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Abstract

The etiology of sudden deafness or idiopathic sudden sensorineural hearing loss (ISSHL) remains unclear. Over the past 15 years, we have investigated the mechanisms of ischemic-induced hearing loss using a gerbil model of transient cochlear ischemia. In the gerbil, cochlear ischemia can be induced by occluding the bilateral vertebral arteries simultaneously at the neck, because the posterior communicating arteries of the Circle of Willis close spontaneously around 1 mo after birth. When 15 min ischemia was loaded on this animal, permanent hearing loss of about 25 dB and the death of hair cells, especially inner hair cells were induced. These pathological changes were mainly due to lack of an energy source, glutamate excitotoxicity, and the production of free radicals, especially superoxide and nitrous oxide species. Ischemic damage could be prevented by various procedures, such as cooling the cochlea, intratympanic administration of insulin-like growth factor 1 (IGF-1) or AM-111 (an anti-apoptotic agent), and systemic administration of prednisolone (steroid), edarabone (free radical scavenger), ginsenoside RB1 (Kanpo), hematopoietic stem cells, glia-cell derived neurotrophic factor, and liposome-encapsulated hemoglobin (artificial red blood cells). We also found that the cochlea was protected by the ischemic tolerance, indicating that minor cochlear ischemia alleviates or prevents inner ear damage in subsequent severe cochlear ischemia. As ISSHL usually occurs suddenly, with no preceding sign or symptom, we suggest that most ISSHL cases are caused by circulatory disturbance, probably at the stria vascularis.
© 2013 Baishideng. All rights reserved.

Key words: Sudden deafness; Occlusion of vertebral artery; Mongolian gerbil; Loss of inner hair cell; Ischemic tolerance; Cochlear hypothermia
Gyo K. Experimental study of transient cochlear ischemia as a cause of sudden deafness. 

Available from: URL: 

DOI:

INTRODUCTION

Sudden deafness, also called idiopathic sudden sensorineural hearing loss (ISSHL), is a disease of inner ear causing acute hearing loss of unknown etiology. It occurs in approximately 30 cases per 100 000 people a year in Japan, most frequently involving those 50–60 years of age. Presently, ISSHL is considered a symptom of various diseases, including circulatory disturbances, viral infection, endolymphatic hydrops/labyrinthine membrane rupture, and disruption of endolymphatic homeostasis triggered by stress hormones and other hormones as well. As such hearing loss usually occurs suddenly, with no preceding sign or symptom, many investigators have suggested that ISSHL is caused by acute interruption of cochlear blood flow, and steroids and vasodilator agents are often prescribed for the treatment of this disease. Recently, many scientific papers have been published supporting this vascular theory, including circulatory disturbances, as a cause of ISSHL. Suckfüll[1] reported that plasma fibrinogen was raised in patients with ISSHL, suggesting increased blood coagulation. Fortunately, their hearing impairment improved following low-density lipoprotein apheresis. De Felice et al[2] reported a strong correlation between a non-functioning posterior communicating artery (PCA) of the Circle of Willis and the incidence of ISSHL. Because the inner ear is nourished solely by the labyrinthine artery, a branch of the basilar artery, a non-functioning PCA may increase the risk of disturbing the continuous blood supply to the cochlea. Large-scale statistical analyses have demonstrated that ISSHL is a strong risk factor for stroke[3] and cardiovascular disease[4]. Due to recent advances in gene analysis technology, various single nucleotide polymorphisms have been found to be closely associated with ISSHL incidence[5-8]. In Japan, Hato et al[9] showed that the PRKCH gene, an expression gene of protein kinase C, was associated with the incidence of ISSHL as well as stroke[10]. The allele ratio of G→A in the RPKCH gene is 2.0 in ISSHL and 1.7 in lucunar stroke. Using three-dimensional fluid-attenuated inversion recovery magnetic resonance imaging (3D-FLAIR MRI), Yoshida et al[11] reported high signal areas in the cochlea of 31 of 48 patients with ISSHL, suggesting a high concentration of protein or hemorrhage in the cochlea. They noted that hearing prognoses of such patients were poor compared to those without a high signal. These findings are all consistent with the vascular theory of the etiology of ISSHL.
Over the past 15 years, we have investigated the mechanism(s) of ischemia-induced hearing loss using a gerbil model of transient cochlear ischemia. Because this animal can live long after the induction of transient ischemia, experimental studies were undertaken to assess cochlear histopathology, the mechanism(s) of ischemic cochlear damage, and responses to various treatment modalities. We also found that the cochlea was protected by the mechanism known as ischemic tolerance. In this phenomenon, minor cochlear ischemia alleviates or prevents inner ear damage in subsequent severe cochlear ischemia. Here, we present our experimental data concerning transient cochlear ischemia, report the findings of ischemic tolerance in the cochlea, and demonstrate the therapeutic effects of various treatment modalities.
ANIMAL MODEL OF TRANSIENT COCHLEAR ISCHEMIA

Because the nourishing artery of the cochlea comes from the basilar artery, transient cochlea ischemia is difficult to induce without damaging the brain and other neuronal tissues. Indeed, such experiments were previously considered not feasible in small animals because of technical difficulties. Using a technique called experimental hindbrain ischemia[12], we succeeded in making a chronic animal model of transient cochlear ischemia using the Mongolian gerbil. In this animal, the posterior communicating arteries of the Circle of Willis characteristically close spontaneously around 1 mo after birth. As the cochleae receive their blood supply solely from the vertebral arteries in the adult, transient cochlear ischemia is readily induced by obstructing the bilateral vertebral arteries at the neck[13] (Figure 1). 

Under general anesthesia, the vertebral arteries were exposed bilaterally and dissected free from the surrounding connective tissue through a ventral transverse incision of the neck. Silk threads (4-0) were loosely looped around each artery, and ischemia was induced in the bilateral cochleae by pulling the ligatures with weights of 5 g for 5 or 15 min. The threads were subsequently removed to allow reperfusion, which was confirmed by observation using an operating microscope (Figure 2). As cochlear damage was minor with 5 min ischemia[14], we used 15 min ischemia in the following studies (Figure 3). The hearing of the animal was assessed by recording electrocochleogram, auditory brainstem responses (ABR), or distortion product oto-acoustic emission, depending on the purpose of the study.
ISCHEMIC DAMAGE IN THE COCHLEA

Blood supply to three regions of the cochlea and their ischemic damages

Ischemic damage of the cochlea can be divided into three regions: the lateral, middle, and modiolar regions (Figure 4). The lateral region includes the stria vascularis and spiral ligament, while the middle region is composed of the hair cells and supporting cells in the organ of Corti. The modiolar region is located in the center of the cochlea, and includes the spiral ganglion. The three regions of the inner ear receive arterial blood supply from the labyrinthine artery, via the spiral modiolar artery. According to rabbit experiments using microspheres, 82% of cochlear blood flow distributes to the lateral region, 9% to the middle region, and 9% to the modiolar region. In rats, the distribution is 57%, 19%, and 24%, respectively[15]. These findings suggest that blood supply to the lateral region is the largest among the three regions, although the distribution ratio differs by animal species.

Lateral region (stria vascularis and spiral ligament): The main function of the stria vascularis is to constantly supply K+ into the scala media through an ion channel that consumes ATP as an energy source. According to the K+ recycling theory, K+ in the scala media is absorbed by hair cells through mechanical ion channels on the surface of stereocilia called tip links or side links. The channels open and close corresponding to the vibration of the basilar membrane. Once absorbed, K+ facilitates Ca2+ release from stores into the cytoplasm and causes depolarization of the hair cell. Following firing of the hair cells, K+ released to the outside is then absorbed by the surrounding support cells. It flows laterally, through a gap junction between the supporting cells in the direction of the stria vascularis, where it is again released to the scala media via ATP. Because the ion channel at the stria vascularis needs a large amount of ATP, interruption of the blood supply to this area impairs ATP production, resulting in failure of K+ transport into the scala media. In this way, transient ischemia causes an energy shortage at the stria vascularis and induces decreased endocochlear potential (EP).

As shown in Figure 5, the decrease in EP following 15 min ischemia was reversible. In normal conditions, the EP value was 80.0 mV (n = 22). With ischemia, EP was markedly decreased, to around ‑20 mV. On the following day, it recovered to about 60 mV. It returned to normal by day 7. This indicates that disturbed function of the lateral region returns to normal by day 7[16].
To investigate what happened in and around the stria vascularis, we performed histological staining with hematoxylin and eosin (H and E), which revealed no apparent change during the course of recovery. However, immunostaining of Na+-K+ ATPase, a marker of the Na/K-pump, and of connexin 26, a marker of gap junctions, showed that the levels of these markers were reduced on days 1 and 4, but recovered to preischemic levels on day 7 (Figure 6). Transmission electron microscope (TEM) studies demonstrated that water retention was prominent in the interstitial layer of the scala tympani on day 1, which became milder on day 4, and almost disappeared on day 7[17] (Figure 7). These histological findings were consistent with the sequential changes in the EP value that recovered on day 7.

Middle region (organ of Corti): In the organ of Corti, ischemic damage was more severe in the inner hair cells (IHCs) than in the outer hair cells (OHCs): the cochlear pathology differed from that of other inner ear diseases, such as acoustic trauma and aminoglycoside ototoxicity, that cause severe damage mainly to the OHCs. Figure 8 shows a typical finding at the basal turn 7 d after ischemia, stained with rhodamine-phalloidin and Hoechst 33342. IHC-predominant damage was also seen by scanning electron microscopy (SEM) as shown in Figure 9. Percentages of IHC and OHC losses at the three turns of the cochlea are summarized in Figure 10. Loss of IHC was extensive at the basal and second turns, but not at the apical turn. In contrast, no such difference, by turn, was observed in OHCs. This indicates that the underlying mechanisms of ischemic damage apparently differ somewhat between IHCs and OHCs.

TUNEL staining (Figure 11) and TEM studies showed that the loss of IHCs was due to apoptosis, triggered by ischemic insult. Sequential counting of IHCs showed that the rate of IHC loss increased gradually until day 3. Then it remained constant[18] (Figure 12).

Modiolar region (spiral ganglion): HE findings in the spiral ganglion are shown in Figure 13. Loss of the ganglion neurons started on day 4 and progressed until day 7. Figure 14 shows immunofluorescent findings for Bax, an apoptosis-promoting protein, in the spiral ganglion. It was expressed on day 1, but not on day 7. TEM observations indicated that nuclei of the spiral ganglion cells underwent condensation or segmentation, suggesting cell death by apoptosis (Figure 15). The number of spiral ganglion cells after transient ischemia is shown in Figure 16. A cell decrease was prominent between day 4 and day 7, suggesting delayed cell death in the spiral ganglion[14, 19].

Time course of ischemic damage in the three regions of the cochlea: As shown in Figure 3, the ABR threshold at 8 kHz increased 20–30 dB on the next day after 15 min ischemia. The increase remained unchanged or changed a little thereafter. This indicated that hearing loss of an experimental animal became stable after 1 d of ischemia. Meanwhile, time course of ischemic damage was somewhat different among cochlear regions (Figure 17). In the lateral region, severe ischemic damage occurred immediately after the insult, which recovered gradually to a preischemic level within a week. In the middle region, loss of hair cells progressed slowly until day 3, then the decrease stopped. Ischemic damage was more severe in IHCs than in OHCs. Death of IHCs was due to activation of the apoptotic process; it was maximal 12 h after the insult. In the modiolar region, neuronal damage progressed more slowly and steadily. The number of spiral ganglion cells decreased most prominently between days 4 and 7. Degeneration of the spiral ganglion cells occurred initially from the ischemic insult, but later by secondary degeneration, corresponding to IHC death. 

These findings suggest that when hearing loss is unchanged or slightly recovered after ischemic insult, the degenerating site gradually shifts to other regions.

Mechanisms of ischemic cochlear damage

Although the blood supply to the cochlea was stopped only for 15 min, the effects were much larger than expected. At least three mechanisms were thought to be related to the cochlear damage.
Energy supply deletion: The energy source of the cochlea is ATP, produced from glucose and oxygen via the process of glycolysis. Thus, transient cochlear ischemia causes depletion of the energy supply, which induces cochlear damage. According to Thalmann et al[20], the ATP concentration decreases rapidly in the stria vascularis and the spiral ganglion, but the decrease is gradual in the organ of Corti. This is probably because glucose and oxygen dissolved in the endolymph are used slowly by hair cells and supporting cells of the organ of Corti. The time needed to decrease the ATP concentration from normal (16 mmol/kg) to a low level (below 2 mmol/kg) after death takes 3 min in the stria vascularis, 15 min in the spiral ganglion, and 60 min in the Corti organ. 
Free radicals: Free radicals such as superoxide and nitrous oxide species are produced in the course of ischemia/reperfusion processes. They induce destruction of cell membranes. As superoxide disappears so quickly after production, direct measurement of its concentration in the inner ear is not feasible. We investigated the production of superoxide and oxygen free radicals using edarabone, a free radical scavenger, originally developed as an anti-stroke agent. If free radicals are present, administration of edarabone alleviates their toxic effects dose-dependently. According to our previous study[21], administration of edarabone 1 h after ischemia significantly prevented the increase in the ABR threshold (Figure 18); hair cell loss was also prevented (Figure 19). These findings suggest that free radicals were produced after ischemic insult, and administration of edaravone prevented the toxic effects on the cochlea. Edaravone inhibits activation of the lipoxygenase pathway in the arachidonic acid cascade, which in turn prevents overproduction of superoxide anions. In addition, it scavenges nitrous oxide (NO) directly in a dose-dependent manner.

NO plays an important role regulating vasodilatation and protecting neuronal tissues (Figure 20). When physical stress such as transient ischemia occurs, NO is produced in excess, due to the enzymatic activity of inducible nitrous oxide synthase (iNOS). On the other hand, large amounts of superoxide are produced in the process of reperfusion after transient arterial occlusion. When NO reacts with superoxide, harmful free radicals such as nitrite (NO2-) and peroxynitrite (NO3-) are produced. Peroxynitrite causes cell membrane disintegration through lipid peroxidation. Figure 21 shows NO2- and NO3- concentrations in the perilymph at the scala tympani of the basal turn. Concentrations increased markedly on days 1 and 4, and returned to normal levels on day 7. Immunostaining showed that iNOS expression was prominent at the stria vascularis, spiral ligament, organ of Corti, and the spiral ganglion. The iNOS expression decreased gradually after ischemic insult but was still evident on day 7 (Figures 22 and 23).

Glutamate: Glutamate is a neurotransmitter at the synapse between IHCs and the primary afferent auditory nerve. When sound comes into the inner ear, K+ enters and accumulates in IHCs, causing depolarization of the IHCs. Glutamate is released into the synaptic cleft in response to the firing of IHCs. After depolarization of IHCs, glutamate is absorbed by the surrounding supporting cells and IHCs, and is transformed into glutamine by enzymatic activity of the glutamate-aspartate transporter (GLAST). Then glutamine is transferred to IHCs and encapsulated by vesicles, where it is transformed again into glutamate (Figure 24). In this way, glutamate is recycled around the synapses of IHCs[22, 23].

When transient cochlear ischemia is induced, the glutamate recycling system is disturbed because ATP is not produced. In that situation, glutamate in the synaptic cleft is not absorbed, but flows out to the extracellular space. Figure 25 shows sequential changes in the glutamate concentration in the scala tympani after ischemic insult. The increase in glutamate concentration was marked but soon subsided after reperfusion. Histological findings revealed vacuolar formation in the synaptic cleft of IHCs as a result of the transient cochlear ischemia[24] (Figure 26). Furthermore, administration of AMPA (glutamate agonist) caused vesicle formation around synapses of IHCs, resembling the histological findings for transient cochlear ischemia[25]. Vesicle formation was more prominent when higher concentrations of AMPA were administered (Figure 27). A glutamate antagonist, DNQX, prevented IHC damage induced by cochlear ischemia. Such ischemic damage was not seen in OHCs.

Interactions of various mechanisms in ischemic cochlear damage: When blood supply to the cochlea is stopped completely, all structures in the inner ear are destined to die as a result of energy depletion. If the ischemia is transient, superoxide is produced in excess following recovery of the blood supply. Furthermore, iNOS is induced at the site of the lesion and facilitates excessive production of NO. By reacting with superoxide, NO is transformed into nitrite (NO2-) or peroxynitrite (NO3-). These are strongly toxic and damage cell membranes. Ischemic insult also induces glutamate ototoxicity, which is considered a major cause of IHC death. Figure 28 shows the proposed interacting mechanisms of ischemic cochlear damage.

ISCHEMIC TOLERANCE IN THE COCHLEA

Ischemic tolerance is a preconditioning phenomenon that is activated by mild stressors, and allows survival when exposed to subsequent potentially lethal stressors. After first being reported in the brain[26], this cytoprotective phenomenon has been found in other organs, such as the heart, liver, and spinal cord. It became widely recognized as a pertinent and important process in understanding how the brain protects itself against ischemia. At present, the underlying mechanism(s) of ischemic tolerance remain(s) unclear. According to Kirino[27], there are two main mechanisms of ischemic tolerance. First, there is a cellular defense mechanism that arises by posttranslational modification of proteins or by expression of new proteins via a signal transduction system. These cascades of events may strengthen the influence of survival factors or may inhibit apoptosis. Second, there is a cellular stress response and the synthesis of stress proteins, leading to an increased capacity for health maintenance inside the cell. These proteins work as cellular chaperones by unfolding misfolded cellular proteins.
Presently, the greatest drawback of the vascular theory as an etiology of ISSHL is that it does not explain why recurrence and bilateral incidence of ISSHL are very rare. This issue may be resolved by studying ischemic tolerance in the cochlea. Using an animal model of transient cochlear ischemia, we investigated whether ischemic tolerance existed in the cochlea[28]. The animals were divided into two groups: the single ischemia group and the double ischemia group. In the single ischemia group, animals were subjected to 15 min ischemia. In the double ischemia group, animals were subjected to 2 min ischemia 2 d before 15 min ischemia. Figure 29 shows the sequential changes in ABR thresholds in the two groups. There was no change in ABR threshold on day 1 in the single ischemia group. On day 3, 15 min ischemia was induced in both groups. As shown in this figure, hearing loss on days 4 and 7 was more severe in the single ischemia group than in the double ischemia group (P < 0.05). Figure 30 summarizes the ratios of degenerated IHCs in the single and double ischemia groups. IHC loss was more severe in the single ischemia group, whereas fewer cells died in the double ischemia group. These findings suggest that ischemic preconditioning ameliorated ischemia-induced hearing impairment and loss of IHCs.

These results suggest that the rare recurrence of ISSHL might be due to ischemic tolerance in the cochlea. Unlike the immune system generally, this phenomenon does not work for long; the effect persists at most 7 d in brain ischemia. To assess whether this effect could be extended for longer periods, repeated minor ischemia would be necessary. If long-persisting ischemic tolerance can be induced by repeated minor ischemia, this phenomenon might be useful as a method for protecting the cochlea from ischemic damage.
TREATMENT OF ISCHEMIC HEARING LOSS

We have investigated various treatment modalities using the animal model, including hypothermia and topical or general administration of test agents. Therapeutic hypothermia is already used as a medical treatment for ischemic brain injuries. Topical administration of test agents by placing them on the round window membrane is an effective way to deliver a medicine into the inner ear. As the amount of agent absorbed from the middle ear is limited, the incidence of possible side effects may also be minimized. We have investigated two agents, insulin-like growth factor 1 and AM-111, using this method. Systemic administration was performed by administering the various test agents intravenously or intraperitoneally to investigate their protective effects in ischemic damage. Agents tested were prednisolone (steroid hormone), edarabone (antioxidant), prosaposine-derived synthetic peptide (saposine), ginsenoside RB1 (Kanpo), liposome-encapsulated hemoglobin, glial cell-derived neurotrophic factor (GDNF), and hematopoietic and neural stem cells.

Hypothermia

The effects of post-ischemic mild hypothermia on ischemic cochlear damage were investigated by changing the timing and duration of cooling[29,30]. Animals were subjected to mild hypothermia (32°C) following transient cochlear ischemia. They were divided into six groups, based on the start and end of hypothermia after reperfusion (n = 16 for each group). As shown in Figure 31, post-ischemic mild hypothermia effectively alleviated hearing impairment and hair cell loss when it was applied 1–7 h after reperfusion[31]. The protective effects were more prominent with earlier and longer application of hypothermia. Mild hypothermia 6–9 h after reperfusion did not prevent ischemic damage to the cochlea.

Intratympanic administration
Insulin-like growth factor 1: We tested the protective effects of recombinant human insulin-like growth factor 1 (IGF-1), applied locally with a gelatin-hydrogel, against ischemic cochlear damage in gerbils. IGF-1 or distilled water (control) immersed in gelatin-hydrogel was applied to the round window membrane through the otic bulla 30 min after ischemic insult (n = 6 for each group). Local administration of IGF-1 significantly reduced the elevation of ABR threshold at 8 kHz on days 1, 4, and 7 after ischemic insult. A histological study also showed that the survival rate of IHCs 7 d after ischemia increased after administration of IGF-1 with the hydrogel. As the gelatin hydrogel dissolved slowly in the body, IGF-1 was released continuously and transported into the inner ear. These findings suggest that local application of IGF-1, in gelatin hydrogel, may prevent ischemic damage to the cochlea[32].

AM-111 (anti-apoptotic agent): AM-111, a cell-permeable peptide inhibitor of c-Jun N-terminal kinase, was investigated for its protective effects against ischemic damage of the cochlea. After induction of transient cochlear ischemia, 10 μL AM-111 at a concentration of l, 10, or 100 μmol/L in a hyaluronic acid gel formulation was applied to the round window 30 min after the insult (n = 6 for each group). Treatment effects were evaluated by ABR and histology of the inner ear. In controls, transient cochlear ischemia caused a 25.0 ± 5.0 dB increase in the ABR threshold at 8 kHz, and a decrease of 13.3% ± 2.3% in IHCs at the basal turn on day 7. Ischemic damage was mild at 2 and 4 kHz. When the animals were treated with AM-111 at 100 μmol/L, cochlear damage was significantly reduced: the increase in ABR threshold was 3.3 ± 2.4 dB at 8 kHz, and the IHC loss was 3.1% ± 0.6% at the basal turn on day 7. The effects of AM-111 were concentration- dependent: 100 μmol/L was more effective than 1 or 10 μmol/L. Direct application of AM-111 in a gel formulation to the round window effectively prevented acute hearing loss due to transient cochlear ischemia[33].

Systemic administration
Prednisolone (steroid): The effects of prednisolone on ischemia-induced cochlear damage were investigated. After inducing 15 min ischemia, animals were treated by intraperitoneal injection of prednisolone (1 mg/kg) or physiological saline (control) (n = 6 for each group). Sequential changes in hearing were evaluated by recording ABR before and 1, 4, and 7 d after treatment. The increase in ABR threshold on day 7 was 24.2 ± 8.6 dB in control animals but 14.2 ± 9.2 dB in prednisolone-treated animals (Figure 32). Histological staining for hair cells using rhodamine-phalloidin and Hoechst 33342 showed that the percentage of IHC loss at the basal turn was 26.5% ± 11.4% in the control and 5.3% ± 3.0% in the prednisolone-treated group. These results indicate that prednisolone protects against inner ear damage caused by ischemic insult, even when administered after the insult[34].

Edarabone (antioxidant agent): Edaravone, a free radical scavenger, has potent protective effects on ischemic damage. Edaravone (1 mg/kg, iv) or saline was administered 1 h after ischemia (n = 6 for each group). In animals treated with saline, the ABR threshold shift was 24.1 ± 4.2 dB and there was a 26.5% ± 11.4% decrease in the number of IHCs. In contrast, in animals treated with edaravone, the threshold shift was 7.5 ± 4.2 dB and only 8.8% ± 3.5% of IHCs were lost. These results suggest that edaravone protects against ischemic damage of the inner ear following transient ischemia[21].

Prosaposin-derived synthetic peptide: A peptide resembling the neurotrophic region of prosaposin (18-mer peptide, PS-pep) was synthesized artificially and administered subcutaneously four times: immediately and 1, 2 and 3 d after induction of transient cochlear ischemia (n = 6 for each group). On day 7, the ABR threshold shift was 33.3 ± 16.3 dB in animals treated with saline, while it was 12.5 ± 8.2 dB in animals treated with 2.0 mg/kg PS-pep. This alleviation was not seen in animals treated with 0.2 mg/kg PS-pep or saline. Histological examinations conducted on day 7 showed that higher doses of PS-pep significantly alleviated IHC loss, whereas a low dose did not. In addition, an increase in the anti-apoptotic factor bcl-2 was also noted in the IHCs of animals treated with higher doses of PS-pep. These findings suggest that PS-pep prevents hearing loss and cochlear damage due to transient cochlear ischemia by activating an anti-apoptotic pathway[35].

Ginsenoside Rb1 (Kanpo): Ginsenoside Rb1 (gRb1) is a Kanpo medicine that has protective effects on ischemic brain damage, in addition to other various effects such as regeneration of blood vessels, activation of plasmins, and release of corticosteroids. Using this agent, on day 7 after ischemia, the percentage of spiral ganglion cells (SGCs) decreased to 67.5% from the preischemic baseline in the basal turn in the control group, whereas it was 90.2% in the ginsenoside Rb1-treated group. Immunohistochemical staining showed TUNEL-positive reactions in the SGCs, with fragmented nuclei. We also investigated the protective effects of gRb1 against ischemic injury in the cochlea. On day 7, the ABR threshold shift in the gRb1-treated group was 14.2 ± 3.8 dB and that in the control group was 22.5 ± 2.9 dB. Furthermore, loss of IHCs in the gRb1-treated group was 8.6% ± 2.6% and that in the control group was 26.5% ± 11.4%. These differences were statistically significant. These findings indicate that gRb1 prevents hearing loss caused by ischemic insult[19].

Liposome-encapsulated hemoglobin: Liposome-encapsulated hemoglobin (LEH) was originally developed as an artificial red blood cell (RBC). The experimental animals were randomly assigned to receive 2 mL/kg of low-affinity LEH (l-LEH, P50 O2 = 40 mmHg), high-affinity LEH (h-LEH, P50 O2 = 10 mmHg), homologous RBCs, or saline 30 min before transient cochlear ischemia (n = 6 for each group). Sequential changes in hearing were assessed by recording ABR at 8, 16, and 32 kHz 1, 4, and 7 d after ischemic insult, and then the animals were sacrificed for histological studies. The ABR study showed that h-LEH was more protective than l-LEH in suppressing hearing loss, in contrast to RBCs or saline treatment. In the morphological study, loss of IHCs was most effectively protected against by h-LEH. These findings suggest that pretreatment with h-LEH is significantly more protective than l-LEH in mitigating hearing loss and underlying pathological damage, in contrast to transfusion or saline infusion 7 d after transient cochlear ischemia[36].

Glial cell-derived neurotrophic factor: GDNF promotes the survival and differentiation of dopaminergic neurons, and is able to prevent apoptosis of motor neurons induced by axotomy. We assessed the utility of an adenoviral vector expressing GDNF (Ad-GDNF) in ischemia-reperfusion injury of the gerbil cochlea. The vector was injected through the round window 4 d before ischemic insult. The distribution of a reporter transgene was confirmed throughout the cochlea, from the basal to the apical turn, and Western blot analysis indicated significant upregulation of GDNF protein 11 d following virus inoculation. Hearing ability was assessed by sequentially recording electrocochleogram, and the degree of hair cell loss was evaluated in specimens stained with rhodamine-phalloidin and Hoechst 33342. On day 7 after ischemia, the shift in compound action potentials (CAP) threshold in electrocochleogram and IHC loss were markedly suppressed in the Ad-GDNF group, compared to the control group. These results suggest that adenovirus-mediated overexpression of GDNF may be useful for protection against hair cell damage, which otherwise eventually occurs after transient ischemia in the cochlea[37].

Hematopoietic stem cells: Transplantation of hematopoietic stem cells (HSCs) is considered a potential approach for promoting the repair of damaged organs. We investigated the influence of HSCs on progressive hair cell degeneration after transient cochlear ischemia. After induction of ischemia, animals were treated with an intrascalar injection of HSCs. This procedure prevented degeneration of IHCs and ameliorated hearing impairment. In addition, the protein level of GDNF in the organ of Corti was upregulated after cochlear ischemia and treatment with HSCs augmented this upregulation of GDNF. Furthermore, HSCs injected into the cochlea remained in the perilymphatic space, although they did not transdifferentiate into cochlear cell types or fuse with injured hair cells after ischemia. This suggests that HSCs have therapeutic potential, possibly through paracrine effects. Based on these findings, we concluded that intrascalar injection of HSCs may be a potential new therapeutic strategy for hearing loss[38].

Neural stem cells: Neural stem cells are multipotent progenitor cells that show self-renewal activity. We assessed the use of neural stem cells for ameliorating ischemia-reperfusion injury in the gerbil cochlea. Neural stem cells were injected into the inner ear through the round window 1 d after ischemic insult. Immunostaining for nestin showed that the distribution of neural stem cells was concentrated within the organ of Corti. Seven days after ischemia, the injury-induced shift in ABR and progressive IHC damage were markedly reduced on the neural stem cell-transplanted side. These results suggest that the transplantation of neural stem cells is therapeutically useful for preventing the damage to hair cells that occurs after transient ischemia of the cochlea[39].

CAUSES OF ISSHL
Presently, vascular theory as an etiology of ISSHL remains speculative, because cochlear pathology is difficult to assess in live humans. Figure 33 illustrates the possible causes of ischemic damage in the cochlea. Many risk factors, such as hyperlipoproteinemia, hyperglycemia, obesity, smoking, and stress, have been correlated with the incidence of ISSHL. However, the real cause(s) of this disease remain(s) unknown, primarily because of technical difficulties. As 30%–40% of ISSHL patients heal spontaneously, permanent occlusion of the major nourishing artery would not seem to be a major cause of ISSHL. Instead, we believe that ISSHL is caused by transient or local ischemia, caused by microcirculatory disturbances in the stria vascularis.
Arterial-venous compression is a known cause of branch retinal vein occlusion, which is the second most common cause of blindness in America. ISSHL has similar clinical characteristics to BRVC, as shown in Figure 34. If arterial-venous compression is a cause of ISSHL, the capillary network in the stria vascularis would be the most likely site of the lesion. As ATP production occurs mainly in the lateral region, even a minor circulatory disturbance could cause ischemic damage in the cochlea.

CONCLUSION
Using adult gerbils, we induced transient cochlear ischemia without a craniotomy. Ischemic insult caused mild hearing loss and sporadic loss of hair cells, especially IHCs. Mechanisms of induced cochlear damage included depletion of the energy supply, production of free radicals, and glutamate ototoxicity. We found that the cochlea shows ischemic tolerance, which may explain why recurrence is rare in ISSHL. We also reported the results of various treatment modalities, such as hypothermia and the topical and general administration of test agents.
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Figure 1 Brain arteries in the gerbil. The posterior communicating arteries of the Circle of Willis close at around 1 mo after birth. Thus, cochlear ischemia can be induced by occluding the bilateral vertebral arteries at the neck in adult animals.

Figure 2 Transient interruption of cochlear blood flow[33]. A: Exposure of the vertebral artery; B: Interruption of cochlear blood flow by pulling the silk thread looped around the artery; C: After inducing transient ischemia, the thread was released and removed to allow recirculation.
Figure 3 Changes in auditory brainstem response threshold after transient cochlear ischemia. Auditory brainstem response (ABR) threshold before vertebral artery occlusion was defined as 0 dB. With 5 min ischemia, the ABR threshold at 8 kHz recovered almost completely on days 1 and 4, but became slightly worse on day 7, likely due to delayed neural cell death. With 15 min ischemia, the ABR threshold was almost constant after day 1. It remained constant in the range of 20–30 dB. The vertical scale indicates grade of hearing loss, expressed as change in ABR threshold.
Figure 4 Blood supply to the cochlea. Blood supply to the cochlea via modiolar artery can be divided into three regions: the lateral, middle, and modiolar regions. Blood supply to the lateral region, consisting of the stria vascularis and spiral ligament, was the largest among the three regions, supplying more than 80% of total cochlear blood in the rabbit.
Figure 5 Sequential changes in endocochlear potential after transient cochlear ischemia[16]. Each point indicates the mean voltage of the endocochlear potential. Vertical bars show one standard deviation.
Figure 6 Immunostaining of Na+-K+ ATPase in the stria vascularis before and 1, 4, and 7 d after ischemic insult. Immunostaining of Na+-K+ ATPase decreased markedly on day 1, and improved slightly on day 4. It recovered to preischemic levels on day 7. Scale bar = 20 μm.
Figure 7 Transmission electron microscopy findings in the stria vascularis before (A) and 1 (B), 4 (C), and 7 d (D) after ischemic insult. A: Marginal cells on the medial aspect of the stria vascularis showed extensive branching processes with intermediate cells. The basal cells, located on the lateral aspect of the stria vascularis, connected to the intermediate cells and type 1 fibrocytes of the spiral ligament by means of gap junctions; B: Vacuoles were seen in marginal cells. The intercellular space increased and intermediate cells seemed to have shrunk; C: Vacuoles persisted in marginal cells. The intermediate cells were still shrunken, although the intercellular space was smaller than that on day 1; D: The intercellular space was no longer enlarged, although a few small vacuoles were found in marginal cells. The extensive branching processes appeared to have a normal shape. M: Marginal cell; i: Intermediate cell; b: Basal cell; f: Type 1 fibrocyte. Scale bar = 5 μm.
Figure 8 Fluorescence microscopic findings of the organ of Corti 7 d after ischemic insult. The specimen was stained with rhodamine-phalloidin and Hoechst 33342. Three rows of outer hair cells (OHC) and a single row of inner hair cells (IHC) could be observed, and the cell loss was more severe in IHC than OHC. Arrowheads indicate loss of hair cells. Scale bar = 20 µm.
Figure 9 Scanning electron microscopy findings of the organ of Corti 7 d after ischemic insult. Arrowheads indicate damaged inner hair cells. Scale bar = 20 µm.
Figure 10 Percentages of hair cell loss at three turns 7 d after ischemic insult. Loss of inner hair cells (IHC) was more severe at the basal and second turn than at the apical turn. No such difference by turn was recognized in the loss of outer hair cell (OHC). 
Figure 11 TUNEL staining of inner hair cells[18]. TUNEL staining was positive in inner hair cells (IHC), suggesting cell death due to apoptosis. The arrowhead indicates TUNEL-positive IHC. Scale bar = 10 μm.
Figure 12 Daily incidence of inner hair cell apoptosis and its cumulative sum after ischemic insult[18]. Incidence of inner hair cells apoptosis was maximal 12 h after ischemic insult. It did not occur after day 3. Vertical bars indicate one standard deviation.
Figure 13 Histological findings of the organ of Corti and the spiral ganglion before and 1, 4, and 7 d after ischemic insult (hematoxylin and eosin staining)[19]. Scale bar = 60 μm.
Figure 14 Immunostaining of Bax at the spiral ganglion before and after ischemic insult[19]. Bax was expressed on day 1, but disappeared by day 7. Scale bar = 20 μm.
Figure 15 Transmission electron microscopy findings of spiral ganglion cells 1 dafter ischemic insult. A: Nucleus of the spiral ganglion cell underwent chromatin condensation (arrow) and segmentation, suggesting cell death due to an apoptotic process; B: The spiral ganglion cells appeared shrunken (arrows). Scale bars = 1 μm in A and 2 μm in B.
Figure 16 Sequential changes in the number of spiral ganglion neurons after ischemic insult. The number of spiral ganglion cells decreased gradually after ischemic insult. It did not change on day 1, but decreased on days 4 and 7. Each point indicates the mean number of the spiral ganglion neurons per 104 mm2 before and 1, 4, and 7 d after ischemia. Vertical bars indicate one standard deviation.

Figure 17 Sequential progression of ischemic damage in three regions of the cochlea. In the lateral region, including the stria vascularis and spiral ligament, ischemic damage occurred immediately after the insult, which recovered gradually to be almost normal on day 7. In the middle region, loss of inner hair cells progressed for the first 2–3 d; thereafter, no further deterioration occurred. In the modiolar region, damage to the spiral ganglion cell was minor for a few days, but became prominent thereafter. The vertical scale indicates grade of damage.
Figure 18 Edaravone ameliorates elevation of auditory brainstem responses threshold after ischemic insult[21].
Figure 19 Edaravone prevents inner hair cell loss after ischemic insult[21].
Figure 20 Mechanisms of nitrous oxide and free radical production. In a normal environment, nitrous oxide (NO) not only improves blood circulation by dilating blood vessels, but also protects neural cells against ischemic damage. Production of NO is regulated by enzyme activities of endothelial nitrous oxide synthase (eNOS) and neuronal nitrous oxide synthase (nNOS). When transient ischemia occurs, production of NO is facilitated by the expression of inducible nitrous oxide synthase (iNOS). As superoxide species increase in response to reperfusion, the excessive amounts of NO react with superoxide, resulting in the production of nitrite (NO2-) and peroxynitrite (NO3-). Free radicals are strong toxins that cause destruction of the cell membrane, resulting in cell death.

Figure 21 Concentration of nitride and peroxynitride in the scala tympani after ischemic insult[17]. The levels of nitrogen oxides (NOx), especially peroxynitride (NO3-), increased significantly on day 1 after ischemia, and then decreased gradually thereafter.

Figure 22 Immunostaining of the lateral wall of the cochlea for inducible nitrous oxide synthase before (A) and 1 (B), 4 (C), and 7 d (D) after ischemia. The stria vascularis and the spiral ligament showed marked immunostaining of iNOS on days 1 and 4, which decreased by day 7. Scale bar = 60 μm.
Figure 23 Immunostaining of the organ of Corti and the spiral ganglion for inducible nitrous oxide synthase before (A) and 1 (B), 4 (C), and 7 d (D) after ischemia[17]. Immunostaining for inducible nitrous oxide synthase (iNOS) was observed in the inner hair cells, spiral ganglion cells, and spiral limbus on days 1 and 4. It was obviously decreased on day 7, but the synaptic area underneath the outer hair cells and the spiral ganglion cells was still positively stained. Scale bar = 60 μm.

Figure 24 Schematic drawing of glutamate recycle system as a neurotransmitter between inner hair cells and the primary auditory neuron. Glutamate is an excitatory neurotransmitter between inner hair cells (IHCs) and primary auditory neurons. It is released into the synaptic cleft in response to depolarization of IHCs. After stimulating a primary auditory neuron by binding to a glutamate receptor (Glu-R), it is absorbed by the surrounding supporting cells (inner phalangeal cell and inner pillar cells) by means of glutamate-aspartate transporter (GRAST). It is transformed into glutamine, and then transported to IHCs and stored in a vesicle until the next depolarization of the IHC. In this way, the glutamate is recycled.
Figure 25 Glutamate concentration in the scala tympani after transient cochlear ischemia[30].
Figure 26 Transmission electron microscopy findings for inner hair cells after exposure to ischemia[30]. Many vesicles formed at the synaptic cleft (arrows). Scale bar = 5 μm.
Figure 27 Dendritic terminals in synaptic contact with inner hair cells at the basal turn following administration of (A) artificial perilymph, (B) 50 mmol/L α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate, or (C) 200 mmol/L α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate[25]. Swelling of the dendritic terminals was not observed after injection of artificial perilymph. Although swelling of the dendritic terminals was observed at both concentrations of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA), the extent of swelling was more pronounced with 200 μmol/L than with 50 μmol/L AMPA. Scale bars = 5 μm.

Figure 28 Suggested mechanism of cell death after transient cochlear ischemia. Cell death is considered to result from energy failure, production of free radical species, and glutamate excitotoxicity. Cell death is prevented, to some extent, by the mechanism of ischemic tolerance.
Figure 29 Auditory brainstem responses threshold shifts after single and double cochlear ischemia[28]. Temporal profiles of the shift in the mean auditory brainstem responses (ABR) threshold in the single ischemia group (n = 16) and the double ischemia group (n = 12). All values are presented as means ± SD. Preconditioning sublethal ischemia for 2 min significantly suppressed the elevation of the ABR threshold with subsequent lethal ischemia for 15 min.

Figure 30 Loss of inner and outer hair cells after single and double cochlear ischemia. Pretreatment with sublethal cochlear ischemia reduced inner hair cell (IHC) damage 7 d after lethal cochlear ischemia. In the double ischemia group (n = 12), the proregion of defects in IHCs was significantly lower than that in the single ischemia group (n = 16). On the other hand, there was no statistically significant difference in the amount of outer hair cell loss between the two groups.
Figure 31 Sequential changes in auditory brainstem responses thresholds after ischemic insult in normothermic and mildly hypothermic animals. Mild hypothermia (32°C) from 1 to 7 h after ischemic insult prevented elevations in auditory brainstem responses threshold. The differences between the two groups were statistically significant (P < 0.05).
Figure 32 Effects of prednisolone on the shift of auditory brainstem responses threshold after transient cochlear ischemia[34]. Hearing was assessed before and 1, 4, and 7 d after ischemic injury. An increase in auditory brainstem responses threshold that was observed on day 7 was lower in the prednisolone-treated group than in the control group, although the difference was not statistically significant.
Figure 33 Possible mechanisms of cochlear ischemia that might result in idiopathic sudden sensorineural hearing loss.
Figure 34 Clinical features of idiopathic sudden sensorineural hearing loss and those of branch retinal vein occlusion.
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