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Abstract

Responses evoked in the earthwortmynthas hawayanus, main  Key words

muscle contraction generator M-2 (postsynaptic mechanical-stimiRersistent attenuation
lus-sensitive) neuron by threshold mechanical stimuli in 2-s intertriagnd enhan.ce_ment
intervals (ITl) were used as the control or unconditioned responsd¥on-associative
(UR). Their attenuation induced by decreasing these intervals in nof@nditioning
associative conditioning and their enhancement induced by assoc'i@s-soc'at"’e conditioning
ing the unconditioned stimuli (US) to a train of short (0.1 s) hypet- zrr:m'eotg?s neuron response
polarizing electrical substitutive conditioning stimuli (SCS) in theID

peak numbers (N) and amplitudé#P)averaged from 120 responses,

sum of these amplitude& 4;,») and the highest peak amplitude (V)

over a period of 4 min. Persistent attenuation similar to habituation

was induced by decreasing the control ITI to 0.5 s and 2.0 s in non-

associative conditioning within less than 4 min. Dishabituation was

induced by randomly pairing one of these habituated US to an electri-

cal stimulus in the PK neuron. All four parameters of the UR were

enhanced by forward (SCS-US), but not backward (US-SCS), associa-

tion of the US with 25, 100 and 250-Hz trains of SCS with 40-ms

interstimulus intervals (1SI) for 4 min and persisted for another 4 min

after turning off the SCS. The enhancement of these parameters was

proportional to the SCS frequencies in the train. No UR was evoked by

the SCS when the US was turned off after 4 min of classical condition-

ing.

sponses in other animals (3-6) and in intact
earthworms (7,8). By conditioning, we mean
The purpose of the present article, thirdhat these modifications induced in the re-
in this series (1,2), is to demonstrate thasponse parameters will persist after cessa-
parameters such as peak number and amgiien of their induction. The enhancement
tude of a response evoked in the earthwormeported in the second article (2) in this
Amynthas hawayanus, neuron can be modi- series was induced by a simple facilitation
fied in a paradigm comparable to that obut not by conditioning because it did not
conditioning experiments of neuronal re-persist. A different method of induction with

Introduction
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Figure 1 - Experimental setup
and control response. EMNC,
Epidermis-muscle-nerve-cord
preparation with sectioned left
third nerve and with the epider-
mis-muscle piece partitioned
into two lateral columns. The
central column is the nerve cord
with three pairs of segmental
nerves, anterior end upward. US,
Mechanical stimulus to the setal
shaft (S) on the epidermal sur-
face of the left epidermis-muscle
piece. The square symbol at top
right is the mechano-electrical
transducer for recording muscle
contraction (C). M-2, Response
recorded from the M-2 neuron
after section of the left third
nerve; E, effector muscle electri-
cal response; PK, Peri-Kastchen
without response after section-
ing; SCS, substitutive condition-
ing stimulus in the form of a hy-
perpolarizing short electrical
pulse train to the PK neuron (see
explanation in text). Calibration:
C,in5gand5s. M-2, E and PK,
in 50 mV and 50 ms. SCS, sche-
matic, no calibration.
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tions, in the control or the UR. The bifur-

cated conditioning response (CR) evoked in
the PK neuron by this mechanical stimulus
(2) was eliminated by sectioning the left

EMNC
M-2
i

T 5 third nerve (Figure 1). An electrical stimulus
= _L - was delivered to the PK neuron as the SCS
us =T PK (Figure 1). An action potential was evoked

L scs in the PK neuron by a threshold (4 nA) SCS

in Figure 3-3 of the second article (2). In
order not to confuse this action potential
with the UR or with the alpha-response (8),
the SCS in the present article must not evoke
any response in the PK neuron. Such an SCS
the same stimuli (1,2) will be used to inducevas found by breaking the long electrical
persistent postsynaptic modifications in thyulse (50.0 ms) used in the last article (2)
form of attenuation and enhancement in thihto a train of the same duration (50.0 ms)
present article. The response evoked in thsut consisting of short (0.1 ms) electrical
M-2 (postsynaptic mechanical-stimulus-senpulses (SCS, Figure 1 and SCS, Figure 4-3).
sitive) neuron (1) was used as the control orhe amplitude of the SCS was maintained at
unconditioned response (UR) to show thesghe threshold value of 4 nA in the present
modifications in the present article. An elecstudy although it did not evoke any response
trical intracellular stimulus to the Peri-in the PK neuron or in the M-2 neuron even
Kastchen (PK) neuron was used as the suby a superthreshold amplitude of more than
stitutive conditioning stimulus (SCS) simi- 10.0 nA in either polarity. Further advan-
lar to that used in the second article (2) butages of using this new SCS are described in
with modified parameters. The non-associathe next paragraph. The US parameters, i.e.,
tive conditioning with only the unconditioned peak numbers and amplitude, must be main-
stimuli (US) and the associative conditiontained constant throughout the duration of
ing with US to the M-2 and SCS to the PKthe control experiment. The first parameter,
neurons were tested. Different combinationghe UR peak number, was always constant as
of these two stimuli, such as forward (SCS4.0 + 0.0 (Figure 1) after sectioning the left
US) and backward (US-SCS) associationshird nerve (2). This number changed only in
classical conditioning after cessation of thexperiments of induced modifications. The
US and potentiation after cessation of thether parameter, the amplitude (AMP) of
SCS, were tested. these UR peaks, was not always constant
when evoked by repeated US in constant
intertrial intervals (ITI). A long ITI which
evoked nearly constant UR amplitude was
The preparations and experimental proused in control experiments (Figure 2). As
cedures used in this article were the same @sese UR amplitudes were never exactly con-
shown in Figure 2-2 of the second article (25tant (see Results), they were measured by
in this series. The main muscle contractiothree parameters, the average amplitudes,
generator M-2 (postsynaptic mechanicalAMP, the sum of all amplitude&,,,,», and
stimulus-sensitive) neuron response (1phe highest peak amplitude (V) ever recorded
evoked by a threshold mechanical stimulugh 12 min by repeated US in constant ITI.
(US) (Figure 1) was used to indicate theThe reason for limiting these experiments to
induced postsynaptic excitability modifica- 12-min sessions but not any longer was the

Material and Methods
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mechanical instability caused by frequentJR parameters. Constant UR parameters
wiggling movements of the live preparation.could be evoked by long ITI, such as 2 s, or
Data from more than 100 experiments on 48.5-Hz frequency, in control experiments
of the 61 preparations were rendered usele@Sigure 2). Attenuation, or habituation, of
due to multiple entries of microelectrodeghe UR parameters was induced by decreas-
into the wrong neurons when their Lucifering these ITI to half a second (0.2 Hz) and to
Yellow-CH-filled images were examined. 0.2 s (0.5 Hz) in the non-associative condi-
Mechanical restraining of the preparationsioning (Figure 3 and Table 1). Dishabituation
was ineffective because these movements the habituated UR was induced by ran-
could occur in very small areas and waslomly pairing one of the US to an electrical
undesirable because it acted as another m&timulus in the PK neuron (DH; Figure 3-2).
chanical stimulus. Anesthetics, such a®ersistent enhancement of UR parameters
triacaine and low temperature, attenuatedias induced gradually over 4 min by associ-
the electrical response and muscle contraeating the US in the M-2 neuron with the train
tion. Neuromuscular blocking agents, suclof short-pulsed SCS in the PK neuron through
as Mg+ and curare, did not stop this movetwo microelectrodes coupled to the Dagan
ment because they did not block the tran€8500 high impedance bridge with measur-
mission between muscle cell synapses nable constant interstimuli intervals (ISI).
did they stop the spontaneous excitation ofhese ISI could be changed in experiments
the muscle cell membrane (9). The longesif forward (SCS-US) and backward (US-
time the microelectrodes could manage t&CS) associations by a built-in synchronizer
stay in the same neuron without straying wam the CURITIBA-I stimulator (manufactured
13.5+ 2.4 min, or 810 £ 144 s, in only 16 ofby the authors of this article, Curitiba, PR,
these unrestrained preparations in normdrazil). Maintenance of persistent UR pa-
physiological solution. This time was di- rameter enhancements was demonstrated by
vided into three equal sessions of 4 min, owrning off the US but leaving the SCS on in
240 s, each. The first 4-min session was usebe last 4-min session of classical condition-
to record the M-2 neuron responses as thag and by turning off the SCS but leaving
control UR evoked by the US alone (Figure 2he US on in the last 4-min session of poten-
and Tables 1 and 2). The second 4-min se8ation (Figures 4, 5 and Table 2).
sion was used to induce the modifications in
these UR by either the non-associative (FigResults
ure 3and Table 1) or the associative (Figures
4,5 and Table 2) method. The third and lastontrol response parameters
4-min session was used to record the mainte-
nance of the persistent UR parameter en- Four parameters were measured from the
hancements induced in the second sessi@ontrol responses (UR) evoked in the M-2
(Figures 4, 5 and Table 2). neuron by threshold (3.0 V, 5 ms) mechani-
In order to induce persistent, instead o€al stimuli (US; Figure 1) in 2.0-s ITI, or 0.5-
instantaneous (2), modifications in the URHz frequency. The first parameter, the UR
as required for a conditioning paradigm, thgpeak number (N), was always constantas 1.0
US and SCS used in the present study wete0.0 after sectioning the left third nerve (M-
different from those used in the two preced?; Figure 1). It varied only during further
ing studies (1,2). The US alone was used faxperiments. The UR peak AMP varied in
the non-associative paradigm. When thesg.81 + 0.12-min, or 48.6 + 7.2-s periodic
US were delivered at short ITI, their cumulacycles from 0 (no response) to more than
tive effects manifested as attenuation of th&0.0 mV in each individual preparation over

Braz ] Med Biol Res 31(10) 1998
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Figure 2 - Control response am-
plitude variations. An example of
control response amplitude varia-
tions in one of the 16 prepara-
tions. Notice the five complete
cycles within 4 min. The inter-
trial interval between succeed-
ing responses was 2 s, or USf =
0.5 Hz. The average amplitude,
AMP, of these 120 responses (in-
cluding zero) was 1.70 = 0.82
mV. Its high SEM was caused
by the wide variation range from
12 mV to 0 mV. Their total sum,
Zamp, Was 198 mV. The highest
peak (between 3 and 4 min) was
12 mV. These parameter values
were averaged again among 16
preparations in Tables 1 and 2
and were compared to the in-
duced modifications in Figures
3, 4 and 5. UR, Unconditioned
responses.
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the entire experimental session, such as tlwwerall amplitude variations induced in the
example shown in Figure 2. They were conexperiments but was not sensitive in show-
stantas 1.81 £ 0.26 mV when averaged frormg the presence and absence of individual
16 preparationsAMP) (Tables 1 and 2). peaks. Also, it obliterated the highest peak
This AMP was adequate in describing theamplitude by averaging. Two more param-
eters were measured from these amplitudes

20 to compensate for the insufficiencie\MIP.
They were th& ,,,» and V recorded in each

%15 session. Both of them were averaged again
= among the preparations. The values of these
210 four parameters are listed in Tables 1 and 2.
5

5t Persistent UR attenuation induced by non-

0 associative conditioning

0 1 2 3 4
Time (min) The UR parameters were attenuated when

they were evoked by constant US in ITI

shorter than that of the control, suchas 0.5 s,
Table 1 - Attenuation of unconditioning response or 2.0 Hz (Figure 3_1)’ and 0.2 s, or 5.0 Hz
(UR) parameters induced by non-associative con- (Figure 3_2) in the second 4-min session of

ditioning. e T
non-associative conditioning. N became zero
US, Unconditioning stimulus. AMP, Average am- within a few seconds, as also did the effector
pUEdEe [ GV Zengp, EWTRIBNEE S 10 0 muscle contraction. The average decreases
highest peak in mV. —_— . . .
of AMP, ¥,,,» and V in five preparations
UR us were compared to their values evoked by
control ITI of 2.0 s, or 0.5 Han Figure 3-3,
0.5 Hz 2.0Hz 5.0 Hz 3.4 d 3-5. The d £V (Fi 3.5
(Control) -4 and 3-5. The decrease of V (Figure 3-5)

was less apparent than the decrease of the

AMP  1.81 £0.26 1.04 +0.16 0.68 + 0.15 other two parameters because it was meas-

Samp 234 £ 63 125 + 41 79 + 31 A :

v 125 +17 105423 96433 ured aF the beginning of each experlment
before it began to be attenuated. This attenu-

Table 2 - Persistent enhancement of unconditioning response (UR) parameters induced by associative
conditioning.

All AMP, Zamp and V were averaged from the first peaks obtained within 4 min. Subsequent peaks were
counted for N. All ISI between paired SCS-US were 40 ms. All ITI = 2 s. SCS, Substitutive conditioning
stimulus. N, Peak number; AMP, average amplitude in mV; Zamp, amplitude sum in mV; V, highest peak in mV.

UR SCS

0 Hz 25 Hz 100 Hz 250 Hz

Control Induced Persisted Induced Persisted Induced Persisted
N 1.0+ 00 1.6 +0.9 1.0 £ 0.0 145+ 27 98 £+32 253 +45 16555
AMP 1.81 £ 0.26 3.3 +£091 250+ 0.61 564 = 1.18 4.05+ 095 16.6 + 3.4 6.52 + 1.13
ZAMP 202 + 56 437 + 87 330 + 63 641 + 14.9 539 + 152 1976 + 282 1005 + 194
\Y 125 +17 152 +27 11.1+07 305+42 148+13 418 +6.1 256+ 28
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Figure 3 - Persistent UR param-
eter attenuation induced by non-
associative conditioning.

3-1, Example of unconditioned
response (UR) amplitude attenu-
ation induced by decreasing the
unconditioned stimulus (US) in-
tertrial interval (ITI) to 0.5 s, or f
=2.0Hz.

3-2, Example of UR amplitude
attenuation induced by decreas-
ingthe US ITIt0 0.2 s,0or f=5.0
Hz. DH, Dishabituation induced
by pairing one of the US to an
intracellular electrical stimulus in
the PK neuron (see text). Notice
that its effect lasted for two sub-
sequent responses.

3-3, Comparison of UR AMP in-
duced by USf=2.0Hzand f =
5.0 Hz to that induced by the
control f = 0.5 Hz. N = 120.

3-4, Comparison of UR Zamp in-
duced by USf=2.0Hzand f =
5.0 Hz to that induced by the
control f = 0.5 Hz. N = 120.

3-5, Comparison of UR V in-
duced by US f=2.0 Hz and by f
= 5.0 Hz to that induced by the
control f = 0.5 Hz. N = 120. See
Table 1 for their actual values. V,
Highest peak amplitude.

ation, or non-response, did not recover in thelectrical stimulus similar to that delivered

third 4-min session (not shown in Figure 3}o the PK neuron in the second study (2) was
evenifthe ITIwas lengthenedto 1 nonl7 coupled randomly to this mechanical US at a
x 10% Hz. To test if these attenuations wergime when there was hardly any response
actually caused by a mechanism similar t¢arrow; Figure 3-2). A couple of UR were

habituation instead of nonspecific damagénduced at their highest values (DH; Figure
to these preparations, a long depolarizin-2). This experiment justifies the term habitu-

Braz ] Med Biol Res 31(10) 1998
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Figure 4 - Examples of persist-
ent UR parameter enhance-
ments induced and maintained
by associative conditioning.

4-1, Unconditioning response
(UR) amplitude enhancement in
one of the preparations induced
by 25-Hz substitutive condition-
ing stimulus (SCS) and main-
tained after SCS off.

4-2, Induced by 100 Hz SCS on
and maintained after SCS off.
4-3, Induced by 250 Hz SCS on
and maintained after SCS off. In-
set, Example records taken after
SCS on and SCS off in Figure 4-
3. C, Effector muscle contrac-
tion.

Calibration: 5 g and 5 s. M-2 re-
sponse with SCS, uncondition-
ing stimulus (US) and interstimu-
lus interval (ISI). Calibration: 50
mV and 50 ms.
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ation and dishabituation used in this article. ing SCS separated by 40 ms IS| with respect
to the US in the second 4-min sessions are
shown in Figure 4. These enhancements were
found to be proportional to the train frequen-
cies in the SCS. Enhancements induced by
Enhancement of all four parameters (in25, 100 and 250-Hz SCS are shown in one
cluding the peak number, N) of UR wasexample in Figure 4 and were averaged from
induced by forwardly associating the USnine preparations in Figure 5. SCS frequen-
with the SCS (SCS-US) in 9 of these 1&ies higher than 250 Hz, such as 500 Hz,
preparations for 4-min. Instead of an instanfailed to induce any change in the UR. It
taneous enhancement such as thatinduceddeemed that an upper limit of frequency
the second article (2) of this series, the emesponse was reached beyond 250 Hz. This
hancement induced in this section wagreparation was unable to distinguish the
gradual during the second 4-min session (Figndividual pulses in a train at this frequency
ure 4). Instead of coinciding, the SCS androm a long continuous pulse which did not
US must be separated by a measurable intanduce any change in the UR if separated by
stimulus interval (ISI) in this experimentan ISI (2). After turning off the SCS at the
(Figure 4-3, inset). The most efficient ISI inend of the second 4-min session while leav-
inducing UR enhancement was found to bang the US on, enhancements of all four
nearly 40 ms. Although both depolarizingparameters did not return to their control
and hyperpolarizing SCS induced UR envalues immediately but declined (Figure 4)
hancements, the hyperpolarizing SCS ingradually during the third 4-min session (Fig-
duced higher UR values than did the depadres 4 and 5). The effector muscle contrac-
larizing SCS. Examples of enhancement dion (C; inset, Figure 4-3) was also enhanced
all four parameters induced by hyperpolarizboth before and after turning off the SCS but

Persistent UR enhancement induced by
associative conditioning

4-1
20 , 4-3
=
E /Lv\
o
. o/ " o=
% SCS US'V‘/‘V"/r'[] ,1' US {iUihiannn

151 M

40
SCS off

4-2
30 : 30

UR AMP (mV)
N
o

10

SCS off
Time (min)

SCS off
Time (min)
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was not measured as a parameter due to @gperiments. No response was evoked if the
irregular time course.
Backward association (US-SCS) did nofter 4 min of forward, or backward, associa-
induce any observable change in the URon.
because the SCS were always superimposed

on the UR and because these SCS did nBtiscussion

evoke any response in the M-2 neuron by
themselves. This rationale may explain why Although both attenuation and enhance-
classical conditioning did not work in thesement induced in this preparation resembled

40

30 }

URN

10 f

20

15

V)

UR AMP (m

5-1

25 100 250
SCS (Hz)
5-2

25 100 250
SCS (Hz)

2500

2000

1500

UR Zamp (MV)

1000

500

50

40

30

URV (mV)

20

10

5-3
25 100 250
SCS (H2)
54
o
s 2 7
7%
% % 7z
7z,
n
25 100 250
SCS (H2)

US was turned off while leaving the SCS on

Figure 5 - Induction and mainte-
nance of persistent uncondition-
ing response (UR) parameter en-
hancements by associative con-
ditioning.

5-1, Peak number (N) of en-
hancements induced (first col-
umn in each pair of histographs)
by 25-, 100- and 250-Hz SCS
maintained (second column in
each pair of histographs) after
their cessation. The shaded
parts under each histograph are
the control values before their
induction.

5-2, AMP enhancements.

5-3, Zamp €nhancements.

5-4, Highest peak amplitude (V)
enhancements. SCS, Substitu-
tive conditioning stimulus.
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those induced in the other animals (3-6) antlons were induced by both forward and
in other species of intact earthworms (7,8)backward associations iplysia gill-with-
basic differences in their control responsedrawal response (3,4) but were induced only
must first be considered. The most conspicliy forward association in this preparation.
ous peculiarity noticed in the control re-The so-called potentiation persisted only for
sponse of this preparation was the periodiless than 4-min in this preparation while it
variation (Figure 2) of their peak amplitudespersisted for hours idplysia. There is no
This periodic variation made it necessary t@xplanation as yet for these differences.
measure four different aspects of this control The train of short pulses used as SCS in
response for comparison instead of measuthe present study seemed to function differ-
ing a single parameter alone. As a gradeently from the long pulses in the second
response (9), the amplitude of an intracellustudy (2) in this series. A depolarizing long
lar response of this preparation was expectqililse evoked an action potential in the PK
to vary with the variations of stimulus inten-neuron and induced instantaneous enhance-
sity. The intensity of mechanical stimuli (US;ment in the M-2 neuron response while a
Figure 1) which evoked this control responséyperpolarizing long pulse inhibited these
was held constant in all experiments. Thereevents. It was the hyperpolarizing short pulse
fore, this periodic variation must have beemnvhich induced higher persistent enhance-
caused by intensity variation in circuits beiment in the M-2 neuron response than that
tween the primary afferent neuron and thénduced by the depolarizing short pulse. No
generator M-circuit neurons where these recesponse was evoked in the PK or in the M-
sponses were recorded. Hypothetical P-ci2 neuron by short pulses of both polarities.
cuits were proposed in Figure 1 of this articleThere is not yet a satisfactory explanation
and in a previous article (10). One of them i$or these seemingly opposite functions for
supposed to determine (2) the variations itwo pulses of the same polarity but differing
M-2 response peak number (N) shown ironly in duration. A speculative explanation
Figures 4 and 5 of this article. Others mawas based on the observation that earth-
determine the variations in M-2 responsavorm neuron, as well as muscle, membranes
amplitude through functions similar to thatseemed to respond better to the depolariza-
of the leech swimming rhythm oscillator tion of a repolarizing phase in a hyperpolar-
circuit (11). Both kinds of circuits may beizing pulse (Figure 3 in Ref. 1) than to a
facilitated by the conditioning stimuli and depolarizing phase in a depolarizing pulse.
also by the SCS in the PK neuron. Thus, the membrane excitability was actu-

Important differences were found whenally determined by the duration of hyperpo-
comparing these results to those of the abovarization before the rebounding (repolariza-
mentioned animals. Classical conditioningtion). This explains why the same repolar-
i.e., the UR evoked by conditioning stimuliization of a short hyperpolarizing pulse
after the US were turned off, was readilyevoked no response but the cumulative ef-
demonstrated in the intact earthworms (7,8fcts of many such short hyperpolarizations
but was not demonstrated in the reducemhanifested themselves as a potentiation in
preparation of the present study. Potentidghe M-2 neuron response.
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