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SUMMARY

Scanning electron microscopical studies were made on the maculae and cristae
of the statocysts of Octopus vulgaris, Sepia officinalis and Loligo vulgaris. The numbers
and arrangements of hair cells in these sensory regions were determined. Transmission
electron microscopical counts of the numbers of axons in the macula nerve of Octopus
were made and compared with counts of the number of hair cells in the macula.
The crista in Sepia and Loligo is composed of 4 sections each of which has a cupula
attached to it. The results are discussed with particular reference to their physiological
significance.

INTRODUCTION
The structure and function of invertebrate statocysts has been of renewed
interest in recent years. Within the invertebrates their greatest structural variability
is found in cephalopod molluscs4,23, 24. These statocysts range from the simple ones
of Nautilus, to the highly differentiated ones of the Octopods and Decapods, which
have systems for the reception of linear (macula and statolith) and angular acceleration (crista) 4.
In Octopods and Decapods the statocysts are morphologically and physiologically well studied7,14,15, ~e. Electron microscopical studies of the macula and crista
have shown that both receptor systems contain hair cells and supporting cells1-4,21, 22.
Each hair cell bears numerous kinocilia and microvilli at its distal end, and these are
arranged to form an elongated group. Each kinocilium is morphologically polarized
by its two central fibres, which are in line with the long axis of this elongated group.
Further morphological polarization is obtained by the basal feet projecting at right
angles to this long axis 4. Consequently, a mapping of the arrangement of these elon* Present address: Universitat Regensburg, lZB Biologic I, D-8400 Regensburg, G.F.R.
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gated ciliary groups reveals important information about the morphological pol'lrization of each hair cell, and thus about the morphological polarization pattern of
the whole sensory epithelium, with its physiological correlations.
The elongated hair cell groups have been studied in preliminary scanning
electron microscopical examinations of the statocysts of Eledone and Lo/igo a,6. The
present study extends these observations by presenting counts of the numbers and
arrangements of hair cells ill the statocysts of Octopus, Sepia and Loligo. Such information is needed in the interpretation of physiological studies now in progress 8,~,'-':,.
METHODS

Specimens of Octopus vulgar& (weight 100-200 g), Sepia officinalis (mantle
length 10-15 cm) and Loligo vulgaris (mantle length 20-25 cm) were killed by decapitation. Statocysts were dissected out and were fixed in 7 0 ~ ethanol, 10~o neutral
formalin in sea water, or in 4~o osmium tetroxide (Zetterquist mixture18). Following
fixation, specimens were dehydrated and stored in 70~/o ethanol until required. Statoliths, statoconial layers and mucus were removed mechanically with a jet of saline,
or when necessary by treatment with dilute hydrochloric acid, either before or after
fixation. Such treatment was not completely effective with Octopus statocysts.
The cristae and maculae were dissected out from the fixed, cleaned, statocysts,
transferred to distilled water, and frozen rapidly by plunging them into quenching
fluid Freon 12 (dichlorodifluoromethane), which was just above its melting point
o f - - 1 5 8 °C. The frozen blocks of ice containing the specimens were rapidly transferred to a Speedivac-Pearse tissue dryer and freeze-dried for several hours at a
probe temperature of --60 °C. Specimens were mounted on viewing stubs and gold
coated in an Edwards Vacuum Coating Unit (Model E12E) (with continual rotation
using a planetary specimen holder). The specimens were viewed with a Cambridge
Instruments 'Stereoscan' Mark 2A scanning electron microscope o oerating at an
accelerating voltage of 10 kV. Stereo pictures were taken with a tilt angle of from 6
to 10°. For counting purposes montages were taken at a magnification of about > 350.
Measurements of the macula areas were made with an Amsler Compensation Planimeter 612.
Statocysts of Octopus vulgaris for transmission electron microscopical study
were fixed in l ~ OsO4 (phosphate buffered at pH 7.517), dehydrated in graded acetone solutions and embedded in Araldite. Sections were stained with lead citrate
solution 19 and viewed with a Zeiss EM 9A or an A.E.I. 6G transmission electron
microscope.

General morphology
Octopus. Each of the two statocysts is situated in a cavity within the cartilaginous cranium. The static sac contains the sensory regions. It is thin and membranous
and does not fill the cavity and thus separates the endotymph and perilymph. The
sac is attached only at its dorsal end, but is kept in position by numerous fibrous
strands. The two math sensory systems are the macula with its statolith, and the
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Fig. 1. Hair cell groups of the crista transversalis posterior of the left statocyst of Sepia officinalis.
Fig. 2. Hair cell groups of the macula statica princeps of the left statocyst of Sepia oj~cinalis.
crista. The m a c u l a is an o v a l - s h a p e d plate o f cells, vertically oriented in the m e d i o frontal sector o f the sac. The crista is a ridge o f cells, divided into 3 parts, the transverse, longitudinal a n d vertical crista; each p a r t is further subdivided into 3 sections261
Sepia and Loligo. A s in Octopus, each o f the two statocysts is situated in a
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Fig. 3. Macula of the right statocyst of Octopus vul<,aris. The cross-bars indicate dorsal (D), ventral
(V), medial (M) and lateral (L). The arrow indicates the macula nerve. Some of the ciliary groups
are partly covered by the remains of the mucus layer.
cavity within the cartilaginous cranium. The cavities are of irregular shape and very
close to each other. The static sac remains in contact with the cartilage, i.e. there
is no separation into e n d o l y m p h and perilymph. The macula is divided into 3 different
sections, which are oriented approximately at right angles to each other. (1) The
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macula statica princeps: it is attached to the frontal wall, is vertically oriented and
overlayed by a compact statolith of irregular shape. (2) The macula neglecta anterior:

it is attached to the medial wall, is also vertically oriented, and is covered by a statoconial layer. (3) The macula neglecta posterior: it is attached to the fronto-ventral
wall and is also covered by a statoconial layer.
As in Octopus the crista is a ridge of cells lying approximately in the transverse,
longitudinal and vertical planO 4,15. As shown in the present paper it is divided into
4 sections.
RESULTS

Ciliary groups

At their distal ends the hair cells bear up to 200 kinocilia of about 0.24/tm in
diameter and about 10/zm in length. Surrounding the base of each kinocilium are
numerous microvilli of 0.1 # m in diameter and with a maximal length of 2 #m 4,zz.
The cilia and microvilli form elongated groups as shown in Figs. 1 and 2. Each group
represents a single hair cell and is arranged in line with adjacent groups both in the
crista and macula.
Octopus

The appearance of the macula of Octopus is shown in Fig. 3. The ciliary groups
of the hair cells are arranged in approximately concentric rings, although none are
present in the region of the macula nerve at the dorsal end of the macula plate. The
hair groups become sparser in number near the centre of the plate while at the periphery they are more closely packed. The average area of the macula plate is 0.58
sq.mm (this area does not include that of the macula nerve). The number of hair
cells is fairly constant, the average number being 5138 hair cells (see Table II).
Transmission electron microscopy of cross-sections of the macula nerve, taken

TABLE

I

COUNT OF THE NUMBERS AND DIAMETERS OF THE AXONS IN THE MACULA NERVE OF
PILED FROM TRANSMISSION ELECTRON MICROSCOPE SECTIONS (see Fig. 4)

Octopus yulgaris COM-

Diameter of axons

Number of axons. Transmission
electron microscopical count

Number of axons. Light
microscopic count (based on
Young) 26

More than 12/~m
10-12 #m
8-I0/~m
6- 8/tm
4- 6 f~m
2- 4 ktm
less than
2/tin

11
20
28
52
125
467
8477

10
30
100
200
500
750
uncountable

Total

9180

more than 1590
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Fig. 4. T r a n s m i s s i o n electron microscopic picture of a portion of the macula 13erve of Octopu,~
vulgaris showing the variety o f sizes of axons, n, nucleus of glial cell. Arrows indicate s o m e glial
cell processes.
Fig. 5. First section (single row, section 4) o f the crista Iongitudinalis of the left statocyst o f Octopus
vulgaris. At both sides o f the crista section portions of double row sections can be seen. Dorsal is lop
o f page. M a c u l a would be to the right of the picture.
Fig. 6. Higher magnification o f the point o f joint of the crista s e g m e n t s h o w n in Fig, 5 a n d the next
double row section (section 5) o f the crista Iongitudinalis. Dorsal is top of page. Macula would be
to the right.
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Fig. 7. Macula statica princeps of the left statocyst of Sepia officinalis.

near the macula plate on one specimen (Fig. 4; other incomplete macula nerves were
similar in appearance), showed that there were 9180 axons. These axons range from
the largest of 18 # m in diameter to less than about 0.2 #m. The results of the size distribution counts are given in Table I.
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The crista ridge has the elongated ciliary groups of the hair cells aligned in rows
along its length. The 9 sections of the crista alternate between those with a double
row of large hair cells on the apex of the ridge and those with a single row. One
double row section starts, and one ends the crista, giving a total of 5 double and 4
single row sections (see Fig. 5) z~. The sections have an average length of 0.43 ram.
As Fig. 6 shows, there is a difference between the dorsal side (termed dorsal with
respect to the dorsal side of the transverse crista) and the ventral side. On the ventral
side of the double and single row of large hair cells in each crista section are several
rows of fairly regularly arranged, somewhat smaller, ciliary groups. On the dorsal
side are a large number of irregularly arranged smaller ciliary groups. In the regularly
arranged rows counts of the ciliary groups of the hair cells are easily done and give an
average figure of 35 cells/row. It has not proved possible to obtain accurate counts
of the total number of hair cells in the crista because of difficulties in counting the
numbers of small hair cells.
A cupula is present overlying each of the 9 crista sections in life, but in our preparations only remnants of it are preserved. Its structure is similar to that found
in the statocysts of Sepia (see later results, Figs. 12 and 13).

Sepia
The macula statica princeps (MSP) is shaped appioximately like a figure 3 with
the open part pointing laterally (Fig. 7). Its average area is 0.47 sq.mm and the average
number of hair cells is 3454 (Table II). The ciliary groups of these hair cells are arranged in regular lines, which follow the shape of the epithelium. There is no difference
in size and distribution of the ciliary groups between the periphery and the centre
except that the hair cells of the 2 (or 3) peripheral rows bear fewer kinocilia.
The macula negleeta anterior (MNA) is nearly half-circular in form, with the
diameter of this half-circle running from dorso-frontal to ventro-caudal (Fig. 8). Its
average area is 0.33 sq.mm and the average number of hair cells is 2093 (Table II).
In comparison with the ciliary groups of the MSP, those of the MNA are more
sparsely distributed and have fewer kinocilia per ciliary group. The groups are
arranged in half-circular rings around a centre, which lies near the diameter but is
slightly shifted dorso-frontally.
The macula neglecta posterior (MNP) is approximately circular in form with
two drawn out edges on the side adjacent to the medial wall of the statocyst cavity
(Fig. 9). Because of its concave surface the area of the M N P can only be given approximately, the average area being 0.40 sq.mm. The average number of hair cells in
the MNP is 3079 (Table II). The ciliary groups of these hair cells are arranged in
nearly concentric rings but in the periphery the rings follow the irregular outline of
the epithelium. The form of the ciliary groups is similar to that of the MNA.
The crista is divided into 4 sections, the crista transversalis anterior (CTA),
the crista longitudinalis (CL), the erista transversalis posterior (CTP) and the cri~ta
verticalis (CV). The CTA has an average length of 1.65 mm and lies at the frontal surface of the statocyst cavity; it starts medially, close to the MNP and runs slightly
upwards to the lateral wall. The CL, with an average length of 1.55 ram, runs along
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TABLE II
SUMMARY OF AREA AND NUMBER OF DETERMINATIONS OF THE SENSORY REGIONS OF THE STATOCYSTS OF

Octopus vulgaris, Sepia officinalis AND Loligo vulgaris
The areas of the maculae are given, together with the number of its hair cells. In the crista the average
numbers of hair cells in the large hair cell rows and the average lengths of these rows are given.
MSP, macula statica princeps; MNA, macula neglecta anterior; MNP, macula neglecta posterior;
CTA, crista transversalis anterior; CL, crista longitudinalis; CTP, crista transversalis posterior;
CV, crista verticalis.

Sensory
region

Mean

Octopus vulgaris Macula* 5138
Sepia officinalis MSP
MNA
MNP**
CTA
CL
CTP
CV

Loligo vulgaris MSP
MNA
MNP**
CTA
CL
CTP
CV

Number of hair cells counted
(total area, and length respectively)

0.58 sq. mm

4962
0.52 sq. mm

5050
0.59 sq. mm

5180
0.61 sq. mm

5360
0.58 sq. mm

3454
0.47
2093
0.33
3079
0.40
118
1.65
115
1.55
122
1.66
112
1.55

2966
0.45
1853
0.29
2793
0.32
111
1.49
105
1.42
114
1.52
100
1.38

3294
0.46
1988
0.29
2870
0.39
118
1.67
116
1.51
121
1.67
115
1.55

3716
0.43
2233
0.41
3311
0.41
125
1.79
124
1.72
131
1.79
121
1.72

3840
0.52 sq. mm
2298
0.34 sq. mm
3342
0.46 sq. mm

1881
0.35
1126
0.14
1407
0.18
95
1.18
108
1.26
104
1.22
95
1.I0

sq. mm
sq. mm
sq. mm
mm
mm
mm
mm
sq. mm
sq. mm
sq. mm
mm
mm
mm
mm

1713
0.39
1073
0.13
1163
0.15
92
1.18
106
1.21
101
1.29
94
1.I1

sq. mm
sq. mm
sq. mm
mm
mm
mm
mm
sq. mm
sq. mm
sq. mm
mm
mm
mm
mm

1839
0.28
1103
0.14
1227
0.18
98
1.18
110
1.31
107
1.15
96
1.09

sq. mm
sq. mm
sq. mm
mm
mm
mm
mm
sq. mm
sq. mm
sq. mm

sq. mm
sq. mm
sq. mm
mm
mm
mm
mm

2091
0.37 sq. mm
1202
0.14 sq. mm
1831
0.21 sq. mm

mm
mm
mm
mm

* Area of Octopus vulgaris macula does not include are ", of macula nerve where ciliary groups are
absent.
** Areas of MNP are approximate because of the concave surface of this epithelium.

t h e l a t e r a l wall o f t h e s t a t o c y s t in t h e h o r i z o n t a l p l a n e f r o m f r o n t a l t o c a u d a l , a t
r i g h t a n g l e s t o t h e C T A . T h e C T P , w i t h a n a v e r a g e l e n g t h o f 1.66 m m , is a l s o o r i e n t e d
in t h e h o r i z o n t a l p l a n e a n d r u n s in a c u r v e f r o m t h e l a t e r a l w a l l t o t h e c a u d a l o n e .
T h e C V , w i t h a n a v e r a g e l e n g t h o f 1.55 m m , r u n s u p w a r d s o n t h e c a u d a l s t a t o c y s t
wall a t r i g h t a n g l e s t o t h e C T P (see T a b l e II f o r f u r t h e r d e t a i l s o f c r i s t a l e n g t h s ) .
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Fig. 8. Macula neglecta anterior of the left statocyst of Sepia O'#7('i~salis. The cross-bars indicalc
dorsal (D), ventral (V), caudal (C) and fromal (F-i.
Fig. 9. Macula neglecta posterior of the left statocyst of Sepia ~icit#ali~.
The divisions between each of the 4 sections, and the beginning and end of the crista
system, are each covered by an anticrista lobe. The hair cells of the~crista are oriented
in line with the long axis of the crista ridge. They are arranged in 4 main rows, the
two ventral ones of the CTA, CL and CTP, and the two medial ones of the CV are
composed of larger hair cells than the two other rows (Fig. 10). Dorsal to the 4 hair
cell rows of the CTA, CL and CTP, and laterally from those of the CV, other hair
cells, similar to the smaller ones of the main rows, are found. Although their long
axis is parallel to the crista ridge they are scattered and do not form continuous rows
(Fig. 10). Approximately 30-40/~m from the hair cell rows, ventrally from those of
the CTA, CL and CTP, and medially from those of the CV, an area of scattered ciliated
cells with longer cilia (from 15 to 20 f~m) is found (Fig. 10). Ciliated cells with long
cilia are also found scattered in different parts of the cyst wall and at the bottom of
the anticrista lobes (Fig. 11). Counts of the number of ciliary groups of the two rows
composed of larger hair cells were made. The counts give an average number of
118 cells/row for the CTA, 115 cells/row for the CL, 122 cells/row for the CTP, and
112 cells/row for the CV (Table II). The smaller ciliary groups of the hair cells of the
two other rows are difficult to distinguish but their number is nearly twice as many
per row. Thus the average number of hair cells in the 4 rows of the CTA is 708, in
the 4 rows of the CL is 690, in the 4 rows of the CTP is 732, and in the 4 rows of the
CV is 672, giving an approximate total number of hair cells in the 4 rows of the crista.
system of 2800 hair cells.
The cupula is a thin sheet of material that overlies the 4 cell rows of each crista
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Fig. 10. Part of the crista longitudinalis of the left statocyst of Sepia officinalis. The cupula is removed.
Dorsal is top of page.
Fig. 11. Ciliated cells at the bottom of an anticrista lobe that overlies the joint between the crista longitudinalis and the crista transversalis posterior of the left statocyst of Sepia officinalis.
Fig. 12. Part of the cupula overlying the crista transversalis posterior of the right statocyst of Sepia
officinalis. Note the fibrous covering of the cupula.
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segment. The cupula is fragile and is generally removed by the comparatively rigorous
SEM preparation. It is composed of an amorphous ground substance and fibrous
strands. The height of the cupula increases towards the middle of each crista segment
and its maximum height is at least 0.2 mm. The exact mode of attachment of the cupula is not known for certain but in some preparations the tips of the kinocilia of the ciliary groups appear to be attached to the amorphous substance. The fibrous part of the
cupula overlies the structure and may be attached to parts of the crista ridge on the
outside of the hair cell rows (Figs. 12 and 13).

Loligo
The maculae of the 3 gravity receptor systems of Loligo (MSP, MNA, MNP)
are basically similar to those described for Sepia with respect to their form and orientation, and with regard to the arrangement and form of the ciliary groups of their
hair cells.
The MSP has an average area of 0.35 sq.mm with an average number of hair
cells of 1881 (Fig. 14, Table Ii). The M N A has a slightly more elongated form than
that found in Sepia with an average area of 0.14 sq.mm and an average number of
hair cells of 1126 (Fig. 15, Table II). The M N P is approximately pear-shaped with
its pointed end directed frontally (Fig. 16). Its average area is 0.18 sq.mm and its
average number of hair cells is 1407 (Table II).
The crista is divided into 4 sections; their topographical orientation and the
arrangement of the 4 main hair cell rows and the adjacent ciliated cells, are also
similar to those described for Sepia.
The CTA has an average length of 1.18 m m with an average total number of
570 hair cells for the 4 main rows (95/row). The CL has an average length of 1.26 mm
with 648 hair cells (108/row). The CTP has an average length of 1.22 mm with an
average number of 624 hair cells (104/row). The CV has an average length of 1.10 mm
with 570 hair cells (95/row). Thus there is an approximate total number of 2410 hair
cells for the 4 rows of the whole crista system (for detailed data see Table ll).
Overlying the crista ridge in each of the 4 crista segments is a cupula, which is
similar in structure to that described for Sepia.
DISCUSSION

The most complex statocysts of invertebrates are present in cephalopod molluscs
and they are comparable in complexity with vertebrate vestibular systems. The sensory regions in cephalopod statocysts can have similar surface areas to functionally
corresponding ones in vertebrates (for example, the maculae of the gravity receptors
in guinea pigs16). The number of hair cells in the sensory areas of cephalopod statocysts is however always less than those in vertebrates (see Table II) 12,a6,2°.
A correlation of the number of hair cells in these sensory epithelia and the number of axons innervating these cells has revealed an interesting difference between the
gravity receptor system of Octopus and those of vertebrates. In vertebrate gravity
receptor systems there are many more hair cells than axons in the innervating nerve

HAIR CELLS IN STATOCYSTS

Fig.
Fig.
Fig.
Fig.

13.
14.
15.
16.

37

Part of the cupula overlying the crista longitudinalis of the left statocyst of Sepia officinalis.
Macula statica princeps of the right statocyst of Loligo vulgaris.
Macula neglecta anterior of the right statocyst of Loligo vulgaris.
Macula neglecta posterior of the right statocyst ofLoligo vulgaris.
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(for example in the utriculus of the fish Lota, 25,500 cells and 2700 axons; in the guinea
pig utriculus 9260 cells and 1703 axons; in the cat utriculus 26,350 cells and 2694
axons; in the guinea pig sacculus 7650 cells and 1532 axons; and in the cat sacculus
11,250 cells and 2089 axonsl%la,16). In contrast, present results have shown that in
Octopus there are fewer hair cells than axons: an average of 5138 hair cells in the
macula corresponds to 9180 axons in the macula nerve (see Tables I and 1|). The hair
cells in Octopus are primary receptor cells; thus the figure of about twice as many
axons as cells suggests that half the axons are efferent fibres. Evidence for the presence
of an efferent innervation of the hair cells in the statocysts of Octopus is also given in
previous light microscopical, histochemical and transmission electron microscopical
studies2,2z,26.
As was suggested in a recent physiological interpretation, such an innervation
of the hair cells is required for the functioning of the gravity receptor systems in

Octopus v.
The ciliary groups of the hair cells of the receptor systems were found to be
oriented regularly in rows in all the statocysts examined, and were arranged in a
similar way in comparable areas of Sepia and Loligo (and of Rossia macrosoma as
preliminary studies have shown).
In Octopus the present results show that the ciliary groups of the hair cells of
the macula are arranged in concentric rings. It is known from transmission electron
microscopical studies that the basal feet of the kinocilia of these groups project radially
away from the centre of the macula 4. A combination of these two results enables
the determination of the morphological polarization pattern for the whole macula,
with its physiological correlations.
According to the current theory of stimulation of sensory cells bearing kinocilia,
in Octopus the displacement (shear) of the statolith parallel to the surface of the macula would result in a specific pattern of excitation, and inhibition respectively, of
all hair cells on the macula; the pattern can be characterized by a maximum of
excitation of those cells which are polarized in the direction of statolith shear. As
behaviour-physiological experiments have shown, the equilibrium reactions (compensatory eye movements) in Octopus change as a function of the direction of shear
of the statolith on the macula, i.e. as a function of the angular orientation of the excitation pattern, irrespective of the overall amount of excitation v.
The present results also detail the arrangement of the ciliary groups of the hair
ceils in the maculae of Sepia and Loligo. Lack of transmission electron microscopical
studies do not allow one to give a description of the directions of polarization of
these hair cells, although only two directions of polarization are possible for each
hair cell, both at right angles to the long axis of the ciliary group. However, as long
as the ciliary groups are arranged in concentric rings and are evenly distributed, it
is physiologically unimportant whether the direction of polarization points away
from or towards the centre of the macula. It becomes more important, however,
when the centre of the ciliary arrangement is located asymmetrically as, for example,
in the macula neglecta anterior (see Figs. 8 and 15), where the ciliary groups are
arranged in semi-circles. Because the present study has not given any evidence for a
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striola (such as differences in the surface of the statoconial layer or hair cells) with its
morphological and physiological correlations, it is assumed that the directions of the
polarization pattern on the macula neglecta anterior cover an area of about 180° only.
In the normal range of positions adopted by the animal, this would result either in
an excitation of all hair cells (if the directions point towards the centre) or in an inhibition (if the directions point away from the centre). Which of the two possibilities
is present in the macula neglecta anterior is not yet known (although it is most unlikely
that the function of the receptor system is based on an inhibitory stimulation only),
but the transmission electron microscopical work now in progress should clarify
this point.
In the crista system the long axes of the ciliary groups are in line with the crista
ridge. This morphological arrangement indicates that the transverse crista systems
are responsible for the reception of angular acceleration stimuli during rotation
around a transverse axis of the animal, the longitudinal crista systems for those
around a longitudinal axis, and the vertical crista systems for those around a vertical
axis. This has been confirmed by physiological experiments on Octopus11.
Ultrastructural data have shown that in the crista system of Octopus both
possible polarization directions of the hair cells are present in some crista segments 4.
Recent electrophysiological experiments have confirmed this for the transverse crista
system 25. In this system the presence of both polarization directions is necessary for
the differentiation of angular acceleration and deceleration stimuli during forward
and backward rotation around the transverse axis (a pitching motion). In Sepia,
Loligo and Rossia (and probably all Decapods) the crista system is divided into 4
sections (not in 3, as described previouslyX4,z2). It is possible that the separation of the
transverse crista system of Decapods into an anterior and posterior section is correlated with the separation of the two polarization directions, but further transmission
electron microscopical and electrophysiological investigations are needed to determine
this point.
A cupula is attached to each of the 9 crista sections in Octopus, and the 4
sections in Sepia and Loligo. This structure has often been overlooked, because it is
transparent in life, and extremely fragile, although limited light microscopic~6, 27 and
transmission electron microscopical data are available2L The fibrous nature of the
cupula no doubt explains why the kinocilia of the crista were thought to be 400 #m
long, whereas transmission and scanning electron microscopical data have shown
that they are no longer than 10/~m. Whilst little is known about the physical properties of the cupula, recent electrophysiological experiments in Octopus have shown
that the crista-cupula system is not only sensitive to angular acceleration, but is also
sensitive to linear acceleration stimuli 10. This phenomenon may be due to a higher
density of the cupula compared with the surrounding endolymph.
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