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Abstract 

Pregnant CBA/CBA mice were e xpos ed to 
0.5, 1 and 2 Gre y (Gy) , (1 Gy = 100 
rad) in single doses with whol e body 
gamma-irradiation on th e 12th, 13th and 
16th gestational da ys , r espect i ve l y . 
The animals were tested at an age of one 
month for vest ibular and cochlear 
func tion . Thereafter th e inn e r ears were 
analyzed with scanning electron 
microscopy . A morphological analysis 
with cytocochleograms was performed . 

Morphological chang es in 
the vestibular part showed gross malfor
mations in the cristae ampullares . Hair 
cel ls of type I seemed to be more 
severe l y changed than hair cells type 
II. The macula utriculi also showed 
malformations of the otoconia. All these 
changes were more pronounced when the 
irradiation was given ear l y during 
pregnancy and with the high est doses 
used, excep t th e otoconia which were 
mor e injur e d when irradiat e d day 16 of 
gestation . No disturbances of th e 
equ ilibrium reflexes wer e not ed . 

In th e cochlea a dos e -d e p e nd e nt, 
t ime- related damage patt e rn was 
demonstrated with pathological changes 
of outer (OHC) and inner (IHC) hair 
ce lls . When t este d electrophysiologically 
for auditory function with auditory 
brainstem r eco rdings (ABR) , e l eva t e d 
thresholds were revealed diff e r e nt in 
s hape depending on when during pregnancy 
irradiation took p l ace. 

A good correlat i on existed between 
the morphological changes as seen in the 
cytocochleograms and the functio nal 
changes documented wi th the ABR. 

Key words: Inner ear , morphology 
embryology , irradiation, hair cells , 
otoconia, aging , aud i tory brainstem 
recording. 
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Introduction 

The normal surfac e morphology of 
th e ves tibular and cochlear parts of the 
inner e ar is well known. With scanning 
e l ectro n microscopy (SEM) the e xamina 
tion is limit e d to findings in th e sur 
face structures only. Th e most diffi
cult areas to eva luate are th e e xtrac e l
lular specialized structures lik e the 
tectorial membrane and the cupula of the 
crista ampullaris which are easi ly de
stroyed by preparation for morphological 
exa mination such as f ixation, e tc.(31). 
The surface morphology of the hair cells 
(HC), how eve r , is usually well preserved 
by standard met hods . 

The development of the inner ear of 
the mouse has been thoroughly described . 
Th e organogenesis and cytodifferentia
tion takes place on the 12th - 13th and 
16th gestational da ys , respectively 
(2,35, 43 , 45). The cells are , during 
these periods, mor e often in an active 
cell cycle and are th e refor e considered 
to be mor e vulnerable to irradiation. 

The influence of radiation given to 
rod e nts during embryonic and fetal life 
was first documented to induc e organ 
malformations by Job et al, in 1935 (32) 
and critical periods in embryo nic life 
for ea ch tissue type was d esc ribed by 
Russel in 1950 (44). Hicks confirmed 
these findings in 1953 (22) and produced 
a timetable for the mous e , that has a 21 
day long gestational period . During the 
first week of pregnancy , the preimplan 
tation period , the embryo is quite 
radioresistant. High doses can, 
h owever , be l e th a l. Various organs 
start to form at the end of the first 
week and day 9- 15 represent the 
organogenetic per i od wh en i rrad i ation 
has its greatest effect i n produc i ng 
congenital malfor mations. 

The inner ear deve l ops at days 
10-13 gestationa l age . Inner ear 
structures and function may show 
different changes depending on when 
irradiation was given ( 25). 
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Exposure to irradiation later 
during the fetal (cytodifferentiational) 
period leads to few abnormalities. 

Clinical aspects of irradiati on and 
hearing are sti ll under debate. Know
ledge is still scarce concerning the 
effect on human embryos because we are 
limited to studies of persons exposed to 
nuclear catastrophes and accidental 
X-ray irradi ation during pregnancy. The 
dangerous consequences of irradiation 
have been studied following mass expo 
sure after the Hiroshima and Nagasaki 
nuclear bombs. Reports are , however, 
lacking concerning the effects on hea
ring and balance of these victims . A 
close r elat ionship is documented between 
the incid ence of malformations, gesta
tional age and distance to the hypo
center of the bomb (39). 

Clinical irradiation treatment of 
cancer and its consequences in the adult 
inner ear are sti ll confusing . Many 
reports, however, do not show any 
altera tion of hearing (16,17), while 
others do (33,40,49). Bohne (14) showed 
delayed irradiation effects in 
chinchillas, which increased after 
increasing doses of irradiation. These 
findings are difficult to transfer to 
man since Lo 58-doses indicate that man 
is more radI sensitive than most 
mammalian species tested. 

Low-dose gamma-irradiation has 
recently been shown to induce malforma
tion in the gross shape of the crista 
ampullaris (27). Gamma irradiation is 
also known to alter the otoconia in the 
vestibular organs , creating large 
conglomerates (29). 

Cochlear HC damage leading to 
alterations in hearing thresholds has 
been described (30). Both inner and 
outer HC show extensive damage with 
formation of giant hairs and/or fusion 
of stereocilia. The sensory hair s seem 
to be the target of primary damage and 
malformations also in other ototraumatic 
lesions, e .g., after exposure to 
ototoxic drugs and in genetic inner ear 
diseases. 

Purely age related changes in the 
inner ear HC have been described: The 
number of HC appears commonly reduced 
and the cuticular plate is affected 
(15,18). So far no comprehensive 
descriptions ex ist on how an already 
damaged HC reacts to normal aging, and 
if so , if irradiation acts as a 
sensitizer. 

The SEM-technique has been used in 
the present study to analyze the total 
damage to the adult and aging inn er ear 
following prenatal gamma-irradiation 
during the embryo nic inn e r ear deve lop
ment. 
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Material and Methods 

Material 
Th e material consisted of 75 

CBA/CBA mic e from which 27 cristae 
ampullares, 19 macula e utriculi and 40 
cochleas were inv estigated . Another 30 
animals were allowed to reach an age of 
between 24 and 54 months (which is 
considered to be a high age for mice) 
before sacrifice. The normal non
irradiated material consisted of 30 
animals, 10 in each group (the 
vestibular part, the coc hl ear part and 
in the group of old animals). 

Methods 
Pregnant mice were kept in a small 

box when exposed to whole body single 
doses of gamma -irr adiation using a 
Siemens Gammatron 3 , emitting Co gamma 
rays. The irradiation field area was 15 
x 15 cm at a distance of 100 cm. The 
fetuses were irradi ated in utero with 
sing l e doses of 0.5, land 2 Gy. The 
irradi ation took place on the 12th, 13th 
and 16th gestational days respectively, 
i.e ., prior to the organogenesis and 
when the cytod iff erentiation process is 
in progress (3,10). 

The gestational age was determined 
by the vagina l plug technique and the 
litters were born at normal time, i.e., 
gestational day 21. At the age of one 
month the animals were sacrificed and 
the inner ears were processed for SEM 
analysis , after clinical testing of the 
vestibular function and determination of 
thresholds by the auditory brainstem 
response (ABR) . 

The vestibular function was tested 
according to the method described by 
Lyon (36) with 1) Air righting reflex, 
tested by high jump to assess the abi
lity of the animal to right itself in 
the air and land on its feet 2) Posi
tion change reflex, tested by holding 
the animal by the tail lo oking for a 
normal response with raised head, flexed 
spine and extended and protracted fore
limbs 3) Linear acceleration , tested 
when the animal was held by the tail and 
suddenly lowered. Protraction and exten 
sion of the forelimbs are the normal 
response 4) Posture tested by swimm ing 
and for the ability to orientate in 
water 5) Observations of disturbed 
balance like h ead tilting and circling 
behaviour in th e cages. 

The cochlear part was tested at th e 
age of one month, with the ABR technique 
using a band pass filtered single full 
cycle sine wave at a rate of 30 
cycles/s. Eight different frequencies 
ranging fro m 2 - 31.5 kHz were after 
calibration, d elivered int o the ea r by a 
TOH 39 telephone suppl i ed with a fun nel 



Auditor y Brainste m Recordings and Morphology 

and a 10 cm long rubber tub e fitted into 
the ear canal by rubber plaster . The 
signals were picked up by 3 subcutaneous 
needle electrodes , filtered 50-4700 Hz, 
amplified 10 , 000 times and fed into an 
averager (Datalab 4000) . 2048 responses 
were stored and presented on a storage 
oscilloscope, where response latencies 
could be measured. 

Hearing loss was calculated with 
the normal material as reference . Only 
one ear was tested , and th e eardrum was 
inspected before and after the test . The 
thresholds we re defined as th e lowest 
value at 5 dB attenuator step giving 
reproducible responses (Fig . 1) . 

After sacrifice of the animals by 
spinal dislocation, t he temporal bone 
from one side was removed and the bulla 
tympanica op e ned to reveal the inner ea r 
structures (8) . The specimens were fixed 
in 3% glutaraldehyde , dissected in 70 % 
alcohol and thereafter dehydrated in 
alcohol by the critical point method 
(Baltzer's critical point dryer 010) 
for SEM. The inner ear organs were 
attached to the specimen hold e r by 
silver glue and sputtercoat e d with gold 
according to standard met hods. A Philips 
505 scanning e lectron microscop e was 
used for the morphological evaluation . 

Animals allowed to reach a senile 
age, we re onc e again t este d with ABR 
before being sacrificed. 

Cytocochleograms we r e performed 
counting a row of hair cells in 
different l eve ls of th e cochlea and 
classifying th e m into a four grad e d 
scale: 

0 Normal hair cell. 
EB Mild damage: Los s of stiffness of 

sensory ha ir s , or more than approxi
mately fifty per cent normal sensory 
hairs . 

0 Pronounced damag e : Fu s ion of 
stereocilia, giant cilia or l ess than 
approximately fifty per cent normal 
senso r y hairs. 

• Missing hair cell. 

Results 

Vestibular organs 
No disturbance of equilibrium 

reflexes were noted in any irradiated 
or control animal . A normal position 
righting reflex and air righting reflex 
were thus found. In the tests for 
swimming , a normal orientation ability 
was registered. Also , the behaviour in 
the cages seemed to be completely 
normal. In the irradiated animals the 
gross anatomy of the vestibular end 
organs showed malformations of either 
the entire crista or of individual 
regions of the crista ( Figs. 2 , 3). The 
gross appearance of the crista was 
uneven and it was covered by HC and 
supporting cells as i n the normal case , 
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Fig. 1 . Auditory brainstem response to 
a 6 . 3 kHz 1/3 octave sin e wav e in a 
normal unirradiated mous e . Th e threshold 
is at 46 dB SPL (p ea k-to-peak e qui va lent 
level befor e filtering), below which no 
r e producibl e wave can be trac ed. 

but it also showed irregulariti es with 
wider and narrower parts intermingled 
with normal areas . Abnormal structures 
seemed to be superimposed on th e summit 
of the crista or on the sid es of the 
crista (Fig . 4). Deformation of the 
septum cruciatum with ballooning 
herniations was a common feature. 

The most common effect of irra
diat i on was gross derangement of the 
sensory hair cells. Th e HC covering the 
cristae were sometimes totally or in 
part missing. In other parts of the 
ve stibular end organ , the HC showed 
bulging of the cuticular plate , 
extens i ve fusio n of stereocilia and 
formation of giant hairs ( Figs. 5,6). 
Centrally locate d HC type I appeared 
most vulnerable but damaged HC could be 
found all over the surface . 

The gross morphology of the macula 
utriculi remained unaltered , but indiv i
dual HC showed s i milar types of morpho 
logical changes after irradiation as 
seen in the cristae ampullares. The 
changes were present all over the 
surface but more pronounced in the 
striolar area (F i g. 7). 
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Fig. 2. Scanning electron microscopy 
(SEM). A normal s hap ed crista ampullaris 
fro m a non-irradiated mous e . Arrow poin
ting at the septum cruciatum . Bar= 100 
µm. 
Fig. 3. SEM. Crista ampullaris 
irradiated in utero on the 13th 
gestat ional day with 2 Gy showing an in 
toto malformed shape . The anatomical 
location for the septum cruciatum is 
indicated with an arrow. Bar= 100 µm. 

The otoconia overlying the macula 
utriculi and sacculi revealed bizarr e 
configurations. Th e outer contour was 
uneven and the normal hexagonal shape 
was gone, leaving an irregular surface 
and defect shape. Extensive fusion 
between adjacent otoconia forming big 
conglomerates were common compared to 
the non-irradiated animals (Figs. 8,9). 
Irradiation with the highest doses on 
the 16th gestational day injured more 
than 50% of th e total amount of otoconia 
and 30 to 50% when exposed day 12 or 13 
of gestation as compared with the non 
exposed animals. 
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The irradiation damage to the 
vestibular end organs was mor e pro
nounc ed when irradiat ion was given on 
gestational days 12 and 13 than on 
gestational day 16 and as could be 
expected after the higher dose of 2 Gy 
as compared with 1 and 0.5 Gy. Th e 
qualitative appearance of the 
morphological changes was, however, 
comparable throughout the entire 
mat erial. 

These findings were confirmed by 
the LM and TEM analyses (5,27,30). TEM 
showed also remaining fetal forms of 
otoconia in the adult animal together 
with disarrayed int erna l arrangement of 
the otoconial matrix (29). 
Cochlea 

Testing for auditory function 
revealed elevated thresholds more 
pronounced in the groups exposed to the 
highest doses of irradation on eac h day 
tested. The shape of the threshold 
curves tended to differ depending on 
when, during gestation, the exposure 
took place. Animals exposed on 
gestational day 12 showed a flat hearing 
loss curve and so did animals irradiated 
on the 16th gestational day, but less 

Fig. 4. SEM. Crista ampullaris 
irradiated on the 16th gestational day 
with 2 Gy. On the side located against 
the dark cell region an irregular 
outgrowth can be distinguished (star). 
Bar= 100 µm. 

Fig. 5. SEM. Close up view from a non
irradiat e d mous e crista ampullaris show
ing normal sensory hair-bundles (star). 
Bar= 10 11m. 

Fig. 6. SEM. Fusing of sensory hair 
bundles (arrowh eads) and bulging of the 
cuticula on a crista ampullaris irradia
ted in utero with 2 Gy on th e 16th 
gestational day. Bar= 10 µm. 

Fig. 7. SEM. Macula utriculi after 
having been irradiated on the 16th 
gestational day with 1 Gy showing 
missing hair bundles (asterisk) and hair 
bundles in fusion (arrow). Bar= 10 µm. 

Fig. 8. SEM. Th e otoconial layer of 
adult mous e , following prenatal 
irradiation of 1 Gy on the 16th 
gestational day, showing minor changes 
with defect shape of otoconia. Bar= 10 
µm. 

Fig. 9. SEM. Irregular shaped otoconia 
in fusion, forming a big conglomerate 
(star). This feature was found all over 
the macula and very frequent compared to 
controls. Adult mouse irradiated with 2 
Gy on the 16th gestational day. Bar= 10 
µm. 
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Fig. 10. Diagrams showing the summarized 
audiograms in the different gestational 
groups after irradiation with the 
highest tolerable dose± SD. The hearing 
loss following irradiation has a differ
ent appearance depending on which day of 
gestation the exposure was per[ormed. 
Animals exposed day 12 of gestation (a) 
showed a flat hearing loss curve, as did 
the animals exposed on the 16th gesta
tional day(c) though l ess pronounced. 
Animals exposed on the 13th gestational 
day(b) had a decreasing threshold from 
the lower frequencies where no hearing 
loss could be traced, but with an 
inclination towards the higher 
frequencies where a loss of about 40 
dB was seen . Here a dos e -response 
pattern was e vident . The different 
shapes of th e threshold curves probably 
reflect the sequential developmental 
pattern of the cochlea. 

pronounced. The group of animals 
irradiated with 2 Gy on the 13th 
gestational day had a sloping curv e 
towards the higher frequencies (Fig. 
10). 

Irradiation with 2 Gy produced more 
extens i ve pathological changes in th e 
stereociliary hair bundles than lower 
doses. An obvious dose-response rela
tionship was not ed . Th ere were no consi
derable qualitative or quantitative 
differences in stereociliary pathology 
between outer (OHC) and inner (IHC) hair 
cells at the same level in the cochlea 
except that giant hairs occurred only in 
the IHC. In the OHC fused or missing 
cilia were frequent (Figs. 11,12). Th e 
stereocilia showed varying degrees of 
injury such as loss of rigidity, abnor
mal shape of individual stereocilia, 
different stages of fusion or partial 
total loss of sensory hairs. The cuticu 
lar plate showed similar alterations as 
in the vestibular HC with disintegra
tion, poor delineation a nd so meti mes 
prot rusion. Occas ionall y , scarring of 
the tissue was found. These findings 
were revealed also in TEM where a 
reduced number of afferent nerve endings 
were seen. Disintegration of the 

6.3810 1620 315 
Frequency ( kHz l Frequency f kHz ) 
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cuticular plate and poorly developed 
hair rootlets were found . In the 
supporting cells disarrayed microtubules 
we r e a common feature . 

The morphological HC changes were 
correlated to the functional changes 
documented in the cytocochleograms. A 
dip or elevated hearing threshold in the 
threshold curve could be correlated to 
mor e serious altered sensory hair 
changes or eve n totally missing hairs at 
corresponding levels of the basilar 
membrane (Fig. 13). 
Aging animals 

According to calculated threshold 
curves, extremely elevated thresholds 
were obtained in all animals that had 
been irradiated. No hearing at all could 
be detected in the lowest and high est 
frequenc i es tested in any irradiat e d 
animal and only minimal hearing could be 
d e tected at and around 10 kHz, which is 
the frequ e ncy of optimal hearing in the 
young CBA mouse. The non - irradiated ani
mals also showed e l evated hear ing thres
holds but the calculated mean value 
never exceeded 27 dB, and in almost all 
animals thresholds could be d etec t ed in 
the highest and low e st frequencies 
t e sted (Fig. 14 ) . Whe n adding the mean 
va lue of the non irradiated old animals 
to any mean value from the irradiated
groups of young animals there seems to 
be a clear difference with poorer 
hearing compared to the mean value of 
the old irradiated animals. 

Compared to non-irradiated anima l s 
where signs of degeneration were found, 
the aged in utero irradiated mice showed 
far more extensive inner ear pathology. 
In the exposed groups, besides the irra 
diation injury, HC were often devoid of 
stereocilia in large areas of the 
cochlea . This ciliary deficiency was 
more pronounced in the OHC. The IHC also 
showed the same pattern but were not 
missing to the same exte nt as the OHC. 
The remaining HC had only a few c ilia 
that seemed to have lost their rigidity 
po inting in all directions. Some of the 
completely nude areas showed scarring. 
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Fig . 11. SEM. Coch l ea irradiated in 
utero on the 16th gestational day with 
Gy. An almost normal visualization of 
IHC and OHC is seen , with proper 
stiffness and normal appearance of the 
HC. Bar= 10 µm. 

0 EB 0 • N % % % % 

IHC 99 2. 1 80.9 17.0 -

A 0HC 115 1. 7 5.2 91, 3 1 .7 
0HC I I 114 3,5 29.8 63.2 3,5 
0HC I I I 115 - 26.9 68.6 4,5 

IHC 53 - 100 

B 
0HC 63 98.4 1,6 
0HC I I 63 100 
0HC I I I 63 85,7 9.5 1, 6 3,2 

IHC 52 - 100 

C 0HC 64 14. 1 35. 9 50.0 
0HC I I 62 11. 3 35. 5 53,2 
0HC I I I 65 - 29,2 63, 1 7.7 

IHC 35 2.8 91,4 5.8 

D 0HC 42 59,5 28.6 11, 9 
0HC II 42 61, 9 38, 1 
0HC I I I 42 69.0 7.?. 21, 5 2,3 

IHC 78 93,6 5. 1 1. 3 
0HC 95 47.4 28.4 22, 1 2. 1 

E 0HC I I 94 43,6 34,0 17,0 5,4 
0HC III 95 53 .7 25. 3 10.5 10.5 

Fig . 13 . Cytocochleogram from mice analy
zed 1/4 turn from apex , correspond i ng to 
t he 2 kHz frequency region, A, Band C 
from animals irradiated on the 16th ges 
tational da y with 2 Gy. D and E from 
an imals irradiated on the 16th gestat i o 
nal da y with 1 Gy. The indi vidua l audio 
grams are shown to the right. HC c lassi
fied according to a four graded scale of 
incr easi ng damage . 0 Normal hair ce ll, 
EB Mild damage , 0 Pronounc e d damage , • 
Miss i ng hair cell. (See methods). 

Fig . 12. SEM. Cochlea from an adult 
mouse irr ad i ated in utero on the 16th 
gestational day with 2 Gy. Giant hair 
(whit e arrow) , fusion beginning at the 
top of the sensory hairs (asterisk) and 
totally missing HC (star) a r e see n 
among the IHC. Th e OHC show bulging of 
the cuticular plate (black arrow) and 
clumping of the sensory hairs (white 
asterisk). Bar= 10 µm _ 
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Unusual conf igurations of the pillar 
ce ll s were a common f inding. Signs of 
hypoxia with small protrus i ons could 
also be seen (Fig. 15) .Th e basal and 
apica l turns of the cochlea were most 
affected but injur y was also found in 
the middle turn. Th ese findi ng s seem to 
correlate well with the threshold curves 
with the most pronounced hearing loss in 
th e lower and high er frequencies. 

Within the group of animals irra
di ate d in utero , that were allowed to 
age, th e dose of irr adiation did not 
appear to be rel eva nt. 
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Fig. 14 . Representative individual 
audiograms from animals exposed at 12, 
13 and 16 days of gestat i on tested 2 1/2 
years following the birth. Animals 
exposed early during inner ear 
organogenesis , i.e ., day 12 of 
gestation , show the most pronounced 
hearing loss with no hearing in the 
higher or lower frequenc i es compared to 
the non-irradiated aged control. 
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Discussion 

Irradiation effects on developing 
fetuses have been known for more than 60 
years (32). Hicks and Russe l (22 ,44 ) 
showed about thirty years ago that 
i r radiation in higher doses can alter 
developing organs and resu l t in 
malformations at a dose - dependent rate. 
Irradiation was considered to be one of 
the most potent agents causing mal 
formations. 

The morphological development of 
the mouse ear is wel l known (3,9 , 35,45, 
47) . The organogenes i s of individual 
inner ear end orga n s occurs on the 
13th -14 th gestationa l days and short l y 
thereafter . The HC pass their phase of 
terminal mitosis wh i ch star t s day 14 of 
gestation and lasts over a five day 
period and restricts the size of the 
cell population. The ves ti bular part 
precedes the cochlear one . 

The cytodifferentiation occurs in 
direction from the HC surface to its 
base. Maturation of the HC surface 
starts as a regulatory arrangement of 
microvilli that subsequently are trans
formed into stereocilia. This period is 
followed by a polarization of the stere 
oci l ia and ends with the formation of 
the cuticular plate. The formation of 
the general features of HC takes only 
1-2 days ( 15-16th day of gestation in 
the vestibular part and around day 18 i 
the cochlea) but the maturation of the 
sensory hairs is a long process which 
proceeds postnatally . 

In the vestibular end organs most 
sensory hairs were mature at the 20th 
gestational day and all immature sensor 
hairs had disappeared 5 days after 
birth. Maturation takes place starting 
from the striolar area in the utr i cle 
and in the crista ampullaris from the 
top, toward the periphery. The 
maturation of the innervation mainly 
takes place after birth (2) . 

The cochlea in the mouse matures 
postnatally and resembles, at birth, 
that of a 15 week old human fetus . The 
cytological differentiation of the 
developing organ of Corti proceeds from 
the base towards the apex. By the end o 
day 13 of gestation the coiling starts 
and on the 16th day comprises one and 
one ha l f turns. On t he 17th day of 

Fig. 15 . SEM. Ag i ng a n imal (2 . 5 years) 
i rradiated in utero wit h 0 . 5 Gy on the 
12th gestational day from the upper 
middle tur n of the cochlea. The IHC 
shows fusion (arrow) and many OHC are 
missing (asterisk). Rema in ing OHC shows 
bulging of the cuticu l ar p l ate ( unfilled 
arrow) . Small protrus i ons of the basilar 
membrane mi ght i ndicate hypox i a (white 
arrow). Bar= 10 µm. 
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gestation IHC and OHC are identified. At 
birth most of the HC have reached a 
mature state and nerve endings are 
identified . Action potentials first 
appear on the 10th to 12th day 
postnatal l y e mphasized to correspond to 
the maturation of OHC (38). Maturation 
of the efferent innervation is the last 
even t to occur before the organ of Corti 
starts to function and can be detected 
day 10 postnatally . ABR respons es were 
observed in the frequency range of 
greatest sensitivity in the adult mouse 
at 10-15 kHz (42). 

In general, cells are most radio
sensitive during development due to 
their rapid proliferation exposing their 
genetic mat er ial to the irradiation 
injury which can change normal develop 
ment and cause malformations. According 
to general radiobiology, the more 
differentiated the cells are, the less 
sensitive are they to irradiation 
injury. It is known that a developing 
neuroblast tolerates only 0.4 Gy, while 
the embryonic ectoderm tolerates 4 Gy 
and the adult neurons 400 Gy (34). 

When exposed at day 16 of gestation 
a flat loss curve in the threshold curve 
was obtained but not as extensive as in 
animals exposed at day 12. The HC have 
then passed their terminal mitosis and 
reached a higher degree of maturation. 

During irradiation all stages of 
developing hair cells were exposed at 
all anatomical sites in the cochlea . 
The present study shows that the HC 
damage is found in all turns although 
normal cells are also present. Flat loss 
threshold curves are obtained from the 
groups of animals irradiated on the 12th 
and 16th gestational days with the 
highest doses used. On the other hand 
animals irradiated day 1 3 of gestation 
show an increasing threshold lo ss 
towards the higher frequencies, which 
are located in the basal region of the 
cochlea. At this age the cochlea is 
just about to start its deve lopm ent with 
an outpouching from the otocyst . ABR 
measurements indicate that at this stage 
the basal part was most vulnerabl e . 
According to Ruben (43) the cochlear 
development proceeds from the base. The 
apically located cells pass their 
terminal mitosis first but are the last 
ones to complete cytodifferentiation. 
This could indicate that a l onger time 
passes between time for exposure and 
onset of cytodifferentiation in the 
apical part , which consequently has the 
longest time to repair irradi ation 
induced damage. 

The vestibu l ar part which develops 
ea rlier shows after irradiation more 
pronounced damage with sometimes malfor
mat i on of the whole en d organ. Despite 
these serious changes , no functional 
loss cou ld be demonstrated in the ves ti-
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bular part , poss i bly due to the ex ist en 
ce of compensatory mechanisms. 

According to the present study , 
development of inner ear HC also occurs 
after exposure to gamma irradiation. 
Audition, though altered , has developed 
and matur e cristae and maculae can be 
found . The morphology depends on the 
stage of differentiation of the develo 
ping sensory cell at the time for expo 
sure . 

The vulnerab ilit y of the HC surface 
seems to be much the same in a given 
tissue ind ependent of the type of 
noxious agent, although comparable 
injuri es must be interpr eted carefully 
because changes like this have also been 
shown after osmotic shock. Changes of 
the sensory hairs with protrusion of the 
HC surface have been described in expe 
rimental animals treated with aminogly
coside antibiotics (52,54), chlor
hexidine (13), in degenerating HC in 
waltzing guinea pigs (20,46), in Shaker 
2 mice (11) and in the vestibular 
epithelia of adult guinea pigs exposed 
to single high doses of irradiation 
(48,53) . The exact anatomical 
localization, however, for the primary 
changes and further progress of HC 
alterations varies. 

Recently, Michel and Fritz-Niggli 
(37) showed that irradiation during 
development combined with i odacetamin , 
lucanthone and tetracyclines led to a 
significant sensitization to irradiation 
effects regarding the development of 
fetal anomalies and damage to the sen
sory epithelia. The progression of sur 
face pathology is comparable to that 
seen after treatment with aminoclyco
sides and in genetic inner ear diseases 
(20,51,52). The latter, however , starts 
with a protrusion of the cuticular 
plate. Prenatal irradiation has also 
been shown to follow this pattern (5). 
The pathology as seen with TEM is con 
fined to the highly specialized surface 
structures . HC stereocilia exposed to 
ototoxic drugs first appear disarrayed . 
The attachment points of stereociliary 
plasma membranes become altered. Adja
cent stereocilia create giant hairs 
through format i on of protoplasmic 
bridges . In the early stages of stereo 
ciliary fusion seve r al indi vidua l stere
ocilia can still be identified , but 
later the senso r y hair rootlets in the 
cuticular p lat e and the stereoc ili a r 
cytosk e leton disintegrates, the cuticu 
lar plate bulges out and the hair cells 
herniate out into the endolymp hatic 
space (7). In a strain of genetically 
deaf mic e , the first s i gn of stereocil i
ary alteration is the bulging of the 
cuticular plate resulting in a fina l 
fusion of ste r eoc ili a with the for mation 
of giant hairs. In th e cr i stae ampull
ares the central part shows more exte n-
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sive change in HC morphology than the 
peripheral part. The same condition 
prevails in the central, striolar area 
of the maculae. HC type I show more 
extensive damage than HC typ II. This 
is true also after irradiaton but here 
the changes can be found all over the 
organ surface albeit somewhat concentra
ted to the central areas (5,26). 

In the cochlea the OHC after 
irradiation seems to be more vulnerable 
than the IHC with a localization 
favoring the basal turns. This is also 
the fact after exposure to ototoxic 
antibiotics (54), cisplatin (41) and 
loop diuretics (12). A different 
pattern of drug-induced cochlear HC 
degeneration has been described 
following the administration of atoxyl 
(1). In the case of noise induced HC 
damage, Bredberg et al. described 
stereociliary changes using SEM later 
corroborated by Fermin and Cohen (15,21) 
and in 1981 Ward described critical 
intensity concept in noise damage (50). 
In a recent study, Engstrom documented 
in detail the onset and further progress 
of the typical sensory hair fusion and 
formation of giant hairs on IHC, while 
the OHC appeared less damaged (19). 

The effect of irradiation during 
embryonic development shows a number of 
morphological changes in the HC. How
ever, the localization of irradiation 
induced HC damage is usually not the 
same as in earlier descriptions. The 
mechanism behind inner ear degeneration 
is different in ototoxic antibiotics, 
genetic disorders and irradiation but 
the primary target seems to be the HC 
leaving adjacent supporting cells quite 
unaffected except for the formation of 
scars in the cochlea. The morphological 
changes suggest that the normal stabi
lity of the cell surface becomes 
altered. The causes of such changes are 
not fully understood but probably in
clude derangement of the anchoring 
mechanism between the sensory hairs, the 
plasma membrane and the cytoskeleton 
( 24). 

Irradiation during prenatal life 
leads to a dose-dependent, time-related 
type of HC injury. The pattern is more 
pronounced if irradiation is carried out 
earlier during the inner ear develop
ment, i.e., during organogenesis , before 
the cells hav e passed their terminal 
mitosis and are in an active vulnerab l e 
phase. The stereociliary pathology in
creases in a linear way with increasing 
doses of irradiation given. Th e otoconia 
show most derangements lat er during 
pregnancy, i . e., day 16 of gestation but 
this correlates well with the time for 
their development which is later than 
that of the HC. 

The study of irradiation induced 
hearing loss presents a complex problem 
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because of the in other types of inju
ries well known poor relat ion between 
pure tone thresholds and HC injuries. 
The guinea pig for instance, does not 
show extensive cha nges in the surface 
structures only, but shows hearing loss 
combined with considerable loss of OHC 
after noise exposure (19). It is not 
possible to establish a d etailed corre
lation between structure and function in 
the present material but there is a 
principal pattern of extension of sen
sory hair injuries at various locations 
in the cochlea. Most of the irradiation 
damage must be considered to alter the 
peripheral end organ . A direct 
irradiation effect could be confirmed as 
the same morphological cell injuries 
could be found after irradiation of an 
organ culture of inner ear anlage (28). 
Some component in the hearing loss can 
be correlated to increased latencies in 
the ABR (6). 

The aging hair cell in non
irradiated controls showed the common 
signs of normal aging (4) which affects 
the specific stereociliary arrangement 
and their individual anchoring to the 
cuticular plate. The OHC were more 
vulnerable than the IHC. These animals 
showed a f lat threshold sh ift curve with 
the calculated mean value of the hearing 
loss never exceeding 27 dB. At times, 
however, no thresholds could be obtained 
in the extreme low and high frequency 
regions, i.e., 2 and 31.5 kHz. 

After exposure to irradiation 
elevated thresholds were detected in all 
groups of animals independent of the 
dose of irradiation given. No measurable 
hearing at all was found in the higher 
and lower frequencies tested. A minimal 
hearing residue could be traced in the 
10 kHz region in most of the exposed 
animals. In SEM the same irradiation 
changes as in the young exposed animals 
were found together with the common 
signs of aging. 

Areas of totally missing HC, 
replaced by a thin layer of expanded 
Deiter's cells were seen. Also signs of 
hypoxia were noted. These areas were 
most pronounced in the basal and apical 
turns, corresponding to the frequency 
regions with undetectable thresholds in 
the ABR measurements, but such areas 
could also be found in the middle part 
of the cochlea. Aging rats with hyper
tension exposed to noise, with a 
calculated reduced blood flow throug h 
the cochlea, show similar pathology. The 
morphological changes were localized to 
the upper basal turn, corresponding to 
hearing loss in the high frequency 
region (23). 

In the present study the hearing 
loss was more pronounced in the aging, 
irradiated animals than in aging control 
animals. The hearing loss, how eve r, ex -
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ceeded the additive effects of hearing 
loss in young irradiated animals plus 
the hearing loss in a normal aging popu
lation. This can indicate that irradia
tion might ha ve a se n sitizi ng effect of 
the aging HC, resul ti ng in an accelera
tive effect of degeneration and hearing 
loss in the cochlea . 
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Discussion with Reviewers 

R.V. Harrison: The author uses 
frequencies up to 31.5 kilohertz 
delivered by a TDH 39 telephone. The 
frequenc y respons e of this typ e of 
transduc e r is such that there is very 
little acoustic energy produced at high 
frequencies such as 31.5 kilohertz. I 
wonder if the author made any 
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calibrations of this sound system to 
verify that such hig h frequency stimuli 
were indeed being delivered to the 
experimental animal. 
Author: Yes, the system was ca l ibrated 
with a 1/4 inch Brilel and Kjaer 
condensator microphone type 4 135. 

H. Rask - Andersen: F i gure 10 shows the 
diagram of the summar i zed audiograms in 
the different gestationa l groups after 
irradiation. In my op i nion the diagram 
should also include a normal control 
group with the same number of animals. 
Author:It is impossible to include a 
control group in Figure 10 because the 
zero line is equivalent t o the control 
material and the irradiated audiograms 
show the difference from the normal 
material. 

Reviewer IV: The experimental 
methodology as described in the 
manuscript does not allow drawing of 
significant conclusions from the results 
provided . The pregnant mothers were 
whole-body irradiated , yet the systemic 
or localized effects on them or on the 
litters were not investigated. 
Information on the rate of survival of 
neonates and on the percent of animals 
which reached maturity should be 
provided. Without this information as 
well as data on the condition of 
non-sensory elements in the inner ear, 
any conclusions on direct sensitivity of 
inner ear hair cells to irradiation 
cannot be valid. 
Author: Pregnant mothers were whole-body 
irradiated, but systemic and localized 
gross effects were not investigated , 
apart from noting the fact that the 
mothers ate the litters that were not 
comp l etely normal. Thi s experi mental 
set - up and the resulting c hanges in the 
inner ear were also compared to in vitro 
cultured i nner ears after exposure to 
radiation (see ref. 28). This comparison 
showed that the same type of injury was 
found in both expe ri mental situations. 
From this it is concluded that t he 
effect of irradiation on the inner ear 
is direct. 
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Reviewer IV : In a morp hological study 
reporting on experimental conditions , 
us i ng results from SEM only is 
insufficient . 
Author : This rev i ew i s l imited to SEM 
data . Transmiss i o n electron mi crog r ap h s 
and lig h t micrographs can be found in 
other papers published by our laboratory 
(see ref. 5 , 26 , 27, 29, and 30). 

Reviewer IV : If cells are more 
susceptible to irradiation at their 
proliferative stages , why was the damage 
after treatment on day 16 equivalent to 
day 12? 
Author: Statist i ca ll y the damage was not 
equivalent on day 12 and 16, but the 
animals were more suscept i ble on day 12 , 
even though the shape of the curves is 
similar . 
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