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Abstract

Therecently demonstrated presence of aglycocalyx with
antennulae on the tallest stereocilia of the hair cells of the
three outer rows (OHC-I, Il and I11), was confirmed. There
was adecreasein the amount of glycocalyx from the apical
to the basolaminar side at the tallest individual stereocilia
and from OHC-I11 to OHC-1. Optimal visualization of the
glycocalyx with antennulae in FE-SEM was only possible
at low accelerating voltage (2-3 kV), after glutaraldehyde
prefixation and tannic acid/arginine/OsO, postfixation (TAO
method) or OsO,/thiocarbohydrazide (TCH)/ OsO,/THC/
0sO, postfixation (OTOTO method), respectively. The
former is a non-coating method with tannic acid, the latter
method uses TCH asligand. The glycocalyx with antennu-
|ae could also be demonstrated in the transmission el ectron
microscope (TEM) at 60-80 kV after each of these non-
coating treatments. A similar type of glycocalyx has been
demonstrated on cat duodenum microvilli after TAO or
OTOTO postfixationin thefield-emission scanning electron
microscope (FE-SEM) at 2-3 kV and in TEM at standard
accelerating voltage (60-80 kV). Cryofixation and
observation of the same duodenum tissue sample at 5-10
kV in FE-SEM showed the sameglycocalyx onthemicrovilli,
demonstrating without any doubt the existence of the
glycocalyx with afilamentous appearance (penicillium) even
without chemical fixation.
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Introduction

Recently, Jongebloed et al. (1996) demonstrated the
presence of aglycocalyx with antennul ae on the stereocilia
of hair cells of thethree outer rows of hair cells(OHC's) of
the organ of Corti in the guinea pig at 2-3 kV in afield
emission scanning electron microscope (FE-SEM). In that
study, the tannic acid/arginine/osmium tetroxide (TAO)
postfixation method was used, following a perfusion and
immersion prefixation with glutaraldehyde. The presence of
aglycocalyx could be demonstrated at thetallest stereocilia
of each of the hair cells of the three outer rows. Demon-
stration of the glycocal yx with antennulae was also possible
after osmium tetroxide/thiocarbohydrazide (TCH)/osmium
tetroxide/TCH/osmium tetroxide (OTOTO) postfixation.
However, this fixation procedure, with TCH as the active
component, is less appropriate because it often results in
brittle samples.

Earlier attemptsto visualizetheglycocalyx in ascanning
€electron microscope (SEM) failed, mainly duetotheinferior
preservation of the glycocalyx constituents and the
relatively high accelerating voltage employed in a
conventional SEM (with aW or LaB, cathode). Moreover,
thehigh accelerating voltage applied (15-25kV), necessary
to obtain optimal resolution with a conventional SEM,
required arather thick conductive coating (4-6 nm), which
often obscures surface details present.

Gold (Au) coatings are known for their decoration
effects, which cause an artificial appearance of the surface,
even at thin (2-3nm) layers, particularly when Auisapplied
by means of diode- or ion sputtering techniques. With these
techniques large grains or metal nuclei are formed on the
specimen surface, and these grains can easily conglomerate
tolarger complexes. Thin coatingsof Pt, W andin particular
Cr, produced with so-called planar magnetron sputtering
devices, give such small grainsthat almost no sub-structure
is observable, not even in high resolution transmission
electron microscopy (TEM) images (Apkarian, 1994,
Stokrooset al., 1995).

The high accelerating voltages applied in the past
resulted in arather large electron penetration volumein the
specimen. Thebackscattered el ectrons (BSE) emerging from
that volume produce, after severd collisions, ahighyield of
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typell secondary electrons (SE-I1) at the specimen surface
at some distance from the point of impact of the electron
beam. In contrast, type | secondary electrons (SE-1) are
generated at the point of impact of the beam. Lowering the
accelerating voltage in a conventional SEM results in a
poorer signal/noise ratio and attainable resolution, mainly
because insufficient secondary electrons are generated at
low kV. This explains why even the application of non
coating techniques did not lead to visualization of the
glycocalyx in a conventional SEM, neither at high nor at
low accelerating voltage. At high kV the secondary
electronsgenerated at theimpact of the electron beam (SE-
1), aredrownedinthehighyield of SE-11 and SE-111 generated
by the emerging BSE, which do not give topographic
information but rather contribute to the noise. At low kV,
thelow yield of SE islow, and an increase of the spot size
results in poorer resolution. Only a high current density
€lectron beam from ahigh brightnessfield emission cathode
produces a very small spot with a high intensity on the
specimen surface; this guarantees high resolution even at
lowkV.

Observation of a specimen prepared by the OTOTO or
TAO method in the FE-SEM at 2-3 kV was successful for
variousreasons. [1] theresolution at low kV in FE-SEM is
almost the same as that of a LaB-SEM at 15-25 kV, [2]
backscattered electrons (BE), formed by primary electrons
reflecting against the specimen surface, and secondary
electrons (SE), formed by theimpact of the primary electrons
at the specimen surface, contribute to the final image, [3]
thiocarbohydrazide or tannic acid, respectively, in
combination with osmium tetroxide, can optimally preserve
the mucopolysaccharide complexesin the glycocal yx.

In TEM the presence of aglycocalyx could be observed
in an indirect way by means of tracers such as cationized
ferritin and colloidal thorium, indicating the existence of
anionic sites in the glycocalyx with antennul ae (Slepecky
and Chamberlain, 1986; Lim, 1986; Santi and Anderson,
1987; Oshorneet al., 1988). | dentification of these anionic
sites was carried out by means of enzymatic digestion via
treatment with neuraminidase and hyaluronidase, which
made it impossible for the agents mentioned above to bind
to those sites (Van Benthem et al ., 1992).

The presence of filamentous material or antennulae has
lead to speculations about its origin and whether itisareal
entity or an artefact due to fixation. The aim of this
investigation wasthereforeto prove whether the antennulae
were real or a product of preparation/fixation, by posing
and answering a number of relevant questions:

[a Why have not others seen the antennulae
before?

[b]  Areall stereociliacovered by aglycocalyx with
antennulae?

[c] Isthere arel ation between the tectorial membrane
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undersurface and the fine structure of the antennulae?

[d] Canthe glycocalyx with antennulae be demonstrated
inTEM images?

[€] Can a glycocalyx with filamentous material be
demonstrated in other tissues, such as duodenum with these
non coating methods?

[f] Isit possible to demonstrate glycocalyx in tissues
with cryo-fixation?

Materialsand M ethods

Animal treatment and pr efixation procedure

Cat duodenum microvillousglycocalyx. Young catswere
anaesthetized with pentobarbital and given ketamine for
muscle relaxation. The duodenum was first perfused for 2
min viathe mesenteric artery with 0.1 M sodium cacodylate
buffer, containing 2% polyvinylpyrrolidone (PVP) (molecular
weight = 40000) and 75 mM NaNO, and subsequently
prefixed by perfusion for 30 min with sodium cacodylate
buffered glutaraldehyde (GA) (2%; pH 7.4). Approximately
10 cm of duodenum was removed and the contents of the
lumen carefully washed out with 0.9% NaCl inditilled water.
Thetissue blockswerethen fixed by immersionin the same
fixative for 24 hours and then rinsed 6 times with buffer
solution.

Guineapighair cell stereociliar glycocalyx. Six weeks
old animals were sacrificed by sublethal administration of
sodium pentobarbital (60 mg/kg body weight). This was
followed by atranscardial perfusionwith amixtureof 0.1 M
sodium cacodylate buffer, 2% PVP, 0.4% NaNO, and heparine
(pH 7.4; 400 mOsmol; room temperature [RT], 5 min; flow
rate 15 ml/min); subsegquently a perfusion prefixation was
carried out with 0.1 M cacodylate buffered glutaraldehyde
(2%; pH 7.4; RT; 10min; 450 mOsmol). Alternatively asmilar
perfusion and immersion prefixation was carried out with a
so-called tri-aldehydefixative consisting of amixture of 3%
glutaraldehyde, 2% paraformaldehyde, 1% acroleinand 2.5
% dimethylsulfoxide (DM SO) in 0.08 M cacodylate buffer
(pH 7.4; RT; 1500 mOsmoal). Subsequently the bullae were
removed and the round window and apex opened, for better
exchange of various fixatives and endolymph. This was
followed by animmersion prefixation for 24 hourswith the
same buffered fixative at 4°C, removal of the lateral bony
wall and stria vascularis, and rinsing with buffer solution
prior to the postfixation procedure.

Postfixation proceduresfor guineapigand cat tissue

Postfixation was carried out according the conventional
0OsO, method, the TAO non-coating method or the OTOTO
non-coating method respectively (Jongebloed et al ., 1996).
Cryofixation of cat duodenum tissue

Vibratome tissue slices of approximately 100 im
thickness were mounted on a TEM copper grid and the
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excess buffer solution was removed with filter paper.
Specimenswere then slam frozen on acopper mirror cooled
with liquid N, in a Reichert (Vienna, Austria) KF 80
apparatus. Then the frozen specimens were transferred to
an Oxford Instruments (Oxford, UK) 1500 HT cryo-transfer
unit, etched for approximately 60 sec, sputter coated with
1.5nm Au/Pd and finally transferred to aFE-SEM.
Dehydration and drying or embedding and micr oscopical
observation

The chemically fixed samples were dehydrated in an
ethanol series up till 100% ethanol and then prepared for
SEM and TEM respectively.

FE-SEM. The dehydrated samples were critical point
dried (CPD) inliquid CO, and investigated without external
conductive coating inaJEOL (Tokyo, Japan) FE-SEM, type
6301F, operated at 2-5kV (cryo samples5-10kV); working
distance: 6-15 mm and probe current 1.0-1.5x 10 A.

TEM. The CPD SEM sampleswere coated with 1.5 nm
AUWPd, prior to embedding in epoxy resin (Serva, Heidelberg,
Germany) under vacuum (1.3 x 10* Pa), sectioned according
to standard methods and observed in an Akashi (Tokyo,
Japan) TEM type 002A, operated at 60-80 kV.

Results

Why havenot other sseen theantennulae befor e?

There could be a number of reasons for this such as:
inferior preservation of the glycocalyx by glutaraldehyde/
osmium tetroxide (OsO,), observation at a too high an
accel erating voltage or acombination of both, asdiscussed
inthe Introduction. The presence of probableremnantsof a
glycocayx has been acknowledged after conventional (GA/
0s0,) fixation and sputter-coating with 3-4 nm Au/Pd at 10
kV. The inferior preservation of the mucopolysaccharides
in the glycocalyx by GA/OsO,, requires the presence of a
conductive coating of approximately 4-6 nmat 15-25kV; the
applied metal layer thoroughly obscured surface details.
The accelerating voltage employed was in most cases too
high to demonstrate these surface phenomena.

Areall stereociliacover ed by glycocalyx with
antennulae?

Three rows of outer hair cells (OHC-I, Il and Il1) are
showninFig. 1. Fromthisimageit isobviousthat thereisa
gradient inthicknessof theglycocalyx from OHC-I11 to OHC-
I. The glycocalyx isthickest in OHC-111 and decreasesin
thickness towards OHC-I, as can be seen in Fig. 2 (OHC-
[11), Fig. 3 (OHC-I1) and Fig. 4 (OHC-1). Moreover, the
glycocalyx isonly present on thelongest stereociliaof each
hair cell, and decreases from the apical towards the
basolamilar part. Inthe OHC-I theglycocalyx with antennulae
is amost only present at the apical part of the longest
stereocilia. Thearrangement of thelHC stereociliaisnot V-
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or W- shaped, but consists of rows of stereociliapositioned
behind each other; no glycocalyx with antennulaeis found
here (Fig. 5). The stereociliar plasma membrane seems
somewhat roughened, showing a sort of dense cap as
observed aready beforeby Dunnebier et al. (1995). In some
of themicrographsDeiters’ cellscan be seen. The perfusion/
immersion fixation of the samples shown in Figs. 1-5 was
carried out with cacodylate-buffered glutaraldehyde. When
a so-called tri-aldehyde prefixation was carried out with a
mixture of glutaraldehyde, paraformal dehyde and acrolein
(see Materials and Methods section), detachment of
stereociliafrom the cuticular plate occurred more often, as
seeninFig. 6. Thismixtureisagoodfixativefor TEM studies
(De Groot, 1986), but our SEM studies show that the
crosslinking between tectorial membrane and hair cell
stereocilia increases, resulting in detachment of the
stereociliafromthe cuticular plate of the hair cellsafter CPD.
Part of the stereocilia, sometimes completerowsof stereocilia
of a hair cell, attach to the undersurface of the tectorial
membrane, leaving only small stubs as remnants of the 3
rows of stereocilia present on one hair cell, as shown in
moredetail inFigs. 7 and 8.

| sthereareation between thetectorial membrane
under surfaceand thefinestructur eof theantennulae?

Thetallest stereociliaof the hair cells of the three outer
row (OHC-I, Il and I11) are connected to the undersurface of
thetectorial membrane and form imprintsin thismembrane.
In the sound state the tectorial membrane covers the outer
andinner rowsof hair cellsand the phalangeal cellsand the
marginal end is connected to the base of the organ of Corti
by means of abutton-like structure. Observing theimprints
of the longest stereocilia of the hair cellsOHC-I, 11 and I11
(Fig.9), itisobviousthat around theimprintsof OHC-1 and
OHC-Il noremnantsarefound of the stereociliar glycocalyx
with antennul ae, in contrast with the areaaround theimprints
of OHC-II1. Fig. 10 shows part of the tectorial membrane
undersurfacewith animprint of the OHC-I11 stereocilia. The
fine structure of the marginal end is different from that of
therest of thetectorial membrane, itsundersurface showsa
rather rough texture with a needle-like appearance, as can
beseeninmoredetail inFig. 11. Theareaaround theimprints
of thelongest stereaciliaof OHC-111 isseenin moredetail in
Fig 12. Patches of the glycocal yx with antennul ae are found
closeto theimprint. Thisis different from the area around
the imprint of OHC-I1 stereocilia, whichisseenin Fig. 13.
Top and bottom side of the tectorial membrane have a
completely different finestructureasshowninFig. 14. The
retracted tectorial membrane shows at the undersurface of
themarginal zone (the part that originally was connected to
the outer phalangeal cells) aneedle-like structure, ascan be
seen in great detail in Fig. 11. At the top side it shows a
reasonably smooth surface, even compared to thefibre-like
structure of the main part of the tectorial membrane.
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Can aglycocalyx with antennulaebedemonstrated in
TEM, analogousto SEM?

Earlier attemptsto demonstrate the glycocalyx in TEM
failed, because the conventional GA/OsO, fixationfailedto
preserve the constituents of the glycocalyx, as discussed
before. With thoriumionsVan Benthem et al. (1992) could
demonstrate the anionic sites at the glycocalyx; thorium
could beseenin TEM assmall dots. The TEM image of the
organ of Corti (Fig. 15), shows successively anIHC, OHC-
I, OHC-Il and OHC-I1I hair cell. The glycocalyx with an-
tennulae can barely be discerned on the stereociliaof OHC-
I11, the inset of this figure shows the glycocalyx more
convincingly. Ascomparisontothe TEM inset of Fig. 15, a
FE-SEM image of an OHC-I1I hair cell with stereociliais
showninFig. 16. Theglycocalyx with antennulaeisclearly
visible in particular at the apical side and decreases in
thickness towards the basolaminar part (the part connected
to the cuticular plate) of the stereocilia. When the OHC-11
and OHC-I11 of Fig. 15 are shown in more detail, asseenin
Fig. 17, it is obvious that the TAO non-coating technique
can preserve the different cell organelles of the hair cells
quite well. It is also obvious that the glycocalyx with
antennulaeisthicker in OHC-I11 comparedto OHC-I1. Inthe
high magnification TEM image of the stereocilia with
antennulae of an OHC-I11 hair cell it isnot evident, whether
the antennul ae are connected to the stereociliar cytoplasm.
At certain places it seems that the antennulae seem to end
somewhereinthebody of the stereocilium (Fig. 18). But the
imageissomewhat mid eading, because dueto the sectioning
and the transmission image, a superposition of structures
can occur. A close examination of the stereocilia showsthe
Au/Pd particles covering the stereocilia, but does not show
very well the stereociliar “membrane”. Possibly, asaresult
of the high contrast the phospholipid structure becomes
blurred inthetotal contrast of theimage. Fig. 19 showsthe
three stereocilia of an OHC-II in cross section with the
antennulae mainly at the top. Fig. 20, however, shows two
stereocilia of the inner row of hair cells. The surrounding
membraneis much moreevident asadark line, althoughits
contrast hasincreased asaresult of the thin Au/Pd coating.
This was necessary to improve the visibility of the
glycocalyx with antennulaein the TEM image, as discussed
before. The dense cap of the IHC stereociliais evident as
well; themicrofilamentsinsidethe stereocilium are obvious
at certain places.

Can aglycocalyx with filamentousmaterial be
demonstrated in other tissueswhen post-fixed with the
samenon-coating methods?

Conventiona (GA/OsO,) fixation of the glycocalyx of
theintestinal microvilli often leadsto poor preservation and
sometimes to conglomeration of the thin penicillium
(antennulae). The duodenum of the cat is known to have a
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Figurel. Threeouter rowsof hair cells(OHC-I, OHC-1l and
OHC-II1) of theguineapig organ of Corti, showing adecrease
in glycocalyx covering from OHC-111 to OHC-I. Note the
inner pillar cells(IP) and Deiters' cell (DC) associated with

microvilli (7). Bar =1 pm.

Figure 2. Part of OHC-III, showing glycocalyx with
antennulae (*) particularly at the apical part of the longest

stereocilia(sc), and cuticular plate (cp). Bar =1 um.

Figure 3. Hair cell of the middle row (OHC-II) with
glycocalyx (*) mainly on the apical part of the stereocilia
(sc), cuticular plate (cp) and microvilli (arrows) of Deiters
cells (DC). Note decrease of amount of glycocalyx in

comparisonwith OHC-I11. Bar = 1 Am.

Figure4. Hair cell fromtheinner most row of outer hair cells
(OHC-I) showing clearly three rows (short, medium and
long) of stereocilia (sc), amost no glycocalyx (*) can be
seen at the longest stereocilia(sc). Deiters cells (DC) with
microvilli (arrows), Cuticular plate (cp) and inner pillar cells

(IP) areshown. Bar =1 Um.

Figureb. Stereocilia(sc) of theinner row of hair cells(IHC),
inner pillar cells (1P). Note the rather rough appearance of
the outer stereociliar structure without antennulae and

dense structure at the top. Bar = 1 Am.

Figure 6. Low magnification of the part of organ of Corti
with completely broken-off (+) hair cells of the outer rows
after tri-aldehyde prefixation (GA + PF + Acrolein). Complete
hair cells (arrowheads) attached to the undersurface of the
partly retracted tectorial membrane (TM). Notefibre-texture

of TM upper surfaceand Hensens' cells(HC). Bar = 10 m.

rather thick glycocalyx, which can bedemonstratedin TEM
quitewell after glutaraldehyde prefixation and postfixation
with OTOTO, TAO or acombination of osmium tetroxide/
tannic acid/osmiumtetroxide. Fig. 21 representsaTEM image
of a cross section of the microvilli and penicillium
(antennulae) of the cat duodenum after OTOTO treatment.
When the microvilli arecut in adifferent direction (Fig. 22)
themicrovilli appear assmall circleswherethemicrofilaments
within the microvilli can be seen as small dots and the
glycocalyx asagranular mass at thetop of theimage. When
an almost similar situation is observed with FE-SEM (Fig.
23) theglycocalyx can be observed ontop of the microvilli
and partly along the lateral sides of individua microvilli;
the image is comparable with the TEM image of Fig. 21.
When the glycocalyx isobserved in top-view (Fig. 24), the
typical net-like structure becomes evident which is
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Figures 7-8. Detail of broken-off stereocilia (sc); note small stubs as remnants of stereocilia besides a few partly intact
stereociliafrom the rowswith short, medium and longest stereocilia. Cuticular plate (cp), Deiters' cells(DC) with microvilli

(arrows) and the phalangeal plate (pp). Bar =5 JUm (Fig. 7); Bar =1 um (Fig. 8).

(Figures on facing page)
Figure9.V or W- shaped imprints of longest stereociliaof OHC-1, OHC-11 and OHC-111 in the undersurface of thetectorial
membrane (TM). Note the different surface structure of the partly retracted (X) edge of thetectorial membrane. Bar =5 Jum.

Figure 10. Detail of the retracted edge of thetectorial membrane (TM) and the areaaround the OHC-I11 stereociliar imprint.
Note the patches of glycocalyx materia (*) mostly abovetheimprint. Bar = 1 dm.

Figure 11. Detail of the retracted edge of tectorial membrane with needle-like structure, note basic structure of tectorial
membrane undersurface (Hardesty layer), asagroundwork of fibrilsand small globular units (arrowheads), in particular inthe

top part of theimage. Bar = 1 {m.

Figure12. Higher magnification of thetectorial membrane around the OHC-I11 stereociliar imprint, note patches of glycocalyx
material (*). Ground structure of the Hardesty layer consisting of fibrilsand small globular units (arrowheads). Bar = 1 um.

Figure 13. Detail of tectorial membrane undersurface with imprints of the tallest OHC-I1 stereocilia. Note the pattern of
stereociliar indentations (*); no patches of glycocalyx are present. Bar = 1 JAm.

comparable with the structure shown in Fig. 21. At some a preservation without chemicals was necessary. For
places the glycocalyx seems slightly thinner than at other technical reasons, it was decided to carry out cryofixation
places, so that the apical surface of the microvilli becomes of the duodenum, while cryopreparation of segments of the
visible. Figs. 21 and 22 show that the non-coating treatment organ of Corti isin progress. Because the vibratome slices
certainly can demonstrate the glycocalyx with filamentous are taken from a buffer solution (in this case sodium
material in other tissuesaswell. cacodylate), ice containing cacodylate salts will appear as
Can aglycocalyx with filamentousmaterial be well. Theglycocalyx can be observed asathin layer ontop
demonstrated in tissueswithout chemical fixation? of themicrovilli inacrossview, while at some distance from

the glycocalyx the frozen buffer solution can be seen (Fig.
25). Inatop view of acryo-prepared sample crossfractures
of microvilli are seen with the filamentous material of the

To provethat achemical treatment either as prefixation
or postfixation procedure could not induce these antennul ae,

366



FESEM of theglycocalyx in the organ of Corti

¢ : o -
TR f&’.‘.‘?) e
~ Lol -
A =

P )

367



W.L. Jongebloed et al.

glycocalyx on top of and along the microvilli, proving that
also without chemical fixation the glycocalyx with
filamentous material can be observed. The cryo-specimen
represents a fracture through a vibratome section of the
intestine, hence different fracture faces will appear. The
typical dotted structure inside each microvillus is due to
themicrofilaments (Fig. 26), and thisiscomparablewith the
dotted structure seenin Fig. 22. At some placesthe presence
of glycocalyx both at the top of the microvilli aswell asin
between themicrovilli isobvious. Sometimesthe compl ete
top of the microvilli including part of the interior was
removed by fracturing, leaving akind of hollow microvilli
behind.

Discussion

Tannic acid is known for its strong binding to acid
mucopolysaccharides (Murakami, 1974), which form the
glycocalyx constituents. Therefore, visualization of
antennulae after TAO postfixation method could be aresult
of strong adherence of the glycocalyx to the tectorial
membrane (TM). The antennulaewould be part of the TM
undersurface, ripped off from that surface when thetectoria
membrane and stereociliaseparate by forces exerted during
fixation and drying. Theactivegroup of tannicacidisgalloyl
glucose, consisting of three phenolic groups bound to
glucose. This group can react with hydroxyl-, carboxyl-,
and sulfonic groups of amino acids. It also can react with
carbohydrates, such as hyaluronic acid and various
glycoproteins by means of electrostatic binding. Moreover
it can react with arginine, lysineand collagen by meansof a
non-electrostatic binding. Galloyl glucoseismost effective
with non-osmicated tissues; theimmersion in amixture of
arginine-HCl, glycine, sucroseand sodium glutamatefollows
prefixation with glutaraldehyde (Murakami, 1974; Murphy,
1978; Chaplin, 1985).

Also with the OTOTO non-coating technique the
glycocalyx can be demonstrated. The ligand thiocarbo-
hydrazide (TCH) hasthree active groups: two NH, and one
S=H group, which can react with tissue- bound osmium
or additional OsO, (Kalicharan et al., 1992; Jongebl oed et
al., 1992).

FE-SEM imagesof conventionally fixed samples suggest
the presence of a glycocalyx. But the image, even in FE-
SEM does not come up to modern standards. Due to the
poor preservation, the stability of the sampleisinsufficient
leading to volume changes during SEM observation. The
poor conductivity requires an external conductive layer to
be applied which can obscure surface details and induce
conglomeration of coating particles and fine filamentous
material, reducing the quality of theimage.

The prefixation plays an important role as well,
particularly intheretraction of thetectorial membrane (TM).
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(Figures 15-20 on facing page)

Figure15. TEM overview of OHC-I, OHC-1l and OHC-I11
hair cellswith stereocilia, onthelast onethe antennulacare
vaguely discernible; in the outermost left corner an inner
hair cell with stereocilia(IHC) isobservable. Theinset shows
adetail of afew stereocilia(sc) of an OHC-111 hair cell with
antennulae (*). Bar = 10 Um (mainfigure); Bar = 1 Am (inset).

Figure 16. Three dimensional FE-SEM image of similar
stereocilia (sc) after TAO non- coating postfixation. Note
the decreasein amount of theglycocalyx (*) with antennulae
towardsthe basolaminar side of the stereocilia Bar =1 dm.

Figure17. TEM micrograph of an ultrathin section of OHC-
I1and OHC-I1I hair cellsand Deiters' cell (DC) with microvilli
(arrows); note glycocalyx (*) with antennulae and various
organellesinthehair cell cytoplasm (cy). Bar = 2.5 im.

Figure 18. Detail of two stereociliaof an OHC-I11 cell after
TAO non coating postfixation. The antennulae can be easily
seen due to the (thin) Au sputter coating applied, prior to
ultrathin sectioning. Bar = 250 nm.

Figure 19. Detail of OHC-II stereocilia (sc), showing
glycocalyx (*) with antennulae. The high contrast of the
TAO method maskstheinternal structure of the stereocilia.
Bar =250 nm.

Figure20. Detail of IHC stereocilia(sc). Somearrangement
inthe cytoplasmic filaments can be seen at afew places (*),
while at some places a highly contrasting inner and outer
phospholipid layer is visible (arrows). The dense cap
(arrowheads) on top of the stereocilium is evident. Bar =
100nm.

One of thereasonsfor acertain indistinctness of the TM is
the difficulty in obtaining areproducible morphology. The
TM issubject to marked distortion whenitisfixed and dried
or embedded for SEM and TEM examination, respectively.
Werner (1937) reported about changes and discussed why
the TM is rarely, if ever, chemically fixed in its natural
position. He described how the TM can shrink inthreedirec-
tions: in height, in width and longitudinally (parallel to the
axis of the cochlear duct).

Glutaraldehyde, used as perfusion and immersion
prefixative, produces afairly controllable retraction of the
TM, in great contrast to a prefixation with a trialdehyde
mixture of glutaral dehyde/paraformaldehyde/ acrolein. This
fixative mixture produces such a strong cross-linking
between the hair cell stereociliaand thetectorial membrane,
so that complete stereociliaareripped off fromtheir cuticular
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plate (resulting from forces exerted during fixation) and
attach to the undersurface of the TM. Thisis probably due
tothe high osmolarity of the mixture (> 1000 mOsmol) and/
or the high reactivity of acrolein.

The TM can be divided in three zones: the limbal, the
middle and the marginal zone, the latter ends externally in
the marginal net (Lim, 1972). The middle zone contains a
homogenous layer, which is continuous with the marginal
band of the margina zone. Several authors have reported
on the protein and carbohydrate contents of the tectorial
membrane, e.g., Tachibana et al. (1973), Ross (1974), and
Steel (1980). Carbohydrates and glycocalyx may enablethe
TM to maintain aneutral electrical potential and thus have
apolarizing effect between the negatively charged hair cells
and the positively charged endolymph, or may allow
displacement potentials to occur in the regions of the hair
cell (Ross, 1974).

Inthe past several investigators have studied therelation
between the stereocilia and the tectorial membrane (TM)
with light microscopical techniques(DeVries, 1949; Hilding,
1952; Kimura, 1965). Kimura (1965) was the first to
demonstrate in TEM, that outer sensory hair tips were
inserted in the undersurface of the tectorial membrane; a
finding which later was confirmed among others by Lim
(1972). With SEM amore 3-dimensional image of the TM
could beobtained (Kosskaet al., 1971; Lim 1977a,b; Soudijn,
1976; Hunter-Duvar, 1977; Saito and Hama, 1979; Kawabata
and Nomura, 1981). But all theseinvestigationswere made
with a conventional SEM, operated at relatively high
accelerating voltage, and with specimens prepared with
conventional fixation techniquesrequiring arelatively thick
conductive coating. Lim (1977) found that the imprints of
theouter hair cellscan still be seen long after destruction of
the organ of Corti by noise or intoxication, while Osborne
and Comis (1990) studied the stereocilia of normal, post-
mortem and drug-treated guinea pigs with high resolution
SEM. Their findings could mean that, although theimprints
areproduced by thetipsof the stereocilia, there might bean
independent form of tissue organization in the tectorial
membrane. One could argue that the tectorial membrane
undersurface structure is equal to the antennul ae structure.
However, FE-SEM images of the TM undersurface show
that its ground structure is entirely different from the
filamentous structure of the antennul ae. Except for the area
around the imprints of the longest stereocilia of the OHC-
I11, no remnants of the antennulae could be found at the
undersurface of the TM. Possibly part of the needle-like
structure of the slightly curled marginal end of the TM
adheresto the apical side of the antennulae of the OHC-I11
stereocilia

Themain body of the TM isformed by finefibrilsand an
amorphous ground substance. Kronester-Frei (1978) found
two types of protofibrils, type A and type B. Type A is
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(Figures 21-26 on facing page)

Figure 21. TEM image of an ultrathin section of cat
duodenum with closely packed longitudinally arranged
microvilli (mv). Theepithelia cellsshow microfilaments (mf);
the glycocalyx or penicillium (*) isfound on thetopandin
between themicrovilli after OTOTO postfixation. Bar = 600
nm.

Figure 22. TEM image with transverse view of similar
microvilli and associated glycocalyx (*). In the core of the
microvilli, themicrofilaments (mf) can be seen asdense aress,

even at thislow magnification. Bar = 1 Am.

Figure23. FE-SEM image of anidentical areaasinFig. 21,
presenting a 3-dimensional view of the epithelium with
associated microvilli (mv). The glycocalyx (*) isfound on
top of andin between the microvilli and ismore abundant at

theapical side. Bar =1 um.

Figure24. FE-SEM image of the cat duodenum microvillous
glycocalyx (*), seenintop view after TAO postfixation. The
structure of the penicillium network isequally well preserved
after both TAO and OTOTO (see Figs. 21-23) postfixation.

Bar=1pHm.

Figure25. Cryo-FE-SEM imageof smilar duodend epithelial
microvilli (mv) withtheglycocayx (*) inparticular observable
at the top; note the plasma membrane bordering on the
microfilaments(mf). Bar =500 nm.

Figure 26. Cryo-FE-SEM image, showing fractured
duodenal microvilli in more detail. The glycocalyx with a
spark-like appearance can be seen along the microvilli
(compare with Fig. 23). The microvillus core shows
microfilamentsin projection (comparewith Fig. 22). Bar =
200nm.

mostly found in the basal layer and in the entire middle
zone. Type B islocated in the middle zone and marginal net.
Kawabataand Nomura (1981) suggested that the amorphous
ground structure could haveamorphological differentiation
aswell. Kalicharan et al. (1996) demonstrated with FE-SEM
and TEM different fibril orientationsinthe TM, which could
be similar to both types of protofibrils.

The fact that the physiological function of the
antennul ae was unknown provided abasisfor the idea that
these filamentous structures probably were artificial. Lim
(1986) and Slepecky and Chamberlain (1986) proposed the
existence of a kind of micro-environment around the
stereocilia, which could play aroleintheK*/Na' equilibrium
around the stereocilium at sound transfer. The differential
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distributions of the various glycosaminoglycans in the
glycocalyx could account for the ability of adjacent cacified
and uncal cified substancesto coexist (Fermin et al., 1995).

Thepresence of aglycocayx can beseenin TEM images
after non-coating fixation. The stereociliar structure reacts
quiteeasly with osmium and therefore the limiting membrane
is sometimes difficult to distinguish from the dark stained
cytoplasmic contents. A closer look showsthe microfilament
structureinsidethe stereocilia, but it cannot be seen whether
the antennulae have connections to the cytoplasm of the
hair cell.

Observation of TEM imagesof thehair cell body shows
that the TAO method, used for (FE)-SEM, also givesagood
preservation of the cell constituentsand the cell membrane
at the TEM level and a good contrast in the image, taking
into account that no contrasting with uranyl acetate and/or
lead citrate was carried out. However, a standard fixation
with GA/OsO,, followed by section contrasting with U/Pb
isdlightly better for TEM visualization of the cytoplasmic
contents. On the other hand, non coating treated SEM
specimens can be embedded for TEM observation without
fixation problems, which isnot possiblewith SEM samples
fixed by standard methods.

Earlier attempts to visualize the morphology of
glycocalyx with antennulae in TEM were not very
successful, due to inferior preservation of the glycocalyx
constituents, as discussed before. The antennulae
themselves are very thin, so they only produce aminimum
of electron scattering inthe TEM, which makesthem difficult
to observe. By sputter coating the FE-SEM sample prior to
embedding and ultrathin sectioning, the hair cells with
stereociliawere covered with a1-2 nmthinlayer of Au/Pd.
The presence of a very thin metal coating on top of the
stereocilia with glycocalyx improved the visualization of
the antennulae, because the metal particlesclearly mark the
shape of the antennulae in the TEM image.

Cat duodenumisknown for itsrather thick microvillous
glycocalyx, which also creates amicro-environment for ion
transport and for protection of the intestinal cell.
Conventional OsO, postfixation often gave poor resultsboth
in SEM and TEM, and only remnants of the glycocalyx with
penicillium were visible, indicating that preservation was
inferior and that the various rinses during the fixation and
dehydration process extracted non-stabilized material.
Neither postfixation with the combination
thiocarbohydrazide/OsO, in TEM or SEM, respectively
(Takahasi, 1978), nor the combination OsO /tannic acid/OsO,
iNnTEM (Kdlicharanet al., 1984) resulted in animprovement.
There are two reasons for that failure: the employed
accelerating voltages were too high (as discussed before)
and tannic acid islessreactivein already osmicated tissues.
Tannic acid is most reactive in combination with arginine,
asisthe casein the TAO method. But tannic acid can also
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be employed in combination with already osmicated tissue;
this method is known as the (G)OTO method (Jongebloed
and Kalicharan, 1992). GOTO stands for glutaraldehyde/
Os0/tannic acid/OsO,, but it is not an appropriate method
for the preservation of mucopolysaccharides. However in
the (G)OTU non-coating method, tannic acid is employed
with already osmicated tissue, but the final step in the
postfixation procedure is carried out with uranyl acetate
(Jongebloed and Kalicharan, 1992). The cytoplasmic
contentsarewell preserved by thiscombination, but it does
not preserve the glycocalyx constituents. The (G)OTU
method is quite similar to the standard TEM fixation with
GA and OsO, and post staining with uranyl acetate/lead
citrate. Postfixation by means of the TAO method showed
theintestine glycocalyx very well, in top view and in cross
view in FE-SEM at low accelerating voltage (2-3kV) andin
TEM at standard accelerating voltage (60-80 kV), as
discussed before.

To exclude the possibility that only a chemical
postfixation of the glycocalyx could show the filamentous
structure of the glycocalyx, intestine samples were cryo-
fixed. In stead of incubation of the sample in a
cryoprotectant, samples were fixed by perfusion for 10
minutes with glutaraldehyde prior to slam freezing. At the
apical surface and in between the microvilli the glycocalyx
could be observed, which proved that the glycocalyx with
penicilliumisarea structure, and not an artefact asaresult
of aspecial postfixation procedure.

Conclusions

[1] Optimal preservation of the delicate constituents of
the glycocalyx is the first prerequisite for glycocalyx
visualization.

[2] Low kV FE-SEM operationisasecond prerequisite
for glycocalyx visualization

[3] The visualization of antennulag/penicillium is not
dependent of one particular kind of chemical fixation.

[4] The presence of a penicillium can also be
demonstrated in Cryo-FE-SEM.

[5] The antennulae/penicillium is a real structure and
not an artefact.

[6] The visualization of the antennulae in TEM after
non-coating treatment is certainly improved by deposition
of athin metal coating prior to embedding and ultrathin
sectioning.

[7] The fine structure of the tectorial membrane
undersurface and that of the antennulae are different.
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Discussion with Reviewers

Reviewer |: What isthe difference between antennulae and
penicillium?

Authors: Infact they arethe same, but inthe older literature
the glycocalyx present at the intestine epithelial cells
microvilli isalwaysreferred to as penicillium.

Reviewer |: Alcian blueisacation too, but not atracer.
Authors: This is correct, but Alcian blue does not give
sufficient contrast by itself in TEM images, so to make it
visiblein the TEM aheavy metal ion should be coupled to
it; thisis not the case with tracers.

Reviewer |: Doesglycocalyx without antennulae exist?
Authors: Asfar aswe know the antennulae are part of the
glycocalyx.

Reviewer |: Isthere areason for coating the samples for
TEM, asseeninFigs. 18 and 19 and mentioned in conclusion
(6)? See antennulae after conventional fixation in TEM
without any coating in Fawcett (1981), Figs. 17, 18, on page
30.

Authors: Several authors in the past have demonstrated
the glycocalyx on microvilli of intestinal epithelial cellsin
TEM after conventional GA/OsO, fixation. However, the
preservation was not always optimal, which caused either
agglomeration of the penicillium or loss of part of that
glycocalyx. Good results have been obtained with OsO,-
tannic acid-OsO, fixation by Takahishi (1978) both for SEM
and TEM. The TEM images were made from ultrathin
sections of OTOTO prepared samples for SEM and those
sections were not contrasted with U/Pb asis common with
TEM sections. The FE-SEM samples were sputter coated
with 1.5 nm Au/Pd to improve conductivity in the FE-SEM;
moreover, thisimproved visualization of the antennulaein
TEM.

Reviewer 1: Noanswer isgiven to the posed question [a] in
the section “Results’.
Authors: We do not agree with this. We have given four
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possible answers: [1] the preservation of the glycocalyx
has not been sufficient, [2] therelatively thick metal coating
applied, necessary for viewing the specimen at 15-25 kV,
obscured the possible presence of a glycocalyx and,
moreover, caused agglomeration of glycocalyx material, [3]
the accelerating voltage applied was much to high to
visualize surface phenomenaas discussed in thetext, or [4]
acombination of the three previously given explanations.

Reviewer |: The stereocilia penetrate into the tectorial
membrane. Theimprints'remnants of the antennulae should
occur inside the sterociliary indentations, and not above
these on the underside of the tectorial membrane.
Authors: From the picturesit isobviousthat theindentations
are rather shallow, so only the apical part of the (longest)
stereociliais connected with the undersurface of thetectorial
membrane. If the GA prefixationisused, contrary to thetri-
aldehyde fixation, there is a nice separation between the
stereocilia and the undersurface of the tectorial membrane
(TM). We have not observed remnants of the glycocalyx
including the antennulae at the inside of the imprint. Acci-
dently we found some remnants in the area around the
imprints of the OHC-I11 stereocilia, as shown in theimage.
In general the undersurface of the TM was free from
remnants, except for the area close to the rim (which hasa
needle-like appearance) originally attached to outer
phalangeal cells. Themarginal end or rim probably israther
firmly attached, so when forces are exerted during fixation
and drying, small patches of glycocalyx can become
detached.

Reviewer |: Many authors show connections between the
stereocilia(tip-links, side-links). Why can these not be seen
in any of the pictures of the stereocilia and how does the
glycocalyx appear inthisregion?

Author s: We should statefirst that we have not specifically
looked for thesetip- and side-links, we have seen them and
canrefer to Jongebloed et al. (1996), where we have shown
those connections in stereo images. The visualization of
those connections is strongly dependent of the viewing
direction, they appear at the inside of the V or W shaped
stereociliaarrangement. The connections are partly hidden
by the glycocalyx, certainly those between the longest
stereocilia. The connections between the shortest and the
medium long stereocilia should be better visible; they occur
in an areawhich isless covered by glycocalyx, due to the
gradient in thickness.

Reviewer |: Thedark layer seeninFig. 20isnot ainner and
outer membrane, but an inner and outer phospholipid layer
of the plasma membrane. Is the dense cap the glycocalyx
without antennulae ?

Authors: Thefirst statement is correct. We have not found
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glycocalyx on the inner hair cell stereocilia. We only can
speculate that the dense cap is a thickening of the
phospholipid layer, which is even more visible due to the
metal sputter coating applied prior to the embedding.

Reviewer |11: Can you specul ate about the significance of
thegradient in thickness of the glycocalyx from OHC-I11 to
OHC-l, illustrated in your work, with respect to function?
Authors: This is a question not easily answered. It is
assumed that the glycocalyx creates a kind of micro-
environment mainly around the apical part of the stereocilia.
Ontheother hand it iscommonly thought that the different
rowsof hair cellsplay an essential but also different rolein
sound transfer. Whether the thickness of the glycocalyx
plays a more or less important role in this is not known.
Further research should be undertaken to establish this.

Additional Reference

Fawcett DW (1981) The Cell, 2nd ed. Saunders,
Philadelphia, p 39.

375



