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& Decapoda Crustacea. . . .
N 2. The receptors are associated with apodemes of muscles.in. the walking leg an
well-déveloped in the extensor and flexor of the metropodite (Figures 4,2~ s
3, The unbranched dendrites of the receptor peurones innervate the tissues sSurro
sertions of the muscle fibres (Figures 3, 4, 5(A))- ' ) )

¥ . the Mm T T

(Figure 7.
and increases the activity of units firing (Figure 9.
increasing joads reveal very different responses Figure 11)-
7. Attempts to determine whether chotdo‘tonal organs Cp1/Figures 5(B), 6

jsometric muscle tension (Figure 12) suggest possible € lexities "in their &
responses

apodeme sensory NErve-
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1 Mechanoreceptérs monitdring tepsion in working muscles are described in the

.4. The receptors’show sp%mt»&nmus actwit“;}“WittrttYé"M-C‘ joint at rest'mé {)osition and
this ac;tivity increases when the muscle is stretched by holding the jointata different position

5. {sometric tension increase in the muscle recruits sensory.\mits (Figures 8, 10(AY)

6. Apodemereceptors may be an entirely distinct input channel from cbordotonal
organs (Figure 10(B,O) Joint movements produced by a standal muscle stimulus against

Abbreviations used iﬁ this paper are FASN flexor apodeme sensory DErve EASN
" gxtensor apodeme sensory nerve, BASN pender apodeme sensory nerve, and OASN openert
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|NTRODUCTlON‘

The | echunoreeeptors which monitor the position and movement of the
segmentd of the walkmg}egs in the Decapoda Crustacea form one of the
tive systems In the invertebrates (Finlayson, 1969;

n propnocep
" pundo and Laverack, 1970) and the role of these receptors
ol of posture and locomotion is nOW being investigated (EVOY and
Lo Evys Barnes and Spirito, 1970; Moody, 1970; Clarac, 1971).
. otiginal study of the structure and physiology of a chordotonal organ
in the Jecapods. gurke (1954) reported responses from the prOpOd}:te-
ite (PD) peceptor to jsometric contraction of the closer muscle (to
tor is attached). In spite of the importah; of the finding for
hanisms little further work has been done ont this aspect

s control mee
of the ph siology of chordotonal organs. We therefore set out to reinvestigate
the pespoaes of chordotonal organs to changes in muscle tension and some
pitial esults are presented here. We found, however, that there was a different -
type of peceptor associated Wi.tl} the apodemes of working muscles and that
these e ptors were very sensitive to changes in muscle tension. This report
i oty soncerned with "the anatomy and physiology of the apcdemeA
1‘e&‘€\wt\\\'b‘~,Pi\'l‘ﬁt.‘\rl\i\\‘\y the well-developed examples in the meropoditeg '
es of chordotonal organs to tension changes

Futher work on the respons
‘ tional role of apodeme receptors is in progress and will be

and on the fund
repm\c«\ later.

MATERIALS AND METHODS

Spoviees of the cm}b Cancer magister Dana ‘w‘?{de across the
m\~a\\\<\\\‘) Wete supplicd by the Institute of Marine Biology O e University
\w\u ‘\‘Ch}‘ilf 3?‘)3,11&9598911-1\15“311)’ the 2nd, 3rd and Ath pera:g;is were
Talen it ecession fromt one crab, each being autotomised immediately before
1he hislologia‘t\l preparations were made using the methylene plue staining
'8 POy ously dJescribed (Wales et al., 1970). o

ats the segments not under investigation

tochal U

sologieal experime
e od and the preparation was pinned out in a wax dish and covered
wiheld e ab saline. he joint under study was free to move although for
i periments it was encased in periphery wax 1@ predudé

R A ‘“ ~ .
sone ot The isometrie X

coanpesiton bas«‘_dlon “2: gnallysis of Cancer serum made by Charles 1umer of the
TS of Marw B gy arleston, Oregon, was as follows: (SaTtjmM/m- per litre);
e 027, oy K(1/10.80/0.815 MgSO,.7H;0/19.50/4.81; CaCl, 21,0 12.551.85;
i 10R L0/ 3000973 10mM TRIZMA buffer (= 20 mi/litre) was added o che saline
Lo o i N“““L‘l‘ﬁfﬂg—éi‘ -
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the possibility of small movements. The preparation was maintained af\]2°C,
After dissection the nerves were lifted into oil on bipolar platizum hook
electrodes mounted on micro-manipulators. Isometric tension acress the joint
was recorded with an isometric transducer (Grass Model FT.03 cr Medical
Systems Model 2STO2) connected to the movable segment by a short inflexible
metal link. Joint position was monitored with a linear movement rransducer.

~ Active joint movements resulting from motor nerve stimulation werz recorded

]

with an isotoni¢ transducer (Medical Systems Model 2LDOL) wiich intro-
duced a negligible amount of inertia into the system. Weights were added to
the movable segment so that the receptor responses could be stugied while
the muscles lifted known loads. '

_RESULTS

The second pereiopod was mostly used for the anatomical studies because it is
the largest of the walking legs. The descriptions refer to the second left
pereiopod in order to facilitate comparisons with Whitear’s study + Whitear,
1962). No substantial differences were found in the 3rd and 4th pereiopods.
The cheliped and 5th pereiopod, which have different structures and functions,
were not examined.

Anatomy

Meropodite-carpopodite (M-C) receptors  The merus is the longest segment
of the leg but is quite narrow antero-posteriorly and deep dorso-ventrally.
Two major muscles, the flexor and extensor of the carpus, occury most of
the interior. The extensor inserts via an apodeme onto the dorsal rart of the
carpus and originates inside the anterior surface of the merus. The flexor
originates inside the posterior surface of the merus and inserts via ar apodeme
onto the ventral part of the carpus. A small accessory flexor muscle originates
at the extreme proximal end of the merus and inserts, via a long tendon which
traverses almost the entire length of the merus, onto the anterior cstal edge
of the flexor apodeme. A small number of muscle fibres also inser: onto the
distal part of the accessory flexor apodeme (for details see Evoy azd Cohen,
1969). The meropodite-carpopodite (M-C) joint is hinged ante-lorly and
posteriorly allowing almost 180° of movement in the dorso-venmal plane.
The M-C joint is usually held at 80°-90° but resting positions over the
whole range were observed in the living animal.

The main leg nerve and blood vessel run side by side through the mid-
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en the two major muscles. The previously

ventral part of the merus betwe
described propriosensory innervation of the M-C joint is complex. Two

chordotonal organs lie ventrally attached to the flexor apodemes near the
joint (Whitear, 1962 Bush, 1965a). The cells of the MCl chordotonal organ
receptor lie ina connective tissue sheet which is attached to the ventral cuticle
of the meropodite and also to the accessory flexor tendon. This receptor does
not cross the joint. The cells of the MC2 chordotonal organ receptor lie in a
connective tissue strand which is attached close to the anterior distal corner of
the main flexor apodeme and passes over the joint to insert.on the anterior wall
of the carpus. There is'a complex myochordotonal organ receptor lying at the
proximal end of the éqcesséry flexor muscle (Clarac, 1968 ; Evoy and Cohen,
1969) but it will not concern us furthet here. As in Carcinus fibres from the
MC]1 receptor run in a distinct nerve tract for a considerable length of the
merus. Fibres from the MC2 receptor form 4 nerve which joins the main leg
_nerve very near the organ. The MCl and MC?2 nerves eventually form a single’
bundle as they run proximally in the posterior ventral part of the main leg
nerve. .

Figure 1 shows a view of the interior of the mer
after removal of the anterior wall and the extensor muscle. The major part
of the main flexor muscle originates on the dorsal part of the posterior wall
of the merus and passes ventrally onto the apodeme. A smaller part of the
muscle, which originates on the ventral part of the posterior wall, runs dorsally
to the apodeme. In addition, some muscle bundles originate from the inside
- of the ventral edge of the merus and from the ventral part of the anterior wall
of the merus. These bundles are attached to the anterior lateral edge of the
apodeme. These anteriorly-attaching muscle bundles and also the accessory

flexor muscle and most of its tendon have been removed in order to show

clearly the arrangement of the receptor nerve. With the M-C joint atan angle
t, the flexor apodeme

of 90°, which is at the middle of its range of movemen
passes medially and horizontally for about _two-thirds of the length of the

merus.

us from the anterior aspect

The flexor apodeme is thin dorso-ventrally but wide antero-posteriorly and for most
of its length the width is constant but it does narrow to @ point proximally. The thickness
of the cuticle increases progressively towards the distal insertion and at the joint the apodeme
is stout and inflexible. A thin flexible band runs down both lateral edges and this broadens
to a shelf for the insertion of the lateral anterior bundles of the flexor muscle. At the distal
end the apodeme is concave due to an upturn of the posterior edge and lateral thickenings
of both edges. The connection of the apodeme with the carpus has a complex structure.

The carpus joins first onto & U-shaped piece of cuticle and this is then attached to the flexor

apodeme by a narrow membranous regiorn. A small part of the fexor muscle attaches onto

the U-shaped piece of cuticle. This type of attachment also occurs for the P-D closer muscle
les in each case have more direct connections.

but the dorsally-attaching antagonist musc
different types of apodeme attachments. We

The joints allowing lateral movements have
presume that the two ventral attachments for the dorso-ventral M-C and P-D joints relate

to the large amount of movement possible at these joints.
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FIGURE { An anterior view of the meropodite to show the main flexor muscle and its
e_assocnated motor and sensory nerves. This dissection is of & second left pereiopod and dorsal
is upper'most in the diagram. The ischium (I) is proximal to the merus (M) and the carpus
(C) is distal. The flexor apodeme (FA) can be seen running back from the M-C jomt and
the damaged ventral and antero-lateral muscle bundles (DFM) are located below the
apodpme. The main leg nerve (MLN) has been reflected and the MC2 chordotonzl organ
and its associated nerve running directly to the main nerve can be seen near the M-C joint.
The blood supply to the flexor muscle has been completely removed. The flexor motor
nerve (FMN) and the flexor apodeme sensory nerve (FASN) run together proximaily until
the sensory nerve drops down onto the apodeme and then runs along it distally rowards
the joint (the figure has been simplified by not drawing the nerve right into the joiat). The
scale mark is 10 mm and further details are in the text.

The'mfiin leg nerve and the blood vessel follow the line of the apodzme in
the proximal two-thirds of the merus, coursing slightly dorsal distally. In

“this illustration the blood vessel has been removed and the main leg nerve

reflected in order to expose the flexor motor nerve (for details see Evoy and
Cohen, 1969), and a second nerve containing medium and small-sized fibres.
I?xellmination of many preparations has shown that these two nerves always
lie in this position between the flexor muscle and the blood vessel. The second
nerve we have named the flexor apodeme sensory nerve (FASN). The flexor

MLN

MC2
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FASN

motor nerve has
the minor sec

tions of the flexor muscle,
to the posterior side of the Jeg nerve and blood vessel.
the apodeme has not been described previously and it is this innervation that
we found to be monitoring muscle tension. : '
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branches which run ventrally and anteriorly to innpervate
but the sensory nerve is confined
Sensory innervation of

FMN,

MLN

)
]

PSC

I ,

/

N\
ey

DSC FA

————

\ ! FIGURE 2 A detail of Figure 1 to show the distal part of the flexor apodeme and the

flexor apodeme sensory innervation. As in Figure 1 dorsal is uppermost in this diagram.
, The MC2 chordotonal organ is located at the joint and its sensory nerve runs directly into
i the main leg nerve (MLN). The flexor apodeme (FA) passes back from the joint and the small
distal stump of the accessory flexor tendon (AFT) can be seen at the distal end of the main
flexor apodeme. The flexor muscle (FM) is located on both sides of the apodeme and its
‘ motor (FMN) and apodeme sensory (FASN) supply run together proximally. The sensory
b perve drops down onto the apodeme and a
branch of the main nerve near the apodeme. The sensory nerve then runs along the edge of
the apodeme towards the thickened distal portion.
branching off from the sensory nerve and a major branch (BFASN) passes into the muscle
on the dorsal surface of the apodeme. The figure has been simplified by showing the FASN
displaced dorsally away from the surface of the apodeme and not running it directly into
the joint. The scale mark is 5 mm and further details can be found in the text.

large proximal cell (PSC) is shown in a small

Some distal cells (DSC) are shown
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’ Prokimally the FASN is usually fused with the flexor motor nerve (Figure
2).1tis usual to find a few small branches of the sensory nerve in this proxzimal

. region. These proximal branches typically have only one or two fibres and

run towards the flexor apodeme. The fibres are the axons from large (30am)
bipolar cell bodies (proximal sensory cells, PSC) situated near the apodeme.
The long unbranched dendrites of these célls run for some distance om the
dozs_al surface of the apodeme (Figure' 4(A)). We have not found more than
five/such isolated proximal cell bodies in any one stained preparation.
istally the flexor motor nerve runs dorsal to the apodeme but just prouimal
to the region where the lateral muscle bundles attach, the FASN drops ‘;’
ventrally onto the edge of the apodeme. The sensory nerve then runs along the’
edge of the apodeme towards the M-C joint. More cells are found om this
edge and the dendrites course across the apodeme surface or along the edge.
The FASN always has several branches which pass onto the dorsal surface of
the apodeme and one of these branches is usually larger than the rest Very
few, if any, fibres pass to the ventral surface of the apodeme. To trace the
sensory nerve branches onto the dorsal surface of the apodeme it is necessary
to remove the dorsal muscle fibres. S : ;
Good staining of the branches of the FASN on the dorsal surface of the!
distal part of the apodeme is difficult to achieve. The part of the nerve which

* runs straight down the edge of the apodeme can be traced fairly easily to the

region of the origin of the MC2 strand (Figtres 1, 2) ‘but the branches going
into the muscle are often removed with the muscle fibres. The best results -

~ were obtained by leaving the preparation in a pale methylene blue solation
_ for some time. While the nerve fibres are staining the muscle attachments

deteriorate a little so that the muscle fibres can be removed with less dzmage
to the fine sensory nerve branches. The concentration of methylene bine was
then increased so that the nerves would stain rapidly. Figure 3 is a low power
view of one example. Typically the major branch of the FASN ran diszally
and posteriorly over the dorsal surface of the apodeme to the extreme posterior
distal edge (opposite the insertion of MC2). Bipolar cell bodies are fomnd n
association with the branch along its entire length. Clearly some of the distal
sensory neurones (DSC) on the apodeme (Figure 4(B,0)) are as large as the
isolated proximal cells (Figure 4(A)) but most are smaller (SSC) (Figure
4(C,D,E)). We presume that we are only staining a small proportion of the
sensory cells as the apodeme sensory nerves obviously carry many fibres
(Figure 4(C)) and the conditions for stain penetration are poor, partcularly
for small cells on the surfaces of the apodemes. :

Some of the fibres of the FASN run into the region of the M-C joint. both
from the extension of the main nerve along the apodeme edge and from the
branches running over the dorsal surface. Not many larger-sized cell bodies

~ were found in the branches to the joint region but some small cells were




_sensory nerve (FASN) is seen (after stat

ILFM

FIGURE 3 " A low power view of the dorsal surface of a flexor apodeme. The posterior
(i.e. lateral edge) of the apodeme is uppermost in the photomicrograph. The thinner more
proximal part is not shown. The soft tissue of the M-C joint (J) has been preserved at the
anterior distal edge of the apodeme but has been removed posteriorly. The flexor apodeme
ining with methylene blue) on the anterior (medial)
deme just after it has dropped down from the motor nerve. A
proximal large cell (PSC) can be seen innervating the apodeme before the main nerve reaches
the shelf where the lateral flexor muscle bundles insert in life (ILFM). The sensory nerve

can then be followed as it courses towards the M-C joint and one of the branches to the

dorsal apodeme surface is also visible (BFASN). The Branch passes between the insertions
corner of the apodeme. Scale mark

of the flexor muscle bundles towards the posterior distal
is 0.8 mm; further details are in the text. .

proximal edge of the apo

normally stained in the soft tissue of the joint (Figure 5(A)). Few, if any,
fibres from the FASN pass distal to the U-shaped cuticular connection.
Additionally, as mentioned by Whitear, some branches of the MC2 sensory
nerve pass into the tissue at the distal end of the apodeme and not into the
connective tissue strand. Some cell bodies were also found in these chor-~
dotonal organ nerve branches. Once again we believe that we were seeing only
a small proportion of the small cells in the joint region.

On the extensor muscle apodeme there is an extensor apodeme sensory
nerve (EASN). running with the motor nerve in the proximal part of the
merus. Both nerves lie between the leg nerve, and blood vessel and the extensor
muscle. As for the FASN, large isolated cells are found proximally before
the EASN joins the posterior edge of the apodeme. The extensor apodeme

sensory cells innervate the ventral surface of the extensor apodeme _and.

because there are fewer muscle bu -ciifléjsf}gggftﬁ:lrmgwdistally,rTES cells 3
apodeme are easier to stain than. hose on the flexor apodeme. Normally the
major branch onto the apodeme surface does not go through the muscle

but swings around its distal edge into the distal anterior corner of the apodeme.

Some of the fibres from ’fﬁiS"Br“a‘r_’)‘clrgo%n—tvt—h&j-oint’region bt the céll bodies

Qells on the .
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FIGURE %A-EF) Photomicrographs of methylene blue-stained preparations of fexor
apodeme s=msory cells. (A) A large proximal cell (PSC) is shown leaving the main fiexor
apodeme s=msory nerve (FASN). The dendrite of the cell courses®or some distance on the
surface of rhe flexor apodeme (FA). (B) This is a detail from Figure 3. It shows the branch
of the semsery nerve (BFASN) passing from the main nerve onto the dorsal surface of the
apoderne (FA). A large distal neurone cell body (DSO) is located in a sub-branch and the
dendrite of this cell again courses for some distance on the surface of the apodeme. (C) This
shows a trznch of the flexor apodeme sensory nerve (BFASN) from another preparamon.
The bramcih obviously carries many nerve fibres and a sub-branch containing a large semsory
cell (DSL) is again evident. The dendrite from this cell recurves and runs back along the
surface of the apodeme. Note also the much smaller cell body (SSC) nearer the major branch
of the semscay nerve. (D) The smali sensory cell body of Figure 4C is shown at higher magmifi-
cation. tE; A high power view of a small sensory cell from a different preparation. Scale
mark is 200wm for A-C and 100pm for D and E.
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FIGURE 5(A, B) Photomicrographs of methylene blue-stained preparations of ather
sensory cells, (A) Distal sensory cells (SC) associated with the flexor apodeme sezsory
nerve situated in the soft tissue of the M-C joint just distal to the anterior distal corzer of
the flexor apodeme. (B) The CP1 chordotonal organ with the dorsal nerve (DN) o the
small cell group and the more dorsal nerve to the bender apodeme (BASN). A cell body
(SC) is stained in the proximal part of this nerve. Scale mark for A is 100pm and for B is
200um. Further details are in the text. ) ‘

?‘"are mostly on the apodeme. In good extensor apodeme preparations @ ,
neurone cell bodies could be stained regularly. o :

We have not seen a clear-cut example of a dendrite from the apodeme sen-
sory nerves ending on a muscle. We think it probable that the endingsareallin
th?tissue overlying the apodeme or in the connective tissue in ¢hejoint regonm—

N ,
Carpopodite-propodite (C-P) and propodite-dactylopodite (P-D) recegtors
The apodemes of the muscles across the joints distal to the M-C joint were
also examined for sensory innervation.

An apodeme receptor of the type described for the flexor and exteasor
muscle apodemes was found on the apodeme of the opener muscle of the
P-D joint. The opener apodeme sensory nerve (OASN) normally runs with
the motor nerve to the opener muscle but exceptions have been found in witich
it ran alone as a direct branch from the main leg nerve. No large proximal
isolated cells were found but near the joint the OASN separates from the
opener motor nerve and passes onto the edge of the apodeme. Most of the
sensory cell bodies were found on the distal and ventral part of the apodzme.
Several large-sized bipolar cells and a larger number of smaller cells stzimed

in each preparatiqn. . ) .
Althoug@odeme sensory nerve was found associated with the @
ad e e e e o5 e i ':, - .
- jﬂwifﬂuvwm‘
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Joser nerve a small nerve, noted also by Whitear in Carcinus, runs from the
podeme to join the P-D chordotonal organ nerve. This apodeme nerve was

_traced onto the apodeme and at least one medium-sized bipolar cell was

reg“u“laﬂy stamed n the nerve, “suggesting that it has a snmlar functlon to the

(1962) for Carcinus but in this species a small nerve passes from the chordo-
tonal organ nerve onto the bender apodeme (Flgure 6). A number of medmn—

CP1
VBM

FIGURE 6 A posterior view of the carpopodite in the region of the CP1 organ. In the
diagram dorsal is uppermost and the proximal segments of the limb lie to the right. The
stretcher muscle has been removed and the main leg nerve (MLN) and some damazed
bender muscle fibres have been reflected proximally. The bender apademe (BA) is shown
distally and the bender apodeme sensory nerve (BASN) can be seen proximally running
on the apodeme for a short distance. Some of the dorsal and ventral parts of the bender
muscle can be seen (DBM, VBM) with the bender motor nerve (BMN) which innervzies
them. Note the complex connective tissue suspension of the chordotonal organ (CPI).
The scale mark is 2 mm and further details can be found in the text.
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insertion of CP1 and their dendrites passed onto the ?LQQEQSLLQLLIQ&&QLWM

The axons from these cells and from others further along the apodeme form
only a very short, free, distal loop of nerve (bender apodeme sensory nerve,
BASN) before fusing with the separate axons of the small cells of the chor-
dotonal organ (dorsal chordotonal nerve, DN), quite close to their cell bodies
(Figures 5(B),6). The bender apodeme sensory nerve and the CP1 chordotonal
organ nerve are thus very closely associated right from their origins, making
experiments_to distinguish _their physiological function_very difficult. The
BASN passes distally along the edge of the apodeme towards the joint but is
difficult to follow because it becomes deeply embedded in connective tissue
as it approaches the joint. In CP2 we found branches of the chordotonal
organ nerve which pass onto the apodeme as in Whitear’s (1962) description
of Carcinus. In addition we found recurrent branches from the main leg nerve
which run to the stretcher apodeme and to the C-P joint region. It j,shpggb_ajgg'
that these have the same function as the other apodeme sensory nerves.

Physiology

- Apodeme receptors We found no major differénces between the properties

of the extensor and flexor apodeme sensory organs. We did not, however,

conduct a detailed sampling of fibre types so that the spectrum of fibre type >
and sensitivity may not be the same. o Porisa

In our preparations the apodeme . sensory nerves discharged at all times. *

The level of this ongoing activity was variable from preparation to preparation
but in any one preparation changes could be detected with large changes in
joint position. When there was no load on the joint it usually adopted a resting
position bgwyyemdnd a load had to be applied to the joint to hold
it flexed or extended from this rest position. Figure 7 (A,B,C) shows the
output of the FASN in the resting position and in response to two loads which
extend the M-Cjointto 1 35° and 165° respectively. As described in the Anatomy
Section it was necessary to damage some of the muscle fibres and peripheral
motor nerve branches in order to approach the apodeme sensory (AS) nerves.
It was quite common for damaged muscle fibres to twitch for some time and
_so develop some tension on the apodeme. This tension development could

have beer Tesponsible for the “observed background activity. In order to
determine whether a background discharge arose from the AS nerve of an
undisturbed muscle we recorded from the nerves in a more proximal segment
so that the meropodite and carpopodite remained intact. A resting discharge
was still obtained and correct identification of the nerves subsequently con-
firmed by post-staining with methylene blue.

When the M-C joint was fixed and the motor nerves to either of the muscles
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FIGURE (A-E) (A) Response in the FASN in the restinglposition of ‘slightly’less than
90°; (B) with a load of 5 gm which extends the joint to approx.lmately 135°; (C) with a load
of 10 gm which extends the joint to 1657; (D) The response in the FASN to a movement
of 5° is shown when there is no tone in the flexor muscle and (E) when the flexor motor
nerve is stimulated (indicated by the arrows) at a frequency of approximately 55/sec. Time

calibration 0.5 sec.
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FIGURE 8(A-E) The response in the EASN to stimulation of the extensor motor supply
at frequencies of (A) 10/sec; (B) 20/sec; (C) 30/sec; (D) 40/sec; (E) 50/sec. The lower trace
shows isometric tension developed in each case. Time calibration 0.5 sec; tension calibration
20 g~
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@ FIGURE 10(A-C) (A) Single unit from the FASN which shows response to tension onset

C 2~ and adapts if the tenmowﬁrpyg;gggmgghl‘ ime calibration 0.5 sec; tension calibration 15 gm.
The four records in both (B) and (C) show from top to bottom, movément, the response in
MC2, the response in the FASN and isometric tension development in the flexor muscle
Time calibration 0.5 sec; movement calibration 5°; tension calibration 3 gm

stimulated, a discharge was seen in the AS nerve from the apodeme of the
contracting muscle. Figure 8 shows the response in the EASN to increasing
isometric tension development by the extensor muscle and shows that with
increasing tension the number of fibres responding also increases. If this
experiment is repeated with a teased slip of the FASN containing only a few
fibres it can be seen (Figure 9) that \&:lt_h_m_cgggmg_tenmon notonly.istherea
recruitment of fibres but also the frequency of discharge of some single units
_increases. The large unit shown “here gives a tonic response which reflects the
increasing tension. We also found units which respond to tension onsetand
then adapt to a lower rate of discharge (Figure 10(A)), but did not find vnits
which increased their firing rate in response to a fall in tension. We did not
attempt an analysis of the range of single fibre responses and units responding
in other ways may be present, particularly among the smaller diameter fibres.
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FIGURE 11(A-E) The upper trace shows th_e response in the EASN to gotonﬁc co::letésag:;
tion of the extensor muscle when a standard stimulation of '30/sec is applie Egr td ;:hexde(_rree
motor nerve supply. The second trace shows the response in MC1 and the‘ t o em:(E)
of shortening in the muscle with loads of (A) 1 gm; (B) 5o gm; (C) 10 gm; (D) 20 gm;

30 gm. Time calibration 0.5 sec; movement calibration 10°.
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/’// Small movements at the M-C joint (5°¥10°) did not normally evoke a

detectable change in the discharge of the EASN or FASN nerves, unless the
applied movement was very rapid or there was an abnormal level of muscie
tone due to muscle fibre or nerve fibre damage (Figure 7(D)). When the mouor
nerve to one of the muscles was stimulated so that its tone increased, and a
‘similar movement was applied to the joint the AS nerve from the stimujamd
muscle responded to the movement (Figure 7(E)). It is interesting that under
these conditions the AS nerve response¢ was very similar to the response m 2
- chordotonal organ nerve to joint movement. This result and the close anzro-
mical proximity of some of the AS nerves ‘and chordotonal organ nerves
suggests that the two receptor responses could have been confused in the pasi.
In order to observe the response of an AS nerve while the muscle with wiich ¢
it is associated moves a joint, the motor nerve to the extensor muscle =as
stimulated and a series of loads was applied to the carpus. Figure 11 shows
the response in the EASN and MCI as the extensor muscle shortened agamst
increasing loads. The response in the EASN can be seen to be increasing as the
tension on the apodeme increases and this is quite different from the phasic
and tonic components of the MC1 response to the movement. Some measura
of the sensitivity of the apodeme receptors is seen in Figure 11(A) where 2
load of 1 gm causes a discharge in the AS nerve and responses were se<n m
many AS nerves to similarly low isometric tensions. Totest whether the tensions
we were recording from the apodemes fell within the physiological range we
weighed a medium-sized crab in sea water. The animals are almost neutrzily
buoyant so that a 400 gm crab would have quite low tensions to sustam im
each leg in a normal resting posture. We took the crab, immobilised the
merus and attached a series of weights to the carpus in the same position thar
we used for the isolated preparations. On stroking the merus we elicited com-
plete M-C flexion against loads up to 600 gm. The larger crabs would certamiy
be capable of moving greater loads and we believe that in our isolated pre-
parations we were observing tensions in the lower part of the range thar an
animal might normally encounter.

N

Chordotonal organs and tension  Since many chordotonal organs artach

apodemes the question still remains as to whether these organs can gewct

tension changes. It has been shown that the contraction of the main flexor

and extensor muscles significantly modifies the output from MC!

response to. movement (Clarac and Vedel, 1971}). We found, during the,

experiments in which we fixed segments to isometric tension transducsrs.

that the chordotonal organs are so highly sensitive to movement and

: vibration that it was virtually impossible to immobilise the joint sufficientiy
®/ ‘to be sure that any discharge occurring upon muscle “contraction was |

not caused by very small movements and distorzion of the Joints. Wima
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‘segment connected to the isometric transducer, it was possible to show
- a response in the apodeme receptor without a detectable response in the

chordotonal organ associated with the apodeme, only for very low tensions
(Figure 10(B,C)). We found that we could sometimes obtain a similar dis-

. charge in a chordotonal organ not attached to the apodeme of the stimulated

muscle and this confirmed our opinion that at least some of the observed
discharge was caused by joint movement or vibration of the preparatiot.
Because of this problem all experiments involving the response of the chor-
dotonal organs to isometric tension development were conducted with the
joint mvolved entirely encased in periphery wax. »

MC1 and MC2 have attachments to the apodemes of the accessory flexar
muscle and the flexor muscle respectively. These insertions are close to the
point where the two apodemes insert into the carpopodite. With the M-C

* joint fixed in mid-range, its normal resting position, no response was obtained

in either MC1 or MC2 to isometric contraction produced by stimulation of
the flexor or extensor motor nerves. We did not study the effect of different
joint angles on this result or the effect of stimulating the individual excitatory
and imhibitory axons to these muscles differentially. Both could, however

‘ influence the result. The effect of contraction of the small accessory flexor

muscles was not studied either. : A _
CP1 is a sheet-like chordotonal organ with a very extensive connection

" with the bender apodeme. The anatomical arrangement of its apodeme

association and the configuration of its bipolar cells (Figures 5(B),6) suggested
that it might be better placed to detect isometric tension development than
any of the other chordotonal organs we investigated. The bender muscle has
both dorsal and ventral fibres inserting into its apodefne‘ and it was difficalt
to open the anterior surface of the carpus without damaging some of the
motor nerves or muscle bundles of the bender muscle, particularly those
lying ventrally. In addition, the BASN runs through connective tissue which
is involved in the connection of CP1 with the bender apodeme and then runs
with the CP1 nerve. When the BASN was cut or teased away from the CP1
nerve to eliminate its response the suspension of CP1 was almost cermainly
altered. Although we often ‘obtained a response from CP1 with stimulatien
of the bender motor nerve, particularly a phasicresponse to turning the strmu-
lus on and off (Figure 12(A)), results’ obtained with all these complications
were very variable and certainly open to question as normal responses. To
control for changes in the suspension of CP1 we left the carpus intact and
teased the main leg nerve as it passes through the merus. By teasing nerve
bundles containing perves to the carpus we attempted to obtain the CP1
nerve alone and to stimulate the bender motor nerve. Each preparation was
dissected after the experiment and post-stained with ‘methylene blue to deter=
mine what elements had been involved in the stimulus-recording sequeTces.
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IGURE 12(A-B) R

F
bender motor supply. (A) A response recorded in the carpus with the posterior surface and
the stretcher muscle removed. (B) A response recorded in the preceding segment with the

carpus intact. Time calibration 0.5 sec. Periods of motor nerve stimulation indicarad bv the
arrows,

In addition, the stimulus was a

determine whether the bender muscle was contracting strongly. In tweo cises
we were successful in obtajnin

ng the CP1 nerve without any BASN fibres and
[‘ in these two cases we did flot

dbtain a response from CP1 to isometric b;‘zid&r(
muscle cofitraction (Figure 12(B)).

DISCUSSION

Apodeme Receptors

One of the central concerns of investigations into locomotory -beh

RWRUT
n arthropods is to determine the relative importance of peripheral fe
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and central programming (Wilson, 1960k, '1?65; Davis, 1969a,b,¢; Clarac
and Wales, 1970). If the animal is not w=geiving tension information a good
measure of the afferent information 2tag recewec'l‘by the animal can be
obtained relatively simply. Knowledg of the position and movement re-
sponses of the chordotonal organs is combined Wltl"l a ref:ord of limb Posmon
and movement during the behaviour. At the same hme, if the. musclfe innerva-
tion is known, a measure of central m:tivit){ cax}'be obtained with simul-
taneous myogram recordings. In such = situation it was assumefl that for the
crab to obtain information about resiace to muscle contraction some sort
of comparison between the efferent motr directions anfi_ the afferent position-
movement Tesponse would have to be made. The experimenter could manipu-

“late the afferent input by manipulating €8 position movement and receptors

in a variety of ways (Clarac and Bean®aion, 1969; Clarac, 1971) and use any

compensatory response in the motor ougput to interpret the r(};atlve lmlz;)rt- .
“ance of the peripheral information to & production of the efferent pattern

being studied. The tension receptors we describe in this report appear to have

" the capability of giving the crab compie and continuous information about

the state of tension in its muscles whether imposed from w1thout' or caused
by motor input to the muscles. Because of our new awarencss of th1s }nforma-
tion available to the crab our concept af the type of .central. mtegratxollls that ‘
the crab uses to manipulate its limbs 2gainst varymng peripheral resistance

- must also change. With the discovery ofthe wider range of sensory information

the situation approaches that encountered in the vertebrates. For the investi-
gator, interpretation of changes in outpul due to manipulation of pomhgn—
movement afference becomes much more complex because consideration

must be given to the tension afference which will also interact with the motor

output being studied. While the new #nding certainly makes the system H}lf')rg
complex to study it could yield findings 2bout the con.trol of locomotion whic

have a more general application. Tn addron, .the perlpheral part of th'e S.ys.tem
at least is still more amenable to mamgulation In a decapod than it 1sin a

e. . .

Vezlgizrifose association of the apoder senSOry nerves with extheF the motor
or the chordotonal nerves makes imeerpretation of some 'prevxous results
more difficult. Evoy and Cchen (1969 for example, describe responses 10
movements of the M-C joint in the &2 flexor and extensor efferent nerves
with both chordotonal and myochorgotonal systems intact. They found that
flexion of the joint from the rest position evoked a phasic burst in the extensor
efferent with depression of activity in ¢ ﬂexgr afferent. Extension qf the Jo.mt
caused the opposite result. Since thev describe the efferent recordings being
made from ‘the branches to the appropriate muscle ... §eparated fror,n the
main leg nerve, cut distaily and pl;ami on platmum. wire electrodes’, the
question arises as to whether the EASN which runs with the extensor motor
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nerve, or the FASN, which runs with the flexor motor nerve, were cut. If the
apodeme sensory nerves were cut the results can be correctly attributed to the
chordotonal and myochordotonal organs and the effect of the apodeme
receptors should be examined separately. If, however, the apodeme sensory
nerves remained intact then they too might have been involved in feedback
onto the muscles. We have evidence that the apodeme sensory nerve discharge
does feedback at least onto the muscle originating the sensory discharge
(unpublished results). ‘

The close association of the bender and stretcher apodeme sensory nerves

\/j" with the CP1 and CP2 nerves respectively could also explain some of the

variation obtained in studies involving these chordotonal organs. Bush

ytheir attachments and stretched the isolated strands. Results obtained in this
manner would almost certainly preclude involvement of the apodeme sensory .
nerves. In other experiments he used movement of intact joints to activate

the receptors and described the variability and difficulty involved in demon- -

£ (1965a) in some of his experiments, detached the chordotonal organs from
U

s

(N\/f/ /Z strating some tonic position responses, especially with the joint towards the
{ b

‘extremes of its range. The apodeme sensory nerves could certainly produce
this kind of result. In experiments on the role of these chordotonal organs
in limb refléxes (Bush, 1965b) the tension receptors were again eliminated
from the major findings by stretching the chordotonal organs independently
of joint movement. Some of the most erratic responses, however, were found
with fast movements of the intact joint and in such a situation the apodeme
responses would probably be involved (Figure 7(E)). . '

We have found nerves along the apodemes of limb muscles in other genera -
of decapods (e.g. Homarus, Portunus) examined and it seems likely that these
will give physiological responses similar to those seen in Cancer. It is probable

that tension receptors will be found to be a general phenomenon in the decapod
crustacea. ’ ‘ '

4
Chordotonal Organs

Clarac and Vedel (1971) demonstrated that, at least in some cases, tension
changes in muscles can modify the response to movement of the chordotonal
organs which attach to their apodemes. The emergence of the concept of a
passive chordotonal organ response differing from the dynamic response s .
obviously extremely important not only to the study of the organs themselves
but also to behaviour involving them. Our investigation of the possibility
that chordotonal organs in this situation might respond even to isometric
muscle contraction is a special case of this same principle. While investigating
the possible reasons for the great variability found in our results we became
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'éware of further complexities which might be involved in the dymmic )

response.
We found that, at least under some limited conditions, it is possible for a

muscle to contract isometrically without a response from its attached chor-
dotonal organ. Some of the difficuities we encountered in obtaining this result

..and the necessary precautions were as follows. First, the extreme sensigvity

of the chordotonal organs to small movements and distortions. of the joint

_ and also to external vibration (especially the sheet type of organ) makes it

difficult to obtain consistent results. We have found that small alterations to
the suspension of an organ can produce a result in some cases. It could be

" argued that simply opening one side of a segment will alter the relationship

of the muscles, vessels and chordotonal organs sufficiently to alter the response
to movement or vibration. It is difficult under these circumstances to determine
which is a real response and which is an experimental artifact. Second. we
found that in cases where we obtained a response from CPI to a stamdard
stimulus to the whole bender motor supply the response could be altered by
cutting small branches of the motor nerves close to the muscle. In some of
these cases the movement of the bender apodeme was quite noticeably changed.
This is a completely artificial situation but it suggests one which could be of
importance in the intact animal. In these experiments we were stimulating
the whole motor supply to a muscle and it has been demonstrated that crusta-
cean muscles are not necessarily homogeneous in fibre structure and mesher

" is the distribution of the innervating motor neurones (Atwood, 1967). Itis -

therefore possible that variations in the frequency and firing combinations
within the motor and inhibitor supply to a muscle will slightly change the way
in which the apodeme moves during contraction. Such changes could deter-
mine whether or not the chordotonal organ would respond or not and kow

it would respond. It is also not possible to consider this contingency without

introducing the additional effect of joint position since the way in which the
muscles move the apodeme is not independent of joint position.

Tt is apparent that the isolated chordotonal organ response to extzrmally
imposed movement may be the simplest case only and that the dymamic
responses may be quite different. The possibility of modification at the receptor
level requires detailed investigation because of the important consequences

this would have for behavioural analysis.
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