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SUMMARY 

A new ep!muscular method for stimulating single motor units (m.u.'s) 
in free prepared muscle is described. Unit isolation is stable and can be 
continued for long periods. The method is compared with an intramuscular 
stimulation technique and histological evidence is presented to confirm the 
validity of both techniques. 

Conventional methods for stimulation of individual motor-units {m.u.'s), 
i.e. stimulation of a.motoneuron or isolated ventral roots, are time-consuming 
and technically demanding. Mczeover such niethods are not suitable for 
human muscles. Buchthal et al. [1] stimulated in human muscle 'bundles of 
muscle fibres' with intramuscular electrodes. Several investigators [ 7,10--12 ] 
showed that such intramuscular stimulation may excite fine motor nerve 
twigs, which may lead to  contraction of single m.u.'s. 

In this paper we will: (i) describe the difficulties involved in intramuscular 
stimulation of small musclm (EDL and soleus of rat); (fi) introduce 'epi- 
muscul~ stimulation' to overcome these difficulties; (ifl) provide histological 
confirmation of the validity of both iutra- and epimuscular methods for 
single unit stimulation; (iv) ~ their limitations. The criterion we used 

~ ~ t  all-or-nothing force and EMG 
adjured Close to the threshold value 

(1). ~ c e  our e x ~ "  n ~  dmmmd long term stable s imulat ion of the same 
m:a .a  second critmion~wmin~oduced, i.e. unvarying force and EMG res- 

when ~ ~ ~ a l  ~ h b l d  stimulus amplitude (II), which 

*l~mmt ~ :  Dept. of Infommtkm ~ ,  St. FAi~beth Hospital, Jan van 
Beverwijekstnmt 2a, Tilbmlg, The NetherhndSo 
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meaus that the s ~ u l u s  mpl i tude  w~s adjusted about 50% above t ~ s -  
ho~ .  ~ an experhnent the absol~e t ~ o l d  value for a m.u. c ~  vary 
wi~h~ a wide r~,~ge without changing the ~esponse. 

When we applied ~ i n ~ ~  stimulstion method to ~ mt 
muscles,  we ~ u e n f l y  observed ~ y  act ivat ion o f  muscle f ibres .  M o ~ -  
over i t  t o o k  s o n ~ ~  several hours  to  find a suitable electrode p lacement  
wiflfin the  muscle,  which inevitably caused considerable damage t o  the  muscle 
[5] .  These p~oblems c o t ~  be e "hminated ff the  muscle was s t imula ted  ~y 
flexible wine e lec~edes  (diameter  = 25 #m)  posi t ioned a t  a suitable place on 

mu~.le ~ (epim~ nn'c~ostimulat~.on). 
1 inus t~es  the experimental arrangements. Figure 2 show~ the 

developed force, EMG and nerve responses under various conditions. When 
the stimulation wire was placed in the motor endplata region, continuously 
i n ~  stimulus amplitudes l~oduced discrete increments of  force and 
EMG (see Fig. 2A). After a few trials such an eiectrode location could always 
be found. It is suggested that each increment reflects recruitment of  a new 

EMG 

~TI.~ULATION ~IRE 

F 

SCtlEHATIC DRA~'ING OF THE EXPERIHENTAL A~RA~GEHENT$. 

Fig. 1. M. Ex~nlor d i g i ~ ~  Iongtw (EDL) of rat was d i ~ e d  (blood flow unimpaired, 
muscle in moist air at 37°C). Sciatic nerve was cut 3 cm from EDL. EDL origin tendon 
was rigidly f~vd. Insertion tendon was cut aud attached to i~metrie force tran~ucer 
(F). EMG activity on muscle ~rface was ~co~ded at e ~ e  B (diameter = 200 ~m) 
held in micromanipulator. A: e ~ m ~  stimulation. Stimult~ electrode (C) connected 
to ~imulator cathode was f ' ~ d  to a suppo~. The electrode (Pt-lr, diameter = 25 ~m, 
length = 2 cm) was Teflon insulated except at tip Lud was placed under d ' ~ . t i n g  micro- 
scope in suitable po~ion on muscle surface. The electrode, due to i~ m ~  _~_ical charac- 
ter~ics, followed ~he movements of the muscle stuface durin~ eon~ract~n. Perfect all- 
or-nothing responds over a wide range of s~imulus amplitudes were i n ~  to indicate 
single m,u. activity. Anode electrode was placed on ori~__n tendon but eould be transfecred 
to surrounding of stimulation ehe.'trode in order to reduce ~hnulus a~fac~. B: dngle 
rn.u. ~ o n  ~ u ~ o n .  Cut end of eeiatic nerve was immenmd in paraffin bath and split 

d o D o • • ,. u~ ~ d i ~ i n g  n ~ c ~ p ~  until a few ~ o ~  r e ~  on ~imu~Ung ~ d e  (A) con- 
only one functioning EDL ~ motor ~ o n  (criterion a l l ~ r - ~ o ~  r n ~  r~- 

pon~, force and EMG, ren~h~.g ~cha~g~,~i with i n c ~ v  of stimulus amplitude to 
100 ~A). Same m.u,'s co~d be ~ u ~ a ~  e p ~ ~ ] y  at C (see text) produc~g anti- 
&onCe nerve response at A. 
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Fig. 2. A: EDL force and EMG zesp~ with ~t~nu~.us amplitude L~c~d from 
0 - 1 0 0  ~A, stimulating electrode in endplate region on muscle surface. B: example 
of ~table stimulation of ~ ~oletm m.u.'~. A11-oz-noth~ng force and EMG response~ 
(I = 16 #A). Identical ~G ~ponse~ (superdm~d) were obtained with I = 40 #A 
and I = 16 #A. C: direct s~imulation of EDL m ~ i e  fibem occasionally ob~rved. D: re~- 
pon~m of single EDL m,u.'s to repetitive ~nulat~n, 10 Hz, E: zespons~ of ~ingle EDL 
m.u.'~ afte~ ~timlflatJon of isolated a~o~. F: r~nses of ~me m.u. as in 2E after epi- 
mtmcttlaz ~timulation, Note antidzonfic nerve po~ntlaJ, Force ca1~brai, ion in F is twice 
that ~ E. G: ~espons~ of ~ m.u. to eplm~ an~ ~ngle a~on st~uhthyn. Note 
coinciding ~hu and time delay between almost identical EMG re~pon~s. Note also 
inverse force scale in G ( ~  zephyed from tape). 

m.u. A single moU. could ~ i l y  be s "~ulated in a s~b]e way if optimal 
electrode position was d c ~ ~ ~ l  ~ i n g  criterion II (Fig. 2B). At the s ~ e  
time it can be u c e ~ d  that no muscle fibres are activated d~ectly, on the 
basis of the time delay between stimulus pulse and the EMG resl~nse 
~mdin the immediate vicinity of stimulation electrode (Fig. 2C). If 
the two criteria ~ e  met (F~.  2B) the same upJt cen be investigated for 
several houm and the ~ c e  of v~ous ~ ~  conditions (i.e. muscle 
leng~, stimulus pattern) on force and EMG zespon~ of the m.u. can be 
s~l~d, o~ed ~ f~ it can ~ conclud~ that epi- 
m u s c ~  ~ u ~ o n  ~ s ~ n p ~ ,  becauJe the c~ter~ are more e~fly ~lf i l led 
and i~; ~ ~  v ~ t u ~ y  no dmm~e ~ the muscle. 

A ~ob~ ~th ~ methods of m~c~os~mu~o~ and nerve ~e~t 
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stimulation is to ~ l i s h  the~ validity and reliability as methods for single 
umt  timulation, in cue  of  recoil ing stimulation of 
motoneu~  ,~ ~ method is entirely . The physiological charac- 
t e ~ g s  (twitch amplitude, contraction time) of the present m p l e  of  EDL 
m.u,'m   -ted and agreement n t u e s  
obtmed S], using ven l rootlet  mulation. two methods 
therefore a, ~ared ~ be equivs]m~ Both resulted in a s tables t imul~on 
within r ~e ~ o f  stimulation ~ ~  (up tc  100 Hz),. This clesrly 
r e s u l ~  u~m spring-li~e co~mJct ion of the electrode which provided a 
~ a l l y  ~ nmving contact without instab~ity due to muscle movement. 
The conclusion that iutra- ~nd epimusculsr stimulation leads t o  the contrac- 
tion of single m.u.'s is supported by  ~ following anatomical, histochemical 
and electr~physiological evidences. 

The muscle fibres ac~vated by sthnulafion of  a single motoneuron are 
spread over a large area and are ~ i ~ l l y  uniform [2,6]. T h e  same 
holck for the muscle fibres o~ units st~.~,~*~l intra- and epimusculady, 
which was demonstrated as follows. ~ EDL m.u.'s were stimulated 
repeti~vely at 10 Hz, which caused exhaustion of  the m.u. demonstrated 
by the considerable change in twitch force during the first three minut~ 
(staircase phenomenon and exha~-tion, Fig. 2D). Subsequently the muscle 
was excised, immedmtely frozen and the exhaus t~  muscle fibres were iden. 
tiffed in crossdmctions (10 p m ) o n  the basis of glycogen depletion [9]. In 
serial sections the same fibres were hist~chemically c ~ z e d  on the basis 
of pH4ensitivity of myofibrillar ATPase reactions [8] and their succinate 
dehydrogenase activity. 

Figure 3E shows a typical PA%stamed cross-section of an EDL muscle in 
which one m.u. was e:~austed. Figures 3A--D show a typical part of an m.u. 
territory and the histc,:hemical characteristics of these fibres. 

In all e x l ~ e n t s  i~t which histochemical investigations were performed 
(n = 20), the spatial d~stributior, of the muscle fibres of individual motor 
units agree with earli~ finding~ [6]. The histochemical characteristics of 
these fibres were uniform. 

If a m.u. is stimulated epi- or intramuscularly, it should be possible to 
stimula~ the same m.u. at the axon or motoneuron level. This is illustrated 
in Figs. 1B and 2E. A single EDL m.u. appeared to be a~edvated by isolated 
axon stimulation, since all-or-nothing response occurred during gradual 
increase of stimulation amplitude from 0--100 #A. The response was 
usually observed below 5 ,A,  The region where this m.u. could be stimulated 
epimusculazly was roughly determined on the basis of a minimal delay in the 
negative onset of the EMG response recorded by an exploring surface elec- 
trede (Fig. 2E). At a suitable place in this region the same m.u. could be 
activated by e p i m u s c ~  stimulation (Fig. 2F )a s  by stimulation of the iso- 
• lated axon as demonstrated by the antidzomic ~ p o n s e  in the ~ o n ,  from 
where the m.u. was previously stimulated. Figure 2C shows two force and 
two EMG responses from the same m.u. found with tbe two different 
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Fig. 3. Hig~ochemlcal identification of fibres of EDL m.u. White fibres in (a) are glycogen 
depleted, (b) ATPase (acid stable), (c) ATPue (alkaline stable), (d) SDH. In four serial 
H c t i o ~  some of the fibreJ of the same m.u. are marked 1,2,3,4 and 5. (e) Cross-section 
of EDL muscle, white fibres are glycogen depleted (PAS-reaction). (f) Cross-section of 
EDL muicle (SDH). 

stimulation methods. Note the c~inciding twitches. The time de}ay (0.75 
msec) between almost identical EMG responses is in accordance with the 
propagation velocity and length of the azon. (If the length of the nez,le is 
taken to be 3 cm, the conduction velocity is 40 m/sec). The slight differences 
in the MUAP-shape may be caused by differences in the two methods with 
respect to the time syncl~onization of the endplate activation. 

In concltmion we can state that, on the basis of the results presented here 
and the comparison of our m.u. characteristics with those in the literature 
[ 3], epi- and intmmuscuhr stimulation are both valid methods for single 
m.u. stimulation. 

Epi- and intmmusc~ stimulation appear to favour FF type m.u.'s. In 
all of the 20 experiments carried out FF m.u.'s were activated (contraction 
time 9 msec, low endv~ance, dark staining in myofibrillar ATPase after 
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pH 10.4, low SDH activity). HoweTer, only about 5~o  of the EDL mulcle 
fibres had these histochemical cbamct~.sfics (see Fig. 3F). The FF type 
units are relatively ~ and may ~ h ~ e  large diameter term/hal axon 
branches with low e ~  ~ o l d .  This, together with the random dis- 
tribution of the fibres (see l~,g. 3F), may produce a low apparent t~w~hold 
for such units. 
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