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INTRODUCTION 

The f u n c t i o n a l  r o l e  of the  gamma-motoneuron system i n  t h e  r e g u l a t i o n  o f  

muscle sp ind le  af ferent  discharge dur ing  t h e  execution o f  normal movements 

remains an e lus ive  but  very impor tant  t o p i c  i n  the  f i e l d  o f  motor con t ro l .  

The on ly  records from presumed fusimotoneurons have been obtained e i t h e r  i n  

anaesthesized animals (SEARS, 1964 ; APPENTENG e t  al., l98O), o r  i n  decerebra- 

t e  preparat ions (SEVERIN, 1970). I n  recent  years, f l e x i b l e  w i re  e lect rodes 

implanted i n  c a t  lumbar dorsal  r o o t s  o r  gangl ia  (PROCHAZKA e t  a l . ,  1976 ; 

LOEB e t  al . ,  1977) have provided records o f  discharge pa t te rns  o f  sp ind le 

a f f e r e n t  endings dur ing unrest ra ined locomotory movements. Stable recordings 

f rom i n t a c t  alpha-motoneuron axons cours ing along ven t ra l  r o o t s  have a lso 

been achieved (HOFFER e t  al., 1981b). To date, however, implanted w i re  e lec-  

t rodes  have n o t  rendered proven records from gamma-motoneuron axons, which 

are o f  f i n e r  c a l i b e r  and consequently generate much smaller ex t race l  l u l a r  

cu r ren ts .  

As an a l t e r n a t i v e  t o  d i r e c t  recording, fus imotor  f i r i n g  pa t te rns  may be 

i n f e r r e d  f rom t h e  normal discharge pa t te rns  o f  sp ind le a f fe ren ts ,  when 

compared t o  t h e  "passive" sp ind le response t o  s i m i l a r  l imb movements i n  the 

absence of fusimotor bias. We present here a method f o r  s e l e c t i v e  blockade o f  

f i n e - c a l i b e r  f i b e r s ,  which has allowed us t o  monitor the discharge o f  s i n g l e  

sp ind le  l a  f i b e r s  i n  normal ca ts  walk ing i n  a t readmi l l ,  through periods o f  

progress ive funct ional  sp ind le dee f fe ren ta t ion  and subsequent ree f fe ren ta -  

t i o n .  The method r e l i e s  on the  well-known d i f f e r e n t i a l  s e n s i t i v i t y  o f  periphe- 

r a l  nerve f i b e r s  of d i f f e r e n t  diameters t o  sodium-channel b lock ing  anaesthe- 
t i c s .  I n f u s i o n  o f  a weak s o l u t i o n  o f  procaine has p rev ious ly  been repor ted t o  

cause conduction blockade i n  gamma motoneurons w i t h  spar ing o f  the much l a r -  

ger Group I a  a f f e r e n t  f i b e r s ,  i n  acute c a t  experiments (MATTHEWS, RUSHWORTH, 

1957) as w e l l  as i n  conjunct ion w i t h  rnicroneurography i n  humans (HAGBARTH e t  

al., 1970). 
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We used a c u f f  e lect rode,  which was i n s t a l l e d  around the  femoral nerve o f  

c a t s  f o r  record ing  purposes (HOFFER e t  al., 1981a1, t o  ga in access t o  the 

per ineura l  space v i a  an implanted catheter .  I n f u s i o n  o f  a 0.3% s o l u t i o n  o f  

sodium xy locaine i n  small doses over several minutes caused progressive 

conduct ion blockade o f  small myel inated f i b e r s ,  leading t o  concomitant chan- 

ges i n  t h e  discharge pa t te rns  recorded from i n d i v i d u a l  sp ind le a f fe ren ts .  The 
progress ive f u n c t i o n a l  dee f fe ren ta t ion  o f  sp ind les was gradual ly  reversed 

a f t e r  f l u s h i n g  w i t h  mammalian sa l ine  so lu t ion .  

METHODS 

Design and surg ica l  implantat ion o f  devices. 

Experiments were performed i n  17 ca ts  o f  both sexes, weighing 3.0-5.5 Kg. 

P r i o r  t o  surgery, ca ts  were t r a i n e d  t o  walk on a motorized t r e a d m i l l  a t  a  

range o f  speeds and cont inuously  f o r  per iods o f  up t o  30 min. Implantat ion of 

devices was performed a s e p t i c a l l y  under deep pentobarb i ta l  anaesthesia. Anal- 

ges ic  drugs were administered i f  pos tsurg ica l  pa in  o r  discomfort was appa- 

r e n t .  The ca ts  were allowed t o  recover f o r  3-7 days before record ing sessions 

d u r i n g  locomotion were s tar ted,  by w%ich t ime they genera l ly  walked w i t h  

normal load bear ing and no v i s i b l e  l imping. 

F igure  1 shows schematical ly the  "backpack" connector and the  p e r t i n e n t  

e lec t rodes  and devices t h a t  were implanted chron ica l l y ,  some o f  which have 

been described i n  d e t a i l  prev ious ly  (LOEB e t  a l . ,  1977 ; 1979 ; 1981 ; HOFFER 

e t  al . ,  1980 ; 1981a ; 1981b). Up t o  a dozen f l e x i b l e  wi re electrodes were 

implanted i n  t h e  f i f t h  lumbar dorsal  r o o t  o r  dorsa l  r o o t  gangl ion (L5 DRG), 

t o  record  t h e  a c t i v i t y  of s ing le  Group l a  sp ind le a f fe ren ts .  The femoral 

nerve record ing  c u f f  was made o f  s i l i c o n e  elastomer tub ing  15-30 mm long, 

i n s i d e  diameter 2.5 mm (Extracorporeal 2501, s l i t  l o n g i t u d i n a l l y .  Three o r  

f i v e  Pt-1O%Ir (Medwire l O I r  9/49T) Tef lon-coated, stranded-wire record ing 

e lect rodes,  sewn c i r c u m f e r e n t i a l l y  along t h e  i n s i d e  wal l ,  were connected i n  

one o r  two t r i p o l a r  arrangements f o r  d i f f e r e n t i a l  record ing (HOFFER e t  al., 

1981a ; 1981b). 

The xy locaine i n f u s i o n  catheter ,  about 200 mm long, emerged percutaneously 

j u s t  l a t e r a l  t o  t h e  spine. It was made o f  S i l a s t i c  tub ing  1.0 mm i n s i d e  

diameter ( ID) ,  2.1 mm outs ide diameter (OD ; Dow Corning 602-205). The d i s t a l  

p o r t i o n  o f  t h e  catheter  consis ted of f i n e r  t u b i n g  0.5 mm ID, 1.0 mm OD (Dow 

Corning 602-1351, which penetrated a hole punched through the  nerve c u f f  w a l l  

about half-way along t h e  length o f  the  cuf f .  The f i n e r  tub ing  a lso served as 



Fig. 1. Schematic diagram o f  devices implanted i n  the lumbar region and l e f t  
hindlimb o f  cats. Up t o  a dozen "hatpin" microelectrodes (HOFFER e t  al., 
1981a 6 b )  were implanted i n  the L5 ganglion (L5 ORG) through a laminotomy. 
The f l e x i b l e  w i re  leads (one i s  shown) were soldered t o  stranded s tee l  wires 
ins ide  a S i l a s t i c  tube array (TA) anchored w i t h  sutures t o  the L5 and L6 
spines. The femoral nerve cu f f  (FNC) contained f i v e  electrodes and a f l e x i b l e  
catheter which emerged percutaneously and ended i n  a stainless s tee l  access 
po r t  (AP) mounted on the  "backpack" connector. The backpack was external  t o  
the skin. and was anchored t o  the animal by two sutures (AS; Mersilene size 
5) which coursed through holes d r i l l e d  i n  the L4 and L7 spines. A t o t a l  o f  40 
stranded stainless steel  lead wires (L)  o r i g i na t i ng  from implanted devices 
emerged percutaneously i n  bundles and were soldered t o  ind iv idua l  pads on a 
pr in ted  c i r c u i t  board (PCB) on which was mounted a standard 40-pin computer 
r ibbon connector f C ;  3M Scotchflex No. 3432). A syringe was connected v i a  a 
long f l e x i b l e  tube t o  the catheter access por t  i n  order t o  de l i ve r  a so lu t ion  
of xylocaine t o  the femoral nerve whi le the ca t  was walking 

a core around which the f i v e  f r a g i l e  P t - l r  lead wires were wound h e l i c a l l y  t o  

form a f l e x i b l e  cable. A piece o f  tubing 1 nnn 10. 1.5 m OD (Sil-Med 40-60) 

was expanded by i m r s i o n  i n  toluene f o r  about 2 min and sl ipped over the  

f i n e  tubing and wound wires t o  provide a pro tec t ive  cover. Si l a s t i c  Medical 

Adhesive (Don Corning 891) was in jec ted between the tubes t o  insure mechani- 

ca l  strength and impermeability. The P t - l r  lead wires emerged from the co i l ed  

cable por t ion  and were soldered t o  Teflon-coated stranded stainless steel  

wires (Bergen Wire Rope 03.48). which coursed subcutaneously and were solde- 

red t o  pads on the saddle connector p r in ted  c i r c u i t  board. 

The emerging catheter was f i t t e d  over a s ta in less  s tee l  hypodermic tube, 1.1 

mn outside diameter, bonded w i t h  epoxy t o  the saddle connector (see Fig. 1 ) .  

The catheter access po r t  was normally capped w i t h  t i g h t - f i t t i n g  S i l a s t i c  

tubing w i t h  one end sealed. To prevent plugging. the catheter was flushed 

every two days w i t h  1.0 ml o f  a s t e r i l e  so lu t ion  o f  sodium heparin (50 
u n i t s h l )  i n  mamnalian Ringer's. 

Unitary recording and character izat ion protocol .  

The t yp i ca l  preparat ion was maintained 5-6 weeks. On a t yp i ca l  recording day, 

the  ca t  was f i r s t  walked on the t readmi l l  a t  several speeds. Data from ac t ive  

microelectrodes and anc i l l a r y  data from peripheral  nerve and muscle e lec t ro-  

des, as we l l  as muscle length and force (HOFFER, LOEB. 1980) were recorded on 

FM tape. The movements were videotaped using two cameras. Spindle af ferent5 

were t en ta t i ve l y  i d e n t i f i e d  by t h e i r  response t o  passive l imb manipulations. 

behavior dur ing voluntary movements, and conduction ve loc i t y  obtained from 

spike-tr iggered averaging (HOFFER e t  a1 . , 198la) ; d e f i n i t i v e  characteriza- 

t i o n  (see LOEB. OUYSENS, 1979) had t o  await the  conclusion o f  the recording 

session, when deep pentobarbi tal  anaesthesia was induced v i a  a second implan- 

ted catheter leading t o  an external  jugular vein. If any u n i t  was presumed t o  

be a Group l a  spindle af ferent,  i t s  behavior dur ing  a xylocaine blockade run 

was recorded next. The ca t  was made t o  walk a t  a constant speed, interspersed 

w i t h  b r i e f  periods a t  other speeds o r  ga i ts .  A f te r  a few minutes o f  cont ro l  

walking, a 0.3% so lu t ion  o f  xylocaine i n  s t e r i l e  mamalian Ringer's, warmed 

t o  37°C and contained i n  a 3 ml syringe, was infused v i a  a 30 cm long tube 

connected t o  the catheter access por t .  A t o t a l  o f  2.0-2.5 ml o f  so lu t ion  was 

infused i n  0.5 ml increments del ivered about once per minute, whi le the  ca t  

continued t o  walk. The discharge pat te rn  o f  the presumed spindle a f fe rent  was 

monitored on a loudspeaker and by an osc i l lograph ic  display o f  the instanta- 

neous f i r i n g  rate.  

RESULTS 

I n  general, the burs t ing  pat te rn  o f  a spindle a f fe rent  underwent several 

d iscre te  changes as the f u s i m t o r  blockade progressed. which suggests tha t  

the several fusimotor f i be r s  innervat ing the spindle were blocked sequential- 

l y .  Each incremental in fus ion  caused e i t he r  no change i n  spindle ac t i v i t y .  or 

one o r  two r e l a t i v e l y  sudden changes i n  spindle af ferent f i r i n g ,  each tak ing  



place only during a par t icu lar  phase of l imb motion. By 5-12 min a f i na l  

a c t i v i t y  pattern was usual ly reached. Ten t o  15 min la ter ,  the catheter was 

infused w i t h  a 3 7 O C  so lu t ion  o f  mamalian Ringer's t o  wash out the xylocaine 

and reverse the block. Since the de l ivery  tube and catheter (w i th  combined 

volume o f  approximately 0.5 ml) s t i l l  contained xylocaine, the i n i t i a l  

response t o  in fus ion o f  sal ine was sometimes i n  the d i rec t ion o f  increased 

blockade. The blockade sometimes extended from gamna- t o  alpha-range motor f i -  

bers, evidenced by a more pronounced y i e l d  a t  the knee j o h t  dur ing the 

stance phase and by changes i n  the EMG o f  knee extensor muscles. I n  rare  

occasions the progression o f  blockade also involved the axon o f  the recorded 

IA afferent. which stopped f i r i n g  abruptly and d id  not recover u n t i l  the 

xylocalne was washed out. 

Additional 0.5 ml increments o f  sal ine wash so lu t ion  brought about a pro- 
gressive res tora t ion t o  control  conditions over the next 10-30 min. The 

discharge pattern o f  the l a  afferent t y p i c a l l y  recovered i n  d iscre te  steps, 

suggesting that  fusimotor neurons returned t o  funct ion sequentially. i n  a 

roughly syme t r i c  fashion t o  the sequence o f  blockade onset (see Discussion). 

An example o f  changes i n  the discharge pattern o f  a sar tor ius  pars medial is 

Group l a  spindle a f ferent  (conduction ve loc i ty  = 94 ? 5 m/s) caused by 

xylocaine in fus ion i s  shown i n  Figure 2. The l e f t  h a l f  (Part  A) shows typ ica l  

a c t i v i t y  dur ing three normal steps. w i t h  the cat  walking a t  0.44 mls. This 

ending t yp i ca l l y  exhibi ted two periods o f  a c t i v i t y  dur ing each step cycle : a 

sharp burst l a t e  i n  the swing phase (arrows), which started as the muscle 

reached m i n i m  length, lasted about 50 ms w i t h  a peak ra te  o f  about 150 pps, 

and ended abrupt ly ; and a smoothly accelerating burst t ha t  lasted over most 

of the stance phase, when the muscle was lengthening, and reached peak values 

o f  100-120 pps. I n  addition, the afferent f i r e d  a few spikes during the 

f l ex i on  phase ( i n  sp i te  o f  rap id  muscle shortening). The amplitude o f  the 

sharp burst was not we l l  correlated w i t h  ve loc i ty  o f  lengthening. The 

smoothly accelerating burst appeared re la ted pr imar i ly  t o  muscle length. 

Xylocaine in fus ion had a dramatic e f fec t  on the sharp burst, whereas the 

second burst was r e l a t i v e l y  unaffected (Fig. 28). Ninety seconds a f t e r  

xylocaine infusion. w i t h  the ca t  walking a t  the same speed on t he  treadmil l ,  

the  sharp burst was no longer present a t  the predicted time i n  each step 

cycle (arrows). However, a1 1 the recorded kinesiological  parameters (muscle 

length. veloci ty,  force a t  the pa te l l a r  ligament, and EMG o f  the sar tor ius  

pars medialis as wel l  as vastus medial is)  were v i r t u a l l y  unchanged. At t h i s  

t ine, the a c t i v i t y  of the ending during the extension phase was also not much 

6 
I5 nm 

dm 

I A  nlarar 

v M -  - 
v- u- r  .-. - 

Fig. 2. 

A : A c t i v i t y  recorded from a fa afferent supplying a spindle i n  the proximal 
par t  of sartor ius pars medialis, dur ing three consecutive steps. Traces 
show : instantaneous frequencygram and raw microelectrode record from affe- 
rent  u n i t  ; bars ind icat ing stance phase o f  g a i t  ; e lec t ron ica l ly  derived 
ve loc i t y  of sar tor ius  ; length o f  sartor ius, obtained from an implanted 
lengtb gauge (HOFFER, LOEB, 1980) ; force generated a t  the pa te l l a r  ligament, 
obtained from an implanted transducer (HOFFER, LOEB, 1980) ; and electromyo- 
grams from indwel l ing b ipo lar  electrodes sampling vastus medialis (VM) and 
the medial por t ion  of sar tor ius  (SA-F). Arrows above indicate the times of 
occurrence of a sharp burst i n  each step cycle. 

B : Ac t i v i t y  recorded from the saw l a  f iber  ninety seconds a f t e r  xylocaine 
infusion v i a  the femoral nerve catheter. Note the disappearance o f  the sharp 
bursts a t  the end of the swing phase, unaccompanied by any major changes i n  
t he  k ines io log ica l  parameters monitored. Figure reproduced from HOFFER, LOEB. 
1981. Further descr ipt ion i n  t ex t  

affected. A few minutes l a t e r  the block progressed further, causing a 

reduct ion i n  the amplitude of the smoothly accelerating burst, t o  60-80 pps. 

A c t i v i t y  o f  t h i s  f i b e r  returned t o  normal some 20 min a f t e r  the xylocaine was 

flushed out w i th  saline. We in terpre t  these observations t o  ind icate  that  

t h i s  spindle ending was normally under the inf luence o f  strong s ta t i c  gama 

b ias  during the swing phase. Dynamic fusimotor a c t i v i t y  appeared t o  have only 

a moderate r o l e  i n  inf luencing the s t re tch sens i t i v i t y  during the stance 

phase. 



DISCUSSION 

The method of progressive nerve f i b e r  blockade wi th  xylocaine infusion has 

demonstrated d i r e c t l y  t ha t  fusimotor neurons can have marked e f fec ts  on the 

discharge patterns of ind iv idua l  Group I a  spindle afferents during normal 

locomotion. The d iscre te  changes observed a f t e r  xylocaine in fus ion are consis- 

t en t  w i th  the sequential blockade o f  several fusimotor f i be rs  inf luencing a 

spindle ending. The order i n  which d i f f e ren t  fusimotor axons cease t o  conduct 

presumably depends on the inherent sens i t i v i t y  o f  each f i b e r  t o  the anaesthe- 
t i c ,  which i s  re la ted t o  the inverse o f  the f i b e r  diameter. I n  the case o f  a 

large peripheral  nerve l i k e  the ca t  femoral (about 2 n i n  diameter). the  

d i f f us ion  r a t e  o f  the drug through the t issue must also be taken i n t o  

account. Superf ic ial  f i be rs  can be expected t o  block e a r l i e r  than f i be rs  of 

s im i l a r  diameter t ha t  l i e  deeper i n  the nerve. Some blockade o f  the smallest 

alpha-motonwrons may occur, pa r t i cu la r l y  i f  fusimotor blockade must include 

the intermediate-sized beta-motoneurons. Interest ingly,  t h i s  loss appears t o  

be f u l l y  compensated, since l imb t ra jec tory  i s  preserved despite a s ign i -  

f i can t  a l t e ra t i on  i n  cutaneous as wel l  as propriocept ive feedback. 

Detailed observation o f  the changes i n  f i r i n g  patterns o f  seven Group l a  

endings frm sar tor ius  have suggested t o  us that, i n  general, the funct ional 

removal o f  one f u s i m t o r  f i b e r  a f fec ts  e i t he r  the a c t i v i t y  burst dur ing 

f lex ion or  the a c t i v i t y  burst during extension, but not both simultaneously. 

Thus, f u s i m t o r  neurons innervat ing sar tor ius  appear t o  be organized i n t o  a t  

least two d i s t i n c t  funct ional pools (HOFFER. LOEB. 1982 ; see also LOEB. 1981 

and LOEB, HOFFER, 1981). This type o f  analysis o f  the discharge patterns o f  

spindle endings i n  the presence and i n  the absence o f  fusimotor blockade i s  

expected t o  reveal fu r ther  de ta i l s  about the funct ional organizat ion o f  

fusimotor neurons and about t h e i r  patterns o f  ac t iva t ion during normal move- 

ments. 
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