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Abstract

A constant facilitation of responses evoked in the earthworm musgks words
contraction generator neurons by responses evoked in the neuronsPefi-Késtchen neuron
its peripheral nervous system was demonstrated. It is based on-thagilitation of main
proposal that these two responses are bifurcations of an affereffinerator response
response evoked by the same peripheral mechanical stimulus "bf9'e and multipeaked
converging again on this central neuron. A single-peaked generatf)eis'oonses

afferent route of the peripheral facilitatory modulatory response, or

conditioning response (CR). The multipeaked response could be

restored by restimulating the sectioned modulatory neuron with an

intracellular substitutive conditioning stimulus (SCS). These multi-

peaked responses were proposed to be the result of reverberating the

original single peaked unconditioned response (UR) through a parallel

(P) neuronal circuit which receives the facilitation of the peripheral

modulatory neuron. This peripheral modulatory neuron was named

“Peri-Kastchen” (PK) neuron because it has about 20 peripheral

processes distributed on the surface of a Kastchen of longitudinal

muscle cells on the body wall of this preparation as revealed by the

Lucifer Yellow-CH-filling method.

Introduction ronal circuits which modify the magnitude of
body wall muscle contraction are known.
After the main generator source of effecOne of them has been identified as the intra-
tor muscle contraction of the earthwormpnerve-trunk (INT) neurons (3). The mech-
Amynthas hawayanus, was identified as an anism of influence from one of these INT
M (mechanical-stimulus-sensitive) circuitneurons to the M-neurons will be identified
composed of two neurons (1), the purpose dfi the present article. This mechanism will
this second paper was to identify the mechbe compared to the influence of the condi-
anism by which the responses of this maitioning response (CR) on the unconditioned
generator source is influenced by anotheresponse (UR) using an associative condi-
circuit in its epidermis-muscle-nerve-cordtioning paradigm reported in the third article
preparation, resulting in the modified effec{4) in this series.
tor muscle contraction magnitude (2). Neu- A hypothetical relationship between the
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M-circuit and one of the INT neurons (heremust be eliminated by differential sectioning
designated as “Peri-Kastchen” (PK) neuron(Figure 2) and a substitutive conditioning
see explanation below) was proposed in eesponse (SCR; Figure 1) must be evoked in
diagram (Figure 1) based on the fact (1,3bhis neuron by a manipulable substitutive
that responses in both circuits were evokedonditioning stimulus (SCS; Figure 1).

by the same mechanical stimulus (MS; Fig-

ure 1). The afferent pathway from the sam&laterial and Methods

mechanoreceptor (S; Figure 1) was proposed

to bifurcate into the UR (Figure 1) and the The same epidermis-muscle-nerve-cord
CR (Figure 1). This proposal of bifurcatedpreparation (EMNC; Figure 1) of the earth-
afferent pathways was used as a guide for theorm, Amynthas hawayanus, illustrated in
identification of this mechanism in the presFigure 2-5 in the first study (1) in this series,
ent article and for comparison of mechawith a partitioned epidermis-muscle piece
nisms in the third article (4). However, if theconnected to the ventral nerve cord through
UR and CR are assumed to be simultaneougyree pairs of intact segmental nerves, was
they cannot be independently manipulatedsed in the present study. A mechanical
in experiments such as varying thestimulus (Figure 1) was delivered to the setal
interstimulus interval (ISI) between them.mechanoreceptor (S; Figure 1) at the parti-
The natural CR in the INT (or PK) neurontioned left (stimulated) epidermis-muscle

c e
EMNC

M-1 —Mbs

M2 M

SCR ™

SCS1

Figure 1 - Proposed neuronal circuit and their responses. EMNC, Epidermis-muscle-nerve-
cord preparation with the anterior end at the top of the figure. The two lateral columns are
the partitioned epidermis-muscle pieces. The central column is the ventral nerve cord.
Three pairs of intact segmental nerves, with numbers, connect the two epidermis-muscle
pieces to the ventral nerve cord. Solid lines indicate identified neurons and muscle cells.
Broken lines indicate still unidentified neurons and routes. Sample responses from these
neurons and muscle cells are shown on the right side of the figure. MS, Mechanical
stimulus to the setal mechanoreceptor, S, in the left epidermis-muscle piece; UR, uncondi-
tioned response; CR, conditioning response; C, muscle contraction. The square symbol is
the mechano-electrical transducer. M-1, Presynaptic mechanical-stimulus-sensitive neuron;
M-2, postsynaptic mechanical-stimulus-sensitive neuron; P, parallel neuronal circuit; E,
effector muscle cell; PK, Peri-K&stchen neuron; SCS, substitutive conditioning stimulus;
SCR, substitutive conditioning response. Conventional symbols of circles and lines for cat
spinal neurons are used to represent neurons and muscle cells in this figure. Their realistic
morphology is shown in Figures 6, 7 and 8 of this article. Calibration: for C, 5 g and 5 s; for
M-1, M-2, E and SCR, 50 mV and 50 ms; for SCS, 50 nA and 50 ms.
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piece. Four microelectrodes with Lucifer
Yellow-CH were used to record the responses
evoked by this mechanical stimulus in the
M-1 and M-2 neurons on the right (record-
ing) side of the nerve cord (2), in the effector
muscle cell (EFigures 1 and 7) and in one of
the INT neurons in the left third nerve (3).
The postsynaptic response from the M-2
neuron was used as the control response or
UR in the present study.

As a first step, it must be demonstrated
that only an unconditioned stimulus (US)
but not the conditioning stimulus (CS) evokes
a UR in the M-2 neuron. This was demon-
strated by alternately sectioning the left first
(Figure 2-1) and third (Figure 2-2) segmental
nerves while the mechanical stimulus was
delivered. After eliminating the original CS
by sectioning the left third nerve, a substitu-
tive conditioning stimulus SCS (Figure 1)
consisting of a 50-ms electrical pulse was
delivered to the modulatory neuron (PK;
Figure 3) through the microelectrode in the
proximal (cordal) stump of this sectioned
left third nerve while leaving the left first
nerve intact for delivering the unconditioned
stimulus. The effect of this electrical SCS on
the modulatory and generator neurons was
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tested by different combinations of polarity,ron. On the other hand, section of the left
duration and amplitude of this pulse withouthird nerve while leaving the left first nerve
the unconditioned mechanical stimulus (Figintact (Figure 2-2) eliminated the four subse-
ure 3). Restoration of this modulatory facili-quent peaks while leaving the first peak in-
tation to the unconditioned response watact in the responses recorded from the M-1
tested by delivering both US and SCS irand M-2 neurons. This experiment suggests
different ISI to this preparation with a sec-that only the first peak was the response
tioned left third nerve (Figure 4). Summa-evoked in the generator source by the US
tion of the CS and SCS effects on the UR waalone while the four subsequent peaks were
tested by delivering both stimuli to the intactthe result of facilitation by the modulatory
modulatory neuron without sectioning thePK neuron. This suggestion will be further
left third nerve (Figure 5). tested in the following sections.

Lucifer Yellow-CH was injected into the
generator neurons, modulatory neuron angffect of SCS on the generator and
the effector muscle cell while stimulatingmodulatory neurons
and recording. The morphology of the iden-
tified modulatory neuron was photographed The simultaneous occurrence of CS and
and camera-lucida drawn in three dimenUS was inconvenient for further study. The
sions (3) (Figure 6). This neuron was tentanatural CS was always eliminated by sec-
tively named the Peri-Kastchen (PK) neuronioning of the left third nerve and a more
by its morphology (see Results). Its anatomieontrollable SCS (Figure 3) was always de-
cal position relative to the generator M-neutivered to the PK neuron. The effect of this
rons and to the effector muscle cell wasCS on both the generator (M-2; Figure 3)
photographed in the radial dimension (PKand modulatory (PK; Figure 3) neurons with-
Figure 7). Its morphological relation to otherout the mechanical US was tested in 44
intramural, or intermuscular, neurons in thigreparations. Consistent results were ob-
preparation was demonstrated (Figure 8) by
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replicating the histological method used ir

references 5-7 based on hematoxylin-eosi 2-1

staining and paraffin embedding.

Results 1 .
M-1
/ = M- -
Characteristics of the main generator source B || M-2
response —_py

After sectioning the left first nerve (Fig-
ure 2-1) which contains the afferent proces
(A-l) of the main generator source (1), the
five-peaked responses were no longer re
corded from the M-1 and M-2 neurons al-
though the afferent response evoked by tF
mechanical stimulus was continuously re
corded from the PK neuron in the intact thirc
nerve. This experiment showed that the Ul
was evoked only by the US but not by the
bifurcated branch of the CS in the PK neu

Figure 2 - Elimination of UR
peaks.

2-1, Elimination of all peaks by
sectioning the left first nerve.

2-2, Elimination of four subse-
guent peaks by sectioning the
left third nerve.

C, Muscle contraction recorded
by transducer (square); N, nerve
response recorded by suction
electrodes; M-1, M-2, E and PK
recorded by microelectrodes.
Same abbreviations and calibra-
tions as in the legend to Figure 1.
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Figure 3 - Effects of SCS on both
generator and modulatory neu-
rons. The diagram at left shows
the experimental setup. A mi-
croelectrode was inserted into
an M-2 neuron only for response
recording. Another microelec-
trode was inserted into a PK neu-
ron for delivering the SCS.

3-1, Subthreshold SCSs. No re-
sponse was observed in M-2 or
PK neurons.

3-2, Threshold depolarizing SCS.
An on-response is seen in an M-
2 neuron.

3-3, Action potential in a PK neu-
ron. More on-response is seen
in an M-2 neuron.

3-4, Same as in Figure 3-2 (in
fast oscilloscope traces).

3-5, Same as in Figure 3-2 (in
faster oscilloscope traces than
that in Figure 3-4). The two ob-
lique lines are the rising phases
of the depolarizing SCS pulses.
3-6, Hyperpolarizing SCS. An off-
response is seen in an M-2 neu-
ron.

Calibration: for Figure 3-1, 3-2, 3-
3 and 3-6, ordinate in 2 mV and 2
nA. Abscissa in 40 ms. For Fig-
ure 3-4, same ordinate, abscissa
in 10 ms. For Figure 3-5, same
ordinate, abscissa in 2 ms. Same
abbreviations as in Figure 1. No
mechanical stimulus.
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tained in 23 preparations. A series of onsimilar to EPSP, in the generator neurons
responses was evoked in the generator ne{M-2; Figure 3-6) when the SCS reached
rons (M-2; Figure 3-2 and 3-3) when a depo5.0 nA.

larizing SCS reached 5.0 nA. An action po-

tential was evoked in the modulatory neuromestoration of the four subsequent UR peaks

(PK; Figure 3-3) when it reached 7.0 nA

while the on-response in the generator neu- After the four subsequent potential peaks
rons continued. When seen in high speeith the N-neuron responses were eliminated
oscilloscope tracings (Figure 3-4 and 3-5)by sectioning the contralateral (left) third
this series of generator neuron on-responsegrve (Figure 2-2) in 15 preparations, they
had a time course similar to that of thecould be restored by restimulating the modu-
excitatory postsynaptic potentials (EPSP)atory PK neuron with a depolarizing SCS
(M-2; Figure 3-5). No effector muscle re-(Figure 4). Several conditions must be metin
sponse or contraction was evoked by therder to restore these subsequent UR peaks.
action potential in the modulatory neuron oiThis SCS was not effective in restoring these
by the EPSP in the generator neuron. Hypesubsequent peaks if it was delivered with an
polarizing SCS evoked no action potentialSI to the mechanical US. These subsequent
in the modulatory neuron (PK; Figure 3-6)peaks could be restored only when the SCS
but evoked a series of off-responses, alseoincided with the US, i.e., ISI = 0. Only the
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depolarizing SCS (Figure 4-1) could restore

these subsequent peaks (M-2; Figure 4-1). 4-1

The threshold amplitude of this depolarizing
SCS for restoring these subsequent UR peaks
was around 4.0 nA, i.e., lower than its thresh-
old (7.0 nA) of evoking an action potential in
the modulatory neuron (PK; Figure 3-3), but
similar to that (5.0 nA) for evoking the EPSP.
in the generator neuron (M-2; Figure 3-2, 3-
3). A hyperpolarizing SCS of the same am-
plitude inhibited all peaks including the first
in the UR (M-2; Figure 4-2). It inhibited the
electrical response in the effector muscle
cell (E; Figure 4-2) but did not inhibit the
muscle contraction (C; Figure 4-2) of this
preparation completely. In 12 of the 15 prepa-

i

rations, not only the subsequent UR peaksﬂ

were restored by a 4.0-nA depolarizing SCS
in the modulatory neuron, but also the first
peaks were enhanced to 31.4 + 2.5 mV, three
times their control amplitude (M-2; Figure
4-1). Their effector muscle contraction was
also enhanced (C; Figure 4-1), although in
an irregular manner.

Summation of the modulatory effects of CS
and SCS

5-1

In another 8 of these 23 preparations, the
left third nerves were left intact (Figure 5)
while both mechanical stimulus and electri-
cal SCS were delivered as in Figure 4. In this

case, the original CS was not eliminated It

because the PK neuron was not sectioned. Its
effect was expected to be added to the effect

of the SCS. The result was similar to that 5-2

obtained in the last experiment in Figure 4
except that the UR was more enhanced than
by the SCS alone when the depolarizing SCS
coincided with the mechanical stimulus (CS
and US at the same time) without an ISI. The
amplitude of both the first and the subse-
quent peaks in the UR was enhanced (M-2;
Figure 5-1) by a 4.0-nA SCS. The amplitude
of the first peaks was enhanced to 48.3 £
10.5 mV with some maximal enhancements
to 60-70 mV. Along with the amplitude en-

It

SCS.1

SCS

SCS1r
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Figure 4 - Restoration of four
subsequent peaks in UR. Sec-
tioned left third nerve. M-2 re-
sponse evoked by mechanical
stimulus as UR and PK response
as the SCR.

4-1, Four subsequent peaks,
with a restored M-2 response,
with their first peaks enhanced
by depolarizing SCS in the sec-
tioned PK neuron.

4-2, All peaks were inhibited in
terms of M-2 response by hy-
perpolarizing SCS in the sec-
tioned PK neuron.

Calibration: ordinate, 5 g for C,
50 mV for M-2 and E, 5 nA for
PK. Abscissa, 5 s for C, 40 ms
for all other traces. See abbre-
viations in legend to Figure 1.

Figure 5 - Summation of the
modulatory effects of CS and
SCS. Intact left third nerve. M-2
response evoked by a mechani-
cal stimulus as UR. PK response
evoked as SCR.

5-1, Increased peak number and
enhanced amplitude in M-2 re-
sponse by depolarizing SCS in
the intact PK neuron. Notice in-
creased muscle contraction (C)
peaks.

5-2, All peaks were inhibited in
terms of the M-2 response by
hyperpolarizing SCS in the intact
PK neuron.

Calibration: ordinate, 5 g for C,
50 mV for M-2 and E, 5 nA for
PK. Abscissa, 5 s for C, 40 ms
for all other traces. See abbre-
viations in legend to Figure 1.
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hancements, more potential peaks were add&althe M-neurons and effector muscle cell is
to the original five (M-2; Figure 5-1) to a shown in the radial dimension (Figure 7).
maximal number of 20 with an average numc€omparing the PK neuron to the known
ber of 11.1 £ 4.7 in these 8 preparations. Thiatramural, or intermuscular, neurons (5-7)
peak number and amplitude of the electricaby replicating the histological methods used
responses in the effector muscle cells (Bn these references, it can be seen that these
Figure 5-1) were also enhanced but to a lessep-called “intramural”, or “intermuscular”,
extent than in the M-2 response. The muscleeurons (dark cells which are actually stain-
contraction (C; Figure 5-1) was also ened blue by hematoxylin against the light-
hanced until a massive contraction dislodgedolored muscle cells which are actually stain-
the microelectrodes. ed pink by eosin) are distributed both on the
Hyperpolarizing SCS of more than 4.0surface and inside these three Késtchenen in
nA inhibited all peaks in the UR (M-2; Fig- Figure 8. The neurons on the surface of these
ure 5-2) and the muscle cell electrical reKastchenen may correspond to the longitu-
sponse (E; Figure 5-2) but did not inhibit thedinal branches of a single PK neuron identi-
muscle contraction of these preparations confied in AP (Figure 6) instead of many indi-

pletely (C; Figure 5-2). vidual neurons assumed in the early works.
The neurons inside these Kastchenen are
Morphology of the modulatory neuron apparently of a separate category because no

Lucifer Yellow-CH was diffused into them

Only 9 of the 23 modulatory neurons(AP; Figure 6). We tentatively called them
tested showed consistent morphology. FigHntra-Kastchen” (IK) neurons in contrast to
ures 6 and 7 are two examples of these the PK neuron.
modulatory neurons after filling with Luci-
fer Yellow-CH. Only one longitudinal band Discussion
of structure could be focused in the radial
dimension (R and PK; Figures 6 and 7, re- The purpose of this study was to identify
spectively). Its lateral dimensional view re-the mechanism of interaction between re-
tained all the morphological features of thesponses in the main generator neuron of
known INT neuron (Figure 6C in Ref. 3), muscle contraction (1) and in a peripheral
i.e., two afferent processes in the third segieuron of this earthworm. The mechanism
mental nerve trunk and two bundles of longiwas identified as facilitation in the experi-
tudinal processes at the anterior and posteients described here. The facilitatory effect
rior sides of a central junction. Both bundlef the peripheral PK neuron is not exerted
are divided into several branches. Each dfirectly on the main generator M (mechani-
these branches contains numerous fine proal-stimulus-sensitive) neuron circuit but
cesses (LA and LP; Figure 6). The characteindirectly via neurons in a P-circuit parallel
istic feature of the morphology of this neuto the M-circuit (Figure 1). The primary
ron is revealed when the neuron is viewed inresponse evoked in the M-neurons by a me-
the anteroposterior dimension (AP; Figurehanical stimulus reverberates through this
6) at the cross section of a Kastchen (8R-circuit, similar to that in its giant axons (9),
where about 20 of these branches are seand reappears in the M-responses as a sec-
distributed on the surface of this Kastchenpnd peak. The stronger the facilitatory effect
hence, the name, “Peri-Kastchen” neurownf the PK neuron, the more numerous the
given in this article. The three-dimensionakubsequent peaks that appear in the M-re-
reconstruction of this neuron was drawn irsponse. Therefore, only the single peaked
Figure 6-K. Its relative position with respectM-2 (postsynaptic) neuron response can be
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Figure 6 - Morphology of the
modulatory neuron. R, Radial di-
mensional view. The two rows
of bright objects are setae with
natural fluorescence. AP, An-
teroposterior dimensional view
at the approximate position
shown in Figure 6-K. K, Recon-
struction of a Kastchen in three
dimensions (not drawn to scale)
with PK neuron branches dis-
tributed on its surface and the
anterior end to the left. The two
centripetal processes at the top
are inside the third segmental
nerve (see Ref. 3). Circular
muscle layer and epidermis are
visible at the bottom of the
drawing. The coelom cavity is
shown at the top of the draw-
ing. Four setae can be seen, two
at each end of this Kéastchen.
LA, Lateral dimensional view of
part of an anterior branch of the
PK neuron; LP, lateral dimen-
sional view of part of a posterior
branch of the PK neuron. The
calibration bar in all four photo-
graphs represents 100 um.
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Figure 7 - Anatomical positions of
the identified neurons and
muscle cells. All cells were filled
with Lucifer Yellow-CH and pho-
tographed in the radial dimen-
sion. The horizontal row of bright
objects in the middle of this fig-
ure are setae with natural fluo-
rescence. The first pair of seg-
mental nerves is faintly visible
above the setae. The second pair
of segmental nerves is near the
lower edge of this figure. PK,
Peri-Kastchen neuron; M, me-
chanical stimulus-sensitive, or
generator, neuron slightly unfo-
cused on this plane; E, effector
muscle cell. Calibration: 100 pm.

Figure 8 - Comparison of PK neu-
rons to intramural or intermus-
cular neurons. Anteroposterior
dimensional view of a paraffin-
embedded 10-um thick cross-
section of the body of the earth-
worm, Amynthas hawayanus,
showing three Késtchenen. The
circular muscle layer and epider-
mis are visible at the bottom of
the figure, and the coelomic cav-
ity at the top. Dark points are
neuron-like structures stained
blue by hematoxylin. Light
points are muscle cells stained
pink-red by eosin. Calibration:
100 pm.
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