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ABSTRACFC.  etegans  becomes habituated to repetitive mechanical  stimuli. We  compared  the habituated
states induced by three types of mechanical  stimuli: touch on  the head (head-touch), touch on  the anterior

body (body-touch), and  mechanical  tapping of the Petri dish, all of which  evoke  backward  movement,  The

habituation patterns were  similar, but differed in retention  period and/or  the rate of recovery.  We  tound a

hierarchy between the habituated states  induced by the three types of mechanical  stimuli in the decreasing
order  of head-touch, body-touch, and  tap stimulus.  Evjdence  is pre$ented that the hiera rchy  is brought out  by
the magnitude  of stimuli rather  than by independent neural  pathways,

tNTRODUCTION

   Learning is a  major  vehicle  for behavioral adaptation  in

animal$  (Carew and  Sahley, 1986). Experimentatly, learning
is divided into two ciasses,  associative  and  nonassociative

learning. For associative  learning, animals  are  exposed  to dif-

ferent stimuli to learn the relationship  of one  stimulus  to an-

other  or  the relationship  of a  stimulus  to behavior, For
nonassociative  learning, animals are exposed  once  or repeat-

edly to a singie type ot stimulus and  learn about  the proper-
ties of the $timulu$. Habituation and  sensitjzation are  examples

of nonassociative  learning,

   The nematode  C. eiegans  has been u$ed  for studie$  of

the biological basis of learning and  memoty  and  is known to

be able  to learn both a$sociatively  and  nonassociatvely

(Rankin and  Broster, 1 992; Jorgensen and  Rankin, 1 997), To
understand  the mechanisms  of learning and  memory,  C.
elegans  is a  promising organism  because its nervous  system

is extremeiy  simple  (Sulston et al,, 1983; White et ai,, 1986;
Rankin etaL,  1990), C. etegans  moves  ba¢ kward when  sub-

jected to a vibratory  stimulus  appHed  through the medium,

This response,  termed  the tap withdrawal  reflex, shows  ha-
bituation because repeated  plate tapping stjmuli cause  a  de-
crease  in the magnitude  of response, The neural circuitry
mediating  the tap withdrawal  reflex was  identified by ablating

neurons  and  by notjng  the effects  of the ablation  on  the worm's
withdrawal  reflex (Wicks and  Rankin, 1995; Wicks et al., 1 996).

   Detailed analyses  of habituation behavior are  expected
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to reveal  how  and  where  memory  is retained  in the nervous

system, One  approach  is to compare  habituations to different
stimuli. Habituations evoked  by mechanical  stimuli have been
studied  in C, elegans  <Jorgensen and  Rankin, 1997), How-
ever, it is not  clear  how  habituated states  change  with  type
and  strength of $timuli. We  adopted  and  compared  three types

of mechanical  stimuli, all of which  evoke  withdrawal  response.

We  found the habituation evoked  by the different stimuli we  re

not  identical but hierarchical, We  will discuss that the hierar-
chy  is based on  the difference of the magnitude  of stimuli.

MATERIALS  AND  METHODS

Maintenance  ot  C. etegans

   Wild-type C, elegans  were  grown and  maintained  as  described
byBrenner(1974).Synchronouslystagedadulthermaphroditeswere
obtained  by growth for 70-80 hr after  hatching at 20eC.

Mechanical stimuli

   Forte$ting responses  to mechanical  stimu", worms  were  trans-
ferred from a cultu re plate to 3.5 cm  Petri plates filled with  NGM  agar

and  streaked  with E. coli OP50. To  become  iamiliarized with their
new  surroundings,  worms  were  ailowed  to adjust to their surround-
ings for at least 1O min  prior to testing. All tests were  performed at
20oC.
   The  response  of C, elegans  to touch stimuli was  tested by lightly

stroking across  the body with the fine tip of an  eyelash. Hg. 1 shows
two  positions at which  touch  stimuli  were  given. A  touch  stimu1us  was

given as  the worm  moved  slowly  forward, and  then  again  when  the

worm  began forward movement.  Consequently intervals of touch

stimuli were  5-15 sec.  To assess  the magnitude  of  responses,  the
distance covered  by the backward movement  was  measured  under  a

stereomicroscope  with  an  eyepiece  graticule. The  distance was  ex-

pressed in body lengths of the worms.

   Tap stimuli were  given to worm$  with  the modMed  apparatus

and  method  of Gannon  and  Rankin {1995). A mechanical  tapper
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stroked  the side of a Petri dish and  the vibrations  were  transmitted

through the plate and  agar, The intensity of the tap was  controlled by
the stimulator; usually  the stimulator  was  set  at  a  70  FLsec pulse. In

the cases  indicated, 50 or 90 psec pulses were  used,The  response

magnitude  was  measured  as  the distance of backward movement,  lf

not othervvise mentioned,  tap stimuli were  given to worms  at 1O-sec
interstimulus intervals (1 O-s ISI).

Cell kills
   AVA  interneurons were  killed with  a  laser microbeam  {Sulston
and  White, 1980; Bargmann  and  Avery, 1995), Control worms  were

treated identically to operated  animals,  but no  cells  were  killed (mock
kills).

Statisticalanalysis

   The data of  response  magnitude  were  compared  across  the

groups using  ANOVA  with Fishefs PLSD  post hoc tests (STATV1EW,
Abacus  Concepts, lnc., Berkeley, CA),

RESULTS

Magnitude of response  evoked  by mechanical  stimuli

   C. etegans  were  given three types of mechanical  stimuli:

head-touch, body-touch (Fig. 1), and  tapping. All stimuli evoked

backward movement  of worms.  The distance of the backward
movement  differed depending on  the type of stimuli (Fig. 2).
Worms  stimulated  by taps moved  backward about  one-half

the distance of touched  worms,  and  these differences were

highly significant  {p<O.OOOI in both cases).  However, the re-

sponse  magnitude  was  not  significantly different between the
two touch stimuli (p=O.3191).

Habituation induced by repeated  stimuli

   Fig. 3 shows  habituation patterns of reversal  response

evoked  by  50  serial rounds  of mechanical  stimuli. With all types

of stimuli, the population fell into a  habituated state  in the early

stages  of training and  attained a steady state, However,  the

extent  of habituation was  not  identical among  the three types

of stimuli, That is, the reversal  magnitude  was  within  O,1 in

the tap stimulus,  though  the magnitude  was  above  O.2 in the

head-touch stimulus.

Recovery from habituation

   To test the retention  of the habituated state, worms  were

habituated by 50 serial taps of 1O-s 1Sl and  kept unstimulated
for 5 min.  Then the trained worms  were  tested by 30 serial

taps of 1O-s ISI. To the first tap of the test stimuli, they re-

sponded  strongly  but fel1 into the habituated state much  more

rapidly than the non-trained  worms  (Fig, 4). We  then com-

pared recovery  from habituation induced by  the three types of

mechanical  stimuH  (Fig. 5). Worms  habituated by any  mechani-

cal stimulus  recovered  gradually. Wormstrained by touch and
1O-s ISI tap stimulations  partially recovered  from habituation
within  10 min  with  high significancies  (p<O.OOOI), Whereas

worms  trained by 2-s ISI completely  recovered  from the ha-

bituation within  1O min  <Fig, 5), The recovery from the habitu-

ation  under  variou$  stimuli is already  reported  (Broster and

Rankin, 1994; Wicks and  Rankin, 1 996a), Contrary to the re-

sult of 2-s and  1O-s tSl after the 1O min-retention,  significant

difference was  not observed  in the extent  recovery  between
tO-s and  60-s ISI (Broster and  Rankin, 1994).

pharynx vulva

Head Anterior body

Fig. 1. Schematic drawing of the positions of mechanosensory  neurons  of the C, elegans  hermaphrodite. At the indicated head and  anterior

body regions, touch stimuli were  given,
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Fig, 2. Response  magnitude  evoked  by the  three types oi mechanical  stimuli,  Reversal magnitude  was  represented  as the relative values of

the  distance of  backward movement  per body length of  worms.  Mean  values  (±SD) ef  1OO trials using  20 worms  are  presented.
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Fig. 3. Habituation curves  produced by trains of head-touch (O), body-touch (A), and  tap at  1O-s ISI (M), Mean  response  values  C±
stimuli of 50 worms  are  presented.
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Fig. 4. Retention of  habituatien. Worms  were  given 50 serial taps (10-s ISi),
habituation, thetrained  worms  were  given 1O-$ ISI tap stimuli (e), Mean  values  (during

 which  habituation developed (O). At 5 min  after  the
±SE) of responses  of 50 worms  are  presented.
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Fig. 5. Relationship between the type ot  stimuli  and  the rate  of  recovery  from habituation. Worms  were  habituated by 50 serial head-touches,

body-touches, or taps of 1O-s 1S1 or 2-s 1S1, At the  indicated times, the recovery  from habituation was  tested by giving 5 mechanical  stimuli. Mean

values  (±SE) of responses  of 50 worms  are  presented.
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Responseofwormsunderhabituationtoadifferentstimu-
lus

   Can  a  worm  habituated by  one  type of mechanical  stimu-

lus respond  to another  type? We  tested interrelationships

among  habituated states evoked  by three types of mechani-

cal stimuli {Fig. 6). Worms  in a  habituated state  evoked  by 50
head-touches did not  respond  to body-touch as  much  as  in
the initial response  (Fig. 6A, left>. Conversely, however, worms
in the habituated state evoked  by 50 body-touches responded

to head-touch {Fig. 6A, right). The worms  habituated by head-

touch or by body-touch responded  little to tap, however, these
habituated by tap responded  to head-touch and  body-touch

(Fig, 6B, C),

Response  of  cell-killed  worms  to touch  stimuli

   AVAs  are  interneurons that constitute  neural  circuitry for

backward movement  (Fig, 10}. The AVA  internerons were

killed and  the touch response  was  te$ted. The AVA-killed
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Fig. 6. 1nitial responses  of worms  habituated by one  type ot mechanical  stimuli immediately afterthe  habituation by anothertype  of  mechanical

stimu1i. Worms habituated by 50 serial stimuli were  tested tortheir response  to another  type of stimu1i  by 5 trials. Each  column  indicatesthe mean
value  (±SD) ot the distance of  backward movement  per body length in 1OO trials using  20 worms.  1, lnitial responses  (1-5>; H, Habituation
responses  (46--50); R, Responses to test stimuli  (51--55). A: lnitjal responses  to body-touch ot  worms  habituated by head-touch (left), and

responses  when  the stimulus  was  inve rted (right). B: lnitial responses  to tap of woTms  habituated by head-touch (left), and  responses  when  the
stimulus  was  inverted (right). C: lnitial responses  to tap of  worms  habituated by body-touch (lefi), and  responses  when  the stimulus was  inve rted

(right).
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Fig. 7. Response  magnitude  stimulated by taps of different strengths. Tap stjmuli {1O-s ISI) with 55, 70 or 90 psec pulse were  given te the
worms.  Magnitude of  response  was  measured  as  the distance of  backward movement  per body length of  worms.  Each column  indicates the
mean  value  {±SD) of 1OO trials using  20 worms.
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worms  were  responsive  to touch stimuli, but showed  uncoor-

dinated backward movement.  Fig. 8 shows  the response  of

the AVA-killed worms  under  habituation. The treated worrns

responded  more  weakly  to head-touch or  body-touch than
control  worms,  but habituated as  the control  worms  did, The
cell-killed or control worms  under  habituation induced by body-

touch responded  to head-touch (Fig. 8, top). The worms  simi-

iarly habituated by head-touch, however, oniy  slightly re-

sponded  to body-touch (Fig, 8, bottom).

Response  ot  worms  to tap stimuli  of different strengths

   We  tested responses  of worms  stimulated  by taps of dif-
ferent strength  (Fig, 7), When  stimulated  by single  taps with
55 or 70  Ftsec pulses, the magnitude  of response  was  not

significantly affected  (p=O,9313). However, taps with  90 pLsec
evokedsignificantly(p<O,OOOI)strongerresponsesthanthose

with  55 or  70 psec. Fig, 9 shows  respon$es  of worms  under

habituation to one  strength  of tap to a  different strength  of tap
stimuli, Worms  habituated by 50 weaker  taps (55 psec) re-
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Fig. 8. Response of AVAs-kiiled worms  to either  head-touch after the habituation by body-touch <top) or the reversed  combination  of stimuli

(bottom), M, body-touch to AVA-ablated worms;  O, body-touch to intact worms;  -, head-touch to AVA-ablated worms;  e, head-touch to intact
worms.  Mean  values  (±SE) of  responses  of  20 worms  are  presented.
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Fig, 9. Effect of  strength  of  stimulus  on  the habituation. All tap stimuli  were  given at 1O-s ISI. Each point indicates the mean  value  {±SE) of 20
werms.  Top: Worms  were  habituated by a  train ot  tap stimuli  of  55 psec pulse (1 --50), and  tested by taps of  90 psec pulse (51-80). Bottom:

Worms  were  habituated by atrain  of tap stimuli  of 90 psec pul$e (1 -･50), and  tested by taps of 55 psec  pulse (51-80).
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Fig. 10. Simplified neural  circuitry  mediating  backward movement

induced by head-touch and  body-touch based on  results  by Chalfie
et ai. (1985) and  Wicks et aL (1996). M, mechanosensory  neuron;

O,interneuron; O, motor  neuron;  t, chemical  synapse;  1, gap junc-
tion.

sponded  to yet stronger  taps (90 ptsec) but habituated much
more  rapidly than the first time (Fig. 9, top). Worms  habitu-
ated  by 90 psec-taps did not respond  to 55 psec-taps (Fig. 9,
bottom).

DISCUSSION

   Habituation of the nematode  C. eiegans  wa$  elicited by
three types of mechanical  stimuli all of which  evoked  back-
ward  movement.  We  presented results showing  that the ha-
bituated states  of C, eiegans  were  not  identical, but differed
depending on  the type of mechanical  stimuli given. That is,
worms  habituated by tap-$timuli were  still sensitive  to the two

types of touch stimuli (on the head  and  anterior  body). How-

ever, worm$  habituated by head-touch  were  insensitive to tap
and  body-touch. These results suggest  a  hierarchy among
the habituated states  induced by the mechanical  stimuli, in
the order  of head-touch, body-touch, and  tap. What  is the
source  of the habituation differences? Two  probable causes
aretheneuralcircuitryfortouch-inducedbackwardmovement

and  the magnitude  of stimuli,

   The first possibility concerns  the touch circuit that inte-

gratesmechanicalstimuli,Allthreetypesofmechanicalstimuli
given to worms  in this study  are  received  and  integrated in

the neural  circuitry for touch-induced movement  (Chalfie et

aL, 1985; Wicks  and  Rankin, 1995). The  touch-circuitry con-

sists of four types of mechanosensory  neurons  (AVM, ALM,
PVM, and  PLM), four types of interneurons (AVA, AVB, AVD,
and  PVC) and  two types of motor  neurons  (A and  AS). Touch
on  the head or on  the anterior  body stimulates  mecha-

nosensory  neurons,  ALM  andtor  AVM  (Fig. 1O). The stimuli

are  then transmitted to interneurons which  integrate the stimuIi

and  transmit the information either  into the A  motor  neurons

or directly to the AS  motor  neurons,  and  evoke  a withdrawal

reflex. Tapping, however, stimulates  not only  ALM  and/or  AVM

but also  PLM. The information transmitted from these three

types of mechanosensory  neurons  are  integrated by the in-

terneurons and  evoke  backward movement  (Wicks and

Rankin, 1995). Therefore, the hierarchy may  be caused  by
topological differences in the neural  circuitry receiving  the

mechanicaS  stimuli. However, another sensory  neurons  such

as  ASH  may  be stimulated by the head touch.

   Anotherpossibilityinfersthatthestrengthotstimulicauses
the hierarchical difference in the habituated states of worms,

Thestrengthofstimu1iispresumablydifferentamongthethree
mechanical  stimuli because the magnitude  of the response  of

worms  is different. The order  of magnitude  of response  (that
is, the supposed  strength  of stimuli) is touch at the anterior

region and  tap (Fig. 2). In addition, worms  habituated by

weaker  taps responded  to stronger taps (Fig. 9), These re-

sults imply that, in the hierarchy, the strength  of the stimulus
is more  important than the neural  circuitry, The habituation
tests with  AVA  neuron  ablated  worms  indirectly support  this
idea (Fig. 8). Worms  with  ablated  intemeurons sti11 habituated

when  given touch stimuli at the head or ante rior body, indicat-
ing that intact neural  circuitry mediating  the backward response
is not  essential  for habituation. The  hierarchical relationships

of habituation induced by the head touch and  the anterior body
touch  between AVA-ablated and  the intact worms  were  es-

sentially identical. Both stimuli are  presumably transmitted
through AVB, AVD  and  AVA  in the intact worms,  while  in the
AVA-ablated  worms,  stimuli are  presumably transmitted

through AVB  and  AVD.  Thertore, the hierarchy is not  Iikely

induced by a  specitic  neural  pathway. It is not yet known how
the difference of Strength of stimulus  is integrated in the touch
circuit. To elucidate  which  possibility is the case,  molecular

and  genetic analyses  of the habituation of C. elegans  will be
indispensable.

   In the marine  snail Aplysia, habituation of the gill with-

drawal reflex results from the defects of synaptic  transmis-

sion from the sensory  neurons  (Hawkins et al,, 1983; Fisher

etaL,  1997). 1n C. elegans,  the loci of change  associated  with

habituation of the tap withdrawal  reflex are  also  supposed  to

be at the presynaptic terminals of sensory  neurons  (Wicks
and  Rankin, 1997). Do  identical neurons  contribute  to the

generatien of habituated state  and  its maintenance  in the ha-
bituation produced by mechanical  stimuli?  To test the role of

each  neuron  in the touch-circuit for habituation, laser ablation

of these cells may  hold promise (Wicks and  Rankin, 1996b).
The  molecular  mechanisms  of habituation are  another  area

in this field that await$  study.  As  such,  genetic analyses  of

habituation defective mutants  are  in progress in our  labora-

tory. We  have isolated several  such  mutants  of C. elegans,
which  we  hope will serve  to solve  the problems of leaming
and  memory  eutlined  in this paper.
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