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ARTÍCULO ORIGINAL

Morphological Changes Induced by Three Aminoglycosides on the 
Cochlear Stria Vascularis.

Resumen
Los antibióticos aminoglucósidos son antimicrobianos eficaces de uso común en la práctica clínica. Sus efectos sobre 

las células del órgano de Corti y las neuronas del ganglio espiral se han estudiado ampliamente. Sin embargo, sólo hay pocos 
informes sobre los cambios morfológicos inducidos por aminoglucósidos en la estría vascular. El objetivo de este estudio fue 
describir los cambios morfológicos y morfométricos que se producen en la estría vascular de ratas después de una pérdida audi-
tiva sensorineural profunda inducida por tres aminoglucósidos (kanamicina, gentamicina y amikacina), seguidos por furosemi-
da. Para analizar el área de la estría vascular y el número de capilares sanguíneos por estría vascular, se procesaron cócleas de 
catorce ratas a las ocho semanas de sordera y de cuatro animales controles. Se examinaron secciones semifinas cocleares de las 
vueltas apical, medial superior, medial inferior y basal, mediante un microscopio óptico. El grado de daño coclear dependió del 
aminoglucósido. Las áreas de la estría vascular en los grupos que recibieron kanamicina y gentamicina fueron menores que en 
los controles. El número de capilares sanguíneos promedio por estría vascular se redujo en los tres grupos de animales sordos, 
en comparación con los animales controles. Para ambas variables, el daño más grave se observó en los animales ensordecidos 
con gentamicina, seguido de kanamicina y amikacina. 
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Abstract
Aminoglycosides are efficient antimicrobials commonly used in clinical practice. Their effects on the cells of the organ 

of Corti and the spiral ganglion neurons have been extensively studied. However, there are only a few reports concerning ami-
noglycoside-induced morphological changes on the stria vascularis. The purpose of this study was to describe morphological 
and morphometrical changes on the rat stria vascularis after a profound sensorineural hearing loss induced by three aminogl-
ycosides (kanamycin, gentamicin and amikacin) followed by furosemide. To analyze the stria vascularis area and the number of 
blood capillaries per stria vascularis, cochleae from fourteen rats sampled at eight weeks after deafness and from four control 
animals were processed. Serial semi thin cochlear sections from the apical, upper middle, lower middle and basal turns were 
examined under a light microscope. The cochlear damage degree depended on the aminoglycoside. Mean stria vascularis areas 
for both kanamycin and gentamicin groups were lower than controls. The mean number of blood capillaries per stria vascularis 
was reduced for the three aminoglycoside-deafened groups as compared to control animals. For both variables, the most severe 
damage was observed for gentamicin-deafened animals, followed by kanamycin and amikacin.
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Introduction
Hearing loss commonly originates as a result of irre-

versible damage to cochlear hair cells caused by thera-
peutic agents such as aminoglycoside antibiotics or cis-
platin, as well as by aging, loud sounds, infections, or 
mechanical injury.1 Despite their ototoxicity, aminoglyco-
sides are still frequently used in clinical practice for their 
high bactericidal effect, as well as for their efficacy to pre-

vent infections associated with chronic diseases such as 
tuberculosis, cystic fibrosis and Duchenne muscular dys-
trophy.2 In mammals, the ototoxic effect of these drugs 
induces a permanent sensorineural hearing loss due to 
the lack of regenerative capacity of cochlear hair cells.3 
The loss of hair cells disrupts the transduction of acoustic 
information into neural signals during hearing and leads to 
a progressive auditory degeneration that results in the loss 



 Vol. 22, No 1-3, 2013 / Revista Ecuatoriana de Neurología  33

of spiral ganglion neurons and their peripheral processes 
innervating the organ of Corti (OC).4 Such neuronal degen-
eration is particularly severe in cochlear regions where 
hair cells and supporting cells are missing, suggesting that 
they should play an important role for neuronal survival.5 

The effects of several aminoglycosides on cochlear 
hair cells and neurons have been extensively studied.6-8 
Most of these studies have described a morpholog-
ical base-to-apex toxicity gradient which widely varies 
depending on the specific aminoglycoside.9 However, it is 
unknown if in other important cochlear structures such as 
the stria vascularis (SV), the toxicity differs depending on 
the specific aminoglycoside used.

The SV plays an important role in audition because it 
is responsible for the generation of the endocochlear poten-
tial, which provides the driving force for the mechanic-
electrical transduction of cochlear hair cells.10,11 Some 
studies have shown the changes that occur in the SV of 
mice and guinea pigs after a profound deafness due to the 
co-administration of kanamycin and loop diuretics (furo-
semide, ethacrynic acid or bumetanide). These authors 
described a significant degeneration of the SV following 
long-term ototoxicity.12,13 However, little is known about 
the effect of aminoglycoside ototoxicity on the SV blood 
capillaries, which are located between the marginal and 
the intermediate cell layers of the SV. These capillaries 
provide nutritional support for the highly metabolically 
active cells of the SV that are responsible for the genera-
tion and maintenance of the endocochlear potential.10,14

The purpose of this study was to describe mor-
phological and morphometrical changes on the rat stria 
vascularis, with emphasis on blood capillaries, after a 
profound sensorineural hearing loss induced by three 
aminoglycosides (kanamycin, gentamicin and amikacin) 
followed by furosemide.

Materials and methods
Eighteen male Wistar rats weighing 250-300 g, pur-

chased at The National Center for Laboratory Animal 
Production (CENPALAB) (Habana, Cuba) were used 
in this investigation. The animals were maintained on a 
12/12 light/dark cycle, and allowed free access to food 
and water throughout the whole experiment. Before any 
experimental manipulation, all animals were tested to 
have normal auditory function by recording their auditory 
brainstem responses (ABRs). Normal hearing animals 
were randomly assigned to four groups of four to five 
rats each: three groups of deafened rats (Kanamycin and 
Amikacin: n=5; Gentamicin: n=4) and one group of con-
trol, non-deafened animals (n=4). All procedures were 
in accordance with the European Union Guidelines for 
Animal Experimentation as well as with the CENPALAB 
guidelines. They were approved by the Animal Research 
and Ethics Committee of the Cuban Neuroscience Center. 

Deafening Procedure
Each animal received an intravenous injection of the 

loop diuretic furosemide (150 mg/kg, Jiangsu Pengyao 
Pharmaceutical Co) followed by an aminoglycoside 
delivered subcutaneously. The doses of aminoglycosides 
were: kanamycin monosulphate 700 mg/kg (AICA); gen-
tamicin monosulphate 420 mg/kg (AICA) and amikacin 
monosulphate 700 mg/kg (Quimefa). The loop diuretic 
facilitates the penetration of aminoglycosides into endo-
lymph, potentiating the action of them.12,15 All the animals 
survived after the deafening treatments. 

Auditory Brainstem Responses
Animals were anaesthetized with a single intraperi-

toneal injection of 75 mg/kg ketamine and 5 mg/kg diaz-
epam. ABRs were recorded using stainless-steel needle 
electrodes: the positive electrode on the vertex, the nega-
tive on the neck and the ground on the abdomen. Broad 
band clicks of 0.1 ms were presented mono-aurally at a rate 
of 25 Hz using an Audix-4 stimulation- recording system 
(Neuronic S.A.). The signal was amplified 105 and band-
pass filtered (0, 5 Hz - 2 kHz). One thousand responses 
were averaged for each recording and stored for subse-
quent analysis. Recordings were performed before and a 
week after the ototoxic treatment. Previous to the deaf-
ness induction, responses from both ears were obtained to 
a decreasing series of intensities starting from 70 dB SPL 
(sound pressure level) to the threshold. Threshold was 
defined as the smallest click amplitude required evoking 
a response within a latency window of 2.25–3.25 ms fol-
lowing the stimulus onset (wave III of the ABRs). Ani-
mals with ABRs threshold below 30 dB SPL were consid-
ered normal. One week after deafening, 70 dB SPL stimuli 
were applied. Animals that did not respond to the stimuli 
were re-tested; increasing the intensities by 10 dB steps. 
Animals with ABRs threshold greater than 90 dB SPL 
(corresponding to a threshold increase greater than 60 dB) 
were considered deaf and included in the present study. 

Preparation of cochlear specimens
All the animals, including the control group, were 

sacrificed 8 weeks after the beginning of the experiment. 
Rats were deeply anesthetized with diethyl ether. Cardiac 
perfusion was performed using 0.9% saline solution, fol-
lowed by 10% formaldehyde in 0.1 M sodium phosphate 
buffer (pH 7.4). After the temporal bones were removed, 
the cochleae were perfused through the round window 
with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 
M sodium phosphate buffer. They were immersed in the 
same fixative for 24 h. Decalcification was performed by 
means of 8.3% disodium ethylenediamine tetraacetic acid 
for 15 days, at 4°C. Decalcified cochleae were postfixed 
for 1 h in 1% osmium tetroxide in the same buffer. Speci-
mens were dehydrated in acetone, cleared in propylene 
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oxide and embedded in Araldite resin. Serial semithin sec-
tions (1-3 µm) of each cochlea were obtained through the 
cochlear horizontal plane by means of an LKB III ultra-
microtome, using glass knives. Sections were mounted on 
glass slides and stained with Stevenel’s Blue. Five non-
consecutive mid-modiolar sections of the cochlea were 
examined from each experimental animal.

Morphology and Morphometry analysis of the SV
The SV at four different cochlear turns (apical, upper 

middle, lower middle and basal turns) were examined in 
five sections of each cochlea under a light microscope 
(X1000). All the photomicrographs were obtained using a 
Nikon digital camera and later assembled by means of the 
ArcSoft Panorama Maker 3.0 software. Brightness and 
contrast were adjusted in Adobe Photoshop 8.00.

Images of SV were acquired at X10 with a CCD 
camera connected to a personal computer and imported 
to the image analysis software Image J.16 The SV area was 
outlined along the border of the marginal cells, from the 
spiral prominence to the Reissner’s membrane, and later-
ally to the border of the strial basal cells and measured in 
µm2. The number of capillaries per SV (NCSV), recog-
nized by their lumen, was counted at X 1000. 

Statistical analysis
The statistical analysis was undertaken using Statis-

tica version 6.0 software. In order to evaluate the effects of 
the aminoglycosides. One-way ANOVA was carried out to 
compare the SV area of each cochlear turn among groups 
and the mean of the four cochlear turns among groups. 
ANOVA was always followed by the Tukey test. In the case 
of the variable NCSV, the four cochlear turns within each 
group and among animal groups were compared using 
the Kruskal-Wallis test, followed by the Test of multiple 
comparisons of mean ranks. Differences associated with 
p values<0.05 were considered to be significant. In addi-
tion, a Pearson correlation test was performed to explore 
the relationship between the SV area and the NCSV.

Results 
Morphology of the organ of Corti and the spiral 

ganglion
Normal hearing animals showed the normal orga-

nization pattern of the OC (Figure 1A). The OC of 
kanamycin and amikacin-deafened animals displayed a 
mosaic epithelium with a visible tunnel of Corti in the 
apical turn. Inner HC with well preserved nuclei were 
observed in some animals. However, various flattening 
degrees of the OC layer of cells were observed at the rest 
of the cochlear turns (Fig. 1B, D). No supporting cells 
could be morphologically identified in aminoglycoside-
deafened groups, except for Boettcher’s cells in the 
lower middle and basal turns in some animals. Among 

Figure 1. Photomicrographs assembled by means of the ArcSoft Pano-
rama Maker 3.00 of the organ of Corti (OC) at the lower middle cochlear 
turn. A: Control animal illustrating normal aspect of the OC characteri-
zed by the presence of: 1-inner hair cell; 21, 22, 23- outer hair cells (three 
rows); Arrows-cuticular plates; 31- inner pillar cell; 32- outer pillar cell; 4- 
Dieter cell; 5- Hensen cells; 6- Claudius cells; 7- Boettcher cells; TC-Tunnel 
of Corti; TM- Tectorial membrane; BM-Basilar membrane. B: Kanamycin-
deafened animal illustrating partial flattening of the OC without hair 
cells and with evident Boettcher cells; C: Gentamicin-deafened animal 
illustrating total flattening of the OC without hair cells and supporting 
cells; D: Amikacin-deafened animal illustrating partial flattening of the 
OC without hair cells and with evident Boettcher cells (Stevenel’s Blue; 
Scale bars = 50 µm).
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the three aminoglycoside groups, gentamicin-deafened 
animals showed either a low cuboidal cell layer without 
recognizable supporting cells or a complete resorption 
of the OC in all cochlear turns (Fig. 1C).

On the other hand, all aminoglycoside-deafened ani-
mals showed abnormal morphology of SGN and their 
peripheral processes at all cochlear turns. The SGN den-
sity decreased in deafened animals at all cochlear turns, as 
compared to controls (results not shown).

Morpholgy and morphometry of the stria vascularis 
For normal hearing animals, the SV was observed as 

a normal stratified epithelium integrated by basal, inter-
mediate and marginal cells as well as blood capillaries 
(Figure 2A-D). These cells were arranged themselves as 
a row, starting from the Reissner’s membrane towards the 
spiral prominence. In this group, both the SV area and the 
NCSV increased progressively from the cochlear apex to 
the basal turn (Figures 3 and 4, left panel). 

The normal SV area pattern along the cochlear turns was 
only observed in the kanamycin-deafened group. However, 
the end of SV profile was absent towards the spiral promi-
nence, mainly in the apical and upper-middle turns (Figure 
2E-H). As compared to controls, this group showed a SV 
area reduction in the lower middle and basal turns (F=49.43, 
F=48.35 respectively; p<0.001) (Figure 3 left panel).

Gentamicin-deafened animals showed SV with sev-
eral atrophy signs such as remnants of marginal cells without 
nuclei in the upper middle turn (Fig. 2J) and no cells in the 
lower middle turn (Fig. 2K). Similar to kanamycin-deaf-
ened animals, the end of the SV profile was absent towards 
the spiral prominence in the apical and upper-middle turns 
(Figure 2I-J). This was more remarkable in the lower middle 
turn (Fig. 2K). At the basal turn the SV disappeared leaving 
only a flat squamous epithelial layer (Fig. 2L). As com-
pared to controls, this group showed reduced SV areas in all 
cochlear turns (F=75.11; p<0.001) (Fig. 3 left panel).

Amikacin-deafened animals showed the three SV 
cell types in every cochlear turn, except for the apical turn 
(Figure 2M-P), as well as a reduction in the SV area in the 
apical and basal turns (F=20.82, F=48.35, respectively; 
p<0.001) (Figure 3 left panel).

The mean SV area (calculated for the four cochlear 
turns) for amikacin-deafened animals was the same as the 
control values, although two of the four cochlear turns 
showed reduced SV areas. Mean SV area values for both 
kanamycin and gentamicin groups were lower than con-
trols and the lowest values were observed for gentamicin-
deafened animals (Figure 3 right panel).

The effects of the ototoxic treatments were also 
observed when the NCSV was analyzed, although the 
degeneration pattern was slightly different from the 
one of the SV area. As compared to the control group, 
kanamycin-deafened animals showed a reduced NCSV 

Figure 2. Photomicrographs assembled by means of the ArcSoft Pano-
rama Maker 3.00 of the stria vascularis (SV) along the four cochlear turns. 
A-D: Control animal illustrating normal SV structure at all cochlear turns. 
bca: blood capillaries, MC: marginal cells, IC: intermediate cells, BC: basal 
cells. E-P: Deafened animals. A, E, I, M: Apical; B, F, J, N: Upper middle; C, 
G, K, O: Lower middle; D, H, L, P: Basal. E-H: Kanamycin-deafened animal 
illustrating no visible changes in the stratified epithelium of the SV; I-L: 
Gentamicin-deafened animal illustrating from the end of the SV profile 
absent above the spiral prominence (arrowhead) to total flattening of 
the SV at the base (arrow); M-P: Amikacin-deafened animal illustrating 
lack of the capillary profiles (Stevenel’s Blue; Scale bars = 20 µm).
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only in the lower middle turn of the cochlea (H=3; 
p=0.005) (Figure 4 left panel), while the NCSV of gen-
tamicin-deafened animals was reduced in the apical 
(H=3; p=0.018), lower middle and basal turns (H=3; 
p<0.0001) (Figure 4 left panel). Amikacin-deafened 
animals showed a reduction of the NCSV in the lower 
middle and basal turns, as compared to controls (H=3; 
p<0.0001) (Figure 4 left panel). 

Unlike the SV area, the mean NCSV was reduced for 
the three aminoglycoside-deafened groups with respect to 
control animals (H=3; p<0.0001) (Figure 4 right panel). 
The test of multiple comparisons of mean ranks showed 
that there were no differences between gentamicin and 
amikacin-deafened animals, and these values were lower 
than those obtained for the kanamycin-deafened group 
(Figure 4, right panel). 

Correlation tests between SV area and NCSV 
revealed that only control and gentamicin-deafened ani-
mals showed positive correlation values (r=0.65, p<0.0001 
and r=0.25, p=0.023; respectively).

Discussion
Our results showed that the SV area increased from the 

cochlear apex towards its base in normal hearing animals. 
This result has been previously reported by other authors.12,17,18 
The cochlear damage degree depended on the aminoglyco-
side. Reductions of mean SV areas induced by kanamycin 
and gentamicin eight weeks after deafness were shown in 

this work. Hellier et al.12 reported that the degree of kana-
mycin-induced SV degeneration in the guinea pig model 
was directly dependent on the duration of the hearing loss. 
They found that 16 weeks after deafness, the SV degener-
ation extended to all cochlear turns. Similar results were 
found in another work using kanamycin and bumetanide 
in a mouse model. Remarkable SV degeneration with loss 
of the normal cytoarchitecture and reduction of the SV 
thickness to about a third, was described 8-16 weeks after 
treatments.13 Similar results were obtained using repeated 
doses of kanamycin and furosemide in a different mice 
strain as early as 2 weeks after the end of the treatments.19

On the other hand, loop diuretics, are known to cause 
short term changes in the morphology of the SV, but per-
manent changes have not been observed.20 

The three aminoglycosides used in the present work 
induced a severe reduction in NCSV as compared to con-
trols. It has been reported that aging, a known cause of 
deafness, induces reduction of capillary diameters or pro-
duces avascular SV. However, no previous references were 
found regarding aminoglycoside effects upon the NCSV.21

Like the SV area, the NCSV of normal hearing ani-
mals increased from the cochlear apex to the base. It has 
been suggested that a wider SV at the cochlear base is 
characteristic of a more organized pattern for the arte-
rioles, which assures a better communication between 
arteries and veins.21 For control animals, a positive cor-
relation between the SV area and the NCSV was found. 

Figure 3. Stria vascularis (SV) area at the four 
cochlear turns. Control and aminoglycoside-
deafened groups. The plot illustrates the 
mean ± standard deviation. Left panel: A: 
Apical turn, UM: Upper middle turn, LM: Low-
er middle turn, B: Basal turn. One-way ANOVA 
test, comparing the four groups. Asterisks 
indicate statistically significant differences 
compared to control group. p < 0.05, Tukey 
test, comparing between groups. Right pan-
el: Mean SV area by groups. The SV area was 
more reduced for gentamicin than for kana-
mycin and amikacin-deafened animals.

Figure 4. Number of blood capillaries per stria 
vascularis (NCSV) for control and aminoglyco-
side-deafened groups along the cochlea. The 
plot illustrates the mean ± standard deviation. 
Left panel: A: Apical turn, UM: Upper middle 
turn, LM: Lower middle turn, B: Basal turn. 
Kruskal-Wallis test, comparing the four groups. 
Asterisks indicate statistically significant dif-
ferences compared to control group. p < 0.05, 
Test of multiple comparisons of mean ranks, 
comparing between groups. Right panel: Mean 
NCSV by groups. The NCSV was more reduced 
by gentamicin and amikacin than by kanamy-
cin (p < 0.05).
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This positive correlation was also observed for gentamicin-
deafened animals. In 1995, Gratton et al.22 suggested that 
regions of SV atrophy in aged gerbils usually lacked cap-
illaries. Gratton et al.23 and Ohlemiller et al.24 suggested that 
atrophy of the SV in aged animals is a secondary patholog-
ical event that occurs in response to partial or complete vas-
cular occlusion. No correlation was found between SV area 
and NCSV in amikacin-deafened animals. A possible reason 
for this result could be that while the NCSV of amikacin-
deafened animals was reduced as compared to controls, the 
remaining SV marginal, intermediate and basal preserved 
cells were responsible for the maintenance of the SV area. 

The mechanism by which aminoglycosides generate 
deafness is still a subject of debate. Many of the adverse 
effects have been attributed to a specific interaction with 
cell membrane phospholipids, especially with the poly-
phosphoinositides present in both the OC and the SV. It has 
been shown that aminoglycosides alter the physical state 
of cell membrane lipids. Forge and Fradis19 observed that 
gentamicin causes morphological changes on liposomes, 
which also contain polyphosphoinositides and other anionic 
phospholipids. On the other hand, Hellier et al.12 suggested 
that the SV degenerative changes induced by kanamycin 
in guinea pigs were due to a reduced metabolic burden fol-
lowing the loss of the OC, rather than to a direct intoxica-
tion. Other authors, after finding a gradual capillary loss in 
the spiral ligament of aged humans, postulated that the SV 
is essential for the development of the OC and suggested 
that the SV dysfunction preceded the OC degeneration.25

Recent theories ascribe the cochlear damage induced 
by aminoglycosides, noise exposure and aging, to oxida-
tive stress mechanisms. Choung et al.26 detected highly-
reactive oxygen species in explants of the OC after genta-
micin exposure and suggested that their accumulation is 
an important initial step in hair cell damage. The differen-
tial sensitivity of hair cells is closely related to differences 
in highly-reactive oxygen species accumulation. 

Although the action mechanisms of ototoxic agents in 
the cochlea need to be studied in more detail, the diverse 
effects shown in this work could be related to the different 
extent of the oxidative stress caused by the three amino-
glycosides. This idea arises from experiments that ana-
lyzed the generation of free-radicals in cochlear explants 
treated with different aminoglycosides. Clerici et al.27 dem-
onstrated that gentamicin induces the formation of more 
reactive oxygen species than other ototoxic agents such as 
kanamycin, different diuretics and cisplatin. 

The effects of different aminoglycosides on the 
cochlear morphology have been studied by other authors 
both in vitro28 and in vivo.29,30 In accordance to our results, 
these previous studies found gentamicin to be the most 
aggressive ototoxic aminoglycoside. However, they 
focused on the effect of the ototoxic treatment on the HC, 
and no comparative reports were found for the SV.

Conclusion
The present results demonstrated that the magnitude 

of the SV degeneration caused by the ototoxic treatments 
depended on the aminoglycoside used. For both the SV 
area and NCSV, the gentamicin-deafened animals showed 
the most severe damage. 
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