ap Alchom Plvaad Nol 700 Na 2 pp B e B s

iosted i Grreat Heitnn

Loy, Boctern. Phugid)
(/952

RESPONSES AND CENTR/ L INTERACTIONS OF
TENSION RECEPTORS IN THE LEG FLEXOR
MUSCLE OF CARCINUS*

Davin W. Parsoxst?
Department of Zaclogy, University of Melbourne, Parkville, Victoria, 3052, Australia

{Received 9 Octoher 1981) : o |

Abstract

7A 371 379

(H300-90 20, K2/020391-09 30 1.00,0
N © (982 Pergamon Press Lid

ﬁ,&v//o ra

@qa/f {\f\':'

-1, The physiology of the detection of tension in the limb flexor muscle of Carcinus is de-

scribed. The tension receptors respond primarily to the rate of tension increase in the muscle, and their |
activity is closely related to movement of the apodeme. whether induced by external forces or by ﬁexor

musclercontraction.

2. The immediate effect of tension afference in whole Ammdl prepdr.mom in all cases is short- term

excitation of flexor motancurones.

3. If there is spontaneos act tivity in the motoneurones, or if activity is induced by stimulation of

non-limb arcas, tension afforen

¢ also evokes long-term excitation. ‘/

@Rcmsmnu TCHTRTS . atas 1)5 infmited hy Tensfon afference:

INTRODUCT: O™

Receptors that monitor mus o tension have been
opd inoa number” of arthr sods (Macmillan &
ando. 19720 Bagles & Hartmuan, 1975, Bagles, 1978
theophilidis & Burns, 1979), © he morphology and
srastructure of the tension 1 oeptors of the flexor
suscles inthe fegs of Brachy  .an crustaceans have
went recently described (Parsons, 1980) as has the
adtatory innervation. some & \tochemistry, and the
seuromuscular physiology ot the muscle (Parsons.
w§2: Parsons. & Mosse, 1982). Interactions between
“ension receptor activity und motor butput in the crab
pave been reviewed (Maemillan, 1976} with the con-
Jusion that the receptors can function to damp the
~assive resistance reflex movements by inhibition of
e motor activity to the homronymous muscle and
acitation  of motor activity in the antagonistic
quscie. On the other hand. excnatipn of the homony-
qous muscle motoneurones cin occur when the ani-
-4l is active, Clarac & Dande (1973) reported that
=igh (unspecified) levels of tension nerve afference
sould cxcite both the homonymous and antagonistic
sotoneurones, but it is not clear in which situations
sy result was found. Just hew the tension affercnce
~pdulates motor activity at the cellular fevel is yet to
~¢ studied. .

fo the flexor muscle of Carcinus, the tension_recep-
s @t distributed along one face of the apodeme,
2ad consist of two anatomically distinet populations
freceptor eellst a small number of Proximal Sensory
Clls (PSC's) possessing approximately r,LQE;\m cell
~odies. and numerous smaller <35 ;un))Dlstdl Sen-
wiv Cells (DSCs) that are
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found maiilyin the distal

third of the apodeme. The sensory processes (den-
drites) of these cells are embedded n the apodeme
cuticle (Parsons. 1980). The close association of the
receptor sensory processes with the cuticle suggests
that _tension_receptor output is closely related to the
forces that act on the apodeme during_muscular con-

tractions.

In this paper the responses of the apodeme tension
receptors to muscular contractions are investigated in
detail to provide a basis for subsequent examination
of the tension receptor system, The effects of tension
nerve afference on the flexor motoneurones in whole
animal preparations are also examined. .

MATERIALS AND METHODS )

Walking legs of the crab Carcinus maenas were obtained
and prepared for whole animal and isolated leg prep-
arations as previously described (Parsons, 1982). Tension
was measured with a micro manipulator—mounted DMC
Dual Mount Deflection Sensor (Kistler-Morse Corpor-
ation, Bellevue, WA.). Passive movements of the carpus
were applied through the transducer by an ADAK PMP
Leg Moving System (ADAK Electronics, Eugene, ORE)
driven by a Tektronix signal generator. Transducer com-
pliance was approximately 10 um/g. Transducer output
was amplified when necessary. and in these cases the signal
was passed through a low-pass active filter which intro-
duced negligible distortion to the tension-level signal.

Activity in the Flexor Apodeme Sensory Nerve (FASN)
was recorded en passant with monopolar hook electrodes,
or from the cut end of the nerve using polyethylene-tipped

suction electrodes. The FASN or the Flexor Motor Nerves *

(FMN) were stimulated electrically with the same types' of
electrodes. In most cases all information was stored on
analogue FM magnetic tape (Tandberg Series 115D), for
subsequent filming and analysis.

Movements of the anterior edge of the ﬂcxor apodeme
during muscle contractions were filmed with a Bolex HI16
reflex movie camera at 48 frames/sec through a Wild M8
dissecting microscope. The edge of the apodeme was
marked in several places by single particles of carborun-
dum, to allow quantification of the distances moved by the
apodeme during contractions. Smail light-emitting-diodes

(LED's) with adjustable flash rates were placed in the edge .

of the film field to allow film frames to be matched with
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. physiological data stored on tape.
by an LW Photo-Optical analyser (Mod
onto the measuring tablet of 3 MOP-3
{Cari Zeiss Inc) which was used to anal

. movements.

Al preparations were post-stai.ned with methylenc blue

Davip

The film was projected a
el 223A, Mk Iv) -
Image Analyser
yse the apodeme

1

.. to check that the electrode placement was correct,
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.. Tension receptor responses

.. - The response of apodeme tension receptors to an
~isometric contraction of the flexor muscle typically
" involves the firing of a number of tension units of .

. . . . . T —
. different amplitudes in phasic, phaso-tonic, and in a

. 1EW Cases 1C patiermns.

€se phasic

-and phaso-Tonic units is concentrated about the time
.. of tension rise. Increasing the duration of the train of
stimuli to the FMN increases both the tension level

-and the tension receptor activity recorded in the -

FASN (Fig. 1). With an increase in stimulus pulse
frequency, the rate of tension development is usually

more rapid, and this elicits greater FASN activity:
increased numbers of units responding, .and those.
already responding generally discharge at higher fre--

quencies. Similarly if the stimulus-pulse voltage or
duration is increased sufficiently to recruit further

motor axons, the tension and FASN activity also in-

crease- (Fig. 2). The level of resting tension in the-
flexor muscle also affects the response of the tension -
receptors. ‘A given contraction of the flexor muscle

elicits a higher level of tension receptor activity when
"an increased level of resting tension is present in the

muscle (Fig. 3). Very slow or small contractions, i
general, do not eficit observable tension receptor ac-
tivity, In most cases isotonic contractions do not pro-

carpus encounters resistance to its movement.

¢ anatomical and ultraStructural “arrangements
of the receptors (Parsons, 1980)

duce observable tension receptor activity unless the

deme flexion or distortion is the necessary receplor
stimulus. To test this hypothesis the movement of the
‘anterior apodeme edge was followed during isormetric
contractions of the flexor by filming the movements of

a —
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Fig. 1. Response of Aexor apodeme (ensior
isometric contraction of the flexor muscle.
activity occurs mainly during the rise in
longer contractions elicit larger tension and i
sion receptor activity. Top trace: FASN: fow
sion. (a) 100 ms train stimulation of the FMN
200 ms train stimulation of the FMN at 80 Hz.

show duration of stimulus, Scale bars: 200

1 receptors - to
The receptor
tension, and
icreased ten-
er trace: ten-
at 80 Hz. (b)
Upper bars
1sec: 3 g
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clectrode. Stimulation (marked by upper bar)

puises increased to recruit motor axons, Top trace: FASN.
lower trace: tension. (41 2 motor units: slight FASN ue-
tivity. (b) 3 motor units: with the faster contraction and
higher tension produced fLere. there is an increase in the

number of tension rece,vior units responding and in the

duration of the activity. t¢) 4 motor units: a further m-
crease in aclivity in the FASN is evident. Scale bars'

hSsec: 5g.
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Fig. 3. Effect of increased muscle length (by increasing M-C

joint angle} on tension resaplor response. 300 msec tram
stimulation of the FMP
Increase in tension recepii
angle. {4) 70 . most muse .
fibers taut. (¢) 140 . Note
is approximately 2.9 4 b

X0 Hz 0.5 msee, (L3 V. Note
- activity with merease in joint
fibers Nacid. (hy 110 . all muscle
rat the resting tension level here
» than tn (b). Upper bars show
Scale hars: 0.5 sec: S

duration of stimuv;

“

Fig. 2. Effect of increased isometric contraction slrcnglh.ﬁ
on activity in the FASN in one preparation. The number of
motor axons stimulated was checked with a distally placed

at 95H~
0.l msec pulse length, fur 100 msec, Voltage of stimulus
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Fig. 4. Graph showing
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contraction strengths
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Fig. 4. Graph showing relationsfip of apodeme movement
to tension development and to wetivily in two of the ten-
sion receptor units, Isometric contraction of flexor muscle
following FMN stimulation for 1.6 sec at 50 Hz, 0.05 msec,
0.6 V. Note the association of the larger tension receptor |
unit with the initial rapid tension increase and the rapid |
change in apodeme position. The second tension receptor .

“unit shows tonic-phasic activity for the duration of the ,
increase in tension. Arrow (1) denotes end of stimulation. -
fnset shows how AA is measured. Te = isometric tension.
jevel. & = most distal point, 11.7 mm from reference point”
at M-C joint. @ = l46mm irom reference point..
@ = 17.7mm from reference point. Length of flexor muscle.
(from the fixed point on M-C joint) to I-M articula-
tion = 35.5 mm. Measurement civor bar.at start of AA",

trace applies to «ll points,

single particles of carborundum placed on accessible
parts of the unterior cdge ol ti:. apodeme. This edge is
the only portion of the apodes:c visible or accessible,
in the intact {lexor muscle sy ~iem. The angles moved
by the particles with respec: o a fixed point at the
merus -carpus articulation w e measured (see inset.
Fig. ). The changes in angle v re plotted on the same,
time scale as both the tensior. changes and the FASN
activity data. In the example © 1own here (Fig, 4), thet
initial rapid tension rise we. associated with rapid
apodeme movement and wiz the phasic activity of
one unit. whilst another urx responded phasotoni-
cally during the remainder of the contraction when
there was little apodeme mony cinent.
o examine how externally imposed forces applied .
to the apodeme affect recepior activity, the carpus
was removed and the tension transducer attached di-.
rectly to the distal end of the flexor apodeme with
forceps. This arrangement was used to study tension
receptor responses when forces were applied cither -
along the axis of the apodeme or at right angles (later-
ally) to it. Axially applied stretching forces elicited -
FASN activity only at levcls considerably greater
than those required by laterally applied forces. For:

axially applicd force had to be forty times the level of -
a laterally applied force to achicve a comparable re-

sponse in the FASN. Furthermore, when all muscle -

lateral forces were similar o hose found when  the-
musclcs were IRtact. In this wise, the proximal end of-
e mpodenie was tield in its “at-rest” position with
mounted forceps, . ]
HITCBE expected from cxamination of the ten-
sion receptor responses in oticr arthropods, the rate
of tension increase is 4 major {uctor in the production
of FASN output. With a fi:ter rate of tension in-

example. in one preparation it was found that an.

origins were severed the FASN responses to axial or~

Fig. 5. Effect of the rate of isometric tension increase on
tension receptor activity. Top trace: FASN activity, trial 1
and trial 2 {(no FASN activity) superimposed. Lower trace:
isometric tension, trace 1 = fast tension rise, FMN stimu-
lation 100 msec, 85 Hz; trace 2 = slow tension'rise, same
stimulation but at 25Hz for 3.6sec (stimulus artefact
visible on top trace; end of stimulation 2 at arrow). With
fast tension development (1), a short burst of activity in a
number of FASN units was seen. Slow tension develop-
ment (2), although attaining the same final tension, elicited
no FASN activity. Scale bars: 0.5 sec; 20 g.

crease. FASN activity also increases. Although the
same absolute tension may be reached, slow rates of
tension increase produce little or no activity in the
FASN (Fig. 5). e
The responses of some of the PSC's to flexor.
muscle contraction was studied by recording from the
FASN after cutting it just distal to the entry point of,
the PSC axon and then severing any other axons
entering the FASN more proximally (Fig. 6). ﬁﬁﬂ
_units were active usually only during the tension ri;e.éj’/
Fast contractions eiicited phasic or phaso-tonic PSC+
activity, but during slower tension development, in .
which DSC units would normally be responding, the-

a //'\

flexor muscle contraction. Top traces: tension; lower - '
traces: PSC activity. (a) Effect of stimulation for 100 msec
(lower tension trace and nerve activity trace) and 200ms . -
respectively (90 Hz, 0.05 msec, 6 V). (b) Longer stimulation '
(3.7 sec) at reduced stimulus strength (40 Hz, 0.05 msec,
6 V). Note poor PSC activity here. Although large tensions
are associated with-PSC activity in this preparation, this
was not always the case. Scale bars: (a) 0.1 sec; 30g; (b)

0.5sec; 30g. . o

Fig. 6. Responses of the most proximal PSC to isometric s




Fig, 7. Responses of DSC’s to isometric flexor contraction,
. Top trace: tension; lower trace: DSC activity recorded in
the FASN. (a) Response in intact FASN to FMN stimu-
lation (150 msec, 70 Hz, 0.07 msec, 5.5 V). (b) Same stimu-
lation after crushing the FASN until only two units
remained. (¢) Same stimulation but for 300 msce, Average
discharge frequency and duration of the large unit activity
is similar to (b) but the frequency and, duration of the
activity of the smaller unit has increased. Lower burs show
duration of stimulus. Scale burs: 400 msec: 5 g

PSC's were usually silent, In most cases, PSC re-
sponses fatigued more rapidly after repeated stimu--
lations than did the DSC responses.

Since a large number of DSC units responded sim-
ultaneously, it was not possible to identify the re-
sponse characteristics of single units when recording.
from the entire FASN because of spike superposition..
Single unit responses were therefore studied by pro-.
gressively crushing the FASN distal to the recording -
electrode until the response to tension involved only a-
few units that could be unambiguously identificd. The
responses of some of these units are shown in Fig, 7.-
Here, the activity of the two units falls off slowly. and,
so extends their activity past the peak of tension..
With a longer duration motor nerve stimulation, the.
tension elicited is greater and the smaller unit is active
for a longer period. The phasic nature of the larger
unit is revealed when a number of trials are superim-
posed (Fig. 8). This unit responds predominantly to
the rise in tension, and the smaller unit, in addition to
responding to tension rise, shows slowly adapting ac-
tivity that extends into the decreasing tension phase
of the response. Other units were found that re-
sponded tonically during the entire period of elevated
tension, Most units ceased firing close to the end of
the tension rise. Some units responded with a tonic
rate of discharge that showed little change in fre-
quency once above a threshold, and were also inde-
pendent of the rate of tension increase.

Because not all motor units are involved in all con-
tractions (Parsons, 1982), the direction of apodeme
movement or bending depends on which specific
motor units, and therefore muscle fibers, are used in
the contractions. In most cases the apodeme bends
dorsally (“axially”; Parsons, 1980) probably due to
the greater number and consecquently the larger
volume of muscle fibers present on the dorsal side of
the apodeme. '

The relationship between the contraction of differ-
ent motor units and tension receptor output was

Davip W. PARSONS

investigated by stimulating single flexor motor axons
in isolated preparations (sec Parsons, 1982
methods) The possibility of a Tehtio SAip betweer:
activity of specific tension receptor units and the
contraction of individual motor units was thoroughl:
investigated but 76 TelaLoRsh; nd. [Tt is clew:
that contractions _involving the faster{motor units
resultin greatcr FASN activity than do contractions
caused by the slow motor units. Such a relationship b
predicted by the previous results. However, activation
or modulation of particular FASN units did not
appear to be related to stimulation of specific excite-
tory axons.

To investigate the relationship of muscle fiber con-
tractions to tension and to tension-receptor activits.
individual musdle fibers throughout the flexor were
intracellularly dopolarised, and the tension and FASN
activity that eusued recorded. The greatest tension
produced by siii:le flexor mus hers are produced

e

|

cnsions produced were very small, and onl
rarely did a cootraction in one of these fibers elic
any visible FAS v activity,

Effects of tensic.: recepror afference on Hexar motor
activiry

Whole anim:: wreparations were used to assess the
effects of FAS™ _tivity on the ongoing motor output
to the flexor nwscle. To gain access to the fleaol
muscle and nerves, the extensor muscle was remon .
Single pulse stir viations of the FASN elicited refles
motor activity i the FMN, The extent of the refley”
FMN activity <epended on the frequency. strength
and duration of the stimulus pulses. An indication of
the number of FASN units activated by a ghen
stimulus level was generally obtained from the record .
of FMN activity because the latter was recorded at
the proximal end of the merus where the FASN and
FMN run together in one bundle. At high stimulus
levels however, much of the FASN activity was -
obscured by the stimulus artefact. Some FASN ac- -
tivity was present at stimulus levels below that necess-
ary to elicit reflex FMN activity. :

Increasing the wmplitude of single pulse stimuli to
the FASN increased the number and frequency of dis-
charge of the mctoneurones responding (Fig. 9). As -
the stimulus inteosity increased. the latency of the re-
flex FMN activity decreased. When trains of repeti-

«

Fig. 8. Superimpue - traces of 3 stimulations at 300 msee

{upper bar) of prep vadion in Fig 7(cl Top trace: activits

in the two DSC's: ©50r trace: tensions. Note the cluster-

ing of laige unit 1Y 7 activity during the tension develop-

ment phase of the . -.nonse. The small umit responds more

tonically and extenst its activity into the refaxation phise
of the respause, Scale bars: 100 maee: 5 g, )
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Fie 9. Effect of single pulse extracellular stimulations of
e FASN with increasing stimuivs strength (voltage) in a
whole animal preparation, recored in a more proximal
Jectrode that records both FALN and FMN activity.
packground activity was a singic tonic unit (same unit
s in (@) below. discharging ut ~5Hz). Pulse dura-
pon = 0.5 msee. (@) 4V, Arrow shows the number of
FASN units stimulated, and these are recorded soon after
ihe stimulus artefact in the reconiing clectrode. Approxi-
mately 36 ms later the response of the flexor motoneurone
s seen. In this case. two spikes from the tonic motor unit
result (this is the tonic unit that i~ spontancously active in
the FMN in whole animal preparations). (b} 8 V. Further
FASN units are stimulated, and the response in the FMN
meludes a single spike from a small unit {unidentified), and
the frequency of the tonic unit is slightly increased. (c) 10V,
The increased FASN afference ehaits a slight increase in
the activity of the motor units. (d) 16 V. another motor unit
pow responds to the increased FASN stimulation, and this
is the 1st phasic axon recruited in most flexor muscle con-
iractions. The activity of the toniv axon has also increased.
In alf cases these responses were :epeatable at a particular
stimulus level. Scale bar: 50 msec.

iive, low frequency stimuli are applied to the FASN in
4 resting aninal, only the reflex FMN activity associ- P
ated with cach stimulus pulse L observed. At higher
frequencies, FASN stimulation can induce massive_
FMN discharge, which is usual', followed by a period .
of silence in the FMN. In addition, the tonic unit is.
usually inhibited during the discharge (Fig. 10). Simi--
larly, in some animals. very high amplitude, low fre-.
quency FASN stimulations (c.p ! Hz) can induce the-
ame type of extended FMN Uischarge and delayed,
inhibition. :

a- b —

7

Resistance reflexes

Resistance reflexes to passive carpus extension, that
is. FMN activity that tends to oppose exogenous
extension movements (Bush, 1965), can be altered by
FASN stimulation. Single pulse stimulations of the
FASN elicit brief reflex FMN activity, but do not
inhibit the resistance reflexes. Repetitive stimulation
at the same amplitude increased the FASN afference.
Above a threshold this increased input caused inhi-

0O Ol the TeSISTANce relexes. iv n o
FASNShImull did not produce inhibition of the resist-
ance reflexes, then an increase in either the pulse fre-
quency. or the stimulus pulse voltage or the duration
eventually led to inhibition (Fig. 11). Similarly, if a
given stimulus train to the FASN did not inhibit re-
sistance reflex activity, an increase in train duration
eventually caused inhibition. In general, once the
threshold for inhibition was reached, further increases
in pulsc-amplitude, frequency, or duration induced
longer periods of inhibition than lower level stimu-
lations (e.g. Fig. 11c,d).

Centrally generated flexor motor activity

The effect of FASN activity on centrally driven (i.e.
non limb-reflex) motor activity was, in general, excita-
tory to the flexor motoneurones. By itself, FASN
stimulation elicited FMN activity as shown in Fig. 10.
Abdominal flap stimulation alone usually induced a
strong FMN discharge and flexor muscle contraction
(Fig. 12) along with general struggling movements in
other limbs. When these two methods of FMN stimu-
lation were applied simultaneously, the resultant
flexor motor activity was greater than would be
present by simple summation of the individual re-
sponses. This increased FMN activity was sometimes
followed by a period of inhibition of FMN activity.

DISCUSSION

The results show that the response of tension recep-
tors in the flexor apodeme is related to the amount of
apodeme movement or distortion produced by forces
acting on the apodeme. The applied forces may be
internal due to muscular contraction or external due
to passive carpus movement. Through the coupling of
muscle, apodeme cuticle. and receptor dendrite, the

Fig. 10. Responses of flexer motoneurones to FASN stimulation. Different preparation to that in Fig. 9.
Top trace records activity in the FMN and FASN. but FASN activity cannot be seen at this gain.
Stimulation at 30 V. 0.5 nssce. (a) Single pulse stimulation causes slight change in subsequent tonic unit
activity. Level of reflex FMN activity is similar to Fig. 9(d). (b) 300 msec train stimulation at 20 Hz.
Slight tension induced by the reflex activity and again the post-stimulus tonic motor unit frequency
increases slightly. (¢) 300 msec train, 20 Hz. Stronger tension is developed and a small discharge of a
phasic unit occurs just after the end of stimulation. Tonic unit frequency increased substantiaily, but like
all previous stimulations, returned eventually to the background level. (d) 1600 msec train, 20 Hz. This
stimulation of the FASN induces massive FMN discharge over many seconds. Activity in the tonic unit
is apparently inhibited during and after the phasic unit burst activity. After a few seconds the tonic unit
background activity begins again. Bars indicate duration of stimulus. Scale bar: 1 sec; 10 g.
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Fig. 11. Effect of FASN activity on resistance reflex activity. Whole animal proparation, stimulating the
FASN (upper bar) distal to its junction with the FMN bundle. Activity recorded rom the FMN/FASN
- bundle proximally. Top trace: FMN activity; lower trace: leg-mover motor winplifier readout. showing
approximately 10° movements at the M-C joint. Joint extension is upwards. Joint angle initially set to
approximately 100°. The normal resistance reflex activity, which at this level involves only the spon-
taneously active tonic unit, can be seen in the cycle just prior to stimulation in cach case. (a) Stimulation
of the FASN for 1 sec at 5 Hz (0.5 msec, 10 V) produces mild FMN inhibition, although each stimulus
pulse elicits its own reflex FMN activity (similar to that shown in Fig. 9(d}). b} Longer stimulation of
the FASN at the same stimulus level produces complete FMN inhibition for two cycles. Resistance
reflex activity then returns slowly. {¢) With high frequency stimulation (30 Hz. other stimulus parameters
as before) a one-half second train stimulation is sufficient to induce FMN inhibition. Note that a short
_ burst of tonic unit activity occurs at the end of the stimulation. {d) One second of high frequency
stimulation causes extended FMN inhibition. At *, 4 cycles of complete inhibition have been removed
for ease of presentation. Again, this high frequency stimulation has elicited a post-stimulus burst of tonic
unit activity. Orce restarted, resistance reflex activity rcturns to pre-stimulus

fevels over a similar time
course in each case. Scale bar: 1.0 sec.
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Fig. 12. Effect of FASN activity on centrally produced (non limb-reflex) FMR sctivity. Same preparation
and same stimulus voltage, pulse duration and frequency used as in Fig. 11 iop trace: FMN activity;
lower trace: tension. Upper bars show duration of electrical stimulation. (i} ® wponses of FMN to brief
abdominal-flap stimulation at *. In this animal. the response was bricfer than in other animals (e.g. see
Fig. 5, Parsons, 1982). (b) Responses of FMN to FASN stimulation for 4 see whilst animal is at rest.
Only the immediate reflex FMN activity associated with cach stimulus pulse is present. {¢} Effect of
concurrent FASN stimulation on the response to abdominal flap stimulation it *). The activity in the
FMN is greatly mcre‘w.d and extended. In some animals, a period of inhibition follows (his strong
FMN activity. Scale bars: {secr 20,
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Crab ensy

duration of the applied force und the speed ol the
esion rise induced by the force can modify  the
mtensity of tension reeeptor discharge. When the
jength of stimulation is increased, the duration of
receptor output also increases {Fig. 1), Although the
averall relationship is clear, much of the detail of the
ransformation processes between motor impulse and
ension receptor discharge is masked by unknown
anatomical and physiological factors. Some of these
factors are discussed below.

In the resting animal there is some variation in the
jevel of spontancous  discharge.  FASN  activity
recorded in these situations included zero activity;
steady. very low frequency dischinrges of one. or rarely
(wo units: and patterned disclirges of one unit. The
amplitude of some of the activity could be below the
noise level of the recording ssstem. In other arthro-
i pods, the tension reeeptors alse show a range of spon-

\m«.OU\ activity {(Mucmillan &c iando. 1972 Eagles.
1978). Macmillan and Dando 1ound that spontancous
activity was present in the ten o nerve (recorded in

4 more proximal segment) ev o when the sepment

containing the tension receptors was not dissected or

damaged. The discharge proprties of the receptors
might also be influenced by the bathing medium.
| ,‘Q&& Winter (1980) ) have shown that active sub-
77 stanee 1 nTlie haeme ter the generator
polunlm s and discharge_[requencies of the receptor

MRO). Artificially prepared crustaccan salines must
tack these substances and so reveptor discharges may
be affected. This does not appear to be a problem in
these preparations because FASN activity recorded in
whole animal preparations by means of a small “win-
dow™ in the merus cuticle was not noticeably different
from that recorded in the more dissected preparations
that were bathed with the crab saline. Individual
variability undoubtedly also contributes to the vari-
ation in spontaneous discharge of the tension
receptors.

In vertebrates. muscular tension is monitored by
the Golgi Tendon Organs (GT(s). In the higher ver-
wbrates, the GTQ's are intimately associated with the
muscle fibers themselves. They He in serics with some
fibers and in parallel with others (Stuart ¢t al.. 1972).
In the lower vertebrates such as the lizard, the recep-
tors lie in the tendon, at a distance from the muscle—
tendon junction. Because of ti:is the receptors prob-
ably respond to overall tensions as well as localised
tensions produced by individua! muscle units (Proske
1975). The arrangement of the 'isard receptors resem-
bles that of the crustaccan ko apodeme (=tendon)
receptors described here. T ultrastructural and
physialogical evidence shows that in the crustacean
receptors tension transduction ---curs within the apo-
deme: the transduction locu: s separate from the
contractile apparatus. These —iilurities suggest that
the apademe tension receptoss may be sensitive to
whole muscle tension as well - 1o the localised ten-
sions produced by the contactions of individual
muscle fibers or motor units. Phese differences have
- not been investigated here.

{ Significant tension receptor c.ctivity does not occur

unless the apodeme bends, ! ilming the apodeme
~movements allows one to cooclude that apodeme
movement is closely associaied with tension and

ceeeptor physiology

cells_of the crayfish abdomina! muscle receptor_organ
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FASN activity (Fig. 4). It does not give information
on localised tensions that may affect apodeme bend-
ing. on the relationships of these localised tensions to S
the whole tension experienced, or of the tension to - - P
apodeme-flexion process. Whilst the apodeme pos-
sesses an underlying symmetry due to its formation B
by cuticular invagination (Parsons, 1980), the external s
morphology of the apodeme is quite complex (e.g. see '
Muacmillan & Dando, 1972). Because of this, the
movements of the anterior edge of the apodeme (Fig.
4y are unlikely to be related in a simple way to local
tensions produced by the muscle fibers. The activity
of the receptors does not depend on the presence of
the -muscle fibers, and so the relationship between
receptor activity and apodeme flexion should be
amenable to in vitro analysis. The analysis of the re-
lationship between apodeme flgxion and motor unit
contraction in this muscle is likely to prove mor
difficult. o )

A number of factors influence the degree and direc- : y
tion of apodeme movement and bending during o
contraction. Several fast or slow motor units could be i
involved in flexor contractions, and the direction and
extent of apodeme movement may depend on which ‘
unit or units are being used. The muscle fibers are not . ¥
symmetrically arranged about the apodeme, and so '
the distribution of forces about the apodeme will be
also influenced by this asymmetry. In most cases, -
however, the apodeme moves towards the axis of the - s
merus (i.c. dorsally) during contraction. It is not yet .
known how the inhibitory motor axon (or axons, sce
Parsons, 1982) affects the flexor contractions.

In the vertcbrate GTO’s there appears to be no
simple relationship between the contractions of an in-
dividual motor unit and the intensity of the response.

As might be expected, some motor units can exert a
more powerful excitatory effect on the receptors than
~others {Proske, 1979). Similarly, in the crab tension
detection system, no clear correlation is found
between the activity of apodeme tension receptor i
units, or of the whole FASN activity, and the contrac- ’
tions of the individual motor units. Faster units
naturally elicit stronger and shorter-latency receptor
activity than do slower units. e

The poor response of the receptors to a slow rate of “\
muscle-induced tension increase may be a conse-
quence of the distribution of the muscle fibers. Stow
contractions of the flexor can be performed by the
stow fibers situated at the proximal, and to a lesser

extent, the distal end of the flexor. The proximal fibers

!
i
/

tributed along the distal half of the apodeme. The
lateral (dorso-ventral) vector of the contractile force
of these fibers is minimal there. Slow contractions are
thus transferred to the carpus with little concurrent
apodeme bending and therefore litile activation of the
tension receptors.
Slow passive movements also elicit very little ten-~
sion receptor uctivily During passive movements of
the carpus, all muscle fibers are quiescent, and they
would tend to resist any apodenme TNovement thal. |
caused muscle lengthening because of their inherent
visco-clastic properties. In slow passive movements,

lengthening of the muscle fibers would be slow ;
enough to allow the fibers to stretch at the same rate/
that the imposed apodeme movement demands, and'“
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,/50/the apodeme would not become appreciably dis-

torted. In contrast, in fast passive movements, the

speed of the imposed lengthening probably exceeds -

the capability of the muscle fibers to stretch AT,

_speed the induced apodeme movement demands. The

asymmetry of the fibers about the apodeme Would™

—,

then result i an imbalance in the Torces resisting apo-

deme movement, and so distort the apodeme and
m:wpwr activity.
- The ultrastructural basis of the responses of
Limulus tailspine and limb tension receptors is not yet
known, but it is of interest to note that many of the
dendrites of the cell bodies of the tailspine receptors,
and some of the limb tension receptors, apparently
terminate in the area of the muscle insertions onto the
apodemes. The tailspine apodemes are pliable (Eagles
& Hartman, 1975) and so could also be distorted dur-
ing tailspine movements. These featurcs suggest that
the tension transduction mechanism in the tailspine
receptors might be similar to that found here in the
Carcinus flexor apodeme. Ultrastructural examination
of the Limulus tension receptors would be required to
test this hypothesis. -
- In intact animals, tension receptor activity is depen-
dent on the rate of development and the duration of
the tension as it is in isolated leg preparations. In
isotonic contractions against zero load, carpus move-
ment is unimpeded and little or no FASN activity is
recorded. Zero-load contractions may not normally
occur, but the result does show that none of the
receptors present is sensitive to muscle-length
changes, as are some of the receptors in the Limulus
tailspine and limb segments {Eagles & Hurtman,
1975; Eagles, 1978; Eagles & Gregg, 1979). On the
other hand, increased muscle length produces in-
creased resting tension and so isometric contractions
from a higher base tension show greater activity to a
given stimulus (Fig. 3).

% - Some effects of tension receptor activily on moto-

v

h

/

neurone output have been reported previously (Clarac
& Dando, 1973; Macmillan, 1976). Clarac & Dando
(1973) found that stimulation of the tension receptor
nerve inhibits resistance reflex motoneurone activity
in the homonymous muscle and causes some degree
of excitation in the motorneurones of the opposing
muscle. In the flexor muscle of Carcinus, stimulation
of the tension receptor nerve also causes inhibition of
resistance reflexes (Fig. 11), however, some FMN exci-
tation precedes the inhibition, as can be seen in the
response to single-pulse FASN stimulation (Fig. 9).
Only train stimulation causes resistance reflex inhi-
bition. Single pulse stimulations cause only brief exci-
tation of the FMN's, and the level of reflex. FMN
excitation depends on stimulus strength. Usually only
two FMN units are involved —the tonic unit that is
spontaneously active in the resting animal, and a
large phasic unit. The phasic unit is active only at the
higher stimulus strengths. Sometimes a third, small
amplitude FMN unit is also recruited {(Fig. 9).

The effect of tension receptor activity on non-resis-
tance reflex FMN activity is quite different. Low
strength single-pulse stimulations again result in the
FMN excitatory activity described above. After 4 cor-
tain threshold is reached, repetitive stimulation of the
FASN in the resting animal usually causes a1 missive
discharge in most of the FMN units, foltowed by a

Davip W. PaRsons

period of inhibition of FMN activity (Fig, 10y, In -
few animals, a very high strength single pulse stim
lation often had ;. same effect. When FASN stmu-
lation is performed in the presence of increased oot
trally driven motcs activity. the effect is to greath:
increment, and then in some cases. to inhibit the div
charge of the flexor :notoneurones (Fig. 12), Tt is clex
that either positive or negative feedback onto the
motoneurones by the tension receplors can occur it
Carcinus, even within one response,

It is not possible 15 directly compare previous find-
ings on the effects of tension nerve afference (Claruc &
Dando, 1973; Macmillan & Laveruck, pers. comm.
since different animais were used, and in some case
the details of the stimulus regimes were not reported
Some general comparisons can be made however.

Spontaneous moior activity is inhibited in Cancer
by apodeme nerve stimulation (Clarac & Dando.
1973; Mucmillan and Laverack, pers. comm.) as is
increased motor activity produced by a variety of
stimulus methods (Macmillan and Laverack. pers.
comm.). In Carcinus however, the opposite cffect

‘occurs. FASN stimulation has an excitatory effect on

spontaneous motor activity (Figs. 9. 10} and this ten-
sion nerve afference is also excitatory il higher levels
of centrally produced FMN activity are present
(Fig. 12).

As noted above, resistance reflexes in both Cancer

and Carcinus are inlibited by apodeme nerve stimu-

lation, and the degree of inhibition is dependent on
stimulus strength v hoth cases (Clarac & Dando.
1973; Fig. 11, this paper). .

Clarac & Danda ((l 973) found that “high strength”
sensory nerve stimulation produces strong motoneur-
one discharge in- Cazncer. In Carcinus. high strength
Sensory nerve stimuistion produces extensive moto-
neurone discharge wien the animal is at rest (Fig. 1t
but if resistance reftoxes are operating, inhihition
oceurs (Fig. (1L Uidortnately, Clarae & Dando
(1973) did not note i which situations the motoneur-
one excitation they ohserved oceurred.

Clearly some of e motor responses Lo tension
nerve stimulation in aicer are very different 1o those
in Carcinus. In particular, Figs. 9. 10 and 11 show that
whether the overall  feet of FASN stimulation s
excitatory or inhibitory. the immediate response of
the flexor motoncurnes 1o cach stimulus pulse
always one of reflex sueitation once the FASN stimu-
lus threshold is reached. There is no evidence of this
immddiate excitatory effect in the responses of Cancer
to tension afference. 1he reasons for this difference in
response are not known.

DiCaprio & Clarae (1981) have found that the re-
sistance reflexes assocuited with puassive movement of
the thoracic coxal joint in Carcinus could in some
cases become assistance reflexes. These reflexcs were
mediated by afference from the muscle receplor orgin
situated in the joint tthe TCMRO), The change i
reflex occurred when the level of central Achvily wis
increased. They concluded that the effeet of sensory
information from the TOUMRO was being modified
centrally. Similarly the effect of apodeme tension
nerve afference on 1o Ltance reflexes in Caneor can

beconie excitatory when the animal s active (Macm-

lanc 19760 In Carcimes, teasion nenve allerence ¢licts
a different overail siotar response depending on

s ot

o
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Crab tension receptor physic 399

whether the imb's M C resistunce reflex is operating
(Fies Thy or whether other stimuhi such as abdominal
ﬂal[; extension (Fig. 12) are aflecting the output of the
motoneurones. ‘

The understanding of the cflects of flexor tansion
receptor afference is complicated by the dual capa-
pility for positive and negative feedback in any re-
sponse. The effect of a single. just supra-threshold,
stimulus pulse to the FASN, is a brief, short latency
excitation of a small number of flexor motoneurones
(Fig. 9). On the other hand. repetitive stimulation at
the same stimufus level can evoke strong excitation
{Fig. 12), excitation followed by inhibition (Fig. 10), or
inhibition (Fig. 11),

An increase in the number of FASN units interact-
ing with the central motoneurones can also result in
drong motoneurone excitation in some animaic, and
again it is followed by inhibition in some cases. An
uhdcrslunding of the multiplicity of eflects of tunsion
receptor afference on motor output found here wwaits
anatomical study of the connections.

In_the expertmc artpulations performed here,
the responses of the PSC's are essentially simiiar tc

those of some of the DSC’s. Why this is so, ant why/:

these two receptor groups are anatomically so dirtine
i~ still unknown.
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