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A B S T R A C T  

T he  morphology of the hai r  bundles on top of the receptor cells in the lateral line organ of 
the teleost fish Lota vulgaris is described. Each  receptor  cell shows a distinct morphological  
polarization. Two groups of receptor cells can  be distingiushcd, one consisting of cells polar-  
ized towards the head,  the other  consisting of cells polarized towards the tail. In  the crista 
ampullar is  all cells are polarized in the same direction. An  hypothesis is proposed for the 
funct ion of the receptor cells in the lateral line organ and  the labyr in th  based on a correla-  
t ion of morphological  and  funct ional  polarization. 

I N T R O D U C T I O N  

The  sense organs in the labyr in th  and  in the lateral  
line system have the same origin, the audi tory 
placode (3, 6, 8, 11). T he  basic s tructure is the 
same in all these organs, a l though they have been 
differentiated in different directions, each of them 
being especially adap ted  to respond to cer tain ade- 
qua te  mechanical  stimuli. 

The  lateral line organs are found in canals on the 
head  and  along the sides of the body of fishes. The  
organ is bui l t  up  by a group of sensory cells em- 
braced by suppor t ing  cells forming a sensory 

epi thel ium which is innerva ted  by nerve fibres 
b ranch ing  unde r  the ha i r  cells. F rom the top of 
each receptor cell a bundle  of sensory hairs pro- 
trudes into canals of the gelatinous cupula  resting 
on the epithelium. This s tructure also applies to 
the vest ibular  sensory epithelia (Fig. I). 

Movements  of the fluid in the canal  cause a dis- 

p lacement  of the cupula  which acts upon  the ha i r  
cells th rough  the sensory hairs. The  response in the 
ha i r  cell is t ransferred to the nerve endings thereby 
regulat ing the flow of impulses in the innerva t ing  
nerve fibre. 

The  present paper  deals with  the organizat ion 
and  s t ructure  of the sensory hairs of the receptor  
cells of the lateral line organ and  submits  a func- 
t ional  in terpre ta t ion  of the findings. 

M A T E R I A L  A N D  M E T H O D S  

Healthy fishes were decapitated. The lateral canal 
on the side of the fish was perfused with cold 1 per 
cent osmium tetroxide solution buffered with Vcronal 
acetate. The sensory areas along the lateral linc 
were dissected out and embcddcd in Epon after 
dehydration in alcohol. The spccimcn was sectioned 
with glass knives on an LKB Ultrotome and the 
sections were photographed in a Siemens Elmiskop I. 
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Lateral  line organ 

FIGURE ] 

D i a g r a m  of the  crista ampul lar is  and  the  lateral  line organ with enlarged areas of the  sensory epithelia 
demons t ra t ing  schematical ly  the  a r r a n g e m e n t  of  the  receptor cells and  the orientat ion of the sensory 
hair  bundles.  T h e  kinoci l ium is pa in ted  black. In  the  crista ampul lar is  the kinocil ium is always found 
at the  same side of the  bundle ,  while in the  lateral line organ adjacent  hair  cells are polarized with 
the  kinocilia point ing in opposite directions. 

T h e  pa t te rn  of innerva t ion  of the  sensory cells is imaginary .  T h e  cupu la  overlying the  ep i the l ium 
is omi t ted  in the  drawings  at h igher  magnif icat ion.  
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R E S U L T S  

The  sensory hairs on each receptor cell of the 
lateral  line organ form a bundle  with a character-  
istic organization.  Each bundle  contains about  
fifty sensory hairs, or stereocilia, and  one kino- 
ci l ium (Fig. 2). The  kinoci l ium is composed of nine 
per ipheral  double  filaments a r ranged  a round  a 

space between them about  100 A. This space is 
occupied by an  opaque  substance. The  axial fila- 

ments  end somewhat  above the cell surface. The  

per ipheral  filaments, on cont inuing their  course 

down into the cell, are reorganized into the triplet  
filaments of the basal body. The  structure of the 

basal body is very similar to tha t  of the centriole 

FIGURE 

Cross-section of a sensory hair showing the organisation of the bundle. The stereocilia, St, are com- 
posed of a protoplasmic core containing several fine fibrils surrounded by a plasma membrane. The 
kinocilium, K, is located in a V-shaped indentation formed by the advanced peripheral rows of 
stereocilia. Osmium tetroxide fixation. X 100,000. 

central  pair  of axial filaments emerging from a 
basal body which is presumably" derived from the 
centriole of the cell (Fig. 3). 

The  kinoci l ium is delimited by a m e m b r a n e  
forming a tube which, at  the base of the cilium, is 
cont inuous with the plasma m e m b r a n e  of the cell. 
The  d iameter  of the cil ium is about  0.33 #. The  
axial filaments are about  200 A in diameter ,  the 

and  will be fur ther  described in a separate article. 
The  stereocilia are buil t  up  by a central  core of 

protoplasm surrounded by a plasma m e m b r a n e  
forming a tube, 0.15 # in diameter.  The  proto- 
plasmic core is composed of several fibrils abou t  30 
to 40 A in diameter.  In the basal par t  of the ci l ium 
these fibres unite to form a dense axial fibre which 
passes into the cut icular  plate of the hai r  cell 
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FIGURE 3 

Cross-section of a kinocilium showing the nine peripheral double filaments, pf, and the central pair 
of single filaments, cf. Osmium tetroxide fixation. X 170,000. 

(Fig. 4). The cuticular plate is granular in appear-  
ance and occupies the whole top surface of the cell 
apar t  from an area around the basal body of the 
kinocilium and canals, formed around the rootlets 
of the stereocilia. The sensory hairs are strictly 
organized into a definite, characteristic pat tern 
(Fig. 2), The stereocilia are oriented along straight 

lines parallel to the axis of lateral line canal. The 
central row points towards the kinocilium, the 
direction of this row being almost perpendicular  to 
a line through the axial filaments of the kino- 
cilium. There  are three rows of stereocilia on each 
side of the central row. The peripheral  rows are 
advanced towards the kinocilium in relation to the 

I~GURE 4 

A section cut close to the surface of the epithelium showing the sensory hair bundle 
emerging from the top of a hair cell, HC. In the stereocilia located in the centre of the 
bundle, cSt, the fibrils are scattered in the protoplasm. The stereocilia located periph- 
erally in the bundle are cut closer to the surface of the cell where the fibrils unite form- 
ing a dense axial fibre, aF, passing into the granular cuticula, Cu. The kinocilium is 
seen passing into the cell. The nine peripheral filaments have joined into a continuous 
ring sending out nine dense arms in a spiral course towards the membrane of the 
cilium on one side and out into the cuticula on the other side. The adjoining supporting 
cells, SC, contain large opaque granules, G, of various shapes and supporting fibrils 
sF. Osmium tetroxide fixation. )< 50,000. 
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central row, thus forming a number  of V-shaped 
lines one behind the other at an angle of 110 to 
115 ° opening towards the kinocilium. In the two 
outermost rows the first cilium is generally lacking. 
Close to the hair cell short stereocilia may add 
further rows to the bundle, but  these do not extend 
far from the surface of the epithelium. At a distance 
from the cell the number of stereocilia decreases, 
those lying farther away from the kinocilium end- 
ing first. At the distal end of the bundle the kino- 
cilium is only accompanied by a single V of 
stereocilia and is finally travelling alone for quite 
a distance in the cupula (Fig. 1). 

The sensory hair bundles are organized into two 
equally large groups distinguished by the orienta- 
tion of the bundles in two directions opposite to 
each other but  parallel to the axis of the canal 
(Figs. 1 and 5). 

D I S C U S S I O N  

As described above, the hair bundle and the top of 
the hair cell in the lateral line organ are struc- 
turally distinctly polarized. The  hair cells in the 
lateral line organ can thus be divided into two 
groups according to their different polarization. 
Adjacent hair cells are polarized with the kinocilia 
pointing in opposite directions, so that there is a 
regular alternation of orientation from cell to cell : 
cranial, caudal, cranial, caudal, etc. (Figs. 1 and 
5). The rows of stereocilia are parallel to the axis 
of the canal in all bundles. This means that for both 
directions of cupular displacement there is an equal 
number  of hair cells "facing" the movement  of the 
cupula. In the crista, however, the polarization 
of these bundles has only one direction, which is in 
agreement with the findings of Lowenstein and 
Wers~ill (5) on the ray crista and with those of 
Truiillo-Cenoz (10) on the epidermal neuromasts 
and in the crista of fish. 

Considering the difference in electric response to 
cupular deflection in these two organs, we find the 
morphological polarization to be of importance 
for the understanding of the function of the vestibu- 
lar as well as the lateral line organ receptor cells. 

Different potentials have been recorded in rela- 
tion to the mechanical receptors in the labyrinth 
and the lateral line organ, which are considered to 
be of importance for the function of these organs. 
Two of these are related to the hair cell itself, 
namely, the potential difference between the 
sensory epithelium and the endolymph, the DC 
potential, and the microphone potential which is 
an AC potential correlated with the movements of 

the cupula. The action potential in the nerve is 
initiated by depolarization of the nerve ending 
through the action of the sensory cell. 

The microphone potential was first demon- 
strated in the organ of Corti by Wever and Bray 
(15) and has been described in the crista ampullaris 
by de Vries and Bleeker (12) and by Trinker (9). 
In the lateral line organ the microphone potential 
was found by de Vries et al. (12) and further 
studied by de Vries, Jielof, and Spoor (13) and by 
Kuij per (2). 

In  the crista and the organ of Corti the fre- 
quency of the microphone potential follows that of 
the applied stimulus (1) while the lateral line organ 
shows the remarkable property of responding with 
a microphone frequency twice that of the stimulus. 

De Vries and coworkers (13) found that the 
characteristic double wave form of the microphone 
potential recorded from the lateral line organ 
should be interpreted as two negative peaks, one 
corresponding to a forward, the other to a tail- 
ward, displacement of the cupula. This was sup- 
ported by Kuijper 's  experiments (2) in which he 
found a potential decrease at cranial as well as 
caudal cupular displacement. De Vries (1 l) sug- 
gested the following model for the stimulation of 
the hair cell in the lateral line organ. Stretching of 
the hair should initiate a current flow through the 
hair cell. If  the cupula oscillates he proposed that 
the hair would be pulled once during each half- 
period, each pull producing a current flow in the 
same direction through the cell. This would give 
an AC current through the cell, which could be re- 
corded as a corresponding microphone potential. 
Trinker (9) showed, however, that utriculopetal 
displacement of the cupula of the crista ampullaris 
of the horizontal canal always produced a potential 
decrease whereas an utriculofugal displacement 
produced a potential increase. The potential de- 
crease was often greater than the increase. 

This difference in characteristics of microphone 
potential in the organs referred to seems to imply 
a discrepancy in function of the hair cells in the 
crista and in the lateral line organ. This discrep- 
ancy has been pointed out by de Vries (11) and by 
Kuijper (2). De Vries suggested that the one-way 
stimulating effect in the crista could be explained 
by a difference in inclination of the hairs in rela- 
tion to the cell surface and a different distribution 
of the hair cells on the two sides of the crista. 

Knowing that in the horizontal canal the 
kinocilia are all directed towards the utriculus and 
in the vertical canals in the opposite direction (5), 
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I~'IGURE 5 

Survey picture showing the orientat ion of the sensory hair  bundles.  Two  of these bundles,  /-/1 and/- /2  
are polarized towards the  head  of the  fish, while the  other  two bundles,  T1 and  T2, are polarized in the  
opposite direction, tha t  is towards the  tail of the fish. O s m i u m  tetroxide fixation. X 8,000. 
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Illustration of the presented hypotheses of hair cell response to cupular displacement in two opposite 
directions, applied to the crista ampullaris and to the lateral line organ. In the crista, all hair cells are 
polarized in the same direction as is indicated by HC1 and HC2. Cupular displacement in this direc- 
tion is excitatory for both cells and is followed by a decrease in potential, while displacement in the 
other direction is accompanied by a decrease in potential as is shown by the right curve representing 
the sum of responses from HC1 and HC2, 

In the lateral line organ, HC1 and HC2 are polarized in opposite directions. The potential changes 
induced by cupular displacement through HC1 will follow the course indicated by the dotted curve 
marked HC1 in the right figure, while potential changes evoked'by HC2 will follow the course indi- 
cated by curve HC2. The recorded microphonic potential represents the sum of these two oppos- 
ed responses, curve HC1 "t- HC2, and will consequently show a frequency double that of the cupular 
displacement. 

we see that  stimulation in the direction of the 
kinocilium produces a drop in potential, away from 
it a rise in potential (9). Since we believe that  the 
labyrinth receptor cells all use the same basic 
system for recording and transformation of me- 
chanical stimulus, we propose that  the single re- 
ceptor cell of the lateral line organ shows the same 
functional two-way modulat ion as do the hair cells 
of the crista. Then  the microphone effect of the 

single hair cell in the lateral line organ has to follow 
the frequency of the stimulus, rising one way, 
falling the other. The recorded microphone po- 
tential in the lateral line organ should then, ac- 
cording to our hypothesis, represent the superim- 
posed responses derived from the two groups of 
cells which are structurally and functionally polar- 
ized in opposite directions. In the crista ampullaris 
the receptor cells are all arranged in the same di- 
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rection. Consequently the microphone potential 
recorded from this organ expresses the activity of 
the single hair cell (Fig. 6). 

This concept of functional polarization can also 
be applied to the directional sensitivity of the im- 
pulse frequency in the single nerve fibre. This 
directional sensitivity was proposed by Lowenstein 
and Wers/ill (5). 

From recordings of potentials from isolated 
nerve fibres from lateral line organs of ray, Sand 
found, (7) that the frequency of the spontaneous 
activity in some nerve fibres increased when the 
canals were perfused in the head-tailward di- 
rection, and decreased in the other direction. In 
other fibres the reverse effects were observed. We 
know from the experiments of Lowenstein and 
Sand (4) on isolated ray labyrinths and of Zotter- 
man on Lota vulgaris (16) that the impulse traffic in 
the nerve from the horizontal canal is increased by 
an utriculopetal flow and decreased by an utriculo- 
fugal flow. The vertical canals are stimulated by 
opposite directions of flow. 

Sand's (7) observations could be explained by 
the existence of receptor cells, some of which 
stimulated the nerve endings at a displacement 
towards the head, others at a displacement towards 
the tail. 

We notice that in the semicircular canals an in- 
crease in discharge frequency in the nerve fibres 
occurs at a displacement of the cupula towards the 
kinocilium, which is also the direction accom- 
panied by a drop in microphonic effect, and that a 

decreased discharge rate is obtained in the di- 
rection which gave a raised potential, that is to 
say away from the kinociliar pole. 

We know that in the lateral line organ one way 
displacement gives an increase in impulse traffic in 
some nerve fibres and a decrease in others. If we 

apply to these facts our knowledge of the morpho- 
logical double set-up of opposing receptor cells in 
this organ, we see that these two groups at such 
one-way displacement are stimulated from opposite 
directions. This fact is easily explained if each 
receptor cell is capable of decreasing or increasing 
the spontaneous discharge when stimulated in the 
opposite direction. This also seems to be the case in 
the crista ampullaris, a fact which strongly implies 
a functional polarization of the hair cells in both 
organs. The morphological polarization in the 
crista ampullaris and in the lateral line organ and 
the functional polarization of the microphonic 
effect and of the afferent nerve fibre response l ead  
us to the following hypothesis of hair cell stimula- 
tion, which refers to both the crista ampullaris and 
the lateral line organ. 

The response of the hair cell is determined by the 
direction from which the stimulus approaches the 
hair bundle. 

The morphological polarization of the sensory 
hair bundle and of the top of the cell is an indicator 
of this discrimination system. 

A cupular displacement in the direction towards 
the kinociliar pole of the cell is accompanied by a 
fall in potential and a raised rate of discharge in 
the afferent nerve fibre. A displacement in the 
opposite direction releases a potential increase, 
which is accompanied by a lower afferent dis- 
charge rate. The amplitude of the displacement of 
the cupula determines the size of the potential 
change. In the lateral line organ the decrease in 
potential is always larger than the increase caused 
by the same amplitude of cupular displacement. 
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