the posterior edge of the head, and bnedrawn from the
recorded on VHS videotape with a Victor video camera, anénterior to the posterior edge of the second thoracic segment.
the relevant data were viewed with a Victor colour monitorSimilarly, the angle of the third thoracic segment is formed by
Fig. 1A shows the apparatus used for these behaviourkhesbcandcd. The terga of successive segments are arranged
experiments. Different materials were tested for their suitabilityn a curve even when the animal is not digging. Thus, to
as a substitute for the natural substratum. Gelatine was chosggtermine absolute angles, each segmental angle was
because its transparency makes it easy to observe diggisgbtracted from the respective segmental angle in the animal
behaviour and its firmness facilitated the formation of a burrowat rest.

Materials and methods
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Fig. 2. Procedure (A) for recording stretch-activated responses
TSR-1 and (B) for demonstrating intersegmental inhibition of TSR-Z
by TSR-3. All the ganglia except the first (A) and the second and th
third (B) thoracic ganglia were cut off. TSR-1 was activated by
moving the head in a horizontal direction with forceps mounted on Fig. 3. Digging behaviour dBathynomus doederleinVideo frames
small micromanipulator connected to a vibration device. Stretchshow (A) the start of digging of a burrow, (B) advancing towards the
activated responses of TSRs were recoefegassanfrom N3. N3, ~ bottom, using the thoracic legs and beating swimmerets,
nerve 3; TG1, first thoracic ganglion; TS2, second thoracic segmer(C) reversing direction by rolling up to leave the burrow and (D)
TSRs, thoracic stretch receptors; VD, vibration device; SM, smalcreeping out of the burrow. This animal was 11 cm long.
micromanipulator.

was passed as for the application of Lucifer Yellow towards the
Morphology periphery.
To identify segmental thoracic stretch receptors, we used vital .

staining with Methylene Blue and axonal filling with Lucifer Physiology
Yellow or nickel chloride (NiGJ). The cut end of the peripheral Preparations for recording electrical activity
stump of the third segmental nerve (N3) in each thoracic After the animals had been anaesthetised in cold sea water,
ganglion was introduced into a polyethylene tube filled with 5%all the segments, except the head and the second, third and
(w/v in aqueous solution) Lucifer Yellow or 0.5mdINiCl,.  fourth thoracic segments, were cut off together with all the
For axonal filling with Lucifer Yellow, negative current pulseslegs. The viscera were then dissected away from the cut end
of 0.6A (0.5s duration) were passed for 1.5h through thef the fifth thoracic segment, and the nerve cord behind
polyethylene tube. For Nigfilling, no current was applied. The the fifth thoracic segment was removed. To prevent the
NiCly filling was carried out at 4°C for 12h to allow for the deterioration of stretch receptors and nerve tissue caused by
diffusion of NiCh, which was precipitated by the addition endogenous digestive enzymes, these preparations were
of rubeanic acid. Both Lucifer-Yellow- and Ni&lilled immediately flushed with physiological saline fdB.
preparations were then fixed in 10% formalin for 2h, washedoederleini(Tsukamoto et al., 2000): (mmol) Nat, 479.4;
for 1h, mounted in gelatine on a slide and clarified in glycerokK*, 15.7; C&*, 14.6; M¢", 60.7; Cf, 627.6; S@*", 0.91;
or methyl salicylate. To reveal the central projections of théuffered to pH 7.9 with Hepes.
stretch receptor axons, the cut end of the central stump of the
third nerve of each thoracic ganglion was introduced into &tretch stimulus and recording of stretch-activated responses
polyethylene tube filled with 5% Lucifer Yellow, and current  Stretch stimuli for TSR-1 were produced by pulling the head
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with forceps mounted on a small micromanipulator (C-2,

Narishige) connected to the moving central pin of a vibratior A
device. The vibration device was driven by applying a ramp __ +154
and-hold pulse (Fig. 2A). The muscle strand or recepto g I
muscles of TSR-2, TSR-3 and TSR-4 were directly stretche g’ +10+
with the forceps in the same way (Fig. 2B). Stretch-activate o 5] %
responses were recorden passanthrough suction electrodes g &
from N3 in the relevant ganglion (Fig. 2A,B). Inhibitory < 0__Head_2_3_3_4_4_5_5_6_6_7_7_8_
effects between thoracic stretch receptors were examined | D -TS2
attaching a second stretching device to the caudal thorac % -5 LH \_[‘
stretch receptor of an adjacent pair. Fig. 2B illustrates th c
arrangement for stretching TSR-3 and recording from TSR-Z % -10 -[
T %
Results

Digging behaviour

Sekiguchi (Sekiguchi, 1985) observed experimentally that B
when frged onto deep-sea sedim&t,doedgrlginimade a Head 23 3.4 45 56 67 7-8
burrow in the substratum. For further qualitative analysis o 0 T2
segmental movement, we studied digging behaviour usin
gelatine as a substitute for sea-bottom sediment. \When
doederleinimoves around on the gelatine substratum and it
rostrum hits a wall of the aquarium, it begins to dig a burrow
Fig. 3 shows a sequence from the start of digging to creepir
out of the burrow. First, the animal digs a burrow, using the
first to third thoracic legs, simultaneously moving the debris
backwards. The remaining legs are used to support the bo
and provide the driving force to move towards the bottom. Th
gelatine debris is moved away from the burrow with the helj
of the water currents produced by vigorous beating of th Hegd elson
swimmerets, which at other times beat slowly and serve as
respiratory organs. The movements of the thoracic legs aFig. 4. (A) Flexion and extension of the thoracic and abdominal
synchronised with the repeated extensions and flexions of tisegments during digging. Measurements were based on 6-8 selected
thoracic segments, so that the head and thorax are pushed ivideo frames per animaN¢8). The drawings show extension and
the gelatine substratum, making a burrow. The extent of thflexion of body segments. (B) The maximum angles of body
extension and flexion of the thoracic segments is shown segments o!urlng roII-up._ The position of the animal during rolllng up
Fig. 4A, in which, since there is large variation in the angle o!S shown in the drawing. Measurements were made as in A.
flexion and extension in each body segment, it is difficult tcEaCh column in A and B represents the mean valuse.

. . ‘AS, abdominal segment; TS, thoracic segment. Numerals indicate
determine which body segment has the largest anguli, mbers of body segments.

movement. However, it is safe to say that even an anteric
segment, such as the second thoracic segment, is movable t
considerable extent. In this behavioural experiment, the anglystem (CNS) in isopods, we adopted that used by Walker
between full extension and full flexion in the second thoraci¢Walker, 1935). The thoracic segments contain eight thoracic
segment was 30 °. Lik&. vulgare B. doederleinalso rolls up  ganglia, with the first thoracic ganglion (TG1 in Fig. 5) being
when its legs are lifted from the substratum, but its final shapgmaller than the rest. This ganglion is also referred to as a
is not as ball-like as that &. vulgare Fig. 4B shows that, maxillipedal ganglion (Walker, 1935; Thompson et al., 1994).
when the animal is forced to roll up, the flexion is greatesEach ganglion provides three segmental nerves; the first,
around the fourth thoracic segment. second and third nerves (N1, N2 and N3 in Fig. 5), of which
Such flexion occurs voluntarily during digging; sinBe N1 and N2 innervate the leg muscle (not shown) and N3
doederleinimakes a burrow with only one entrance, the animatontains the axons of the thoracic stretch receptor and dorsal
must reverse its direction by rolling up to exit the burrowextensor and ventral flexor motor axons. The segmental nerves
(Fig. 3C). The animal then pauses at the burrow entrana® the thoracic ganglia in this animal are briefly compared with
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Flexion angle (degrees)
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w

before creeping out (Fig. 3D). those in crayfish below. According to Elson (Elson, 1996), the
) thoracic ganglia of crayfish, such as T4 (the fourth thoracic leg
Overview of the nervous system of the thorax ganglion=the seventh thoracic neuromere), give off three

For the anatomical nomenclature of the central nervousegmental nerves: N1, N2 and N3. N1 consists of a cluster of
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thoracic ganglion in an isopod corresponds to N2+N3 of the
thoracic ganglion in crayfish.

Morphology of thoracic stretch receptors

In this study, we renumbered the thoracic stretch receptors
so that the nomenclature would correspond to that in our
studies on isopods. Numerals following the designation TSR
represent the number of the thoracic ganglion to which the
third thoracic segmental nerve belongs (Fig. 5). The thoracic
stretch receptors d8. doederleiniare spatially organised as
shown in Fig. 5, in which the first thoracic body segment is not
depicted since, in Isopoda, it is considered to be fused with the

uﬁ}@m ‘ head. The axon of a thoracic stretch receptor in a given thoracic
i%t/ t Ne segment projects to the CNS through the third segmental nerve
™ , I(\T‘l_ (N3). To avoid confusion, the spatial arrangement of thoracic
mm stretch receptors is described for one side only.

Proto Deutero Trito Mx1Mx2 TG1TG2 TG3

% [~ 0«/0 gy TSR-1

Hea, - fg 0 The cell body of TSR-1, which was successfully labelled

3 with Lucifer Yellow in five specimens, has a long spindle
TSR] shape and usually lies on the anterior ridge of the second
ROS ‘ T§R-2)é=‘ thoracic segment, but occasionally on the extensor muscle
4 &) -6/-7 within the head (Fig. 5). This extensor muscle spans the head
and the anterior ridge of the second thoracic segment. To the
NEAY fascia of the extensor muscle are attached many dendritic
lem branches derived from the stout dendritic process of TSR-1. As

2 3 4 5 6 7 812345 shown in the Lucifer-Yellow-filled cell in Fig. 6, many

|< TS >|< AS dendritic branches of TSR-1 fan out on the extensor muscle,

Fig. 5. (A) Lateral view of the spatial organisation of thoracic andWhere we can also see innervation by one motor neurone. This

abdominal stretch receptors. Segmental stretch receptors are Ioca[é'(fl"s laterally from the fusn‘orm rece_ptor cell of TSR-1. Thus,
on the dorsal side and extend axons that run towards the centfBiS Stretch receptor has no differentiated receptor muscles. The

nervous system (CNSja nerve 3 (N3). Note that, as in crayfish, the axon from the receptor cell reached the connectiiaebl3 of
axons of the abdominal stretch receptors project to the eightthe first thoracic ganglion, and then its axon, like that of TSR-
thoracic ganglion. (B) The CNS and central projection of the axon o2, bifurcated into a descending and an ascending axon (not
TSR-2. The CNS is depicted dorsally, and the CNS posterior to TGShown).

is not drawn, and the oesophageal connectives are interrupted.

Ascending and descending central projections of the axon of TSR-PSR-2

are shown damera lucida drawing). This was revealed by  Thjs type of thoracic stretch receptor consists of a muscle
elecj:tr?pggretécallly "’t‘pﬁly'_ng Ll]fi't:er vellow to thef csntnfygal €U strand and one receptor cell (Fig. 7), the soma of which is
end of N3. (C) Ventral view of the organisation of thoracic Streth cated in the second thoracic segment (Fig. 5). The muscle

receptors. Thoracic stretch receptors are located dorsally ana d d of tw le fib I db
bilaterally. Dendritic branches from the receptor cell of TSRr-15trand, composed o © muscle fibres (see area enclosed by

innervate the extensor muscle, while those of TSR-2 entwine witfOtt€d lines in Fig. 7A and asterisks in Fig. 7B,C), runs
the receptor muscle-like strand, which is exaggerated in size. TSRBedially in close parallel with the deep extensor muscle,
to TSR-7 have two receptor cells and a single receptor muscle. AB/hose fibres are larger than those of TSR-2. The anterior
abdominal segment; ASR, abdominal stretch receptor; TS, thoraciosertion of the muscle strand of TSR-2 is on the anterior ridge
segment; TSR, thoracic stretch receptor; ROS, rostrum; Deuterof the second thoracic segment, and the posterior insertion of
deuterocerebrum; Mx, maxillary nerve; Proto, protocerebrum; Tritothe muscle strand of TSR-2 is on the anterior ridge of the fourth
tritocerebrum; TG, thoracic ganglion. thoracic segment (Fig. 5A,C). As shown in Fig. 7A—C, the
fusiform receptor cell of TSR-2 is oriented longitudinally on
the muscle strand. Among 11 labelled TSR-2s, there were
nerves, among which two large branches, N1AV and N1P\Vsome differences in morphology. In Fig. 7A, a pair of stout
run towards the leg muscle. Of the smaller branches, Ndendrites extend medially and anteriorly from a receptor cell
innervates the extensor muscle, while N3 innervates the flexbody, whereas in Fig. 7B, lateral and anterior dendrites can
muscle. Our unpublished data for crayfisBrocambarus be seen, and in Fig. 7C, there is only one anteriorly directed
clarkii) show that the axon of a thoracic stretch receptostem dendrite. It is not clear at present whether these
projected to the CNS through N2. Consequently, N3 of theéorphological differences are due to morphological variation
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Fig. 6. TSR-1 revealed by the application of
Lucifer Yellow to the peripheral cut end of the
dorsal nerve. Dendritic branches from the anterig
pole of a fusiform receptor cell fan out on the
extensor muscle, and a motor nerve (MN) run
antero-medially from the posterior pole. The inse
shows the area around the motor nerve indicatg
by the arrow, demonstrating that fine branche
extend out from the large MN. The MN was
broken artificially. RC, receptor cell. Scale bar
200um.

Lucifer Yellow. (A) This example was &
photographed simultaneously under normal ang
ultraviolet light. Two dendritic branches from the
fusiform receptor cell run anteriorly in contact
with the receptor muscle-like strand (dotted lines)iE
and their fine dendritic branches terminate in the =i
neighbouring extensor muscle fibre (small arrows"
within the rectangle). (B) Two anterior dendrites B =
from a fusiform receptor cell entwine with the | e
muscle strand (asterisks), and a fine dendritig
branch on the medial side terminates in the
juxtaposed extensor muscle fibre (arrow in the
area enclosed by a rectangle and shown in t
inset). (C) Fluorescent photomicrograph. The
fusiform receptor cell gives off an anteriorly
directed stem dendrite, from which a small
dendrite entwines with the muscle strand
(asterisks) and two dendritic branches bifurcate
one runs towards the neighbouring extensol e
muscle (arrows) and the other entwines with the"
muscle strand. In this example, an axon from th
posterior pole of the receptor cell can be clearl
seen. An, anterior; EMF, extensor muscle fibre; L
lateral; M, medial; P, posterior. Directions in A
apply to B and C. All scale bars, 408.

or incompleteness of backfilling. The common characteristicmuscle (arrows in Fig. 7A—C). The dendritic processes of the
of TSR-2 were easily recognized: the main dendritic proces®ceptor cell of TSR-2 also run posteriorly along the muscle
runs forward parallel to the muscle strand and extends thistrand (Fig. 7A). Around the posterior region of the cell body,
dendritic branches that entwine with the connective tissue dhe receptor cell of TSR-2 gives off an axon, which extends
the muscle strand, but the thin dendritic branches do nalirough the dorsal nerve and enters N3 of the second thoracic
interdigitate with the muscle fibre, unlike those of theganglion. The axon bifurcates at the root of N3 into a
abdominal MRO of the crayfish. Furthermore, the thindescending and an ascending branch (Fig. 5B), as do the axons
dendritic branches partly innervate the neighbouring extensaf abdominal stretch receptors in crayfish (Bastiani and
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Fig. 8. A NiCh fill of TSR-3, which consists of a
single receptor muscle (RM) and triangular (RC1
and fusiform (RC2) receptor cells. White arrows
indicate dendrites of RC1, which extend along th
entire receptor muscle in @-shaped manner. The
black arrow shows the stout dendrite of RC2, whic
terminates in the central part of the receptor muscl
Since the receptor muscle is long, it is cut off at bot|
sides. This photograph was made under a polaris
light microscope. The receptor muscle show
birefringence. Scale bar, 40.

Mulloney, 1988). The ascending axon of the receptor cell ogighth thoracic segment and its posterior insertion attaches to
TSR-2 reaches the caudal area of the tritocerebrum through ttiee anterior ridge of the first abdominal segment.
circumoesophageal connective and forms a small terminal field i

(Fig. 5). We could not trace the descending axon to its terminal Physiology

site because of the large size of the CNS in this animal, but fptretch-activated response of thoracic stretch receptors

20 examples of Lucifer Yellow filling to N3 of TSR-2, Lucifer- Without a central connection: TSR-1 and TSR-2
Yellow-labelled axons could be traced to the fifth thoracic Recordings were made from the peripheral cut end of N3 of

ganglion. the first and second thoracic ganglia. Stretch-activated TSR-1
showed a slowly adapting response with a transient phase (inset
TSR-3 to TSR-7 in Fig. 9A); in its response to a large stretch stimulus, we

TSR-3 is a thoracic stretch receptor with a real receptasbserved saturation with regard to the impulse frequency
muscle and consists of a pair of receptor cells and a single,
long receptor muscle (Fig. 8). The receptor muscle of TSR-
spans the third and fourth thoracic segments. The anteri
insertion of the receptor muscle of TSR-3 lies on the anteric
ridge of the third thoracic segment, and the posterior insertio
lies on the anterior ridge of the fifth thoracic segment
Alexandrowicz (Alexandrowicz, 1967) first pointed out this
organisation of a receptor muscleliigia oceanica The cell
bodies of TSR-3, unlike those of TSR-1 and TSR-2, ar
oriented vertically with respect to the receptor muscle. Thi
dendrites from the two types of receptor cells contact the lon
receptor muscle; one is a triangular cell (RC1 in Fig. 8) an
the other a fusiform cell (RC2 in Fig. 8). RC1 gives off two
long, thin dendrites (white arrows in Fig. 8). Each branct
extends over half the total length of the receptor muscle, ar
many fine branches from these branches end in the recep

Respmse (impulses ¥

muscle. The stout dendritic process that issues from RC Qe
terminates in the central area of the receptor muscle ar 02 04 10 1.4 18 22 26 30 34 38
intercalates into the receptor muscle, like the abdominal MR( Amplitude of stretch (mm)

of crayfish. The remaining TSRs (TSR-4 to TSR-7) are verv o
similar to TSR-3 with regard to morphology, except for theFig- 9. Response characteristics of TSR-1 and TSR-2 to stretch

length of the receptor muscle. For example, the receptStimuli- Both TSR-1 (A) and TSR-2 (B) (see insets) show slowly

muscle of TSR-4 spans the anterior ridges of the fifth thoraciadapting impulse discharges in response to a stretch stimulus (time
scales: 3s in A and 5s in B) but, as seen from the impulse

segmer_lt and the_ anterior ridges O_f the sixth thqraC|c Segmelfrequency/stretch amplitude relationship, TSR-2 has a wider
TSR-4 is approximately half the size of TSR-3 in the relaxe(olynamiC range than TSR-1. The impulse frequency/stretch
condition (Fig. 5). The last thoracic stretch receptor, TSR-7rg|ationship of TSR-2 is linear between 0.2 and 3.8mm. The two
monitors the joint between the eighth thoracic segment and tlexamples in A and B were obtained from separate animals. The plots
first abdominal segment, since the anterior insertion of thwere obtained by counting impulses during the static phase within 5s
receptor muscle of TSR-7 attaches to the anterior ridge of ttof initiation of a stretch stimulus.
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(Fig. 9A). This is because the shorter dendrites of TSR-1 ramifgnimals in semi-intact preparations, as seen in the inset to
across the extensor muscle. The response of TSR-2 to a strekif. 12. In this case, on the basis of the results of the
stimulus is shown in Fig. 9B (inset); spontaneous impuls®ehavioural experiments, flexion-induced activity was closely

discharges are usually observed in the absence of stretekamined in TSR-2. As shown in Fig. 12, there was no

stimuli. The frequency of the impulse discharge increasedaturation in impulse frequency in TSR-2, even beyond the
during stimulation, but at the beginning of a stretch-activatechaximum flexion observed in the behavioural experiment

response there was no striking transient phase. This was al$tg. 4).

the case for one member of paired receptor cells in the more

posterior TSRs. Unlike TSR-1, the discharge frequency of TSRnhibitory intersegmental reflex

2 continues to increase as the stretch stimulus increases andn crayfish, an inhibitory intersegmental reflex serves to

does not reach saturation at a length of 3.8 mm. This is due ¢ontrol the abdominal posture (Fields, 1966, Fields et al., 1967;

the long muscle strand of TSR-2 (Fig. 5). Page and Sokolove, 1972). We investigated whether a similar
reflex occurs in the movable anterior thoracic segmens in
TSR-3 and TSR-4 doederleini Fig. 13 shows the inhibitory effects of TSR-3 on

Recordings were made from the peripheral cut end of N3 imSR-2 when they are simultaneously activated by stretch
the third and fourth thoracic ganglia. Receptors TSR-3 to TSRstimuli. This effect was obtained as follows: when the muscle
7 consist of paired stretch receptors (Fig. 8) and
shows two distinct types of responses to a st A
stimulus, as illustrated for TSR-3 and TSR-4 TSR3
Fig. 10 and Fig. 11. Responses to stretching , .
separated into two components through a win —= | W e
discriminator: a phasico-tonic (Fig. 10Aii,Bii) anc Lt
tonic (Fig. 10Aiii,Biii) response. Unlike the rapic B "
adapting response of the MRO in crayfish, L R Bl
phasico-tonic response of the TSRBofdoederlein
continued for as long as a stretch stimulus
applied. This is clearly shown for TSR-4 in Fig. 1
in which the two types of stretch-activated respo
lasted for approximately 3 min of maintained stre

||

5s
responses between TSR-3 and TSR-4, appal

because of the length of each receptor muscle B
receptor muscle of TSR-3 spans two body segn
and is, therefore, longer than that of TSR-4 (Fig
Consequently, TSR-3 responds to a large st i
stimulus without a saturation of impulse freque
(Fig. 11A,B). In contrast, the stretch-activa

response of TSR-4 either reaches a maximui 50 %,
decreases in frequency at a stretch length of 3. E }g
(Fig. 11C,D). However, the difference between ! 3
responses of TSR-3 and TSR-4 to a stretch stir B 0 £
might not be due solely to the difference in the le hlnm 25 E
of receptor muscles; the structural properties 0 j; A”HHJW’LHMHW l]"] [ S
dendritic attachments to the receptor muscles - , 0 §
viscoelastic properties of the two receptor muscle: v | _f L

the membrane properties of the two receptor cells 20s

also be involved.

phasico-tonic responses are derived from RC2 slowly adapting impulse discharges in TSR-3 (amplitude of stretch stimulu_s 1.2
This was ascertained by selective destruction o ”?m)-. T.hese responses were further ?nalysed Fhrou.gh two sets of .W'ndow
cells discriminators to show phasico-tonic (Aii) and tonic (Aiii) responses. (Bi) The
) stretch-activated response of TSR-4 has two kinds of slowly adapting impulse

. discharge: phasico-tonic (Bii) and tonic (Biii) responses (amplitude of stretch
Res_ponses of the thoracic stretch receptors unde stimulus 1.5mm). These responses were separated through the window
flexion discriminator and are illustrated as frequency histograms. Note that TSR-3 and

To evaluate the frequency/response relatior  TSR-4 responses last as long as a stretch stimulus is applied. In this case, both
under segmental flexion, we imposed flexion or  responses continue for approximately 3 min.
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Fig. 11. Responsiveness of TSR-3 and TSR-4 to the same amplitude of stretching. (A) The inset shows stretch-activatedf reSpbises
which consist of a phasico-tonic response (i) and a tonic response (ii). Scale bar, 10s. The impulse frequency/streshipseiatione
phasico-tonic and tonic responses are shown separately in A and B. Both the phasico-tonic and tonic stretch receptorsa stsgichdf up

to 3.8 mm without saturation. (C,D) The inset shows stretch-activated responses of TSR-4. Scale bar, 10s. The impulsatfetguency/
relationship is presented in the same manner as for TSR-3. Both phasico-tonic (ii) and tonic (iv) responses at a stratohapp8a8 to
reach a plateau impulse frequency or show a decrease in impulse frequency. The same signals indicate a pair of phaditoricnic an
responses from one animal.

strand on which TSR-2 lies was manually stretched witlby the double-headed arrow in A is shown on an expanded time
forceps (see Fig. 2B), TSR-2 discharged its stretch-activateztale in Fig. 13D where, at the right of the top trace, the spike
impulses (Fig. 13A). Approximately 10s after activation ofheight of the small unit is indicated by two facing arrows. This
TSR-2, the receptor muscle of TSR-3 was intermittentlysmall impulse train might be reflexively produced by the cells
stretched by a vibration device (Fig. 13C). With each stretcbf the CNS on which the stretch-activated impulses impinged
of TSR-3, the number of impulses discharged in the precedingutative accessory neurones). A similar intersegmental
stretch-activated response in TSR-2 decreased (Fig. 13A,Bhhibitory effect of TSR-4 on TSR-3 (Fig. 14) was confirmed.
The second stretch stimulus with the same stretch leng®oth types of stretch-activated impulse discharges of TSR-3
(I mm) was more effective than the first, and the third stretctvere inhibited by repeatedly stretching TSR-4; the third and
stimulus almost completely inhibited the response of TSR-Zourth stretch stimuli applied to TSR-4 completely abolished
With each period of inhibition, a train of small impulsesthe stretch-activated phasico-tonic responses of TSR-3, while
occurred in N3 of the second thoracic ganglion. Although thishe tonic response showed only a small decrease in the number
can be seen in Fig. 13A, the portion of the recording indicatedf impulses.
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35 Discussion
30 N-cell- and MRO-type stretch receptors in isopods

o5 Thoracic stretch receptors of isopods have features similar
to those of Malacostraca. On the basis of those features, we

20 can categorise thoracic stretch receptors into two classes: N-

15 cell- and MRO-type. The anterior thoracic stretch receptors,

10 TSR-1 and TSR-2 iA. vulgare(Niida et al., 1998), and TSR-

5§

1 (M. Iwasaki, Y. Okada and A. Niida, unpublished data) and
TSR-2 in L. exotica (Niida et al., 1995b), appear to be
T T T T T homologous to the N-cells found in decapod crustaceans
10 Lo » 30 3 (Alexandrowicz, 1952; Alexandrowicz, 1956; Wiersma and
Pilgrim, 1961; Macmillan and Field, 1994) and stomatopods
Fig. 12. Responses of TSR42 situ to flexion of the thorax. (Pilgrim, 1964) since they have no specialised receptor
Experiments were performed on two animals. The inset shows thatuscles, a fusiform receptor cell with a long dendritic process
the anterior thoracic tergite was moved manually in the direction Oén the extensor muscle and show a SIOle adapting response
the double-headed arrovl is the flexion angle of the second g g stretch stimulus. Furthermore, the central projections of
thoracic tergite, which was varied manually by means of gpege cells, and apparently of TSR-2Hn doederleini are
micromanipulator. Flexion-induced activity was recoréedpassant .
from nerve 3 of the second thoracic ganglion. The anterior analm"ar to those of decapod N-cell and MRO sensory neurones,
posterior connectives to the second thoracic ganglion were cut. which further supports the homology between the isopod and
decapod dorsal receptors.
Our unpublished finding of intracellular recordings of
stretch-activated responses and simultaneous Lucifer Yellow
GABA application to TSR-2 labelling at N3 of the second thoracic gangliorLinexotica
The intersegmental inhibitory reflex described above mighsupport the interpretation that the central projection pattern
involve y-aminobutyric acid (GABA)-ergic neurones that may shown in Fig. 5B is derived from the TSR-2 axon Bn
have synaptic contact with the receptor cell of TSR-2. Taloederleinj the central patterns of the labelled axonLof
test the inhibitory effects of GABA on TSR-2, three exoticaoverlapped the projection of the putative TSR-2 axon
concentrations were bath applied to TSR-2 in a singlin Fig. 5B. Such central projections were also observed for
preparation. Inhibition of stretch-activated responses iTSR-1 and TSR-2 oA. vulgareby the application of Lucifer
TSR-2 was observed at GABA concentrations of 710 Yellow to the proximal cut end of N3 in the first and second
106 and 10°moll~1 (Fig. 15). In addition, we recently thoracic ganglia (Niida et al., 1998). Furthermore, the
observed GABAergic innervation of TSR-2 using anapplication of Lucifer Yellow to the proximal cut end of N3 in
immunofluorescent method (Cy3) (M. lwasaki, Y. Okada andhe third thoracic ganglion revealed that TSR-3, an MRO-type
A. Niida, in preparation): a GABA-immunoreactive fibre stretch receptor, sent its axon the entire length of the CNS. The
runs along the sensory neurone of TSR-2. Its cell bodgscending branch forms a terminal field in the medial part of
and dendritic regions were covered by many GABA-the tritocerebrum, while the descending branch makesuan
immunoreactive varicosities. This finding supports the ideén the terminal abdominal ganglion. This projection pattern
that GABAergic fibres innervate the receptor cell of TSR-2. closely resembles that in the crayfish (Bastiani and Mulloney,

Regonse (inpuses g1

o1+

0
Angle of flexion (degrees)

(impulses s1)

5s

10s

Fig. 13. Intersegmental inhibitory effect of TSR-3 on TSR-2. Stretch-induced discharges of TSR-2 are interrupted (A) bydsizetth-
activity of TSR-3 (C). The upward deflection of the lower trace in C shows three consecutive stretch stimuli of 1.0 mm eTituggiiist are
also displayed through a window discriminator (B). The application of a stretch stimulus (1.2mm) to TSR-2 is indicated vbgréhn up
deflection in the trace below B. (D) The region of the recording indicated by double-headed arrows in A shown on an expauddel tim
nerve 3, small spikes (spike height indicated by facing double arrows to the right of the trace) correspond to the afsta@heactivated
responses of TSR-3, whose responses are also presented as a frequency histogram.
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Fig. 14. Intersegmental inhibitory effect of TSR-4 on TSR-3. The receptor muscle of TSR-3 was stretched manually (upward leltecti
trace C), resulting in phasico-tonic (large spikes) and tonic (middle-sized spikes) impulse discharges (A). These resgleosg®ane in B
and C through two sets of window discriminators. Since the stretch stimulus was delivered slowly, unevenness was ssiey iphtagerof a
stretch stimulus. After reaching a given stretch length, the receptor muscle of TSR-4 was stretched repeatedly (F). ampkteiesh were
given in the order 0.7, 0.7, 1.0 and 1.0 mm. The impulse discharges of TSR-3 are suppressed at a stretch length of 1 m(B)jrbUiSiRi<!
inhibitory effect was weaker for tonic responses (C). Impulse discharges of the putative accessory neurone through acnimdwiodiD)
and its frequency histogram (E). (G) The region indicated by double-headed arrows in A shown on an expanded scale. Smakrygiles
(spike height indicated by facing double arrows to the right of the trace) coincide with the appearance of stretch-aspivased f TSR-4,
whose small spikes are also presented as a frequency histogram (E).

1988) and the squat lobster (Wallis et al., 1995). With regare offered on the basis of the spatial organisation of the
to central projections of N-cell- and MRO-type stretchthoracic stretch receptor éf vulgare According to Fig. 2 in
receptors, the descending component of central projections afprevious study (Niida et al., 1998), TSR-3Af vulgare
N-cells never extends beyond the thoracic ganglia. Thisonsists of two receptor muscles, each of which has one
circumstantial evidence fully supports the presence of N-celkkeceptor cell: the short, medial receptor muscle and the long,
type stretch receptors in isopods. The above findings wetateral receptor muscle lie some 100 apart. These two
observed across taxa. Nonetheless, we feel that isopods possesscles may have fused together in the ancestorB. of
cells that are homologous to N-cells in decapods. doederleinj resulting in a single long receptor muscle. We
It may be useful at this point to survey the phylogeneticannot explain the behavioural significance and functional role
relationship between Decapoda and Isopoda. Decapoda aofithis coalescence and separation of receptor muscles.
Isopoda are not closely related, since they belong to different
super-orders, Eucarida and Peracarida, respective|y_ However,DifferentiatiOﬂ of the anterior thoracic stretch receptor in
itis thought that Peracarida are derived from a syncarid/eucarid B. doederleini
ancestor (Dahl, 1992). In its physiological and morphological characteristics, TSR-
As the physiological data indicate, the dendritic branches df of B. doederleinis virtually identical to TSR-1 and TSR-2
TSR-3 to TSR-7 undoubtedly terminate on receptor musclesf A. vulgareand L. exotica However, the morphology of
Morphologically, receptors TSR-3 to TSR-7Bfdoederleini  TSR-2 inB. doederleinis more specialised than those of TSR-
closely resemble the abdominal MROs of decapods. Howevet, and of the TSR-2 of. exoticaand A. vulgare In B.
there are some differences between the stretch receptorsdufederleinj TSR-2 has a receptor-muscle-like structure that
these animals. In particular, unlike that of crayfish, the receptave regard as a receptor muscle strand. As seen in Fig. 7B, the
muscle of TSR-3 oB. doederleinispans two body segments muscle strand lies juxtaposed to the extensor muscle. This
(Fig. 5) to form a single long receptor muscle. Thus, therofile indicates that the muscle strand separates and develops
receptor muscles in the third and fourth thoracic segments méipm the neighbouring extensor muscle. The dendritic branches
be fused end-to-end. Alternatively, another plausible view caaf TSR-2 are not only entwined in the muscle strand but also
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anterior thorax of Crustacea. In connection with this
conjecture, it would be very helpful to the understanding of the
anterior thoracic stretch receptors of Crustacea if a detailed
study was available of the anterior stretch receptors of
L comparatively primitive Malacostraca, suchfagasmaniaea
which has articulated segments throughout its body (Wallis et

- 108mol I

20 al., 1993). We speculate that, from the primitive condition of
— syt crustaceans, there may have been two pedigrees of stretch
| receptors, N-cell- and MRO-types. Along these lines, we

assume that TSR-2 has differentiated from the N-cell form.
Recently, an alternative view was proposed in the crayfish
Cherax destructofMacmillan and Field, 1994): ‘N-cells are
derivatives of segmental repeating MROs modified to monitor
postural and locomotory movements in the less mobile thorax'.
This proposal substantially agrees with Alexandrowicz
(Alexandrowicz, 1952) except for the interpretation of the
5s functional roles of the receptor.
Fig. 15. Effect of bath-applied GABA on TSR-2. Inhibitory effects
of GABA were observed at three different concentrations. In each Movements of head and thoracic segments and response
experiment, GABA was applied to the same preparation after  Characteristics of anterior thoracic stretch receptors
allowing it to recover from the previous dose of GABA by washing  During digging byB. doederleini maximum flexions and
th_oroughly (3min) with normal saline. Bars indicate superfusionextensions occurred between the head and thoracic segments
with GABA. (Fig. 4A). During rolling up, the animal showed the largest
flexion around the fourth thoracic segment (Fig. 4B). The
partly terminate in the neighbouring extensor muscle (Fig. 7)nuscle strand of TSR-2 and the receptor muscle of TSR-3 are
Such partial innervation might be an ancestral feature dbng and thus favourable for large flexion movements. These
anterior thoracic stretch receptors in isopods that is retained #tructural features reflect the responsiveness of TSR-2 and
TSR-2 ofB. doederleinisince the long dendritic process of the TSR-3 to stretch stimuli. For example, TSR-2 shows a wide
receptor cell of TSR-2 in botiA. vulgareand L. exotica dynamic range (Fig. 9B) and stretch-activated responses of
attaches to the fascia of the extensor muscle. According to tHé&R-3 followed larger stretch stimuli than TSR-4 (Fig. 11).
cladogram of Isopoda (Brusca and Wilson, 19%1)yulgare  This parallelism between response and structure is also seen
and L. exotica as Oniscidae, are monophyletic and ‘morefor TSR-1; the small extensor muscle on which dendrites from
primitive’, while B. doederleiniis a ‘more derived’ species. the receptor cell of TSR-1 fan out (Fig. 6) correlates with the
Thus, the differentiation of TSR-2 . doederleiniparallels  saturation of impulse frequency at lower ranges of stretch
the evolutionary status of this animal. It is likely, therefore, thastimuli (Fig. 9A). Although movement of the head was not
TSR-2 of B. doederleinihas evolved from a TSR-1-like analysed quantitatively in the present study, from our
receptor that resembles TSR-2 foundAn vulgareand L. observations of anterior tergal movements, it was clear that the
exotica movement of the head was consistent with that of the anterior
thoracic segments. The movement of the head itself, which is
Segmental mobility and structure of stretch receptors  independent of other thoracic segments, was less prominent.
Alexandrowicz (Alexandrowicz, 1967) suggested that
whether the segmental stretch receptors of crustaceans were Functional role of the inhibitory intersegmental reflex
MRO-type or a degenerative form (N-cell) was dependent on Unlike crayfish, which have relatively immobile thoracic
the mobility of their segments. According to this hypothesissegments, the isopod used in this study has articulated
both TSR-1 and TSR-2 of isopods should be MRO-type stretcbegments throughout its entire body. Thus, our discovery of
receptors. This is because the thoracic segments anterior to theersegmental inhibitory effects between the MRO-type
fourth segment are movable, as are those posterior to the fourdteptors TSR-3 and TSR-4 (Fig. 14), which are similar to the
segment with MROs. However, TSR-1, which is situated moshtersegmental inhibitory reflex first demonstrated by Eckert
anteriorly, is apparently an N-cell-type, as described abovéEckert, 1961) in the crayfish abdomen, was not unexpected.
Even in the less mobile posterior thoracic segments, such Bairing unrestrained flexion of the crayfish abdomen, Page and
the seventh thoracic segment (Fig. 4A,B), there are MRO-typ8okolove (Page and Sokolove, 1972) clearly showed that
thoracic stretch receptors. Both segmental mobility and morguring abdominal flexion the intersegmental inhibitory reflex
sophisticated segmental movements might, therefore, bmediated by accessory neurones disabled a resistance reflex.
associated with the presence of MRO-type stretch receptord/hether a similar mechanism might be involved between
Thus, irrespective of the presence or absence of the carapat&R-3 and TSR-4 iB. doederleinremains to be determined.
N-cell-type stretch receptors should commonly be found in th@/e found that the N-cell-type stretch receptor TSR-2 is also
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involved in intersegmental inhibitory reflexes. The present thoracic stretch receptors in CrustacBamp. Biochem. Physial27/3A
results are inconsistent with a report that there are no inhibitori\ii%s-

. . . o acmillan, D. L. and Field, L. H. (1994). Morphology, physiology and
neurones in the N-cells of crayflsh (W'ersma and Pllg”m' homology of the N-cell and muscle receptor organs in the thorax of the

1961). This may be due to a species-specific difference, but itcrayfishCherax destructord. Comp. Neurol350, 573-586.

should also be noted that the application of GABA (Wiersma/cCarthy, B. J. and Macmillan, D. L. (1995). The role of the muscle
receptor organ in the control of abdominal extension in the cragfishax

and _P|Igr.|m,. ;961), as in the present study, to N-cells of yosiructorJ. Exp. Biol 198 2253-2259.
crayfish inhibited their stretch-activated responses. A reniida, A., lwasaki, M. and Yamaguchi, T.(1995a). An evolved stretch
examination of crayfish might reveal such inhibitory neurones, receptor of the most anterior thoracic segment in the deep-sea Isopoda

. s . . (Bathynomus doederleiPhysiol. Zool 68, 52.
since we observed 'nh'b'tory effects on N-cells in a Sem"mtaqtliida, A., lwasaki, M. and Yamaguchi, T.(1998). Functional role of the N-

preparation of crayfish (lwasaki et al., 2000). cells as anterior thoracic stretch receptors in a terrestrial isopod
(Armadillidium vulgarg. Israel J. Zool.44, 487-500.
. . Niida, A., Sadakane, K. and Yamaguchi, T(1990). Stretch receptor organs
Itis a pleasure to aCknOWIedge the assistance of the Capta'riln the thorax of a terrestrial isopodr(madillidium vulgarg. J. Exp. Biol
and crew of theSeisui-maru We thank A. Namba for 149 515-519.
assisting with the Lucifer Yellow backfilling. Niida, A Takatsuki, Y. and Yamaguch_i, T. (1995b). Morphology arid
physiology of the thoracic and abdominal stretch receptors of the isopod
crustacearhigia exotica Biol. Bull. 189, 148-158.
Page, C. H. and Sokolove, P. G1972). Crayfish muscle receptor organ: Role
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