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The existence of two types  of sensory hairs in  the  ves t ibular  sensory epithelia 
has been reported by  Hv, LI) (1926) and  by  KOLMER (1927). Using the electron- 
microscope, WERS:~LL (1956) and  others have more clearly demons t ra ted  these 
stereocilia and  kinocil ia.  The basal  body  of a k inoci l ium has also been described in 
the  cochlear hair  cells of guinea pigs by  FLOCK et al. (1962) as well as E~GSTRSM 
et al. (1962). A morphological  polar izat ion of the  sensory hairs in the cristae and  the 
lateral  line organ of fish seems to be in direct  relat ion to the func t ion  of these 
sensory epithelia (LSwENST]~IN and  WERS;~LL, 1959). 

The u l t r a s t ruc tu re  of the sensory cells in the  maculae  is basically the same as 
in the cristae. However,  in format ion  on the organizat ion of the  cilia in the  
maeulae is no t  complete. 

Material and methods 
Squirrel monkeys and guinea pigs were used for this investigation. In the anaesthesized 

animal, the vestibulum of one ear was widely opened and the maeulae were exposed without 
damaging the blood supply. An excess of cold buffered osmic acid was then poured into the 
vestibulum, the maculae carefully removed and placed in cold osmic acid for further 
fixation. After dehydration and embedding in Epon 812, thin vertical and horizontal sections 
were obtained on an LKB Ultratome with a diamond knife. The sections were stained in 
uranyl acetate and studied in an RCA EMU 3 G electron microscope. 

Some thick sections (1--2 ;u) were made for observation under the phase contrast light 
microscope, mainly to reconstruct the surface of an entire maeula. 

Results 
The surface of the sensory epithelia of the  macula  u t r icul i  and  saccuh consists 

of the top of the hair  cells of type  I and  type  I I  as well as suppor t ing  cells. At 
the surface, all three types of cells have specific cilia. Each sensory cell carries 
m a n y  stereocilia and  one kinoci l ium whereas the suppor t ing  cells have only one 
kinoci l ium and  a great  n u m b e r  of microvill i  (Fig. 1). There is no s ignif icant  
difference between the  cilia of the macula  sacculi and  the macula  utriculi .  

* This work was supported by NASA Research Grant NsC 268--62 to the Harvard 
University Medical School at the Dept. of Otolaryngology, Massachusetts Eye and Ear 
Infirmary, Boston, Mass. and by U.S.P.H.S. National Institute of Neurological Diseases and 
Blindness, Grant nos. B 3447 and B. 3779. 
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In  horizontal sections close to the cell-surface we found from 60 to 105 stereo- 
cilia per sensory cell. More distant from the cell the number becomes progres- 
sively smaller until finally only very few stereocilia penetrate the otolithic 
membrane together with the kinocilium. The shortest of the stereocilia are 1 # 

and the longest at least 12 # long 
- -  (Fig. 2). In  our preparations we 

~ " " ~ ~  - ~ -  ~ ~ - ~ ~ _  _~-~-~  found no distinct lower limit of the 
otolithic membrane. The fibrillar 

. . . . .  appearance of this membrane may  
be a preparation artefact. The 

. . . . . .  density of the fibrillar texture is 
the highest in the upper parts of 
the membrane,  gradually decreasing 
towards the surface of the sensory 
epithelium. Only the longer hairs 
reach the denser region of the 
otolithic membrane.  

As demonstrated by  RETZIUS 
(1884) and later by E~GST~OM et al. 
(1962), the longest of the stereocilia 
are always adjacent to the kino- 
cihum. From this point, they grad- 
ually become shorter towards the 
other side of the cell surface (Fig. 2). 
Their clublike shape with a flattened 
end is best demonstrated in short 
cilia. The diameter varies from 
0.04# at the base to 0 .2#  at the 
top (Fig. 3 a). The stereocilia usually 
appear as straight rods and seem 
to have a relatively high rigidity 
as compared with kinocilia which 
are bent in most preparations 
(Fig. 3a). The weakest point of 
the stereocilia seems to be their thin 

Fig. I. Sehema, t i cdrawingo f2sensoryce l ] s (HCIand  neck part,  where in some instances 
HC I I )  of the  m a e u l a  w i t h  the  typ ica l  a r r a n g e m e n t  
of s tereoci l ia  (St) and  kinoef l ia  (K1) and  the i r  re la t ion  they are bent as well, probably due 
to the  otol i thie  m e m b r a n e  (O). E a c h  suppor t i ng  (S) 

cen has  one shor t  k inocf l ium (K~) wi th  to mechanical stress duringthe tissue 
a striatea rootlet preparation (Fig. 4a) (cp. ENGSTRhM 

et al., 1962; WERSXLL, 1956). 
Our findings on the ultrastructure of the stercocilia correspond essentially 

with those of ENGST~6M et al. (1962). The dense rootlets of the hairs usually 
extend downward through the entire cuticular plante and upward for only a short 
distance into the neck of the cilia (Fig. 3a  and 4a). The proper substance of the 
cilium has a fairly uniform extremely fine longitudinal wispy texture. The outer 
delimitation of the hair itself consists of two different membranes separated by 
a lighter zone which is about 70 A thick (Fig. 3a). The outer membrane is a 
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Fig. 2, Haircel l  t ype  I (HC I )  and  t y p e  I I  (tIC I I )  sur rounded  b y  suppor t ing  cells (S). The  stereo- 
cilia p resen t  a s tepwise increase in  lengths  f rom one side of the  hair  cell sm~ace to the  other .  Their  
ends are  f ia t  and  axe therefore  easily recognized (E). The  longest  stereocilia are  a lways  ad jacen t  to 
the  kinoell ium (K). There  usual ly  are  p ro tuberances  (P)  a t  the  eut icula  free sin-face of ha i r  cells type  I .  
Somet imes  an  accessory basal  body  (B) can  be found somewhere  in the  cy top la sm of the  sensory cells. 
Inse t :  Rela t ion of the  uppe r  pa r t  of the  ha i r  bundles  to the otolithie m e m b r a n e  (M), which appears  
as a fibrillar substance wi th  decreasing densi ty  towards  the  surface of the  sensory epi thel ium.  The 
kinocilia (K) usual ly  pene t r a t e  the  deepest  into the otoli thic m e m b r a n e .  Bundles of stereocilia (St) 

continuation of the plasma membrane of the sensory cell and consists of two 
separated layers in the sense of the unit membrane of ROBWRTSON (Fig. 4b). 



Fig .  3 a. A p i c a l  p a r t  of  two  s enso ry  cel ls  w i t h  r i g i d  c lub l ike  s h a p e d  s t e reoc i l i a  (S)  a n d  one l o n g i t u d i n a l l y  s ec t i oned  
k i n o e f l i m n  (K),  w h i c h  is m o r e  f lex ib le .  The  r o o t l e t s  (R) of t h e  s t e reoc i l i a  e x t e n d  f r o m  the  n a r r o w  n e c k  p a r t  of 
t h e  h a i r  i n t o  t h e  c u t i c u l a r  p l a t e  (C). The  o u t e r  l i m i t s  of t he  s te reoc i ] ia  are c h a r a c t e r i z e d  b y  an  o u t e r  m e m b r a n e  of 
a b o u t  60 A (OM), w h i c h  is  a c o n t i n u a t i o n  of t he  ce i l  p l a s m a  m e m b r a n e ,  a n d  a v e r y  f ine  i n n e r  m e m b r a n e  of 20 A 
(Izll), w h i c h  is  c o n t i n u o u s  w i t h  t he  roo t l e t .  B e t w e e n  t h e  s enso ry  cells is  a s m a l l  e x t e n s i o n  of a s u p p o r t i n g  cell  

w i t h  a m i e r o v i l l u s  (V) 
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Near the base, the stereociha show a regular geometrical arrangement with 
the basic pattern of an equilateral triangle (Fig. 3b). This geometrical arrangement 
exists only close to the cell surface and disappears with increasing distance. 

The spatial relationship between kinocilia and stereocilia has a very definite 
and typical pattern. The kinocilium always originates from a basal body which 
sits in a round cuticula-free zone on the small side of the ovalshaped cell surface 
(Fig. 3b). In  one single horizontal section which covers an area of about 80 cells, 
the kinocilia of most sensory cells appear on the same side of the cell surface. 
They are polarized in the same direction with a variation of 4-200 (Fig. 5). 
There are, however, always a variable number of cells ~dth different polarization 
(Fig. 5a, 3c). This is illustrated by their relative numbers in some sections: 

direction of 
polarization 

~ [  ~Seer 

- I ] I I  

anterior 
lateral [ 6 I 11 
posterior] 35 I 
medial [ 3 [ 2 

III 

14 
3 
1 
1 

Each column represents the number of sensory cells in one section which have been 
counter and sampled according tho the direction of polarziation of their kinocilia. Each section 
shows a. different major direction of polarization. 

In  addition, the general direction of polarization varies in different areas of 
the macula. In relatively thick (1/t), but larger sections for phase contrast 
microscopy, the kinocilia and their basal bodies can still be recognized (Fig. 5 b). 
In  order to analyse the spatial relationship of the cilia of the entire macula, 
a macnla is embedded and divided into several blocks of suitable size for sec- 
tioning. I t  is possible to keep each block in the same spatial orientation as the 
entire macula. If  the cutting surface of each block - -  and therefore the sections - -  
have the shape of an irregular quadrangel, we are able to orient the final sections 
according to the spatial orientation of the tissue in the animal. 

In  this way it is possible to reconstruct the spatial arrangement of the cilia 
of an entire macula. We found the general direction of kinocfliar polarization 
different for each part  of the maeula (Fig. 10). In  some instances, two opposite 
or distinctly different general directions of polarization were represented in one 
single section. 

We have not yet  been able to demonstrate a simple regular pattern of kino- 
ciliar polarization. However, it appears that groups of several hundred cells are 
polaxized in the same direction and that  there are many such groups with different 
polarization within one macula (Fig. 10). 

Fig.  3b .  H o r i z o n t a l  sec t ion  t h r o u g h  the  c u t i c u l a  of a s enso ry  cell, w i th  the  g e o m e t r i c a l l y  a r r a n g e d  
roo t le t s  (R) of t he  s tereoci l ia  a n d  the  b a s a l  b o d y  (B)  of t he  k inoc i l ium on  one side of  t he  cell  sur face  
ill a c u t i c u l a  f ree  zone.  E a c h  s u p p o r t i n g  cell  h a s  one k inoc i l i um (Ks) a m o n g  m a n y  mierovi l l i ,  i 

v a c u o l a r  p r o t u b e r a n c e  of t h e  s enso ry  cell su r f ace  is seen a t  (P )  
F ig .  3c .  H o r i z o n t a l  s ec t ion  t h r o u g h  h a i r  b u n d l e s  s l igh t ly  a b o v e  the  cell sur face .  I n  t h i s  i n s t a n c e  
the  po lax iza t ion  of  t he  k inocf l ia  (K)  is in  oppos i t e  d i rec t ion .  I n  a d d i t i o n  to  t h e  t y p i c a l  p a t t e r n  of t h e  
k inoc i l imn  w i t h  9 p e r i p h e r a l  a n d  t w o  c e n t r a l  f i l aments ,  t h e r e  a re  some  dense  corpusc les  (C) n e a r  t h e  

o u t e r  m e m b r a n e  of t he  c i l ium 



F i g .  4 a .  A p i c a l  pa~'t  o f  a s e n s o r y  cel l  w i t h  l o n g i t u d i n a l l y  s e c t i o n e d  r o o t l e t s  ( R ) o f  s t e r e o c i l i a  (St ) ,  w h i c h  u s u a l l y  
e x t e n d  t h r o u g h  t h e  e n t i r e  c u t i c u l a r  p l a t e  (C). T h e r e  is  a q u e s t i o n a b l e  f i n e  t r a n s v e r s e  s t r i a t i o n  i n  t h o s e  r o o t l e t s .  

T h e  s t e r e o e i l i a  a p p e a r  i n  c ro s s  s e c t i o n  b e c a u s e  t h e y  a r e  b e n t  j u s t  a b o v e  t h e  s u r f a c e  of  t h e  c u t i c u t a  
F i g .  4 b .  S t e r e o e i l i a  (S t )  a n d  one  k i n o e i l i u m  ( K )  of  a s e n s o r y  cell  i n  c ross  sec t ion .  T h e  t y p i c a l  p a t t e r n  of  a k i n o -  
c i l i u m  wi~h 9 p e r i p h e r a l  a n d  2 c e n t r a l  f i l a m e n t s  a n d  one  a d d i t i o n a l  p e r i p h e r a l  c o r p u s c l e  i s  c l e a r l y  v i s ib le .  T h e  
b a s a l  b o d y  ( B )  of  a s u p p o r t i n g  cel l  (S)  a p p e a r s  in  a n  o b l i q u e  s ec t i on .  T h e  doub le  l a y e r s  of  t h e  cell  m e m b r a n e  
( u n i t  me l~ lb rane )  c a n  be  s e e n  a t  t h e  cell  m e m b r a n e  of  t h e  cel l  s u r f a c e  a~ wel l  as  on  t h e  m l e r o v i l l i  ( M )  a n d  a l i t t l e  

l e s s  c l e a r l y  on  t h e  s t e r e o c i l i a  (D)  
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F ig .  5a .  Hor i zon t a l  sect ion t h r o u g h  the  surface  or s l igh t ly  above  the  surface  of the  sensory  ep i the l ium of 
a maeu la .  The k inoci l ia  (K)  or t he  basa l  bodies  of the  sensory  cells (B1) are  polar ized more  or less in  the  
s a m e  direct ion.  Some kinoci l ia ,  however ,  do no t  follow the  rule and  are  polar ized in  a d i f fe ren t  d i rec t ion  

(X).  E a c h  suppo r t i ng  cell has  i ts  kinocfliuzn w i t h  a basal  body  (B,)  
F ig .  5b.  T h i c k  sect ion t h r o u g h  the  surface of the  sensory  ep i the l ium observed  w i t h  phase  c o n t r a s t  l i gh t  
microscope.  The cu t icu la r  a r e a  (C) of the  sensory  cells and  the  basa l  bodies of the  k inoc i l ia  (B1) are d e a r l y  
visible.  E a c h  suppo r t i ng  ce]l shows a d a r k  spot ,  which  r ep re sen t s  i ts  k inoe i l ium (K, )  or the  basal  bodies  
Fig .  5e. :Horizontal  sect ion t h r o u g h  sensory  h a i r  bundles  close to the  surface  of the  sensory  epi the l ium.  
The  m a i n  d i rec t ion  of polar iza t ion  of the  kinocfl ia  (K)  in  re la t ion  to the  s tereocl l ia  (St) is i nd i ca t ed  

by  a la rge  a r row 



F i g .  6 a .  H o r i z o n t a l  s e c t i o n  tbl~ough t h e  s u r f a c e  o f a  s u p p o r t i n g  cell .  T h c t u b u l a r  f i l a m e n t s  in  t h e  k i n o c i l h u n  
( K )  a r e  c o n n e c t e d  to  a r i n g  n e a r  t h e  b a s e  of  t h e  kb~oc i l ium.  T h e  k i n o c i l i u m  a n d  t h e  m i c r o v i t l i  ( M )  s h o w  t h e  

d o u b l e  m e m b r a n e  p a t t e r n  of  t h e  u n i t  m e m b r a n e  
F i g .  6 b. C ros s  s e c t i o n  th ro l~gh  a k i n o c i l i u m  of  a s u p p o r t i n g  cel l  a l i t t l e  f u r t h e r  a w a y  f r o m  t h e  cell  s u r f a c e .  
T h e  d o u b l e  t u b u l a r  f i l a m e n t s  r u n  w i t h o u t  a spec i f i c  o r d e r  t h r o u g h  t h e  k i n o e f l i u m  a n d  t h e y  a re  ~ d u e e d  in  n u m b e r  
F i g .  6e .  H i g h  m a g n i f i c a t i o n  d e t a i l  f r o m  F i g .  5a ,  w h i c h  s h o w s  c l e a r l y  t h e  t w o  d e n s e  l a y e r s ,  a b o u t  20 A t h i c k ,  
s e p a r a t e d  b y  a l i g h t e r  z o n e  of  a b o u t  30 .~. T h i s  p a t t e r n  of  a " u n i t  m e m b r a n e "  ( U )  is  p r e s e n t  i n  k i n o c i l i a  

( K )  a n d  on  t h e  m i c r o v i l l i  ( M )  a s  wel l  a s  on  t h e  s t e r e o e i l i a  
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F i g .  7a .  B a s a l  b o d y  (B)  a n d  r o o t l e t  (R)  of  a k i n o c i l i u m  ( K )  i n  a s u p p o r t i n g  cell .  T h e  r o o t l e t  s e e m s  to  
be  loose ly  a t t a c h e d  to  t h e  b o t t o m  of  t h e  b a s a l  b o d y .  T h e r e  is  a c l ea r  t r a n s v e r s e  d o u b l e  p e r i o d i c i t y  
i n  t h e  r o o t l e t .  T h e  l a r g e  b a n d s  a r e  a b o u t  100 A t h i c k  a n d  a t  a d i s t a n c e  of  a p p r o x .  500 A_ f r o m  e a c h  

o t h e r .  T h e  s m a l l e r  s t r i a t i o n s  b e t w e e n  a r e  a p p r o x .  50 2~ t h i c k  

F i g .  7 b. Cross  s e c t i o n  t h r o u g h  a b a s a l  b o d y  in  h i g h  m a g n i f i c a t i o n .  T h e  t y p i c a l  p a t t e r n  of  n i n e  t r i p l e  
t u b u l a r  f i l a m e n t s  i n  a s p i r a l  a r r a n g e m e n t  c o r r e s p o n d s  e x a c t l y  to  t h e  s t r u c t u r e  of  a e en t r i o l e .  T h o s e  
t r i p l e  t u b u l a r  f i l a m e n t s  a r e  t h e  c o n t i n u a t i o n  of  t h e  p e r i p h e r a l  f i l a m e n t  i n  t h e  k i n o c i l i u m .  T h e  b a s a l  

b o d i e s  of  t h e  k i n o e i l i a  o f  s u p p o r t i n g  a n d  s e n s o r y  cells  h a v e  t h e  s a m e  a p p e a r a n c e  

F i g .  7 e. S e c t i o n  t h r o u g h  a b a s a l  b o d y  w i t h  a n  a s s o c i a t e d  e e n t r i o l e  i n  r e l a t i o n  to  a k i n o e i l i u m  ( K )  
of  a s u p p o r t i n g  cell.  T h e  k i n o c i l i a  i n  t h e  s u p p o r t i n g  cel ls  u s u a l l y  h a v e  a b a s a l  b o d y  a n d  a n  a s s o c i a t e d  
een t r i o l e ,  f r e q u e n t l y  i n  a p e r p e n d i c u l a r  p o s i t i o n  to  e a c h  o t h e r ,  w h i c h  c o r r e s p o n d s  to  t h e  o r i g i n a l  pos i -  
t i o n  of  t h e  t w o  e e n t r i o l e s  i n  a d i p l o s o m e .  T h e  b a s a l  b o d y  (B1), w h i c h  i s  p e r p e n d i c u l a r  to  t h e  cell  
s u r f a c e ,  i s  a l w a y s  i n  c o n n e c t i o n  w i t h  t h e  k i n o c i l i u m ,  w h e r e a s  t h e  s e c o n d  one  (B~) l i es  m o r e  o r  l ess  
f r ee  i n  t h e  c y t o p l a s m .  A s  i n  l o w e r  a n i m a l s ,  t h e r e  is  a b a s a l  p l a t e  ( P )  b e t w e e n  b a s a l  b o d y  a n d  k i n o c i l i u m .  
T h e  l o w e r  e n d  of t h e  c y l i n d r i c a l  b a s a l  b o d y  is  open .  S m a l l  v e s i c l e s  (V)  a re  f r e q u e n t l y  f o u n d  i n s i d e  t h e  

b a s a l  b o d y  

Z. Zellforseh., Bd. 62 47 
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F ig .  8. H i g h e r  m a g n i f i c a t i o n  of  t he  b o t t o m  of a h a i r  cell  t y p e  I I  f r o m  F ig .  9 (X). There  arc  two  basa l  
bod ie s  (B1 a n d  B~). A t y p i c a l  k i n o c i l i u m  (K) emerges  f r o m  one basa l  b o d y  (B1) a n d  e x t e n d s  d o w n w a r d  
b e t w e e n  s u p p o r t i n g  cel ls  (S)  a n d  n e r v e  f ib res  (N). A second  k i n o c i l i u m  is seen in  cross sec t ion  r i g h t  
n e x t  to  i t .  I n  a d d i t i o n  to  t he  k i n o c i l i a  t he re  is  t he  b e g i n n i n g  of d i f f e r e n t i a t i o n  of a c u t i e u l a  (C). The  
g r e a t  n u m b e r  of G o l g i  m e m b r a n e s  (G) a n d  r e l a t e d  m u l t i v e s i c u l a r  bod ies  (M) is u s u a l  i n  t he  t y p e  I I  

h a i r  cells 

The kinoeilia of the vestibular sensory cells have the same basic structure 
as kinocilia elsewhere (Fig. 4b). They  are the longest of all the cilia in the macula 
and penetrate  into the otolithic membrane.  

The outer  limiting membrane  of the kinocilium corresponds to the cell plasma 
membrane  with the typical  s t ructure of a uni t  membrane  (Fig. 6). I n  addition 
to the basic pa t te rn  of 9 peripheral doublets and two single central filaments, 
the kinocilia of the macular  sensory cells f requently show excentrie small corpus- 
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F i g .  9 a .  S u r v e y  p i c t u r e  of  p a r t  of t h e  s e n s o r y  e p i t h e l i u m  of  a m a e u l a  ~ i t h  2 h a i r  cel ls  t y p e  I I  (HC I I )  
a n d  s u p p o r t i n g  cel ls ,  one  of  w h i c h  (S)  c a n  be  f o l l o w e d  f r o m  t h e  b a s e m e n t  m e m b r a n e  (B~4)  u p  to  t h e  
s u r f a c e  of  t h e  e p i t h e l i u m .  A t  t h e  t o p  i t  c a r r i e s  a k i n o c i l i u m  w i t h  r o o t l e t s  (K) .  ( X )  d e s i g n a t e s  t h e  
a r e a  of  a h a i r  cell  t y p e  I I ,  w h i c h  i s  r e p r o d u c e d  a t  h i g h e r  m a g n i f i c a t i o n  i n  F i g .  8 a n d  s h o w s  b a s a l  b o d i e s  

a n d  k i n o c l l i a  a t  t h e  b o t t o m  of  t h e  h a i r  cel l  

F i g .  9 b .  D e t a i l  f r o m  t h e  t o p  of  t h e  s u p p o r t i n g  cell  o f  F i g .  8 a  s h o w i n g  t h e  k i n o e i l i u m  ( K )  w i t h  t w o  
s t r i a t e d  r o o t l e t s  (R)  

cles, usually in close contact with the outer membrane of the cilium, but very 
irregular in number and orientation (Fig. 3c, 4b). Near the cell surface the 
peripheral filaments are joined together to form a ring. The filaments' intracellular 

47* 
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extensions form the cylindrical basal body. There the filaments assume a triple- 
tubular  shape and appear  in a spiral a r rangement  (Fig. 7b). At  the upper end, 
the basal body  is usually closed by  the basal plate of the cilium whereas the 
lower end is open (Fig. 7 c). A few small vesicles can often be distinguished inside 
the cylinder of the basal body. 

On some occasions we have seen a typical  kinocilium with its basal body  
originate at  the bo t tom of the sensory cell and extend downward between sup- 
port ing cells and nerve fibres (Fig. 8). I n  these cases, there exists a deep circum- 

ciliary invagination of the sensory cell's 

B~ 

Fig .  10. S c h e m a t i c  d r a w i n g  of a m a c u l a  u t r i c u l i  
w h i c h  ha s  been  r e c o n s t r u c t e d .  The  s m a l l  f i gu re s  
w i t h  a r rows  i n d i c a t e  the  m a i n  d i r e c t i o n  of  po la r i -  
z a t i o n  of the  k i n o c i l i a  i n  d i f f e r e n t  a reas  of t he  
m a c u l a .  E a c h  of t h o s e  f i g u r e s  w i t h  a r rows  
r e p r e s e n t s  a g r o u p  of  s e ve ra l  h u n d r e d  senso ry  
ceils. A t  t he  u p p e r  l e f t  is  a s c h e m a t i c  p i c t u r e  
of t he  a r r a n g e m e n t  of  s t e r eoc i l i a  ( smal l  p l a i n  
do t s )  a n d  t he  k i n o c i l i u m  ( la rger  circle w i t h  

do t s )  of one  senso ry  cell  

plasma membrane.  Isolated centrioles, 
similar to basal bodies, can be found 
anywhere in the sensory cells (Fig. 2 
and 8). 

Each  support ing cell has also one 
modified kinocilium more or less in the 
center of its surface (Fig. 5b  and 9). 
Near  the cell surface they  show a 9 -k 0 
pa t te rn  with missing central filaments 
(Fig. 6a). More distant  from the cell 
surface, however, the peripheral filaments 
lose their regular annular  ar rangement  
and lie wi thout  a special order within the 
kinocilium (Fig. 6b). At  the same time- 
their number  decreases. 

The basal body  reveals the same 
structure as it does in the sensory cells. 
There is, however, usually an associated 
centriole of the same dimensions and 

s t ructure  close to the basal body  proper but  wi thout  direct connection to it 
(Fig. 7 c). I n  relation to the basal bodies in the support ing cells there are typical  
roots as long as 2 # (Fig. 7 a). Usually more than  one root  extends from the basal 
body  in different directions. Those rootlets present a distinct periodicity in two 
phases in the form of transverse striations as well as a faint longitudinal texture 
(Fig. 7a). No special concentrat ion of mitochondria  or other cytoplasmic 
organelles around those rootlets are observed. 

Besides the kinocilium with its related structures, m a n y  microvilli cover the 
surface of the support ing cells. They  appear  as simple cytoplasmic protrusions 
of the cell surrounded by  a unit  membrane  (Fig. 6a, 6c). 

Discussion 

At tempts  have recently been made to relate the structural  features and spatial 
a r rangement  of the sensory hairs in the inner-ear sensory epithelia to the mode of 
excitation of the sensory cell (L6wE~STEI~ and W ] ~ I ~ T S ~ L L ,  1959 ; FLOCK et al., 1962). 

The bending of the stereocilia has been regarded as an impor tant  event in the 
hair  cell excitation (DAv~s 1960). Their apparent  stiffness makes it, however, more 
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likely tha t  they t ransmit  as pure mechanical levers the shearing motion between 
otolithic membrane and sensory cells as proposed by ENGSTR~)M et al. (1962) 
and SPOENDLIN (1960). However, the relatively high flexibility of the thin neck 
of the stereocilia (which is also evident in ENOSTROM'S experiments on unfixed 
tissues) might also have functional significance, possibly in an at tenuation of 
strong stimuli. 

The stereocilia consist mainly of a dense proper Substance without any cyto- 
plasmic organelles on which the energy production or other metabolic activities 
rely. There is no true act ivi ty of dehydrogenases present in the stereocilia. 
We may  therefore assume tha t  only small amounts of energy-consuming pro- 
cesses take place within the stereocilia. 

The regular geometrical arrangement of the stereocilia on top of the sensory 
cells gives them maximal mechanical properties for the transmission of shearing 
forces between sensory epithelium and otolithic membrane.  The gradually 
increasing length of the stereocilia from one side of the sensory cell surface to 
the other might have functional significance as mentioned by  ENGSTR6M et al. 

(1962). Only the larger stereocilia arc in permanent  contact with the otolithic 
membrane.  With increasing displacement of the membrane and inclination of 
the stereocilia under stimulation, more and more shorter cilia will be caught by  
the membrane and deviated. 

The kinoeilium represents an elementary structure and is found with basically 
the same ultrastrueture in most animals. I t s  pr imary role seems to consist of 
motil i ty as is expressed in its name. In  certain situations, however, it may  have 
quite a different functional significance. 

Kinocflia have been demonstrated in the central nervous system (DA~T,, 1963) 
as well as in the adeno-hypophysis (BARNES, 1961) where motil i ty is very unlikely. 
They also are present in many  types of sensory cells such as the rod cells of the 
retina where they  differentiate further in an important  par t  of the sensory cell 
(SJOSTRAND, 1953; LASANSKY and DE ROB]~T~S, 1960). The presence of kinocflia 
in a modified form in other sensory systems, such as the olfactory epithelium 
or sensory organclles in primitive unicellular animals (WoLKEN, 1956), certainly 
suggests their active role in some sensory systems. 

As outlined by  FAWCETr (1961), the mobile cilia retain the 9 -~ 2 pattern,  
whereas the cilia, with a probably different function, such as sensory, usually 
lose the central filaments and show a 9 ~- 0 pattern.  

The functional significance of the kinocilia in the vestibular sensory cells is 
not yet  fully understood. Here they remain in their original typical shape with 
a 9 - - 2  pat tern  and only minimal further differentiation in the form of 
occasional additional marginal corpuscles. 

I t  has become evident in recent years tha t  the basal bodies of kinocilia in 
lower animals have an almost identical structure with the centriole of the cell 
(GIBBONS and GRIMSTON]~, 1960). The basal bodies of cilia in higher animals 
are usually more or less modified. However, in the supporting cells and sensory 
cells of the maculae in squirrel monkeys, the basal bodies retain their original 
elementary structure very closely resembling a centriole. I t  is generally accepted 
tha t  the basal body of a kinocilimn is a homologne to the centriole (HENNEGUV, 
]897, and LWNHOSS~K, 1898) and tha t  it can be derived from a centriole (SoT]~LO, 
TRUJILLO CENOZ, 1958). 



714 HEINEICtt H. SPOENDLIN: 

In the sensory epithelium of the macutae, a centriote can be situated in the 
lower part of the cell and the kinoeilium can differentiate at the base of the 
sensory cell instead of at the top, as is usual (Fig. 8). In  connection with a kino- 
cilium at the base of the cell, there is also evidence for differentiation of a cuticular 
plate in this area of the cell. This illustrates that the centrioles, one of which 
will later become the basal body of the kinocilium, are in relation to the differentia- 
tion of certain cytoplasmic structures of the cell. The centriote is considered as 
the morphogenie center of the kinocilium (FAWCETT, 1961). The exceptional 
basal position of the eentriole causes the differentiation of a kinocitium in this 
unusual direction. This can probably be considered as a slight disorganization 
of the cell-development resulting in mild malformation. 

The perpendicular position of the basal body and the associated eentriole 
of the supporting cells (Fig. 7 c) corresponds to the typical position of the distal 
and proximal eentriole of a diplosome as is found, for example, in spermatids 
(FAwcETT, 1961; GALl+ 1961). The basal bodies and associated centrioles there- 
fore retain not only the structure of the centriotes, but also their perpendicular 
orientation as in the original diplosome. This certainly illustrates again the 
homologeous nature of basal bodies and centrioles. 

I t  is rather unusual to find well developped rootlets on kinocilia in adult 
mammals (Fig. 7a), (FAwCETT, 1961). Similar but much smaller rootlets have 
been reported from DAHL (1963) in granular cells of the cerebral cortex in rats 
and in the neural epithelium of a rabbit-foetus (T]~YSON, PAPPAS, 1962). In 
invertebrates, they are frequently observed and are considered as anchoring 
structures to stabilize the basal body of a motile kinocilium (FAWCETT, 1961). 
However, motility has never been demonstrated in the kinocilia of the vestibular 
sensory epithelia. The fact that  squirrel monkeys are phylogenetically old 
animals may help to explain the presence of those rootlets which have the same 
structural characteristics as those observed in lower animals. 

The great importance of the centriole in the organization of the cell and the 
concepts that  basal bodies of kinocilia and centrioles are homologeous structures, 
certainly justifies the assumption that  a basal body in the sensory epithelia in 
the inner ear still represents a very important center (ff the cell. This may be 
related to a functional polarization of the cell. ENGSTR(JM et al. (1962) consider 
the basal body as "the essential excitable structure" in the sensory cell. However, 
the fact that  the same type of basal bodies are present also in the supporting 
cells and that  they are more or less unmodified eentrioles, makes this assumption 
somewhat questionable. In this original form basal bodies appear to be fairly 
unspecific structures. ENGSTROM et al. (1962) arrived at their concept on the 
basis of isolated "basal bodies" which they found in cochlear hair cells in guinea 
pigs. The mere presence of a basal body in a sensory cell, however, does not 
seem to be enough evidence for the assumption that it is essential for the receptor 
action as such. When a kinocilium-basal body complex is present in other 
sensory systems, it usually is modified to a certain extent (SJSsTRA~D, 1953; 
WOLKEN, I956; CHAPMAN and TILNEY, 1959; ROUtLLEtt et al., 1956). 

The interesting observation of a "basal body" in each cochlear hair cell in 
guinea pigs by FLOCK et al. (1962) and E~GSTR6M et al. (1962) must be confirmed 
in other animals before conclusions on their functional significance are possible. 
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There is certainly evidence that  the position of the kinocilium in the hair 
cell is related to a functional polarization of the cell. This has been shown by 
LSWE~STEIN and WEI~SXLL (1959) in the cristae of different animals and by 
FLOCK et al. (1962) in the lateral line organ of fish. According to these authors, 
an increase in the rate of discharge in the afferent nerve fibres occurs by displace- 
ment of the eupula in the direction of the kinociliar pole of the cell, whereas a 
cupular displacement in the opposite direction causes a decrease of nervous 
discharge. The polarization of the kinocilia in the maculae utriculi and sacculi 
appears to be more complex than has been found in the cristae by these authors. 
Reconstructions of the maculae reveal groups of several hundred sensory cells, 
each group with a different general direction of polarization (Fig. 10). All direc- 
tions of polarization arc represented among the cell groups of one macula. A 
preponderance of polarization in one direction can, however, not be excluded. 

The results of Bos et al. (1963) in their experiments on positional nystagmus 
after unilateral labyrinthectomy in rabbits could indeed suggest that  there is a 
preponderance of polarization in one direction. 

If  this anatomical polarization does correspond to a functional polarization, 
we must assume that  the groups of uniformly polarized sensory cells represent 
functionel units. A linear acceleration in one direction would have a different 
effect on each of these functional units. The strongest effect could be expected 
on the group of sensory cells whose direction of polarization corresponds best 
with the direction of the linear acceleration, such as the gravitational force. Such 
assumptions on the receptor mechanism of the maeulae, however, have to 
correspond finally with the results of functional studies. 

Summary 
The structural organization of the sensory hairs of the gravity receptors is 

mainly characterized by the presence of one kinocilium and 40--110 stereocilia 
on each sensory cell. The spatial arrangement of the kinocilia in relation to the 
stereocilia presents a polarization, similar to that  in the sensory epithelia of the 
cristae. This polarization, however, is not uniform in the maeulae. The direction 
of polarization varies between groups of several hundred sensory cells. Within 
one group the sensory cells are all polarized in the same main direction and these 
groups are considered as functional units. 

The apparent stiffness and low metabolic activity of the stereocilia suggest 
their mechanical transmitter function between the otolithic membrane and the 
sensory cells. 

The presence of modified kinoeilia and basal bodies in other sensory systems 
raises the question of their significance in sensory receptors. Their unmodified 
structure in the maculae, however, where the basal bodies are almost identical 
with ccntrioles, and the presence of one kinocilinm with a basal body and an 
associated centriole in the supporting cells as well, illustrate their unspecific 
nature. The centrioles, which later probably become basal bodies, are in close 
relation to the differentiation of apical cytoplasmic structures such as the kino- 
cilium and the cuticula. This is demonstrated by the appearance of those struc- 
tures at the bottom of the sensory cell, when the centrioles are situated in this 
part of the cell. 
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