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A b s t r a c t 

It is p resen ted a mathemat ical model of the ocu 
lomotor plant, based on exper imenta l data in ca ts . T h e 
system that g e n e r a t e s , f r o m the neurona l p rocesses 
at the motoneuron, the contro l s igná is to the eye m u s -
c les that moves the e y e . In con t ras t w i t h prev ious mo-
de ls , that base the eye movement r e l a t e d motoneuron 
behav ior on a f i r s t o r d e r l inear d i f f e r e n t i a l equat ion, 
n o n - l i n e a r e f fec ts a r e descr ibed : A dependency on the 
eye angu lar posi t ion of the model p a r a m e t e r s . 

In t roduct íon 

Any approach to the study of the b r a i n is in ten -
ded to underestand f i n a l l y how the b r a i n p r o e e s s e s in 
fo rmat ion , which , we assume, is the subs t ra te f o r b e -
h a v i o r . A n d dea l ing w i th i n f o r m a t i o n - p r o c e s s i n g s y s -
tems, the theore t i ca l w o r k based on s ignal theory , i n -
fo rmat ion theory and contro l system theory , seems the 
adequate f r a m e w o r k to cover that ob je t ive . S i n c e the 
p o s s í b i l i t i e s of any mathematical model l ing tool , to 
p rov ide a quant i ta t ive d e s c r i p t i o n of fenomena, h o w -
e v e r , r e l a y on the adequate knowledge of the neurona l 
n e t w o r k s of in te res t ( the connect ion between n e r v e 
c e l l s ) and the a c t i v i t y of the cel Is involved; our ef forts 

have to be ibcused on the those n e u r a l systems both f u n c -
t iona l -ana tomica l ly ident i f ied and w i th most of t h e i r 
c i r c u i t s a c c e s i b l e to e x p l o r a t i o n (measurement of ce l l 
a c t i v i t y ) . 

T h e oculomotor system, the system that controls 
eye movements, appears as one of the main candidates, 
c o n s i d e r i n g that i ts funct ionel §nd conceptual f e a t u -
r e s 1 2 c l e a r l y p r o v i d e quite enough system d e s c r i p -
t ion; and s ignal measurements a r e poss ib le s ince the 
r e c e n t improvement of the techniques f o r r e c o r d i n g 
the a c t i v i t y of funct ional and anatomica l ly ident i f ied 
s ing le neurons in a l e r t behaving anímals ' 

W i t h i n the oculomotor system, f i ve mayor s u b -
systems can be óut l ined fo r those spec ies w i th a s t r u c 
t u r e s i m i l a r to that of man: 1) T h e v e s t í b u l o - o c u l a r 
r e f l e x subsystem, t h a t a l l o w s to mainta in the v isua l 

image f i x e d in the r e t i n a dur ing head movements. E y e 
compensation contro l s igná is , to hold eye posi t ion in 
space , a r e genera ted f r o m the s e m i c i r c u l a r canals that 
sense head a c c e l e r a t i o n . ' 2 ) T h e optokinet ic subsystem, 
that complements the preVious one, under s low m o v e -
ments w h e r e the cana ls do not opera te c o r r e c t l y , and 
uses the image s l ip as the e r r o r s ignal that g e n e r a t e s 
the cont ro l commands.' 3) T h e saccad ic subsystem 
whose. purpose is to r e o r i e n t the e y e quickly in space 
to min imize the i n t e r v a l dur ing which v is ión is lost.'A-) 
T h e v e r g e n c e subsystem wi th the a im of adapt ing b i n -
ocular v is ión to t a rge ts at d i f f e r e n t d is tances; and 5) 
T h e smooth p u r s u i t subsystem intended to t r a c k m o -
ving ta rge t w i t h smooth eye movements. 

T h i s communication is l imi ted to an important 
p a r t of the oculomotor system, in te rms of neuronal 
ín format ion p r o c e s s i n g , wh ich is the common f i n a l 
s t r u c t u r e of a l l the f i v e subsystems mentioned: T h e ocu 
lomotor p lant ; that is , the system that p r o c e s s the s i g -
ná is t ransmmited and condi t ioned by the different s u b -
systems involved in any type of eye movement, g e n e r a -
t ing the contro l s ignal to the eye muscle that f i n a l l y 
moves the eye . A f u r t h e r l imi ta t ion of the w o r k h e r e 
p resented is that only the hor i zonta l component of the 
eye movement is cons idered f o r model l ing purposes . 
R e s t r i c t i o n which is founded on anatomical and f u n c -
t ional bases , s ince t h e r e a r e a p a i r of eye muscles a c -
t ing on the hor i zonta l p lañe innerva ted by a s p e c i a l i z e d 
c lass of motoneurons:abducens neurons . 

A model of the oculomotor p lant . 

S i n c e the ín t roduct íon of the techniques of s i n -
gle neuron r e c o r d i n g in a l e r t behaving an imals , the eye 
r e l a t e d behav ior of the abducens motoneurons has been 
e x t e n s i v e l y s tudied . ' A f t e r a f i r s t s tage of quá l i t a t i ve 
d e s c r i p t i o n s , in 1970 a mathemat ical model , due s i m u l -
taneously to Fuchs and L u s c h e i Robinson 9 and 
S c h í l l e r w a s publ ished. ' It r e l a t e s the motoneuron 
d i s c h a r g e r a t e R ( t ) in sp ikes sec to the eye i n s -
tantaneous angular posi t ion S ( t ) in d e g r e e s (pos i t ive 
in the pu l l ing d i r e c t i o n of the m u s c l e - t h e so c a l l e d 
on -d i rec t ion ) measured in the plañe of act ion of the 
muscle that the ce l l be ing cons idered i n n e r v a t e s . ' T h e 
model is a f i r s t o r d e r constant coef f ic ient l inear difr-
f e r e n t i a l equat ion as fo l lows: 



R = k(e - Q ) + r —— R ^ o 
T dt 

w h e r e . under s ta t ic f i x a t i o n of the e y e , t h e r e ¡s a l i -
n e a r r e l a t i o n s h i p between the f i r i n g r a t e of the moto-
neuron and eye posi t ion , be ing k (spikes s e c . - ' deg 
s e c - 1 ) t(-,e p r o p o r t i o n a l i t y constant that c o r r e s p o n d s 
to the muscle f o r c é r e q u i r e d to oppose the e l a s t i c e l e -
ments of m u s c l e - e y e b a l l mechanical s y s t e m . ' A n d -k©-y 
the f í r i n g r a t e when the eye Is c e n t e r e d at c e r o d e -
g r e e s ; or © j the th resho ld angle , that i s , f o r any © 
s m a l l e r than ©-j-, the motoneuron rema ins s i l en t . When 
the eye moves, the r a t e R ( t ) is incr.emented by a t e rm 
p r o p o r t i o n a l to the eye v e l o c i t y , that cor responds to 
the addi t ional f o r c é r e q u i r e d to overcome the v iscous 
impedance of the mechanical s t r u c t u r e ; being the cons 
tant r def ined in (spikes s e c - ' ) (deg s e c - ' ) 

T h i s model has been g e n e r a l l y accepted s ince 
its publ ica t ion and only a few minor modi f icat ions have 
been r e p o r t e d ; such as the introduction of a second 
o r d e r t e rm p r o p o r t i o n a l to eye a c c e l e r a t i o n , whose 
e f fec t is only s ign i f icant under abrupt changes in v e -
loc i ty as in s a c c a d i c movements 

Methods 

E x p e r i m e n t a l methods. 

E x p e r i m e n t s w e r e c a r r i e d out in a l e r t ca ts . A -
n imals w e r e p r e v i o u s l y implanted w i t h s i l v e r ba l l e -
l ec t rodes to r e c o r d t h e i r e l e c t r o o c u l o g r a m (both in 
the hor i zon ta l and v e r t i c a l p lanes) and a lso w i t h a h o l -
ding system to r e s t r a i n t h e i r heads dur ing r e c o r d i n g 
sess ions . R e c o r d i n g s w e r e c a r r i e d out w i th g lass m ¡ -
c r o p i p e t t e s in se lected a r e a s of the b r a i n stem through 
a t r a n s c e r e b e l l a r a p p r o a c h . ' A more d e t a i l e d account 
of the e x p e r i m e n t a l s e t has been publ ished e l s e w h e r e \ 

T h e a c t i v i t y of iso la ted motor or p remotor n e u -
rons w e r e r e c o r d e d d u r i n g spontaneous and v e s t i b u l a r 
o r v i s u a l induced eye movements in the a l e r t behav ing 
an imal . ' Only eye movements r e l a t e d neurons w e r e r e -
corded . T o f u r t h e r improve the r e l i a b i l i t y of the r e -
su l ts , only ident i f ied neurons w e r e cons idered f o r a -
n a l y s i s . ' 

N e u r o n a l ident i f i ca t ion was achived by a n t i d r o -
mic ac t iva t ion of t h e i r somas f r o m t h e i r axonal p r o j e c -
t lons. A c t i v a t i o n w a s c a r r i e d out by c h r o n i c a l l y i m -
planted s t imula t ing e l e c t r o d e s located in neurona l p r o -
jec t íon s i tes : abducens n e r v e , oculomotor nucleus, a n -
t e r i o r v e r m i s of the c e r e b e l l u m , e tc . '» 

A system was deve loped fo r the automat ic and 
s imultaneous r e c o r d i n g of neurona l a c t i v i t y , angu lar 
posi t ion of the eyes and se lec ted exper imenta l inputs. 

E x p e r i m e n t a l data acqu is i t ion and Process ing system. 

F o r the acqu is i t ion , g r a p h i c d isp lay and p r o c e s 
s ing of the r e c o r d e d data , a system contro l led by a 
H P 9 8 4 5 B computer and a set of p r o g r a m s w e r e i m p l e -
mented. Un i t a c t i v i t y of the r e g i s t e r e d neurons was 
conver ted into á point p r o c e s s by f i l t e r i n g , window 
d i s c r i m i n a t l o n and measur ing the i n t e r s p i k e i n t e r v a l 
sequence . T h e o p e r a t i o n is p e r f o r m e d by a c o m p u t e r -

c o n t r o l l e d counter that t r a n s f e r to the computer , in a 
high speed mode, the i n t e r v a l s between neuron act ion 
potent ia ls ; so that , no lost of In format ion is g u a r a n -
teed under the shor tes t expected i n t e r v a l s w i th the fas 
test p l a y - b a c k magnet ic tape speed. Ana log data ( a n -
gu lar posi t ion in both eyes and exper imenta l v a r i a b l e s ) 
w e r e conected to high speed A / D c o n v e r t e r s , w h e r e 
sampl ing is p r o v i d e d by a c o m p u t e r - c o n t r o l l e d t i m e r , 
that a lso s y n c h r o n í z e the counter opera t ion in o r d e r 
to get exact temporal cor respondence between the d í f -
f e r e n t data channels . D i g i t i z e d analog data w e r e s t o -
r e d momenta r i l y , a f t e r mul t ip lexing," ' in an a u x i l i a r buf 
f e r w h i l e the point p rocess is being a c q u i r e d , and a r e 
t r a n s f e r r e d into the computer , through the system bus, 
upon complexión of that opera t ion . ' F i n a l ly, data a r e 
s to red in a f l e x i b l e d isc together w i th f i l e codes and 
acquis i t ion v a r i a b l e s . 

In o r d e r to a l low the v isua l Inspect ion of the 
t r a n s f e r r e d data and the systemat ic se lec t ion of r e -
cords in a g r e a t amount of c e l l s fo r f u r t h e r p r o c e s s I n g 
the p r o g r a m enabled the d isp lay , upon se lec t ion , of the 
angular posi t ion a n d / o r vtelocity of both eyes w i t h the 
c e i l u l a r a c t i v i t y point p r o c e s s . ' E a c h p a r t i a l a c q u i s i -
t ion can be saved or e r a s e d a c c o r d i n g to i ts r e l e v a n c e 
fo r p o s t e r i o r ana lys ls . ' It was a lso poss ib le to se lec t 
p a r t i a l segments of a g lven f i l e using a c u r s o r over the 
C R T s c r e e n and s t o r e them w i t h s e p a r a t e d codes. ' O r -
d inate sca les w e r e def ined f r o m c a l i b r a t i o n r e c o r d s 
on the magnet ic tape. H a r d - c o p i e s of the C R T d isp lay 
can be obtained w i t h a thermal p r i n t e r . A f t e r the p r e -
sentat ion of a t r a n s f e r r e d b lock , the p r o g r a m automa-
t l c a l l y cont inué w i t h a new acqu is i t ion . 

F i g u r e s 1 and 3 show examples of the g r a p h i c 
d isp lays obtained w i th the p r o g r a m . In both cases , sam 
pling ra te was se lec ted to 1 / 4 0 m s e c - 1 ( th is r a t e was 
used g e n e r a l ly dur ing the stage of i n i t i a l inspect ion of 
data , s ince it a l lows a convenient 40 sec dura t lon of 
each acqu is i t ion .b lock wi th adequate time r e s o l u t i o n 
fo r this purpose) . T h e data segments shown in both 
f i g u r e s a r e c u r s o r se lec ted and expanded por t ions of 
a 4 0 sec total dura t ion f i l e . T h e data p resen ted have 
not been manipulated in any way to show the c l e a r c o -
r r e l a t l o n that ex ls ts between the s ta t lca l and d y n a m i -
cal behav lor of the eyes and motoneuron a c t i v i t y , 
which has been r e p r e s e n t a d at the bottom of the f i g u r e s 
by the i n v e r s e of the time i n t e r v a l s between sp ikes , 
a lso included ( r e p r e s e n t e d be low) as they a r e obtained 
a f t e r the window d i s c r i m i n a t o r . 

Res u Its 

Motoneuron behav jo r d u r i n g f i x a t i o n . 

D u r i n g steady f i xa t ion , each motoneur'on dlchar^ 
ges at a constant r a t e , as can be p r e d i c t e d f r o m the 
model of the oculomotor plant p resen ted , if we assume, 
as is genera l ly the case in the l i t e r a t u r e , that the m o -
del Is l ineal and t ime i n v a r i a n t . In o ther w o r d s , the r e 
la t lonship between the d i s c h a r g e r a t e of each motoneu-
r o n and the f i xa t ion angle is complete ly d e s c r i b e d by 
the constant p a r a m e t e r s k and © y . Parameters are 
usual ly est lmated by l inear r e g r e s s i o n ana lys ls appl ied 
fo r each motoneuron, to the b id imenslonal random v a -
r i a b l e (R , © ) , under s teady fixatiot% condl t ions. 

R e v i e w i n g publ ished r e s u l t s , (only papers w i t h 



ident i f ied motoneurons) , some d e p a r t u r e s f r o m the 
model have been cons idered (without an adepuate 
quant í ta t íve eva lua t ion ) to account for tl\e e x p e r i m e n -
tal r e s i d u a l v a r i a b i l i t y : i ) N o n - l i n e a r e f fec ts ; some 
kind of dependence on the f i x a t i o n angle of the model 
p a r a m e t e r s . 2) H y s t e r e s i s e f fect 3, 5 ;a t a g iven p o s i -
t ion, the f i r i n g r a t e tend to be h igher when that angle 
is r e a c h e d through an o n - t r a n s i t i o n (the motoneuron 
act ing as the agonist ) than when it is r e a c h e d a f t e r an 
o f f - t r a n s i t i o n (wi th the motoneuron act ing as the a n t a -
gonist ) . 3) S t a t e of a l e r t n e s s of the animal; that could 
be r e l a t e d to a genera l s ta te of respons iveness of the 
whole system. 4) Adapta t ion p rocesses ; when the a n i -
mal r e p e a t e d l y f i xa ted a steady t a r g e t . 5) C r o s s t a l k i n g 
e f fec ts ; be tween the d i f f e r e n t p r o j e c t i o n p lanes of the 
eye movement subsystem. 

21 funct ional and an t id romic ident i f ied motoneu-
rons f r o m t h r e e ca ts , w e r e ana lyzed to p rov ide some 
insight on the p r e v i o u s points . In a f i r s t s tage , steady 
f i xa t ion coe f f i c ien ts , obtained by l inear r e g r e s s i o n 
techniques, r e v e a l e d a k va lué w i t h a b road d i s t r i b u 
t ion r a n g e , f r o m 3 to 12 sp ikes sec~1 d e g - 1 l ight ly 
peaked around 8 ; and a th resho ld va lué © t a lso wi th 
a b r o a d d i s p e r s i ó n rang ing f r o m 0 to 1 0 degrees r i g h t 
w i t h a h igher densi ty a round 6, 5 deg. r i g h t . 
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the s ignáis shown can he fo l lowedfrom the f i g u r e f e -
gend. T h e data points (R , © ) a r e obtained by a v e r a g i n g 
the R and © (hor i zonta l angular posi t ion of the lef t 
e y e - L H P Q S ) va lúes in the i n t e r v a l w i th in a p a i r of 
c u r s o r s that a r e posi t ioned in the d e s i r e d eye f i x a -
t ion t ime r a n g e s . 

A f i r s t conclusión can be obtained f rom f i g u r e 
1: T h e f i r i n g r a t e p r o f i l e , dur ing steady f i x a t i o n , cari 
ha rd ly be assumed, as is the normal s i tuat ion in the 
publ ished l i t e r a t u r e , to be constant; on the c o n t r a r y , 
it evo lves in t imefol lowing, in a f i r s t qua l i t a t i ve d e s -
c r i p t i o n , a monotonic p a t t e r n whose sense depends on 
the d i r e c t i o n of the p rev ious t r a n s i t i o n . T h i s f ind ing , 
in cont ras t wi th prev ious models 1 0» 1 t h a t cons ider : 
motoneuron a c t i v i t y shows a p u l s e - s t e p i n c r e a s e in the 
f i r i n g r a t e dur ing s a c c a d i c movement in the o n - d i r e c -
t ion, fo l lowed by a constant va lué which c o r r e s p o n d s 
to the new steady posi t ion , could exp la in , at least , 
p a r t of the high r e s i d u a l v a r i a t i o n in the r e l a t i o n s h i p 
between the angle of the f i xa t ion and the f i r i n g r a t e . ' 
M o r e o v e r , it could d isc lose some p r o p e r t i e s of the 
mechanisms involved in fhe in tegra t ion of in format ion 
at the motoneuron level of the oculomotor system. 

F i g . 1. A c t i v i t y of an ident i f ied abducens motoneuron 
( A x 4 - M1) ( le f t s ide ) d u r i n g spontaneous f i x a -
t ion eye movements of the ca t . F r o m top to b o t -
ton: T h e angular posi t ion of the lef t eye in the 
hor i zonta l p lañe ( L H P O S ) in d e g r e e s (sca le : 
10 deg. lef t (L_) - 10 deg. r i g h t (R) ) . T h e c o -
r r e s p o n d i n g eye ve loc i ty ( A V E L ) in deg. s e c - 1 

(sca le : 20 deg. s e c - ' le f t - 2 0 0 deg. s e c - 1 r ight ) 
T h e i n v e r s e of the i n t e r v a l s ( T ) be tween c o n s e -
cut ive act ion potent ia ls ( instantaneous f i r i n g r a -
te R ) (sca le : 2 0 0 sp ikes s e c - 1 ) . T h e point p r o -
cess (Sp) obtained f r o m the motoneuron act ion 
potent ia ls passing through a window d i s c r i m i n a -
t o r . 

A c l o s e r approach in the r e g r e s s i o n ana lys is 
can be fo l lowed in the f i g u r e s I and 2 . F i g u r e 1,shows 
the a c t i v i t y d u r i n g espontaneous f i x a t i o n eye move -
ments of the cat of a funct ional and an t id romica ly i den 
t i f i ed motoneuron ( A x 4 - M1) that i nnerva tes the e x t e r -
nal h o r i z o n t a l muscle óf the lef t e y e . T h e meaning of 

F i g . 2 . L i n e a r r e g r e s s i o n a n a l y s i s , fo r the same mo-
toneuronshowed in the F i g . 1. (Ax4 - M i ) , of the 
b id imensional random v a r i a b l e (R , © ) . F u l l 
points c o r r e s p o n d to steady f i x a t i o n s ta tes f e l -
lowing an o n - d i r e c t i o n eye transition. Star 
points a r e those fo r s teady f i x a t i o n s ta tes fol -
lowing an o f f - d i r e c t i o n eye t r a n s i t i o n . T h e r e -
g r e s s i o n l ines f o r both set of data a r e p lot ted 
as we l l as the total da ta samples ( T O T A L ) . Bi~ 
ggest s i z e fu l l points r e p r e s e n t the f i r i n g r a t e 
when the eye passes through the assoc ia ted a n -
gu lar posi t ion w i th instantaneous z e r o v e l o c i t y 
(see text for d e t a i l s ) . 

A p r a c t i c a l consequence, in r e l a t i o n to the ¡ n -
¡ n t e r p r e t a t i o n of the (R , © ) r e g r e s s i o n a n a l y s i s , is that 
regression coefficients depends on the t ime interval 
f rom the t r a n s i t i o n w h e r e data samples a r e taken. 

A s a mat ter of f ac t , the d i f f e r e n c e s founded in 
the k and 9 y v a l ú e s , fo r s e v e r a l s ta tes of a l e r t -
ness ( g r e a t e r v a l ú e s of R , f o r a g iven O , as the level 
of a l e r t n e s s i n c r e a s e s ) , could be exp la ined tak ing as 



a bas is the observed fenomena: s ince the state of a l e r t 
ness is f r e q u e n t l y eva lua ted by the number of eye f i x a 
t ion per unit of t ime; thus, as the a l e r t n e s s of the a n i -
mal increases , the mean va lué of the f i x a t i o n i n t e r v a l 
dura t ion d e c r e a s e s , and the f i r i n g r a t e sarrtples b e c o -
me c loser to eye t r a n s i t i o n s . 

A l so, the h y s t e r e s i s e f fect could be exp la ined < 
on those bas is , if we take into account the opposite 
sign of the motoneuron f i r i n g r a t e evolut ion p r o f i l e s 
dur ing f i x a t i o n a f t e r an on or off t r a n s i t i o n . 

T o overcome, as much as poss ib le , those e f -
f ec ts , the data points (R, © ) cons idered fo r r e g r e s s i o n 
ana lys is ( f ig . 2) w e r e se lec ted exc lus ive ly f r o m those 
f i xa t ion i n t e r v a l s íong enough to assume that the firing 
p r o f i l e is c ióse to i ts asymptot ic va lué (if this a s i m p -
tot ic va lué can be d e f i n e d ! ) . (R , © ) points of the same 
motoneuron se lec ted in f i g u r e 1 a r e p lot ted in f i g u r e 
2 . T h r e e r e g r e s s i o n l ines heve been obtained: one f o r 
eye f ixa t ions a f t e r o n - t r a n s i t i o n (k = 7. 5; ©-j- = - 4 . 42 
deg), another fo r eye f i x a t i o n a f t e r o f f - t r a n s i t i o n 
(k = 4 . 6; ©-p = - 10 deg) and the th f rd one const ruc ted 
f r o m the total number of data points (k=6. 1 5, ©-^-=-5.95) 
S e v e r a l n o n - l i n e a r models: exponent ia l , logar i thmic 
and polynomial (up to t h i r d o r d e r ) , not included in the 
f i g u r e , w e r e a l s o f i t ted to the data . 

A n ana lys is of v a r i a n c e , appl ied to the r e g r e s -
s ion models, showed the fo l lowing r e s u l t s : T h e best 
f i t c o r r e s p o n d s to the l inear model when it is e s t i m a -
ted s e p a r a t e d l y f r o m o n - d i r e c t i o n and o f f - d i r e c t i o n 
data sarrtples. T h e r e s i d u a l v a r i a n c e i n c r e a s e s when 
the model is f i t t e d to a l I the data point , which , on the 
other hand, is s m a l l e r that the r e s i d u a l v a r i a n c e o b -
tained f o r the n o n - l i n e a r models. 

T h e s e r e s u l t s could p ise on two d i f f e r e n t (not 
n e c e s a r i l y mutual ly e x c l u s i v e ) i n t e r p r e t a t i o n : 1) A s a 
supor t ing ev idence of the h y s t e r e s i s e f fec t , o r / a n d 2) 
C o n s i d e r i n g that , w i th in the angular r a n g e of motonejj 
r o n a c t i v i t y (© ^ © t ) > on -d i rec t ion and o f f - d i r e c t i o n 
f i x a t i o n data points w i l l show, on the s c a t t e r d i a g r a m , 
a g r a t e r densi ty fo r high and low, r e p e c t i v e l y , eye 
angular dev ia t ions (see f i g u r e 2); the obtained r e s u l t s 
suggest some k ind of n o n - l i n e a r e f fec t or k dependen 
cy on the eye angu lar posi t ion. 

A l s o , in the f i g u r e 2 , it has been included f i v e 
points (higgest s i z e fu l l points) , obtained by a d y n a m i -
cal test of the oculomotor plant that w i l l be p resented 
in the next p a r a g r a p h , that cor 'respond to the f i r i n g 
r a t e when the eye pass through those f i v e eye posi t ions 
w i th instantaneous z e r o v e l o c i t y . I t can be observed 
how c ióse they fo l low the two component l inear model; 
and then, it could be taken as a suppor t ing ev idence 
of the n o n - l i n e a r i n t e r p r e t a t i o n mentioned; s ince the k 
dependency on S , cannot be assoc ia ted , in this case , 
tó the h y s t e r e s i s e f f e c t . 

Motoneuron behav io r d u r i n g s low eye movements ( v e s -
t i b u l a r i n d u c e d ) . 

( the i r ob jéc t ives a r e d i f f e r e n t f r o m the system cont ro l 
point of v i e w ) . 

W h l l e the motoneuron behav ior dur ing f i x a t i o n 
is independent on which subsystem of the oculomotor 
system is Involved, dur ing eye movements, the ve loc i ty 
component of the d i f f e r e n t i a l equat ion, depends v e r y 
much on wh ich subsystem commands the movement 
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F i g . 3. A c t i v i t y of an ident i f ied abducens motoneuron 
(same one of p rev ious f i g u r e s ) dur ing v e s t i b u -
l a r s t imula t ion (s inusoidal head r o t a t i o n ) . F r o m 
top to bottom: T h e absolute angular posi t ion in 
space of the animal head ( T A B L E M O V . )„The 
absolute angular posi t ion of the lef t eye in the 
hor i zon ta l p lañe ( L H P Q S ) . T h e other two s i g -
náis a r e ¡dent ical to those of f i g u r e 1. V e r t i c a l 
sca les a r e those of f i g u r e 1. 

R L da/dl (deg.s«c ) 

F i g . 4 . L i n e a r r e g r e s s i o n ana lys is of the randpm v a r i a 
b le (R , © ) dur ing s low eye movements under s i -
nusoidal v e s t i b u l a r s t imu l i , f o r d i f f e r e n t va lúes 
of the eye angu lar posi t ion ( © = - 3 . 57 to 1 0 . 7 1 ; 
3. 57 deg. a p a r t ) . T o avoid confusion, only the 
data samples for © = 7 . 14 deg. have been p l o t -
ted. B iggest s i z e points (R , © / © = 0) c o r r e s -
pond to the same type of f i g u r e 2 . T h e c o e f f i -
c ient r (spikes s e c _ V d e 9 - s e c - * ) (s lope of 
the r e g r e s s i o n l ines) is r e p r e s e n t e d as a f u n c -
t ion of © . 



T h i s exper imenta l ev idence suggests that the v a r i o u s 
subsystems g e n e r a t e the i r own s ignáis accord ing to 
the i r purpose , being added together to produce at the 
motoneuron a unique eye posi t ion command. Robitason 

cons iders that , at the oculomotor p lant , h o w e v e r , 
the ve loc i ty component of the model is the same fo r 
any type of eye movement, changing only the va lué of 
the coef f ic ient r . 

S i n c e our purpose is to r e v i e w the adequacy of 
the v e l o c i t y component included in the d i f f e r e n t i a l 
equat ion of the oculomotor p lant , we l imit our p r e s e n -
t a r o n to a s p e c i f i c type of eye movement: S l o w m o v e -
ments ( in the r a n g e ± 12 deg. s e c " ' ) induced by v e s t i -
bu lar s t imul i . 

1 3 f u n c t i o n a l and an t id romica ly ident i f ied moto-
neurons f r o m 3 cats w e r e ana lyzed . T h e procedure to 
est ímate the coe f f ic ien t r can be fo l lowed f r o m f i g u -
r e 3 in which it has been r e p r e s e n t e d the a c t i v i t y of 
the same motoneuron (Ax4 - M i ) of p rev ious examples, 
under s inusoidal v e s t i b u l a r s t imulat ion . T h e meaning 
of the d i f f e r e n t s ignal plot ted is included in the cor res , 
pondfng legend. 

T h e data points of the b id imensional random v a -
r i a b l e (R , © ) w e r e obtained by se lec t ing an h o r i z o n t a l 
c u r s o r at a g iven eye angle ©¡ and posi t ion ing the 
v e r t i c a l c u r s o r at the c r o s s i n g points t¡ w h e r e 
©( t ¡ ) = ©¡ . Only the c r o s s i n g points cor respond ing to 
s low movements w i th a R ( t ¡ ) / 0 , w e r e cons idered 
fo r a n a l y s i s . A t the s e l e c t e d t imes t¡ , the i n s t a t a -
neous eye v e l o c i t y © ( t ¡ ) and instantaneous f i r i n g 
r a t e R ( t ¡ ) w e r e measured . T o avoid the e f fect of the 
analog channel no ise , it was ¡mplemented a se lec tab le 
w id th smoothing a lgor i thm. 

T h e r e s u l t s obtained for 0 ¡ = 0 (when the eye 
passes through the o r i g i n of the eye angles) showed a 
l i n e a r c o r r e l a t i o n coef f ic ient g e n e r a l l y g r e a t e r than 
0, 9 and r va lúes in the r a n g e 0 . 2 6 to 1. 78 s p . s e c - 1 / 
deg. s e c - ' f o r the motoneurons ana lyzed . 

Repea t ing the p r o c e d u r e at d i f f e r e n t va lúes of 
Q ¡ , it would be expected, under the assumptions of the 
model , a fami ly of paral lel l ines (r independent of © j ) 
and equa l l y spaced f o r equal increments of ©¡ (k inde 
pendent of © ¡ ) . F i g u r e 4 , shows the r e g r e s s i o n l ines 
c o r r e s p o n d i n g tp the random v a r i a b l e (R , ©) for f i ve 
d i f f e r e n t va lúes of ©¡ , 3 . 5 7 d e g r e e s a p a r t . S e v e r a l 
conclusions can be d rawn: 1) F o r any angular posi t ion 
©¡ , the l inear model showed the minimun r e s i d u a l v a -
r i a n c e ( in the f i g u r e , only the data points fo r © = 7 . 14 
have been r e p r e s e n t e d to avoid confusion) wi th in the 
- 12 deg. s e c - 1 eye ve loc i ty r a n g e . 2 ) A t any eye v e l o -
c i ty , w i th in the r a n d e cons idered , the increments of 
the f i r i n g r a t e due to equal increments of © ¡ (3 . 57deg.) 
a r e not uni form but r a t h e r inc reas ing w i th the angular 
posi t ion © ¡ , w h e r e © was eva luated . T h e p r e d i c t e d 
va lúes by the l inear r e g r e s s i o n models of f i g u r e 4 fo r 
é = 0, that is , (R , § / & = 0)„ w i l l def ine f i v e (R , © ¡ ) 
points (biggest s i z e fu l l points^in f i g u r e 4) that, accor 
ding to the d i f f e r e n t i a l equat ion of the model , have 
a lso been r e p r e s e n t e d on the s c a t t e r d i a g r a m under 
f i xa t ion condit ions ( f ig . 2) . It can be observed how 
we l l they f i t the two s lopes l i n e a r model (R , © ) o b t a i n -
ed under s t a t i c condi t ions. S i n c e at any © , wi th ing ex 
pe r imenta l r a n g e c o n s i d e r e d , and, as a p a r t i c u l a r c a -

sé , at © = 0, the increment in the f i r i n g r a t e fo r equal 
increments of the eye angle is not constant; it can once 
more be r e a l i z e d the ex is tence of a dependency on © 
of the k va lué of the model , being g r e a t e r as the eye 
angle i n c r e a s e in the pul l ing d i r e c t i o n of the eye m u s -
c le . 3) T h e s lopes of the r e g r e s s i o n l ine of f i g u r e .4, 
a r e not constant for the d i f f e r e n t © ¡ , but they increa_ 
se w i t h ©¡ . A plot of the r va lué (slope of the r e g r e 
ssion l ines in sp ikes s e c ~ ' / d e g . s e c - ' ) is a lso i n c l u -
de in the f i g u r e 4 . A conclusión is evident: the r coe 

f f i c i en t depends on the eye angle , inc reas ing in a r a -
ther fas t way fo r l a rge angular d is tances f r o m the ori_ 
gin in the pu l l ing d i r e c t i o n of the eye muscle . In other 
w o r d s , the constancy of the coef f ic ient of the ve loc i ty 
component of the model can only be assumed w i th in a 
l imited angular r a n g e of the eye movement in the h o r i -
zonta l p lañe. 

Conclusions 

T h e r e s u l t s p resented h e r e i n show the need of 
a deep r e v i s i ó n of the, gpnera l l y accepted, f i r s t o r d e r 
l inear t ime i n v a r i a n t model, that r e l a t e s the i n s t a n t a -
neous f i r i n g r a t e of the abducens motoneuron to the an 
guiar hor i zonta l component of the eye posi t ion in s p a c a 
In terms of the mathemat ical characterizatíon of the 
n o n - l i n e a r e f fects suggésted by the included r e s u l t s 
on the behav ior of the system (oculomotor p lant ) , d u -
r i n g s teady f i xa t ion and s low v e s t i b u l a r induced eye 
movements. 

A n obvious pro longat ion of this r e s e a r c h , now 
in p r o g r e s s on the data a l r e a d y a c q u i r e d , is the a p p l i -
cat ion of s i m i l a r p r o c e d u r e s to other types of eye mo-
vements and ranges of v e l o c i t y ( w i d e f requency range 
s inusoidal v e s t i b u l a r s t imul i and fas t movement-sacca_ 
d ic ) f rom the set of r e c o r d e d motoneurons; taking into 
account the indiv idual d i f f e r e n c e s . W i t h the purpose 
of gett ing a fo rma l r e p r e s e n t a t i o n of the r e l a t i o n s h i p 
between the model coef f ic ients and the eye angular p o -
s i t ion; both fo r each motoneuron and fo r the set of 
c e l l s . 

Da ta a r e a lso being ana lyzed f r o m a d i f f e r e n t 
approach: harmonic a n a l y s i s , appl ied to the system 
under s inusoidal v e s t i b u l a r s t imula t ion and r e s t r i c -
ted to a range of s t imul i ampl i tude and f r e q u e n c y , to 
assume that a I i n e a r i z a t i o n approx imat ion is a p p r o p i a -
te. 

A l s o , the mathemat ical c h a r a c t e r i z a t i o n of the 
f i r i n g p r o f i l e s dur ing steady f i xa t ion a f t e r an on and 
off eye t r a n s i t i o n , w i l l help to e luc ida te the ex is tence 
of a s ign i f icant h y s t e r e s i s e f fect and the hypothet ic 
model p a r a m e t e r s dependency on the level of p l e r t n e s s . 
On the other hand, a be t te r understanding of the n o n -
l i n e a r i t i e s mentioned can be obta ined, s ince the v a r í a n 
ce of the f i r i n g r a t e exper imenta l samples w i l l be r e -
duced. A n f i n a l l y , and m o r e ímpor tant , the model l ing 
of the f i r i n g p r o f i l e s under f i xa t ion and those a s s o c i a t -
ed to eye saccades between f i xa t ion , is a unavoidable 
step to cover the purpose to extend the oculomotor 
plant model to saccad ic eye movements. 

F u r t h e r s tudies should be done to include p r e -
vious r e s u l t in the s t r u c t u r a l and funct ional d e s c r i p -
t ion of how the in format ion content of the n e u r a l s igna l 



at the output of abducens motoneurons Ts t ransduced 
to eye movements, tak ing into account both, the m e -
chanical p r o p e r t i e s of the m u s c l e - e y e b a l I s t r u c t u r e 
and the fac t that the model p a r a m e t e r s (k, © y , r ) def in 
ed fo r each motoneuron a r e d i f f e r e n t w i th in w ide d i s -
p e r s i ó n r a n g e s . It has to be cons idered , that the p u r -
posed model r e l a t e s a s ing le neuron f e a t u r e , i t s f i r i n g 
r a t e , to a global f e a t u r e , the eye angu lar posi t ion due 
to the compound a c t i v i t y of many motoneurons. T h a t is, 
the oculomotor model can be i n t e r p r e t e d as a causal 

1 9 
model, only under the dangerous assumption ^ that 
the motoneuron set can be d e s c r l b e d by a typica l 
"mean behavlng" motoneuron.1 

A f ina l w o r d is to e x p r e s s our convlct lon that 
any f u r t h e r p r o g r e s s to understand how ¡s p r o c e s s e d 
the in format lon w i th in the oculomotor system, and any 
other system that could be def ined in the b r a l n , has 
to be based on two maln p i l a r s : A data adquis i t lon sys 
tem to handle in some f l e x i b l e and s t r u c t u r e d way a 
g r e a t ammount of data and the in tensive appl ¡cat ión of 
the a v a i l a b l e mathemat ical tools , mainly those of c o n -
t r o l system a n a l y s i s and model Ident i f ica t ion and e s t i -
mation s t a t i s t i c s . 
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