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 Firing in an
of the Axotomy-lnduced Long-Lasting
ldentified Craytish Motoneuron

Atsuko Muramoto ±

Ftikushima Biomedical lnstitute of  Environmental and  Neoptastic Diseases,

             Futaba-gun, F"kushima  979-13, Japan

ABSTRACT-i  have reported  previously that axotomy  of  an  identifiable anal  motoneuron  of crayfish

Procambarus ciarkii induces a long-lasting flring and  that a prolonged depolarizing pulse to its cut end  can

induce a simHar  response,  ln this study,  I confirmed  that this stimulus  is comparable  to axotomy;  the fre-

quency ot stimulus-induced  firing increases limearly wlth  the stimuius  intensity and  its tiring pattern is the

same  as  that following axotomy.  Then, when  the cut  end  was  bathed for more  than 1 hr in test solutions, it

was  examined  whether  the stFmu)us  to the cut  end  induces or blocks the response,  Na'-free saline  (Tris'
replaced  Na') or ITX  <3 x  1O'7 M) reversibly blocked the respanse  withjn  30 min.  By contrast,  Mn2' sallne
(40 mM  Mn"  replaced  Ca2'} or Ca2tfree salines  (Mg2' or i mM  EDTA  replaced  Ca?') cannot  b;ock the
response,  but instead increased the firing frequency, These resuPts obtained  with  stimulus  were  confirmed

aiso  by those with  axotomy.  I concluded  that axotomy-induced  tiring, which  occurs  bcally atits  cut  region,  is

primarjly responsible  for voLtage-dependent  Na' conductances,  but not  tor Ca2' ones.

INTRODUCTION

   Axotomy of Iocal application  of colchicine  (for insects,

axotomy  was  performed by colchicine  treatment> conve  rts the

mormajly  non-splking  somata  of craytish  (Kuwada and  Wine,
1981), cockroach  (Pitman etai., 1972) and  Iocust (Goodman
and  Heitler, 1 979) motoneurons  and  inte rneurons  into spiking

somata  withln 4-7 days, Such axotomy-induced  soma  excit-

ability  has aLso  been shown  in some  vertebrate  neurons  (for
review,  Titmus  and  Faber, 1 990}, The ionic basis of axotomy-
induced soma  excitabiHty  has been examined  directly, using

pharmacologicaImanipulationsotionicconductancesinthese
vertebrate  (Titmus and  Faber, 1990) and  invertebrate neu-

rons  (Goodman and  Heitler, 1979; Pitman, 1979; Kuwada,

1 981 >, En all cases,  the enhanced  excitabMty  appeared  to de-

pend on  voltage-dependent  Na' conductances.

   On the other  hand, 1 have  reported  previously in P. clarkii
that an  identlfiable anal  contractor  motoneuron  is capable  ot

exhibiting  prolonged firing (g 67  min)  following axotomy  and
that application  of a depolarizing pulse to its cut end  induces

a similar  firing response  (Muramoto, 1993}, From  the fact that

axotomy-induced  firing in thLs motoneuron  is bLocked by a

hyperpolarizing pulse to the enct, it was  assumed  that the

axotomy-lnduced  firing occurs  perlpherally at the cut  end

(Muramoto, 1993), However, which  ions are  invoPved in pro-
duc[ng this peripheral firing or whether  there is a dlfference in

ionic dependence  betweem  the peripherai excitability and  soma

exc]tabiiity remains  to be ciariiied,

t

 Corresponding author/  Tel.+81-240-32-3325.

   The aim  ot the present $tudy  is to explore  the ionic de-

pendence ot axotomy-induced  peripheral firing in this moto-

neuron,  DependFng  on  whether  not only  axotomy  of the bathed

end,  but also  application  of the  stimulus  to the end  induces or
blocks the tiring response  vvhen  the transected end  was  bathed
in varieus  ionic solutions, 1 report that the axotomy-induced
firing is dependent on  Na' Infiux, and  its enhancement  is not
affected  by external  Ca2tdepletion, There js little information

about  such  perlpheral fi ring  in motoneurons  following axotomy

except  the present motoneuron  (Kuwada and  Wine, 1981;
Muramoto, 1993; Titmus and  Faber, 1990; Mofiett, 1996}, 1
discuss the enhancement  of prolonged peripheral excitabitity

following axotomy  in thjs motoneuron  and  its possible func-

tion,

          MATERtALS  AND  METHODS

Preparation

  The anal  motoneuron  L (AML) ot the cra yfish Procarnbarus clarkii,
which  is capable  of driving rhythmic  anaI  contra  ctions,  appears  to be

T-shaped unipolar/  its soma  is located in the 6th abdominal  ganglion
(A6), ene  axenal  process innervates the anal muscutature  via  the

posterior intestinal nerve  (PIN) and  the other  process ascends  the

nerve cord to end  in the first abdominal  gangiion (Al) (Muramoto,
1993), Then,  experiments  were  performed on  the abdominal  nerve

cord preparation dissected from P. ctarkii, whLch  was  obtained  from a

commercjal  source. This preparation is composeci  of a chain  of  6

abdominal  ganglia (Al-A6) linked by 5 jnter-ganglionio connectives

and  PiN.

  The preparatjon was  placed in a  smail  chamber  filled with  nor-

mal  sallne  consisting  of  208  mM  NaCI, 5,4 mM  KCI, 13.3 mM  CaC12
and  2,6 mM  MgCl2, buffered with  1O mM  Tris at pH 7,5, and  kept at
1O'-1l℃  by a  bath temperature control  system  CDTC-200, Dajya
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Med  ical Co., Japan>.  The  chamber  consisteci of three compartments

separated  by a  bank of  grease (silicone lubricant); the partition be-
tween  the first two adjacent  compartments  was  usually  placed be-
tween  A2  and  A3  or  A3  and  A4, whi[e  that between  the last two  adja-

cent  ones  was  always  placed between  A5  and  A6 (see Figs. 1, 5 and

6, inset). 1n the first compartment,  the nerve  cord was  transected with
scissors and  its cut end  was  bathed in test so]utions. The  first and  the
middle  compartments  were  used  for application  of stimulation  with-

out disturbing reco rding of  PIN activity, as described below. The PIN
activity was  monitored  in the end  of the compartments.

StimuLation

   The method  for stimulation was  the same  as that described pre-
viousiy(Muramoto,1993).Thefirsttwoadjacentcompartmentswere

equipPed  with  Ag-AgCl electrodes  (Sl and  S2  in Figs. 1, 5 and  6,
inseD, through which  polarizing eurrent were  passed. In this study,
the electredes were  bent like a ring, which  allow$  them  to contact  we11

with  the cord.  Effects of  test solutions  or  electricai  stimulation  on  the
cut  end  of AML  can  be examined  by appiication of these stimuli to the
nerve  cord  transected  at  various  levels below  Al  along  its long axis,

because AML  runs  through  the  nerve  cord  without  bifurcation

(Muramoto, 1993). However, in this $tudy,  these  stimuli were  u$ually

applied to the stump  of the connectives  of A2  or A3. Namely, the one
electrode was  placed on  this stump  in the tirst compartment,  while

the other  electrode  was  placed on  the connectives  rostral  to A3  or A4
in the middle  compartment  (Figs. 5 and  6, inset). A battery-operated

<1 .5 V} $timulator with  microammeter  to monitor  the current  strength

wa$conneetedtotheelectrodes.Eitherhyperpolarizjngordepolariz-

ingcurrent{pulse)wasappiiedtothestumpofthecordthroughthese
eiectrodes, by changing  the polarity by means  of a switch placed in
the circuit (for details, see  Fig, 6 in Muramoto, 1993},

Bath applleation  and  te$t soLutions

   The normal  saline in the tirst compartment  was  replaced  by test
solutions.  Na'-free solution  was  made'up  by replaclng  NaCl of the
normal  saline  with  Tris-HCI. 1n Ca2+-free salines,  CaC12 was  repjaced

by MgC12 or 1 mM  EDTA. 1n this study, these solutions were  referred

to as Mg2'  and  EDTA  solution,  respectively,  ln IHI'× solution,  a  con-

centration of  3 ×  1 O'7 M  tetredotoxin (TTX) was  dissolved in the nor-

mal  saline.  1n Mn2' so[ution,  40 mM  MnC12 replaced  CaC[2. All of these
solutiens  were  buffered with  Tris at pH  7.5, except  Mg2'  and  1ffX

solutions that were  pH  7,47.5.

ldentification and  recording

   AML  can  be  easily  identified by its 1argest amplitude  among  units

recorded  trom PIN (Muramoto, 1 993). The discharge actlvity  of  AML
was  recorded  extracelluiarly  with  a  suction  electrode  from a  dlstal
branch of PIN  as described previously (Muramoto, 1993}. The  AML

activity was  displayed on  a pen recorder  via  an  ampl[flerand  stered

on  magnetic  tape. Spike intervals were  calculated  with  a  signai  pro-

cessor  <7TOTA, San-ei lnstr. Co,, Japan).

Expression of  the results

   Data,whenquantified,wereexpressedasmeans±SEandcom-

pared, when  necessaty  with  the Mann-Whitney U-test.

RESULTS

Axotomy-  and  stimulus-induced  LLFs

   The  previou$ study  (Muramoto, 1993}  showed  that

transection {axotomy.) of the nerve  cord  at any  leve[ below
Al, or  a more  distal position, PIN can  always  induce a  Iong
)asting firing (LLF) in AML  and  a  prolonged depolarizing pulse
to the cut  end  of the newe  cord  or to its intact one,  is capable
of inducing a  similar  firing response  during the stimulation,

eSl'S2 .-6rease-gap
e -/ R

/;5El4 s/t6

R･/･,
   t/t
      1

  t,  11  //
/ t/ i tt /1  

1/
 /t/B"

e.8

//t,
 , 

1"11/VFIId
 
ilfiILIII.

 1 ,

   i el," ll/ /1/ / ,

c

E/2
/1,tt.t

 1 /
   ///

3

D

'

F

G '11!;!IIIilii/

  1 1/11/11111t/
.
  7

i-

     L

        lg

:2

H

/ /tt t ttt tt
r

       5l!'IEi/

1t//

    Mll-/IL /
X-'li"--

1-9,E.ii!Lu1
 min

Fig. 1. Response  of AML  to depolarizing pulse. Upper inset repre-
sents  schematic  arrangement  of  the preparation composed  of  A3  (3)
to A6  (6) with  PlN, the stimulation  electrodes  (S1 , S2) and  the record-
Ingelectrode(R}.Notethatthefiringrateandthefiringdurationofan
LLF in AmaL change  with  an  increase in the intensity of the depolariz-
ing pulse, Upper traces represent  dlscharge activities  (AML spikes
are the largesO. The upward  displacement ot lower traces indicates
the duration of a depolarizing pulse (S"s negative with  respect  to
S2), which  appiied  to the  cut  end  of the  connectives  of A3  and  the

figure indicates the  stimulus  intensity (pA). A-1, other than C and  D,
aFe  the same  preparation. C and  D are  the initial and  the last parts of
an  LLF, which  lasted throughout  the stimulation  for 6 min,

The present study  also  shows  that axotomy  of the nerve  cord

(for example,  Fibs. 5E  and  6D} or stimulation  to its stump  (Fig,
1) can  eiicit the LLF response.  To determine whether  there is
any  difference between these axotomy-  and  stimulus-induced

LLFs or not, frequency and  firing pattern of stimufius-induced
LLFs were  examined.

    The  stimulus  to the stump  of  the nerve  cord  could  induce

a  LLF  in quiescent AML  (Fig. 1 B-l), and  the stimulus  applied

during LLF  could  raise its firing rate (Figs. 5A  and  7A, B).

Less than 1 pA  of stimulus  failed to induce a  firing response  in
AML  in all cases  (N =  6) (Fig. IA). In the range  of 1 to 6 IiA,
stimulation  could  alway$  produce a  tonic firing in quiescent
AML,  which  [asted throughout the stimu]ation  (Fig. 1 B-F). AML

showed  a  high-frequency firing at the beginning of the $timu-

lation and  then a  progressive decline. The  [ongest period of
thestimulationexaminedinthisstudywas6min,duringwhich

AML  could  actually  retain a  typicaHiring (Fig, IC, D). At a
stimulus  of 7 uA, in the 3 cases  out  of 5 the firing response

lasted throughout the stimulation  {not shown),  but in the oth-

ers it failed to last during the stimulation  as  shown  in Fig. 1G,
Above 7 LLA, there were  no  responses  in 3 out of 5 cases,  or

even  if AML  ti red  in 2 out  of 5 cases,  the  response  did not  Iast

during the stimulation  and  the flring frequency to stimulu$
decreased (Fig. tG-H). Then it was  found that the range  of

stimulus  for LLF generation throughout the stimulation  was
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Fig, 2, Relationship between firFng trequency ot a  stjmulus-induced

LLF  in AML  and  stimulus intensity. Data (means ± SE> were  plotted
as  the number  ef AML  spikes during an  LLF induced by depolarizing
pulses (at 1 to 10 pA  for 1 min),  which  applied  to the stump  of the
connectlves  of A2  oi  A3. The figures above  the bar SE indicate the

number  ot the preparations. Note that in the range  oi 1 to 6 uA, fre-

quency increases  with  an  increase in the intensity (see Fig, 1 and  the
text).
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among  1 and  6 pA,

   Figure 2 depicts the relationship  between the firing fre-

quency and  stLmulus  intensity. The firlng rate ot AML  was  cal-

culated  on  the basis of the number  of AML  spikes  in an  LLF

produced by various  intensities ot stimulus  (at 1 to 1O pA, ior
t min), The  mean  frequency wi!h  SE  at 1 pA of the stimulus

was  1 .1 ± O.09 Hz  (N =  6) and  showed  a largest value  at 5 pA
(2,O ± O,29 Hz, N =  7). Figure 2 shows  that within  the stimu-

lus, 1-6 pA, the frequency increases iinearly with  an  increase

jn the $timu)us  intensity (r =  O,90),

   A  stimulus-induced  LLF  has a  characteristic  tiring pat-
tern. The  lnterspike intervals during an  LLF were  tound to in-
crease  exponentia[ly  at first and  to reach  a  steady  state  <regular
interval) within 30  sec  to 1 min,  which  was  maintaFned  during

1 to 6 min,  for stimulus  intensities among  1 and  6 uA  (Fig. 3).

Figure4show$thetimecouFseofchangesinftringtrequency
during afi LLF. A s[miiar yet somewhat  different time course

was  found depending  on  the  intensity of the  stimuli.

   Stimulus-induced LLF  was  thus characterized  by an  ini-

tial high-frequency firing with  an  exponential  increase in

interspike intervals dvring the fi rst minute  <Fig, 3), which  was

toNowed  by a  fu rther slow  ctecllne in frequency over  the suc-

cessive  time course  <Fig, 4), The characterlstics  of the tirjng

pattern tor the stimulus-jnduced response  were  tound to be
similar  to the characteristics  previously reported  for an

axotomy-induced  response  (Muramoto, 1993).

   These results indicate that stimulus  to the cut  end  of the

nerve  cord  can  induce the similartiring activity in AML  to that

foliowing axotomy,  supporting  the previous idea that the pro-
longed firing of  AML  following axotomy  is based on  pro[onged
depolarization that occurs  at its cut end  (Muramoto, 1 993),

1 64 128
 tnterual number192

lonic dependence of axotomy-induced  LLF

   In the  axotomy  experiment,  the cut end  must  be repeat-
edly  sectLoned,  but the stimulation  experiment  permits pro-

Fig. 3, The plot of sequentLal  intersp]ke intervals against  interval
number  cturing a stlmulus-lnduced  LLF in AML.  Dotted lines indicate
the auration ot the applied depolarizing purse, ln a-c, the stimulus
was  applied  for 1 min  every  1 min  to the cut  end  ot the connectives  ot

A2 and  its jntensity was  as foMows: a) 1 pA, b) 2 pA, c} 3 pA, ln d, the
stimulus(6pA)wasappliedfor6mintothecutendoftheconnectives

ot A3. The interspike interval$ were  calculated  with  a  signal  proces-
sor; clock, 1 msec.  Wh  ite and  black triangles represent 30 sec  and  1
min  from the beginning of the LLF, respectively, Note that lnteFvals
reach  almost  a  constant  ievel withLn  1 min,
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Fjg, 4, Time course  of  the changes  In tlring trequency during a stimu-
lus-induced LLF  in AML  Frequency  ot 4 preparations obtalned  by
various  intensLties of stimulus  (at 2, 3, 4 or  6 ,uA for 180  sec  or  300

sec)  applied  te the cut  end  of  the connectives  of A3 was  caiculated  by
mea$uring  interspike intervats at 1O- to 20-sec intervals during a  pe-
riod of the stimulation,  Note the high-frequency firlng during the first
mlnute  of the LLFs.

longed (2 1 hr) observation  of test solutions  to the same  cut

regionofAMLandquantitativeanalysis.Theionicdependence

of an  axotomy-induced  LLF  was  elucldated  by both axotomy
and  stimulation  experiments,  but quantitative differences in
the firing activity to various  test solutions  were  exc[usively

examined  by the stimulatjon  experiment,  ln both experiments,

NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

The  ZoologicalSociety  of  Japan

14 A  Muramoto

after exposures  of the cut  end  of the nerve  cord  to test soiu-
tions for 60 min  or more,  the examination  was  made  as  to

whether  transection of the cut end  or appilcation  of depolariz-

jng pu1ses {at 3 to 5 uA for 20  to 60 sec)  to this end  can  jnduce
or block an  LLF response.

Effect of  $edium  ions

   A  stimulus-induced  LLF was  reve  rsibly blocked when  the

cut  end  of the nerve  cord  was  bathed in sodium  free so[ution

(Tris' replaced  Na"). This was  illustrated in Fig. 5, where  the

solution  was  applied  during an  AML  firing fol[owing axotomy,

1n normal  saline (Fig. 5A}, AML  always  showed  high-frequency

firing in response  to a  depoiarizing pulse, but after  the bath

application  its discharge actMty  soon  stopped  and  its firing
frequency to stimulus  rapidly declined (Fig. 5B>. After bathing
the preparation for 20 mln  (Fig, 5C), the response  to stimulus

vvas  no  longer vi$jble. rn alr cases  (N =  6), the stimulus-in-
duced LLFs were  completely  blocked within 20 min  of the bath
application  U4.8 ± 1 ,74 min).  After returning  to normal  saline,

AML  resumed  its firing response  to stimulus  in 12.7 ± 1,20

min  (in the range  of 1O to 16 min,  N =  6) (Fig. 5D). Such block-
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age  of an  AML  firing to sodium-free  salime  was  also  contirmed

in an  axotomy-induced  LLF. When  the cut  end  of AML  bathed

in sodium-free  saline  was  transected, the axotomy-induced

LLFs were  reversjbly  blocked (Fig, 5E-G>, lt took 18± 7.3 min

(in the range  of 5 to 30 min,  N =  3) to block the firing re-

sponse,  After return to the normal  saline, axotomy  was  able

to restore  the respon$e  (Fig. 5G).

   TrX,  as  well  as  Natfree solution, can  reversibly  block
stimu[us-induced  LLFs  (Fig. 6A-C). Stimu[ation induced a  high
frequency firing in quiescent AML  in normal  saline  (Fig. 6A),
but the respon$e  to stimulus  was  blocked after the application
of TTX  (Fig. 6B). After return  to normal  $aline, AML  resumed

its firing response  to stimulus  {Fig. 6C>. in a[1 cases  (N =  6),

the stimulus-induced  LLFs were  b[ocked 23  ± 3,5 min  (in the

range  of 13 to 35  min)  after exposure  to TTX  and  recovered

17,3 ±2.47 min  (in the range  of 1O to 25 min)  after returning  to

the normal  sa[ine, Such effects  of TTX  observeci  on  the stjmu-
lus-induced LLFs were  also  seen  in the axotomy-induced  LLFs

(Fig, 6D-F). In normal  saline  (Fig. 6D), axotomy  induced an

LLF  in AML, but after bath application  of  ITX, where  when

the soiution  was  applied  during an  axotomy-induced  LLF, its
firing rate declined and  its di$charge soon  ceased  completely

(not shown),  and  thereafter the response  to axotomy  wa$  no

longer visible (Fig, 6E), After retuming  to normal  saline,
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Fig. 5, Effect of  Na'-free saline  on  AML  activity. Upperinset repre-

sents schematic  arrangement  of the preparation composed  of A2  (2)
to A6  (6) with  PIN, the bath (Bath) of  which  solution  was  rep[aced,  the

position of axotomy  {A), the stimulation electrodes (Sl, S2) and  the
recording  electrodes {R). A-D  and  E-G are stimulus- and  axotomy-

inducedcharacteristics,respectively.{A)HighfrequencyfiringinAML
to a  depolarizing pu[se applied  to the stump  ot  the connectives  of  A2,
in which  the stump  was  bathed  in normal  saline  and  the siimulus  was

applied  during an AML  activlty  fo[lowing axotomy.  <B) Diminution in
the  trequency of  AML  activity 15 min  and  (C} its blockage 20 min  after

bath application ef Na'-free solution (Tris' replaced  Na'  of normal

saljne). {D) Restoration of  stimulus-jnduced  AML  response  15 min
afterthe  bath was  washed  with  normal  saiine.  (E} Axotomy-induced
AML  response  (largest spikes)  when  the stump  was  bathed  in normal

saline.  {F) BIockage of axotomy-lnduced  AML  response  30 min  after

bath application of Na'-free soiution. {G} Restoration ot axotomy-in-

dliced AML'response 1O min  afterthe  bath was  washed  with  normal

$aline.  A-D and  E-G  are  different preparations. In A-D, upper  traces

represent discharge activities (AML spikes are the largest} and  the
upward  displacement of  Iower traces indicaies the duration of  a  de-

polarizing pulse {4 ptA, Sl is negative with  respect  to S2). in E-G, the
bathed  stump  of  the connectives  of  A2  was transected at triangles

repeatedly(atAinupperinset).
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Fig. 6. Effect of  TTX  on  AML  activity, Upperinset represents sche-

maticarrangementusedfortheexperiments.Forillustration,seeFigs.

･1 and  5, A-C  and  D-Fare  stimu[us-  and  axotomy-induced  character-

istics, respectively.  (A) Response of  AML  to a  depolarizing pulse ap-

plied to the stump  of  the connectives  of A3, in which  the stump  was

bathed  in normal  saline.  (B) Blockage  of  stimulus-induced  AML  re-

sponse  1 5 min  atter  bath app1ication  of  TI'× (3 ×  1 O'7 M). CC) Restora-
tion of  stimulus-induced  AML  response  1O min  after the bath was
washed  with  normal  saline.  {D) Axotomy-induced  AML  response  {iarg-
est  spikes)  when  the stump  was  bathed in normal  saline,  (E) Block-
age  of axotomy-induced  AML  response  30 min  after bath application
of TTX. {F) Restorat[on of  axotomy-induced  AML  response  1O min
after  the bath was  washed  with  normal  saiine,  A-C  and  D-F are  differ-
ent preparations. 1n A-C, upper  traces represent  discharge activities

(AML spikes  are  ihe IargesO and  the upward  displacement of  lower
traces indlcates the duration ot the applied current  pulse (4 pA}, 1n D-
F, the bathed  stump  of the connectives  of A3  was  transected  at  tri-

angles  repeatedly  (at A in upper  inseO.
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axotomy  restored  the response  (Fig, 6F). In all cases  (N =  6),

the axotomy-induced  LLFs were  blocked 17 ± 4.1 min  <in the
range  of 5 to 30 min)  after exposure  to 1-rX and  recovered  14
± 5.5 min  (in the range  of 2.3 to 30  min)  after returning  to the

normal  saline, No  significant difference was  found in the time

required  for blocking or recover  (Mann-Whitney U-test; P =

O.42 or P =O.52,  respectively) between stimulus-  and  axotomy-

induced LLFs,

   These  results  indicate that the inward current  of  LLF is
carried by sodium  ions.

Effect of  calcium  ions

   On the other  hand, Mg2" solution  (Mg2' replaced  Ca2')
failed to block stimulus-induced  LLF  in all experiments  (N =

4). ]n some  ca$es,  even  aftera  I20-min  exposure  to this solu-
tion, a depolarizlng pulse to the cut  end  of AML  was  capable

ot eliciting an  LLF in AML  and  a  hyperpolarizing pulse sup-

pressed the re$pon$e  during the st[mulus  in the same  man-

ner  as  in the normal  solution  (Fig. 7A, B). This indicates that

the response  occurs  peripherally at the cut  end.  The AML
activity  seems  to be  rather  activated  by exposure  to Mg2' so-

lution, because during a  60- to 150-min exposure  to this solu-
tion AML  fired continuously  in 2 out  of 4 cases  (Fig. 7B) and

began to fire spontaneously  in the other  2 cases  {not shown).

Such effect$ of Mg2' solution  observed  on  the stimu[us-induced

LLFs were  also  the case  in the axotomy-induced  LLFs. In all
cases  (N =  5), after 60 min  of exposure  to this solution, axotomy

could  always  induce LLF  (Table ri ). Figure 7C  represents  that
axotomy  can  induce a  typical LLF  in AML  even  after 130  min

of exposure  to Mg2' solution.
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   The  response  characteristic  of AML  activity to the app[i-

cation  of EDTA  solut[on  <not shown),  where  EDTA  is known
to be a  calcium  chelating  agent,  was  similar to that to Mg2"
solution  shown  in Fig, 7. In thl$ $olution, AML  tended  to fire
continuously;  AML  lasted to fire during a  60-min exposure  in

q]1 cases  {N =  4 for stimulation  experiment,  N  =  5 for axotomy

experiment).  In some  cases,  even  after 1OO min  of exposure,

AML  continued  to fire, which  was  blocked by a hyperpolariz-
ing pulse to the cut end  (not shown),  in the same  manner  as

that observed  for Mg2" solution  (Fig. 7B). This indicates that a

prolonged firing observed  in the presence of EDTA  is retained

at the cut end.  However,  the firing frequency was  higher than

that with  Mg2" solution, as  is described in the next  section.

   Next, the effect of Mn2' go]ution (40 mM  Mn2' adds  to O-

Ca2' saline) was  examined  on  the 6 preparations. 1n this solu-
tion, manganese  ions are known to suppress  the action  po-
tentialsinwhichcalciumisthemajorentrantcation(Hagiwara

and  Nakajima, 1966). In al[ cases,  Mn2' $olution  can  not block

stimulus-induced  LLF  during a 60-min exposure  {Table 1).

When  the immersed end  was  transected after these  stimula-

Table 1. Effects of test solutions  on  the enhancement  ot an  LLF in
AML  by axotomy  or electrica[  stimu[ation

Test solutions
Axotomy-induced
    LLFs

Na'-freeTTXEDTAMg2+Mn2t -(3)-(6)+

 (5)+
 (5)

Stimulus-induced
    LLFs

    
- (6)

    
-

 (6)
    +  (4)
    +  (4)
    +  (6)

When  the bathed end  of the connectives  of A2  or  A3  was  transected.
or  the stimulus  (at 2 to 5 uA  for 2e  to 60  sec)  was  applied  to this end,

whether  the LLFs are  induced (+) or  not  (-) was  tested during a  60-
min  bath applicatien oi test $olutiens. The number  of preparations is
in parentheses.

t//
-

.

C} 15e  min
'11/,11/1111,ldlllf/1111:1/
          t tt/ /

A
'P "PTi.# LIIIr-I!le.smU

1 min

Fig.7. EffectofCa2'-freesalineonAMLactivity.Schematicarrange-
ment  used  forthe  experiments  is the same  as that ot upper  inset in
Fig, 6, (A) Response of AML  to depolarizing or hyperpolarizing pulse
(3 pA)  applted to the stump  of the connectives  ot  A3, in which  the

stump  was  bathed  in normal  saline  and  a  pulse was  applied during
an  AML  activity  following axotomy.  {B) Response  of AML  120 min

after bath application of  Mg2' solution  {Mg2' replaced  Ca2' of  normal

sa[ine).  (C) Response  of AML  to axotomy  (the bathed  stump  of the

connectives  of A3  was  transected at a  triangle) 130  min  after  bath
application of Mg2' solution. Note that AML  iires continuously  in this
solution,  The upward  displacement of the lower trace in A  and  B indi-
cates the duration of  a  depolarizing pulse (Sl is negative  in respect
to S2) and  the downward  displacement that of a hyperpolarizing one

{Sl is positive with  respectio  S2). A  to C are  the same  preparation.

N=

 -m"=e=voLL

4'

3

2

1

eNR
Mn2"  Mg2'

Test solution[BTA

Fig.8. Effectoftestsolutionsonfiringfrequencyofstimulus-induced
an  LLF  in AML.  Mean  frequencies  with  SE  were  calculated  irom  LLFs

induced by depolarizingpulses (at 4 pA  for 20  to 30  sec}  to the stump

of the connectives  of A3  after the stump  was  bathed in each  solution

tor 60 min, The figure above  the bar SE indicates the number  of the

preparations from which  the  frequency data were  obtained  with  SE.
NR, normal  saline; Mn2', Mn2"saline; Mg2', Mg2" saline; EDTA, EDTA
saline.
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tion experiments,  the axotomy  could  always  induce LLF <not
shown),  like as  jn the Ca2tfree solutions. On  the other  hand,
in this solution  AML  djd not sustain  its spontaneous  actlvity as

it did in the CaZ'-free solutions,

   The effect of test soiutiens  during a 60-min exposure  is
summarized  in Table 1 . These results  indicate that the inward

eurrent  of AML  spikes  duFing LLF is primarily caused  by so-
dium ion, but not  caicium  ion,

Effecteftestsolutionsenfrequenciesotstimulus-induced

LLFs

   As described above,  in Mg2', EDTA  and  Mn2' solutions,
stimulus-induced  LLFs were  found to be retained  even  after a

60-min exposure  to these solutions, TheR, to kRow the differ-
enceinAMLexcitabiUtytothese3solutions,theirfrequencies

observed  after  a 60-min exposure  to each  solution  were  com-

pared with that observed  after a  60-min adaptatjon  to normal

saline (NR), ln these cases,  the frequency was  calculated  on

the basis ot the number  of AML  spikes  in an  LLF induced by
the same  stimulus  (at 4,O pA, for 20 to 30 sec)  to the stump  of

the connectives  of A3, Figure 8 shows  these resu]ts. No sig-

nificant difference (Mann-Whitney U-test, P =  O,69) was  tound
in the irequencies between Mn2' solution (1 ,30 ± O, 14 Hz, N  =

6)andNR(1,33 ±O.t5Hz,N=6),ThevalueforMgksolution

O.85 ± O.29 Hz, N =  4) or EDTA  so]ution  (2.97 ± O.38, N =  4)

is Iarger than that for NR, )n particu[ar, the value  for EDTA  is
significantly larger than that for NR  (Mann-Whitney U-test, P
<O,Ol),

   These  results  support  the idea thaMhe  LLFs  are  prima-
riiy caused  by the Na' inward current,  but not  by Ca2' current.

DISCUSSION

Comparison ot axotomy-  and  stimulus-induced  LLFs

   The  present observation  revealed  no  remarkable  differ-
ences  in the characteristics  in the two firing patterns of stimu-

Ius- and  axotomy-induced  LLFsi an  initial high-frequency fir-
ingwithexponentialincreaseSninterspikeintervalsduringthe
first minute  and  gradual decay of firing frequency for stimu-
ius-induced LLFs, which  are  exactly  as  reported  previously
for axotomy-induced  LLFs (Muramoto, 1993). Therefore, it js

assumed  that the stimulus  to the cut  end  of the nerve  cord

can  induce the similar  firing actMty  in AML  to that following
axotomy.  This similarity supports  the previous idea that the

prolonged firing following axotomy  is due to a  prolonged de-

polarization at the cut region  of AML  (Muramoto, 1993). The

other  evjdence  for th[s idea is as  follows. First, the  firing re-

sponse  could  be seen  throughout a depolarizing pulse (1-6
pA) which  was  correlated  positively with  the magnitude  of the

stimulus  {r =  O,90 in Fjg, 2) to the cut end,  However, the rea-
son  for a  decrease in the tiring response  to a larger pulse ?  7

pA) is unknown.  Second, the  LLF  response  produced by
axotomy  could  be blocked during a  prolonged hyperpo)ariz-
ing pulse to the cut  end,  From  these facts it is concluded  that

axotomy  ot AML  axon  is comparable  to application  of a  pro-
ionged depolarizing pulse to jts end,  and  its discharge activity

following axotomy  is generated at its axotomized  site,

   On the other  hand, activity for axotomy-induced  LLFs

seems  to be higherthan that for $timulu$-induced LLFs (Figs.
5 and  6). As Fig. 2 shows,  the frequency for stlmulus-induced
LLFs, even  if it is compared  with its largest value  at a stimulus

of5uA(2,O ±O,29Hz,N=7),issmalle[thanthosetoraxotomy-
induced LLFs which  were  obtained  by cutting AML  axon  at

the position of the connectives  between Al and  A2 (3,3 ±

O,19 Hz, N=17)  or A2 and  A3 (2,6 ± O,17 Hz, N=  14> in my

previous study (Muramoto, 1993), This difference suggests

that the depolarization underlying  axotomy-induced  LLFs  is

larger than that for stimulus-induced  ones.  The  membrane

depoiarization foHowing axotomy  has been  reported  in verte-

brate and  invertebrate neurons.  In earthworm  medial  giant
axons  (Krause et al,, 1994), Aplytsia axons  in tissue culture

{Spira et ai., 1993), cockroach  giant axons  (Yawo and  Kuno,
1984) and  [amprey giant axons  <Strautman et aL, 1990),
axotamy  pioduces membrane  depolarizatien at their severed

sites,

   As is discussed in the next  section, the depolarization
following axotomy  of AML  is due to an  increase in vo]tage-
sensitlve Na' eurrent  atits  cut end,  which  suggests  an  in-
crease  in numbers  of Na' channels  at the end.  For the
axolomy-induced  soma  excPtability in locust and crayfish mo-

toneurons (Goodman and  Heitier, t979; Kuwada,  1981), the

enhanced  excitability appears  to result from increased num-

bers of voltage-sensitive  Na' channels  in the soma-dendrite
membrane  {Titmus and  Faber, 1990). MDreover, tor the ab-
normal  axonal  excitability that often  develops at the tips of
injured axons  in goldfish nerve,  England  etal, Cl994) report
that a  tocal accumulation  of Na' channels  within these tips

may  be responsible  for this hyperexcjtabjlity, Similarly, the

presenthyperexcitabi1ityfollowingaxotomymaybeexplained
by a  larger lncrease in Na' channel  density in the cut end  of

AMLcomparedwiththatforstimulation,aposslbilitythatawaits

turthetinvestigation.

lonic mechanism  underlying  AML  spikes  during LLF

   Axotomy-induced soma  excjtability has been repo  rted on

cra yfish (Kuwada and  Wine, 1 981), cockroach  (Pitman et at.,

1 972), and  Iocust {Goodman and  Heitler, 1 979) motoneurons
and  interneurons. Such soma  excitability  has been also  re-

ported in some  vertebrate  neurons  (Titmus and  Faber, 1990),
In all cases,  the enhanced  excitabiLity appeared  to be due to
increased voltage-dependent  Na' conductances.  Such Na'
dependence of increased excitability following axotomy  in in-
vertebrate  neurons  <Pitman, 1975; Goodman  and  Heitler,

1 979; Kuwada, a981) and  in vertebrate  neurons  (Titrnus and

Faber, 1990) was  established  by the results  that these spikes

were  blocked by Femoving  extrace11ular Na' or by adding  rrX.

   SimHarly, forthe axotomy-induced  LLF jn AML, Na' was
found to be  the maior  carrier of inward current  of the LLFs,
since  they were  reversibiy blocked by  the removal  oi Na' frorn

the bath solution  or the addltion  of Tl'× to this bath. A voltage-

dependency of such  Na' conductances  is also  suggested  by
the observations  that a  prolonged depolarizing pulse to the
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cut end  can  evoke  LLF throughout the stimulus  o"-6  pA  and

that there is a  positive correlation (r= O.90') between  the mag-

nitude  of depolarization and  the firing rate (Fig, 2}, lt is then

assumed  that a large increase in the voltage-sensitive  Na'

current  might  occur  at the cut end  of AML  foiLowing axotomy,

   On  the other  hand, the presence ot the inward current

("injury current"> at the tips of transected per[pheral nerve

axons  has been demonstrated in vertebrates  (Borgens etaL,

1980) and  invertebrates CKrause et at., 1994).  Borgens et at,

(1980) measured  
"injury

 currents"  consisting  mainly  of Na'
and  Ca2', which  entered  the acutely  transected ends  o"am-

prey spinal axons.  Moreover, in axotomy-evoked  soma  spik-

ingforinsectmotoneurons{Pitman,1975),Ca2'conductances,
in add[tion  to Na' conductances,  appear  to make  some  con-

tribution to this axotomy-induced  excitabillty, However,  such

Ca!' contribution  to the LLFs  is very  umlikely for two reasons,

First, removal  of Car" or uses  of Ca?' blockers can  not  block
the LLFs, but in$tead Ca2'-free salines  {Mg2' and  EDTA  solu-

tions) appear  rather  to increase the firing rate (Fig, 8), The
reason  for the signlficantly higher firing value  for EDTA  than
that for Mg2' (in Fig, 8; Mann-Whitney U-test, P <  O,05> is,

however unknown.  Second, manganese  ions are known to

reduce  the infLux ot calcium  ions during action  potentials and

so  to suppress  actlon  potentials ln whlch  catcium  is the maj  or

entrant  cation  (Hagiwara and  Nakajima, 1966), However, fre-

quency of AML  activity was  Iittle affected  by saline containlng

40 mM  Mn2', since  there observed  no  significant  difference

(Mann-Whitney U-test, p =  O,69) in the frequency oi  stimulus-

induced LLFs between Mn2' solution  and  NR,

   lt was  then concluded  that the generation of a  prolonged
firinginAMLfol1ewingaxotomydependsprimarilyonvoLtage-

dependent  Na' conductances,  but not  on  CaP  conductances.

Functional significance  ot the axotomy-induced  LLF

   Effect$ of axotomy  on  neural  excitabiiity have been Ln-
vestigated  in motoneurons  and  interneurons of crayfisb

(Kuwada and  Wine, 1981), Iocust (Goodman and  Heitler,

1979), cockroach  (Pitman et a/, 
,
 1 972), and  cricket  (Roederer

amd  Cohen, 1 983>, yet none  ot them  have  showm  a  prolDnged
firing fo)Iow]ng axotomy  (Titmus and  Faber, 1990>, except  AML

(Muramoto, 1993). The present study  showed  that not only

axotomy,butaFsoapplicationofaprolongeddepo)arizingpuLse

can  eljcit an LLF in AML, AML  appears  to be unique  in exhib-
iting a prolonged peripheral firing fo)lowing axotomy.

   What is the functional s}gnificance  of such  an  LLF  re-

sponse?  From the fact that the LLF  response  is generated
amd  retained  peripherally at the cut site following axotomy,  it

is expected  that it might  be concerned  with  morphologjcal

changes  following axotomy  such  as  repair or regeneration.

This possibility appears  to be in agreement  with  the facts; fol-
iowing transection ot a  nerve  fiber, the nerve  membrane  at

the cut end  is resealed  wlthin 30  min  in cockroach  (Yawo and
Kuno, 1984) and  crayfish  <Eddleman et al,, 1997), imposed

electric  fields {DC fields) promote  recovery  ot acutely  in)ured
spinal  cord  axons  in rat  (Fehiing and  Tator, 1 992), and  in the
earthworm,  DC  fLelds promote  reconnection  of axonal  stumps

(Todorov et aJ., t992). However, the possibility is unlikely for
the following reasons,  ln invertebrate neurons,  it is known that

repairofdisruptedaxonalmembranesoraxonairegeneration

atter axotomy  requlres  external  calcium  (Yawo and  Kuno,
1 984; Krau$e  et al,, 1994; Steinhardt et aL, 1994; for review,
Moffett, 1996). Recentiy, Eddleman and  others  (1997) report
in the crayfish,  P. clarkii medial  giant axons  that whem  they

were  transected In Ca2'-ffee saline, their cut  ends  do not  re-

seal. On the other  hand, in the present study,  external  cal-

cium  was  tound to be unessential  ior enhancement  of the LLFs,

since  AML  excitability was  unchanged  or rather  elevated  in

Ca?'-free saline or satine  containing  Ca2' blockers,

   it was  then suggested  that the axotomy-induced  LLF might
not be involved in repairor  regeneration,  At present, why  AML
has such  a  specific firing property foliowing axotomy  is still
open  to question,
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