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The REGISTRY ispublished semian-
nually by the NIDCD National Tem-
poral Bone, Hearing and Balance
Pathology Resource Registry. The
Registry was established in 1992 by
the National Institute on Deafness
and Other Communication Disor-
ders(NIDCD) of the National I nsti-
tutes of Health to continue and ex-
pand upon the former National
Temporal Bone Banks (NTBB) Pro-
gram. The Registry promotes re-
search on hearing and balance dis-
orders and serves as a resour ce for
the public and the scientific com-
munity about research on the pa-
thology of the human auditory and
vestibular systems.

LACUNO-CANALICULAR PATHWAYS AND BARRIERS
IN PERILABYRINTHINE BONE

M.S. Serensen, K. Qvortrup, M. Friis, T. Frisch

Dept. of Otolaryngology Head and Neck Surgery, Rigshospitalet and I nstitute of
Medica Anatomy, The Panum Ingtitute,
University of Copenhagen, Denmark

INTRODUCTION

T hebony otic capsuleformsauniquefunctiona unitinwhichthespatia org-
anization of postcartilaginousgrowth, modeling and remodeling suggest the
existence of aninner ear mechanism that inhibitsperilabyrinthinebonere-
sorptioninvivo (1,2,3). Recent studiessuggest that ahighratio of the cytokines OPG
(osteoprotegerin) to RANKL (receptor activator of nuclear factor kappaB ligand)
competing for the osteoclastic RANK receptor isresponsiblefor thiseffect, and that
OPG producedin high levelsininner ear epitheliadiffusesthrough the peri-osteocytic
space of thelacuno-candlicular systeminto the surrounding bone (4).

Ultrastructural observationshaveidentified large defectsinthelayer of cochlear
bonelining cells, which exposeasignificant 15% of theinner periosteal bone surfaceto
the OPG-rich perilymph (5) and provide an access route to the lacuno-canalicul ar
system and itsosteocytic syncytium (4). Cellular distortion and tissue disruptionsare
well known artifactsof theinner ear ultrastructure, which areminimized by normal-
pressureintravital perfusonwith glutaral dehyde (GA) in combinationwith oxygenated
fluorocarbon (6,7). For thisreason cochlear bonelining cellsand capsular osteocytes
werere-examined inrats processed with thistechnique.

Fatigue microdamage (M Dx) appearsin bonetissuein responseto physiological
mechanical loading. MDx is constantly removed by bone remodeling and may
accumulate when the remodeling rateislow. MDx isidentified in undecalcified
bone after bulk staining with 1% basic fuchsinein ethanol, which stainsintravital
cracks but not the mineralized bone matrix or artifactual cracks. SinceMDx is
expected to accumulatein peril abyrinthine bone, we have processed undecal cified
human temporal boneswith amodified bulk staining technique (8). Inadditionto
MDx, thelacuno-canalicular system, the osteocytic syncytium and capsular vascular
canasareclearly stained, and thismaterial was used to study the canalicular network
aswell.

See Lacuno-canalicular Pathways, page 2



Lacuno-canalicular Pathways, Continued from page 1

MATERIALSAND METHODS

Six maeWidar rats (Pan:WIST) werefixed by vascular
perfusionwith 2% GA and 13.3% oxygenated fluorocarbon
in 0.05 M sodium phosphate buffer (pH 7.4) at asteady
pressure of 100 mm Hg asdescribed in detail previously
(6). Briefly, following induction of surgical anesthesia, the
trachea was cannulated to simplify adequate artificial
ventilation. A self-retaining cannulawasinserted intothe
left ventricle of the heart and clamped tightly. Thecannula
consisted of two barrels: the outer barrel was connected to
aperistaltic pump which delivered thefixative, theinner
barrel was connected to a pressure transducer that
monitored the perfusion pressure, directing the pump to
deliver the perfusate at asteady pressure of 100 mm Hg.
Thecauda cavd veinwasseveredimmediately beforethe
perfusion wasinitiated. Following vascular perfusion-
fixation, the temporal bones were isolated, the bullae
opened, followed by removal of the stapesand severing of
theround window membrane.

After threerinsesin 0.15 M sodium cacodylate buffer
(pH 7.4), the specimensfor scanning e ectron microscopy
(SEM) were processed by the osmium-thiocarbohydrazide
(OTOTO) asdescribed in detail previously (7). After a
rinsein distilled water, the specimenswere dehydrated to
100% ethanol according to standard proceduresand were
critical point dried (Balzers CPD 030, Lichtenstein) with
CO,. Subsequently, the specimenswere mounted on stubs
using colloidal silver asan adhesive, sputter coated with
chromium (Edwards, Xenosput XE200, England) and
investigated with a Philips FEG30 scanning electron
microscope operated at 1-5kV.

Fig. 1. a) Cochlear liningin SEM. Surface cavities—arrows. Bar
= 2um b) Multilayer of lining cellsand fibrillar material in TEM,
between # - perilymphatic space and 8§ - mineralized bone matrix.
Bar = 500nm c) Gap junction d) 20 nmwide gap between lining

cells—arrow
rd' ™ ,

=
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For transmission electron microscopy (TEM), the
specimensweredemineralized in 4.13% EDTA with 1%
glutaraldehydeinwater for 6 weeks, postfixedin 1% OsO,
in 0.12 M cacodylate buffer (pH 7.4) for 2 hours,
subsequently dehydrated in graded series of ethanol,
transferred to propylene oxideand finally infiltrated and
embedded in Epon. Ultrathin sectionswere stained with
lead acetate and/or uranyl acetate and examined and
photographed in aPhilips CM 100 el ectron microscope
operated at an accelerating voltage of 80 kV. Human
temporal bonesremoved at autopsy with a Schuknecht
trephinewere bulk stained by immersion in 62% ethanol
with 1% basic fuchsin (Certistain fuchsin, Merck) for 2-4
months. Infiltration was enhanced by the use of vacuum
and low-temperature microwave treatment. After
dehydration in graded ethanols and defatting in ether-
acetone 1.1, the bones were embedded undecal cified in
methyl methacrylate (BDH, England) and sectioned
horizontally at 50-150pum with an Accutom-2 milling
machine (Struers, Denmark) or a KDG95 microslicer
(BioScan BV, The Netherlands) as described previously
(8). Selected sectionsrepresenting various subject ages
were studied with ordinary LM and withaSteREO Lumar
V12 fluorescence microscope (Zeiss, Germany) equi pped
withaUV filter BP365/12 L P397 and aGFPfilter BP470/
40 BP525/50.

RESULTS

In the SEM, a continuous cell layer lined the inner
periosteal capsule facing the cochlear spaces. A few
artifactual linear tearswerefound. Thesurfacedisplayed
rounded cellular protrusions superimposed on apattern of
interdigitations between adjoining cells, where
numerousrounded cavities 2-4umwideand 2
1um deep were seen. Insidethese cavities, the
exposed cell surfaceswereclearly moregranular,
but no microfibrillar extracellular matrix was
present.

Inthe TEM, the cochlear bonelining cells
formed acontinuouslining, whichranged froma
singlelayer of flat cellsto severd layersof more
irregular cellsconnected by large gap-junctions
and occasionally separated by intercellular gaps
of up to 20nm. A microfibrillar extracellular
materid wasfound betweenlining cdlsand around
the capsular osteocytes inside the lacuno-
candicular space. No empty osteocyticlacunae
wereseen (Fig.1).

See Lacuno-canalicular Pathways, page 4
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Brochuresabout Tempor al Bone Resear ch and Donation
Order Free-of-Chargefor Your Office, Clinic or Organization

The NIDCD National Temporal Bone, Hearing and Balance Pathology Re-
source Registry, which is dedicated to promoting research on hearing and bal-
ance disordersthrough the study of temporal bones, has published two informa-
tional brochures, which you may request for display in your office and/or wait-
ing rooms. Both brochures encourageindividual swith hearing or bal ance disor-
dersto begueath their temporal bones to scientific research.

wnowwmeworn. | That Others May Hear is a short form brochure which

P describeshri efly thefunctions of the Registry, and answers
 Qthers commonly asked qqestiohs regarding the temporal bone
S/6ear | donation process. (Dimensions: 9” x 4”)
The Gift of Hearing and Balance:
Learning about Temporal Bone Do-
nation is a16-page, full-color booklet
e | WHICH desCribesin more detail and with
REGISTRY | diagrams, the structure of the ear, types
of auditory disorders, the microscopic
study of thetemporal bone, and the benefits of temporal
bone research. It also answers commonly asked ques-
tionsregarding thetemporal bone donation process. (Di-
mensions. 7” x 107)

":.'-'1;{ 1

If you arewillingto display either or both of thesebrochures, please complete
theform below and return it to the Registry by mail or fax. Thebrochureswill

|
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|
|
|
|
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|
|
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|
|
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|
|
| besenttoyoufreeof charge.
|

|

|

ORDER FORM

Please send me (circleor fill in quantity):
| That Others May Hear: 25 50 100 copies (free of charge) |
| The Gift of Hearing: 25 50 100 copies (free of charge) |
| Enrollment Packets: 25 50 100 copies (free of charge) |
| Newsletters: 25 50 100 copies (free of charge) |
|
| NAME:
|
| ADDRESS:
ADDRESS:

CITY, STATE, ZIP:

Mail or fax thisform to the Registry at:
NIDCD Nationd Temporad Bone, Hearing and Ba ance Pathol ogy Resource Registry
Massachusetts Eye and Ear Infirmary
243 Charles Street, Boston, MA 02114 _
(800) 822-1327 Toll-free phone, (617) 573-3838 Fax OS/L

Or submit your request using email: tbregistry @meei.harvard.edu \
b .|
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Lacuno-canalicular Pathways, Continued from page 2

In the SteREO Lumar, the % W @
lacuno-candicular sysemand the o G |
vascular spaces were seen as a R :,‘ b
dark blue 3-dimensional web ¢ ".

suspended in the transparent e = =
mineralized bonematrix. Stained
cdlsweredearly evidentinddethe
mgority of lacunaein bonetissues
outsdetheotic cgpsuleregardless
of subject age. Theotic capsular
lacuno-canalicular system was
clearly connected to inner
periosted lining cellsof theinner
ear spaces. In subjectsyounger
than 16 years, theentire capsular
candicular network wasintact and
al the capsular lacunae contained
stained cellular material. Inadult specimens, largeareas
of perilabyrinthinebone contained very few if any stained
osteocytes. Thedained osteocytesintheseareasgeneraly
displayed only oneor two processes but all thevascular
canaswerestained. Otic capsular MDx wasfound only
in adult bones, and with aclear relationto the acellular
areas. The 3-D findingscould not be photo documented
at thistime—the present imageswere captured invisible
lightwithan OlympusBX50 at 40x magnification (Fig. 2).
DISCUSSION

Theexistence of large areas on the cochlear bony wall
inwhichacellular liningismissing and inner periosteal
mineralized matrix isdirectly exposed to perilymphisnot
supported by the present observations. Morelikely, the
structuresfound inside therounded intercellular cavities
represent lining cellsor osteocytes, which were caughtin
theprocessof cellular differentiation and shedding from
the superficial layer during ultimate apposition. This
impress on should be addressed by re-embedding the SEM
specimensfor sectioningand TEM of thecavitiesinaplane
perpendicular to the surface.

Recent EM studiesconfirmthe presenceof apericdlular
space surrounding the osteocyte process (9). Thisspace
contains extracellular fluid in a highly structured
proteoglycan-richfibrillar matrix that tethersthecell insde
thelacuno-canalicular space (9), and formsamol ecular
seve, which providesaninterstitial pathway for fluid flow
and diffusion of molecules smaller than 6nm, such as
horseradish peroxidase, MW 44kD, introduced in vivo
through anintact endosteal lining after iv injection (10).
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Fig. 2. Bulk stained human bone, subject age 69 years, basic fuchsin, LM at
40x. a) Osteocytes in lamellar mastoid bone b) Osteocytes in cochlear inner
periosteal bone c) Pericochlear endochondral bone with a vascular canal, an
MDx and osteocyte deficiency

WithaMW of 20kD, OPG may well diffuse from the
cochlea through lining cell gaps 20nm wide into the
perilabyrinthinelacuno-canalicular system asrecently
suggested (4) evenwithout cellular defectsto exposethe
surfaceof capsular inner periosteal bonematrix directly
to theinner ear fluid compartments. Evidently, basic
fuchsinwithaMW of 300D isabletodiffuseeasily via
thelacuno-candicular aswell asthevascular system but
failsto penetratethe mineraized matrix, except when MDx
ispresent. Thisdemongratestheextension of thecapsular
lacuno-candicular system fromtheinner periosted lining
throughout the entire volume of the bony otic capsulein
young individualsasapossibleroutefor OPG mediated
restriction of perilabyrinthine bone remodeling. The
findings of adult perilabyrinthinebone areasdevoid of
stained lacunae and canaliculi confirm previous
observations on devitalized capsular bone (11,12).
However, sincedl thevascular candsarestained evenin
these areas, vascular obstruction cannot account for the
missing lacunar san. Thepreservation of apatent lacuno-
candicular porosity may depend on constant trimming of
thesurrounding mineraized matrix by cdlular enzymatic
activity (13). Withincreasing age, capsular osteocyte
degeneration or death by apoptossmay cancel thisactivity
and cause the obstruction of the lacunae and canaliculi
despite vascular sufficiency. Studies on human bone
biopsy and autopsy materials indicate that bone
remodeling (14) and MDx (15,16) increaseinrelation to
osteocyte deficiency. Animal studiesindicate that the
lacuno-candlicular patency and osteocyteviability suffer
inresponseto experimentally induced MDx (17,18), but



thegeneral mechanismthat links osteocyte death, MDx
and boneremodeling together isunknown at present.

Normally, capsular bone remodeling is low (2),
possibly due to the inhibition of osteoclasts by OPG
produced by inner ear tissues and distributed viathe
lacuno-candicular system (4). Gap junctionsconnecting
the capsular bone cells, which have been reported
previoudy (5), may offer another perilabyrinthinesgnding
pathway by wiring up the capsular osteocytic syncytium
for sgnd transduction through theintercellular exchange
of small molecules or the propagation of
transmembranous calcium fluxes (19). In adult
perilabyrinthinebone, MDx aswell asempty lacunaeare
abundant compared to other bonetissues, acondition
normaly infavor of enhanced boneremodeing. Certainly,
MDx and osteocyte deficiency may well obstruct a
perilabyrinthine signaling pathway through thelacuno-
canalicular porosity or viathe osteocytic syncytium,
interferewith OPG mediated inhibition of resorptionand
consequently havearolein pathol ogical capsular bone
remodeling.
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LABORATORY SPOTLIGHT

Scientific study of the human temporal bone and related brain tissue is a time-consuming process performed in highly
specialized otopathology laboratories by researchers who are dedicated to enhancing our understanding of the
pathology underlying disorders of hearing and balance. “ Laboratory Spotlight” is a continuing series of articles
offering a glimpse inside the laboratories in the United Sates and abroad conducting temporal bone research.

Temporal Bone Research at the Otopathological Laboratory at Rigshospitalet and the
Panum Institute at the University of Copenhagen, Denmark (1955 - 2005)

Mads Sglvsten Sgrensen, M.D. and Klaus Qvortrup, M.D.

alet was established in 1955 by Professor

H. K. Kristensen. M. Balslev Jargensen
headed thelaboratory from 1965-1992, with Profes-
sor P. Bretlau becoming Co-Director in 1985. The
collection currently contains 674 decal cified temporal
bones serially sectioned in ahorizontal planeat 22 mi-
crons, including 95 fetal bones, 76 specimensfrom
children aged 0-2 years, 49 specimensfrom children
aged 2-18 years and 454 adult temporal bones. In
the majority of the material, every tenth sectionis
stained with hematoxylin and eosin. Theremaining
90% of the sections are stored unstained in ethanol.
Medical recordsin Danish are availablefor most cas-
es, including auditory and vestibul ar test datafor many
cases. TheentirecollectionisregisteredinanAc-
cess® database.

The collection contains cases of bacterial infections,
otosclerosis and osteogenesi simperfecta, vestibular
schwannoma and carcinomainvolving the temporal
bone, and sensorineural disorders such as deafness
from ototoxic drugs, Méniere sdisease, dysplasia, tha-
lidomide deafness and Pendred”s syndrome. Based
onthiscollection, N. H. Buch, M. B. Jargensen and
E. Hentzer studied middle- and inner-ear histology in
the fetus and the newborn, otopathology in diabetes
mellitusandin chronic otitismedia. M. B. Jargensen
and P. Bretlau studied thelight microscopic histology
of otosclerosisin 80 specimens from the collection,
and the ultrastucture of otosclerosis on separate ma-
terial in collaboration with L. Chevanceand J. Causse.

The histopathology of otosclerosis hasremained a
major field of interest of our laboratory. Since oto-
sclerosisrepresents pathological remodeling of the
bony otic capsule, it was decided to investigate the
process of bone remodelling in non otosclerotic nor-

T he Otopathological Laboratory at Rigshospit-
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mal temporal bonesto establish acontemporary basis
for pathogenetic considerations. Beginningin 1988, M.
S. Sorensen prepared undecalcified temporal bone
specimensfrom rats, domestic pigs, dogs, rabbitsand
monkeyslabelled in vivo with tissuetime markersof a
variety of osteofluorochromesaswell asundecalcified
human temporal boneslabelled accidentally invivowith
tetracyclineduring antibacterial treatment. These stud-
ies revealed amorphology of otic capsular bone re-
modelling, modelling and repair which was essentially
similar to that of any other compact bonetissue. His-
tomorphometric studies with CAST® software con-
firmed the general impression of many otopathol ogists
of an unusually low rate of capsular boneturnover. By
pooling the observations from alarge number of sec-
tions, the exact rate of capsular bone remodelling was
calculated by T. Frischin 2000. Moreover, aunique
pattern of perilabyrinthine modelling and remodelling
emerged, inwhich boneresorption was apparently high-
ly restricted around the inner ear spaces, while gradu-
ally increasing to normal levelstowards the capsular
periphery. Following additional invitro studiesonthe
resorption of capsular- and other bony specimens by
isolated osteoclasts, it was proposed that the unique
restriction and spatial distribution observed in
perilabyrinthine bone dynamics might result frominhi-
bition of resorption by alocal inner ear mechanism. Re-
cent studies by others on the RANK/RANKL/OPG
system of the ear haveidentified amajor candidatefor
such asignalling pathway, presenting thefirst truly local
control factor in perilabyrinthine bone dynamics, a
pathogenetic “missing link” and anew avenue of re-
searchin otosclerosis.

Our collection currently includes more than 200 un-
decalcified animal tempora bonestimelabelledinvivo,
and 340 undecalcified human temporal bones bulk



Prof. Poul Bretlau M.D., Prof. Harald K. Kristensen M.D., Klaus
Qvortrup M.D., Thomas Frisch M.D., Mads Salvsten Sgrensen M.D.
and Morten FriisM.D. inthe Otopathological Laboratory (left toright).

stained with basic fuchsin for ongoing studies of intra-
vital micro cracks, which are expected to accumul ate
when the remodeling rateislow. We use aKDG95
microslicer or an LKB base sledge cryomicrotome
(now LeicaCM3600) for undecalcified processing.
Light microscopy isconducted with an Olympus BX50
microscope fitted with an automatic M ertzh&user ob-
ject table/ Colorview |1 digital camera/ CAST® soft-
wareand aZeissPALM laser capture microscope. We
are currently focusing on the genetics and biochemis-
try of inner ear signalling pathwaysaswell asthe histo-
logical and ultrastructural basisfor signal transduction
between the inner ear and the otic capsul e, with addi-
tional studiesof lining cells, fatigue microdamage and
theviability and microstructure of resident capsular os-
teocytesand their canalicular network. Other areas of
interest are the development of the air spaces moni-
tored in animal temporal boneswith sequential tissue
time markers, histomorphometric analysis of the post-
natal development of hair cellsand 3-D representa-
tionsof thetempora bonein the development of ahigh
fidelity, low cost, interactive surgical smulator.

For thelast 15 years, we have been engaged in an
attempt to explain the underlying cause of Méniére's
disease by ultrastructural (SEM and TEM) investiga-
tions headed by K. Qvortrup. Based at the Depart-
ment of Anatomy, The Panum Institute, University of
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Copenhagen (acrossthe street from Rig-
shospital et) we have benefited from asol -
id background in comparative anatomy in
salt-water transporting epitheliain other or-
gans, developed previously by Professor
J. Rostgaard. A Philips CM 100 equipped
with adigital MegaView2 camerais used
for TEM and a Philips FEG30 for SEM.
With the devel opment of anew improved
fixation techniqueemploying glutaral dehyde
in combination with oxygenated fluorocar-
bon, we characterized new ultrastructural
detailsin Reissner’smembrane, the vas-
cular stria and the endolymphatic sac.
Based on thelatter investigations, we sug-
gested anew nomenclature of the cells of
the endolymphatic sac, sincethisfixation
method preserved the mitochondria-rich
cells, which dueto fixation artifactswere
previously named ‘light-cells'. Theother
type of cell withinthe endolymphatic sac
was suggestively named ‘chief’ cells, since our investi-
gations pointed to the endolymphatic sac asaputative
endocrinegland. Extractsof thisglandindeed revealed
that it contained/produced anatriuretic factor, tenta-
tively named *saccin’. We haveidentified the amino
acid sequence of this peptide, employing molecular and
protein chemical techniques. Saccin could play ama-
jor rolein the cause of Méniére sdisease and possibly
tinnitus. If the endolymphatic sac provesto have en-
docrine capacities, the microcirculation of theinner ear
needsfurther investigation whichiscurrently in progress
employing vascular corrosion castsby M. Friis. Aclin-
ical study of patientswith Méniére’ sdiseaseisalso un-
derway, attempting to link the possible presence of el-
evated blood levels of saccin to thisdisease. Along
with our in-house studies, P. Bretlau has been taking
partininvivo MR studies of experimental endolym-
phatic hydrops and in studies of the protective action
of neurotrophinsand antioxidantsin experimental hear-
ing lossasavisiting professor at the KarolinskaHospi-
tal, Stockholm, Sweden.

At thefifty year anniversary of the Otopathol ogical
Laboratory, we are joining effortswith the Panum In-
stitute to establish aunited “ inner ear research ingtitute”
in Copenhagen in order to extend our capabilitieson
molecular biology in support of afundamentally mor-
phological approach to temporal bonebiology and dis-
ease.
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News and Announcements
TheAssociation for Resear ch in Otolar yngology American Academy of Audiology (AAA)
(ARO) TheAmericanAcademy of Audiology will beholding
TheAROwill beholding their 29th annua MidwWinter their annual mesting on Aoril 5.8 2006in
M eeting on February 5-9, 2006 at the Minn l?S Mi n?mota’
Marriott Waterfront in Baltimore, MD. o0 _
http:/Avww.aro.org http:/Aww.audiology.org
TheCombined Otolaryngology Spring M eetings Self Help for Hard of Hearing People (SHHH)
(COSMm) The SHHH will be holding their annua meeting on June
Thenext COSM meeting will beheld onMay 19-22, 29 - July 2,2006. Themeetingwill beheld at the
2006in Chicago, IL at the Hyatt Regency. Disney’s Coronado Springs Resort in Disney World, FL.
http://mwww.entnet.org http:/AMww.shhh.org
Did you know.....

Didyou know that the NIDCD producesanewd etter for clinicians, researchersand patients. 1nsideisproduced by
the Office of Health Communication and Public Liaison, NIDCD. For moreinformation about thisnewd etter, please
contact theeditor, Mary Sullivan, at sullivml @od.nih.gov.

For general health information about communi cation disorders, contact the NIDCD Information Clearinghouse at:
Voice: (800) 241-1044, TTY: (800) 241-1055 or E-mail: nidcdinfo@nidcd.nih.gov

DRF News
The Deafness Research Foundation (DRF) hasmoved. The new addressis2801 M Street NW, Washington, DC
20007 and new phone number is(202) 719-8088.
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