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ABSTRACT 

In the cochlea,  a high K
+
 environment  in  the endo lymph is essent ial for the maint enance o f norma l 

hear ing funct ion, and the t ransport  of K
+
 ions through gap junct ions o f t he cochlear epithelium is 

thought  to  play an important  role in endo lymphat ic homeostas is.  The aim o f the present  study was to 

demonstrate the three-dimens ional (3D) ult rast ructure of spiral l igament  root cells and int erdenta l 

cells,  which are located at  both ends of the gap junct ion syst em o f the cochlea epithelium. Ser ia l 

semi-thin sect ions o f plast ic-embedded rat  cochlea were mounted on glass slides,  stained with uranyl 

acetate and lead cit rate,  and observed by scanning electron microscopy (SEM) using the backscat tered 

electron (BSE) mode. 3D reconstruct ion of BSE images of ser ia l sect ions revealed that  the root  cells  

were linked together to  form a branched st ructure like an elaborate “t ree r oot” in the spiral ligament .  

The interdental cells  were also connected to  each other,  forming a comb-shaped ce llular network with 

a number of cellu lar st rands in the spiral limbus. Furthermore, TEM studies o f ult ra -thin sect ions 

revealed the r ich presence o f gap junct ions in  both root  cells and int erdental cells.  These find ings 

suggest  the possibilit y t hat  both root  cells  and int erdental cells  contr ibute to  K
+
 c irculat ion as the end 

port ion o f the epithelial cell gap junct ion system o f the cochlea.  

 

 

INTRODUCTION 

The mammalian cochlea has two unique compartments filled with endo lymph and per i lymph. For the 

conversion o f an acoust ic st imulus into an electr ical signal,  high K
+  

and highly posit ive-potent ial 

environment s are essent ial in t he endo lymph (4,  12, 13),  because hair cell depo lar izat ion in the organ 

of Cort i is produced by the flow o f K
+
 into the hair cells .  K

+
 is then prompt ly released into the 

extracellular space at  the baso lateral site of the ha ir cell (18) and is incorporated into  the support ing 

cells (30).  Next ,  K
+
 in the support ing cells is  most  likely recycled back to  endo lymph by several 

different  mechanisms to maint ain a high K
+
 environment  in the endo lymph.  

       Previous studies us ing freeze-fracture electron microscopy have s hown the presence o f gap 

junct ions in support ing cells,  which suggests that  communicat ion occurs between these cells (9,  17,  

31).  Kikuchi et  al.  (20) further studied the dist r ibut ion of gap junct ions in the cochlea by both 

immunohistochemistry and t ransmission electron microscopy (TEM) and ident ified the importance o f 

K
+
 t ransport  through ce ll-to-cell gap junct ions in endo lymph homeostasis.  This research suggested 

the presence o f two independent  gap junct ion syst ems: t he “epithelial cell gap junct ion syst em” and 

the “connect ive t issue gap junct ion system.” The epithelia l ce ll gap junct ion system contains spira l 

ligament  root  cells,  outer sulcus cells,  support ing cells (o f the organ o f Cort i) ,  inner  sulcus cel ls,  and 

int erdental cells ,  whereas the connect ive tissue gap junct ion syst em is composed of fibrocytes o f the 
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spiral ligament ,  basal ce lls and intermediate cells o f the st r ia vascular is,  and fibrocyt es o f the sp iral 

limbus. Since then, many researchers have been int erested in t he localizat ion of connexin subtypes 

(e.g. ,  connexin 26, 30, 31,  and 43) in the inner ear (1,  8,  15, 23, 27).  The exist ence of hear ing loss 

diseases that  are caused by mutat ions of these connexin genes also supports the cr it ical importance of 

K
+
 c irculat ion through gap junct ions in no rmal hear ing (3,  19, 26, 29).  

Because root  cells and interdental cells  are located at  both ends o f the epithelia l  cell gap 

junct ion syst em and are found in close proximity to  the connect ive t issue gap junct ion system, these 

cells are considered t o  play an important  role in K
+
 c ircu lat ion by deliver ing K

+
 from the epithelia l 

cell gap junct ion syst em to the connect ive t issue one. However,  the st ructure of these cells has not 

been fully invest igated in relat ion to  their  three -dimens iona l (3D) arrangement .  Thus, the aim o f this  

study was to  clar ify the 3D arrangement  of root  cells and int erdental cells  through the 3D 

reconstruct ion o f semi-thin ser ial sect ions by scanning electron microscopy (SEM) us ing the 

backscat tered electron (BSE) mode. We also invest igated the presence o f gap junct ions in these ce lls 

by t ransmission electron microscopy (TEM).  

 

 

MATERIALS AND METHODS  

Animals 

Male Wistar rats,  8 to  10 weeks o f age, were used in our study.  This study was performed with the 

approval o f t he Ethics Commit t ee for Animal Exper imentat ion at  Niigata Universit y (No.  209-2).  

 

Serial section SEM (SS-SEM) 

Under deep anesthesia with pentobarbit al sodium (0.13mg/g) the animals were perfused through the 

heart  with a phys io logical saline fo llowed by a mixture o f 2% paraformaldehyde and 2.5% 

glutaraldehyde in 0.1M phosphate buffer (pH 7.4).  After  perfusion fixat ion, the temporal bones were 

rapidly removed from the body and the tympanic bullae were opened with forceps.  In order to expose 

the cochlear duct ,  the round window was perforated, the stapes was removed, and the bone wall o f t he 

cochlear apex was part ially removed under a dissect ing microscope. These dissected t issues were 

immersed again in the same fixat ive for at  least  24 h at  4°C.  

Samples were decalc ified in 10% ethylenediamine tet raacet ic acid (EDTA) in 0.1M 

phosphate buffer (pH 7.4) according to  a modificat ion of the microwave -accelerated method (10).  

Br iefly,  the specimens were immersed in  a glass beaker containing 200  mL of the EDTA so lut ion,  

which was then placed in an ice bath,  and int ermit tent ly irradiated at  300  W using a microwave 

processor (MI-77, Azumaya Ika Kikai,  Tokyo, Japan) at  a temperature below 40°C. Microwave 

irradiat ion was performed for 6  h per day,  and the so lut ion was st irred gent ly at  about  20°C when not  

being subjected to  irradiat ion. The EDTA so lut ion was changed daily and  the total t reatment  t ime was 

2–3 days.  All decalc ified specimens were post -fixed using a modificat ion o f t he ferrocyanide-reduced 

osmium method (37),  by t reat ing with 2% osmium tet roxide containing 1.5%  potassium ferrocyanide 

for 3 h at  about  20°C. The specimens were then dehydrated through a graded ser ies o f ethano l and 

embedded in Epon 812. Semi-thin sect ions at  0.5-µm thickness were ser ially cut  with a diamond knife,  

mounted on glass slides,  stained with toluidine blue,  and observed with a light  microscope (DP80,  

Olympus, Tokyo, Japan).  

For SEM, the toluid ine blue-stained sect ions were further stained with uranyl acetate for 10 

min and lead cit rate for 5 min. Glass slides o f the sect ions were cut  into small pieces,  mounted on 
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aluminum stubs with conduct ive tape, co ated with plat inum-palladium (1-nm thick) by using an 

ion-coater (MSP-10, Vacuum Device Co. Ltd. ,  Ibaraki,  Japan),  and observed in a scanning electron 

microscope (SU3500, Hitachi,  Tokyo, Japan) at  an accelerat ing vo ltage o f 5  kV. BSE images were 

obtained with a highly sensit ive,  annu lar  BSE detector.  The posit ions and boundary inc linat ions o f 

ser ia l sect ion images,  reversed in black -and-whit e contrast ,  were adjusted with Delta Viewer (a 

freeware program for Macintosh ava ilable  on the int ernet ; Wada M, Osaka, Japan),  arb it rary lesions 

were se lected with Adobe Photoshop CS (Adobe, CA, USA), and 3D reconstruct ion was performed 

with Amira 5 (Maxnet ,  Tokyo, Japan) using a personal computer.  

 

Transmission electron microscopy (TEM) . 

The specimens fixed above were embedded in Epon 812 using the same procedure as SS-SEM. 

Ultra-thin sect ions at  a thickness o f 70 nm were cut ,  placed on 150-mesh copper gr ids,  stained with 

uranyl acetate ( for 10 min) and lead cit rate ( for 5 min),  and observed under a t ransmissio n e lectron 

microscope (H-7650, Hit achi,  Tokyo, Japan) at  an accelerat ing vo ltage o f 80  kV.  

 

 

RESULTS 

Light microscopy and BSE-mode SEM 

Light  microscopy o f toluid ine blue-stained semi-thin sect ions was useful for observing the ent ire 

shape o f the cochlea (Fig.  1a).  The top, middle,  and basal turns o f the cochlear duct  were determined 

in the cross-sect ion images along the modio lus.  Reissner ’s membrane, tectorial membrane, organ of 

Cort i,  spiral limbus, spiral ligament ,  and st ria vascular is,  as we ll as hair cells  and support ing cells  

( i.e. ,  Deiters ce lls,  pillar cells,  Hensen’s cells,  Claudius cells ,  inner su lcus cells,  and outer sulcus 

cells) were also ident ified at  higher magnificat ion. However,  the shape o f interdental cells  o f the 

spiral limbus and root  cells were not  clear  by light  microscopy (Fig.  1b,  c).  

      After observat ion by light  microscopy, the semi-thin sect ions were observed by BSE -mode 

SEM (Fig.  1a´-c´).  Because BSE-mode SEM is more usefu l for observing semi-thin sect ions at  higher 

magnificat ion than light  microscopy (Fig .  1a´),  the hair ce lls and support ing cells in the organ o f 

Cort i,  as well as t he outer sulcus,  t he spira l ligament ,  and the st r ia vascular is,  were more clear ly 

observed at  the high magnificat ion o f SEM images .  

       Outer sulcus cells were characterized by a darkly staining cytoplasm and appeared to  extend 

their processes into the spiral ligament ,  showing a connect ion to the root cells (Fig.  1b´).  Although 

the shape o f fibrocytes in the spiral ligament  was not  clear by BSE -made SEM, the shape o f the root 

cells was clear ly determined because o f their br ight  cytoplasm. These root cells were connected to 

each other to  form a large ,  branched cellular mass in the spiral ligament ,  as if it  were elaborately 

branched like a t ree root  (pink-co lored cellular mass in Fig.  2a–f).   

Observat ions o f the inner sulcus and spiral limbus by BSE -mode SEM (Fig.  1c´)  revea led 

that  inner sulcus cells had a br ight  cytoplasm and were lined on the surface o f t he inner sulcus.  Some 

inner sulcus cells were connected to  st rands of interdental cells  in certain regions.  Each cellu lar  

st rand consisted o f a number o f interdental ce lls and ran parallel to  each other toward the surface 

facing the tectorial membrane. The interdental cells on the top surface then extended their processes 

to  make a plate- like st ructure.  At  the inner end of the spiral limbus, the interdental cells were 

connected to cells o f the Reissner ’s membrane (Fig.  3a–f).   
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3D reconstruction of  root cells  

After obtaining BSE images o f 120 semi- thin ser ial sect ions by SEM, the posit ions and inclinat ions 

of black-and-white reversed images were adjusted, and arbit rary lesions were selected using a 

personal computer (Fig.  2a–f).  3D reconstruct ion o f root  cells and out er sulcus cells  showed that  root 

cells,  together with outer sulcus cells,  were connected to each other to  form an elaborately branched 

cell mass,  the shape o f which is similar to  that  of a t ree root  (Fig.  2g–i).  The nucle i o f the cell co lumn 

were concentrated toward the outer sulcus side.  

 

3D reconstruction of  interdental cells  

3D reconstruct ion o f int erdental cells and inner sulcus cells was made from 120 ser ia l sect ions (Fig .  

3a–f).  The interdental cells  in the inner side near Reissner ’s membrane were spher ical ly shaped and 

connected to each other to  form a single layer facing the tectorial membrane. The interdental cells in  

the outer side near the vest ibular lip were elongated and extended their plate- like processes toward 

the surface to  form a cont inuous plate that  faced toward the tectorial membrane. The interdental cells  

in t his port ion also formed several cellular st rands by connect ing to  interdental cells  in line.  These 

int erdental ce l l st rands were also connected to  inner sulcus ce lls.  Thus, the interdental cells and the 

inner su lcus ce lls formed a comb-shaped cellular network in t he spiral limbus (Fig.  3g–j).   

 

Transmission electron microscopy (TEM)  

In the spiral ligament ,  the ce ll membranes and organe lles o f root  cells were clear ly detected by TEM 

(Fig.  4a–c).  The root  cells had oval nucle i,  many mitochondr ia,  and irregular  membranes  that  

int erdigitated with adjacent  cells (Fig.  4a).  At  higher magnificat ion, gap junct ions were obser ved in 

the areas between the root  cells (Fig.  4b, c).   

Similar find ings were also confirmed in the interdental cells o f the sp iral limbs (Fig.  5a–c).  The 

int erdental cells  had oval nuclei with irregular membranes that  interdigitated with each other (Fig.  

5a).  Gap junct ions were also observed between these mem brane interdig itat ions (Fig.  5b, c).  Adherent  

junct ions were also found between the pla te - like processes facing the tectorial membrane.  

 

 

DISCUSSION 

In the present  study, we at tempted to elucidate the 3D architecture o f root cells and interdental cells  

in the rat  cochlea by performing 3D reconstruct ion o f BSE images obtained from ser ial semi-thin 

sect ions by SEM. We a lso observed these cells by TEM and confirmed the presence of gap junct ions 

in t hese cells.  Thus, we succeeded in demonstrat ing the ent ire  3D shape o f t he root  cell mass and 

int erdental cell mass – the part  of the epithelial gap junct ion syst em in the cochlea  respons ible for K
+
 

ma intenance o f the endo lymph.  

 

Root cells  

The spec ific form o f root cells was first  reported in the 19th century,  and these cells were considered  

to  be the key component  connect ing the sensory epithelium in the cochlea r lateral wall.  Lawrence  

(24) observed the cochlea of rhesus monkeys by light  microscopy and showed how root  cells had 

st retched out  the cytoplasmic processes located at  the lower region o f t he spiral ligament .  Duvall (6)  

observed the outer sulcus and the root cells o f guinea pig s by TEM, showing that  the root  cells 

formed branched bundles.  Addit ional TEM studies also revea led the ult rast ructure of root cells (7,  
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34),  but  few studies have focused on the 3D archit ecture of root  cells,  except  a study by Jagger et  al.  

(16),  in which a dye was injected into root  cells to  demonstrate their  spread.  

Our 3D reconstruct ion studies revealed that  a number o f root  cells connect  with each other to 

form a branched cell mass,  similar in shape to  a t ree root . These elaborate branches were found to be 

bur ied in the spiral ligament ,  where type II fibrocytes were also  shown to be dist r ibuted over the 

infer ior region o f t he cochlear lateral wall  (33).  Because the hypothes is that  K
+
 c irculat ion is directed 

from the outer hair ce lls to  the cochlear lateral wall is  generally accepted, K
+
 is  thought  to  be 

t ransported through gap junct ions located between epithe lial cells ,  according to it s concentrat ion 

gradient .  Previous studies also revealed the presence o f Na
+
,  K

+
-ATPase and Na

+
-K

+
-Cl

-
 

cotransporters in t ype II  fibrocytes,  which probably act  as a dr iving force that  produces concentrat ion 

gradients (5,  14, 28, 32, 33).  These findings suggest  that  the elaborate branches of the root  cell mass 

may play an important  ro le in t ransport ing K
+
 to  type II fibrocytes.  The large surface area o f root 

cells may be necessary for effic ient  K
+
 c irculat ion (Fig.  6).  

Liu and Zhao (27) determined the expression o f connexin 26 and 30 on the root  cells o f t he 

rat  cochlear,  whereas Liu et  al.  (26) showed that  expression o f connexin 43 on the root cells o f the 

mouse cochlea.  Our preliminar ily immunohist iochemistry studies showed that  connexin 26 and 30 are 

expressed in t he rat  epithelial gap junct ion syst em, except  in root cells.  Further studies are needed to 

clar ify this expression pat tern.  

 

Interdental cel ls  

Previous research result s suggest  that  interdental cells funct ion as anchor ing cells (11) as well as 

secretory ce lls o f the tectorial membrane (2).  In addit ion to TEM-based morpho logical analys is (25,  

36),  Spicer and Schult e  (35) categor ized int erdental cells into three groups based on the ir  

localizat ion: lateral,  central,  and medial int erdental ce lls.  Our 3D reconstruct ion studies o f  

int erdental cells revealed that  all int erdental cells  are connected to each other,  forming a cont inuous 

cell network in the sp iral limbus. The presence o f gap junct ions in this cellu lar network suggests that  

this port ion also act s as the end o f the epithelia l cell gap junct ion system for K
+
 t ransport  (Fig.  6).   

Few studies have examined K
+
 c irculat ion from the inner hair ce lls,  while  K

+
 c irculat ion 

from the outer hair cells is  bet ter understood . Our plaus ible hypothesis to  consider is t hat  K
+
 

incorporated in the inner hair cells  is  circulated to  the endo lymph,  though it s specific  route has not  

been clear ly determined.  Spicer and Schult e (35) cla imed the presence o f an “inside route” (through 

the border cells,  the inner sulcus ce lls,  and the interdental cells)  and suggested the possibilit y t hat  the 

Na
+
,  K

+
-ATPase of the int erdental cells funct ions as a dr iving force.  Further research confirming this  

“ins ide route” is requ ired ; however,  the cont inuous network of interdental cells  demonstrated in t his 

study is consist ent  with t he poss ibilit y t his funct ional route.  

 

Serial section SEM 

Here, we performed BSE imaging o f plast ic-embedded semi-thin sect ions on glass slides by SEM, 

which a llowed us to examine the ult rast ructure of the cochlea.  These images are similar to classical 

TEM images o f ult rathin sect ions but  can be compared to  light  micrographs o f the same port ions after  

staining the sect ions with to luidine blue.  This technique is useful for observing wide area s of the 

sect ions without  any obstruct ions  in view,  such as the TEM specimen gr id (21).   

       Previously,  our group also reported the 3D reconstruct ion o f the Go lgi apparatus by using 

BSE images o f ser ial ult rathin sect ions  obtained from SEM (22).  Here,  we applied this technique to 
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ser ia l semi-thin sect ion studies to  analyze the 3D arrangement  o f cellular components in t he rat  

cochlea.  We thus showed that  this technique is  useful for visua lizing the 3D arrangement  of root  cells 

and int erdental cells ,  even though these cells are surrounded and em bedded in t he connect ive t issue 

components o f the spiral ligament  and the spira l limbus. Thus, this technique has great  potent ial  in 

examining var ious cell components ,  allowing for  3D reconstruct ion o f a wide range o f cells and 

t issues.  

 

 

CONCLUSIONS 

The present  study demonst rated the ult rast ructure of root  cells and int erdental cells  and showed the 

3D arrangement  of t hese cells via the 3D reconstruct ion o f BSE images obtained from ser ial semi-thin 

sect ions by SEM. In the 3D reconstructed images,  the root  cells were linked together to  form a 

branched st ructure,  similar to  a t ree root  in the spiral ligament .  The interdental cells were also 

connected to  each other to  form a comb-shaped cellu lar network in t he spira l limbus. TEM studies 

revealed the presence o f gap junct ions in both the root  cells and in t he interdental cells .  These 

find ings st rongly suggest  that  both root  cells and interdental cells  contr ibute to  K
+
 c irculat ion as the 

end port ion of the epithelia l ce ll gap junct ion system o f the coc hlea.  
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Figure Legends 

Fig.  1.  Light  micrographs (a–c) and BSE mode-SEM images (a´–c´) o f the rat  cochlea obtained in t he 

same port ion as a semi-thin sect ion through the modio lus.  a,  a ´: The ent ire cochlear showing the 

modio lus (MO), Reissner ’s membrane (RM), tectorial membrane (TM), organ o f Cort i (OC), and st r ia  

vascular is (SV). b,  b´: High magnificat ion images of the spira l ligament  in t he  cochlear middle turn.  

Claudius cells (CC), outer sulcus cells (OSC), root  cells (RC), and the st r ia vascular is (SV). c,  c ´:  

High magnificat ion images o f the spiral limb in t he middle tur n.  Inner sulcus cells (ISC) and 

int erdental cells  (IDC) are observed more clear ly in SEM images than in light  micro graphs.  Scale bar:  

300 μm (a,  a ´),  20 μm (b, c,  b´,  c´).  

 

Fig.  2.  BSE mode-SEM images o f ser ia l semi-thin sect ions (a–f) and 3D reconstruct ion images (g –i)  

of root cells in t he spinal ligament  of the midd le turn cochlea.  The root cells and the outer sulcus 

cells  (*) are co lored pink, with red nuc lei.  The root  cells are connected to  each other to  form a 

branched st ructure like an elaborate t ree root in the spira l ligament .  SV: st r ia vascular is ; SLg: spiral 

ligament .  

 

Fig.  3.  BSE mode-SEM images o f ser ia l semi-thin sect ions (a–f) and a 3D reconstruct ion image (g–j) 

of the spiral limbus in the middle turn.  The interdental cells  are co lored purple and their nuc le i are  

red. The inner sulcus cells are co lo red light  blue and their nucle i blue.  The interdental cells are oval 

or round in shape and are connected to each other to form a comb-shaped network in the spira l limbus.  

Some connect ions are a lso found among the teeth o f the comb. The interdental cells just  beneath the 

tectorial membrane extend flat  processes to cover the surface o f the spiral limbus. S ome o f the 

int erdental cells are also connected to inner sulcus cells.  TM: tectorial membrane ; RM: Reissner ’s 

membrane.  

 

Fig.  4.  TEM images (a–c) o f the root  cell in t he cochlear lateral wall o f the middle turn.  a: The 

abut t ing root  cells  are int erdigit ated with irregular pro ject ions.  b,  c: The gap junct ions are confirmed 
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between the root  cells and their processes (arrowheads).  Sca le bar: 2 μm (a),  200 nm (b,  c).  

 

Fig.  5.  TEM images (a–c) of an interdental cell in t he spiral limbs o f the middle turn.  a: Some 

int erdental ce lls form a cellular mass by connect ing t ight ly to  each other.  They also int erdigitate  with 

their irregular processes.  b,  c: Gap junct ions (arrowheads) are found between interd igitated processes 

of inner sulcus cells.  Scale bar: 2 μm (a),  200 nm (b,  c).  

 

Fig.6.  Schemat ic diagram showing the shape o f the root  cell cluster and interdental cell net work, with 

the assumpt ion of K
+
 c irculat ion occurr ing  in the cochlea.  K

+
 incorporated into hair cells is  circulated 

to  the scala media via the spira l ligament  and spiral limbus. The root  cell cluster is elaborate in t he 

spiral ligament  and interming led with fibrocytes  (t ype II),  suggest ing that  root cells are important  for 

effic ient  t ransfer of K
+
 to fibrocytes,  using the large surface area of the root cell cluster.  The 

int erdental ce ll network is connected to inner sulcus cells,  suggest ing that  direct  K
+
 f low into the 

scala media  occurs through this network. SV: st r ia  vascu lar is ; TM: tectoria l membrane ; SLg:  sp iral 

ligament ; SLm: sp iral limbs; IHC: inner hair cell;  OHC: outer hair ce ll;  FC: fibrocyte; RC: root  cell;  

OSC: outer sulcus cell ; CC: Claudius ce ll;  HC: Hensen’s cell ; DC: Deit ers’ cell;  IHC: inner sulcus 

cell;  IDC: interdental cell.  

  



10 

 

Fig.1.   

 

 

 

 

 

 

 

 

 

 

 

 

  



11 

 

Fig.2.   

 

 



12 
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