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Abbreviations:  

TRPV1, transient receptor potential V1; DRG, dorsal root ganglion; AG, aminoglycoside; 

ST, streptomycin sulfate; NEO, neomycin sulfate; GEN, gentamycin sulfate; ENaC-DEG, 

epithelial sodium channel-degenerin; ASICs, acid-sensing ionic channels; hASIC1a, 

human ASIC subunit 1a; L15, Leibovitz L15 medium; DMEM, Dulbecco's modified Eagle 

medium; Ipeak, peak current amplitude; τdes, time constant of the current desensitization; 
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τrec, time constant of the current recuperation from desensitization; Iss, steady state 

amplitude of the current; T50, time at which the current decreased to 50% of its 

maximum amplitude; Iint, integral of the current; pH50, pH at which the current was half 

maximum; IC50, 50% effective inhibitory concentration; NSAIDs, nonsteroidal anti-

inflammatory drugs; TTX, tetrodotoxin; nC, nanoCoulombs. 
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Abstract 

Acid-sensing ionic channels (ASICs) have been shown to have a significant role in a 

growing number of physiological and pathological processes, such as nociception, 

synaptic transmission and plasticity, mechano-sensation and acidosis-induced neuronal 

injury. The discovery of pharmacological agents targeting ASICs has significant 

therapeutic potential and use as a research tool. In our work, we studied the action of 

transient perfusion (5 to 15 s) of aminoglycosides (AGs) (streptomycin and neomycin) 

on the proton-gated ionic currents in dorsal root ganglion neurons (DRG) of the rat and 

in HEK-293 cells. In DRG neurons, streptomycin and neomycin (30 µM) produced a 

significant, concentration-dependent and reversible reduction in the amplitude of the 

proton-gated current, and a slowing of the desensitization rate of the ASIC current. 

Gentamycin (30 µM) also showed a significant reversible action on the ASIC currents. 

The curves of the pH-effect for streptomycin and neomycin indicated that their effect 

was not significantly affected by pH. In HEK-293 cells, streptomycin (30 µM) produced a 

significant reduction in the amplitude of the proton-gated current. Neomycin and 

gentamycin had no significant action. Reduction of extracellular Ca2+ concentration 

produced a significant increase in the action of streptomycin and neomycin on the 

desensitization time-course of ASIC currents. These results indicate that ASICs are 

molecular targets for AGs, which may contribute to the understanding of their actions on 

excitable cells. Moreover, AGs may constitute a source to develop novel molecules with 

a greater affinity, specificity and selectivity for the different ASIC subunits. 
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Introduction 

Acid sensing ionic channels (ASICs) are proteins broadly expressed in vertebrate 

neuronal and non-neuronal tissues. They belong to the epithelial sodium–channel 

degenerin (ENaC-DEG) family, and their main characteristic is that lowering of the 

extracellular pH increases the open channel probability, causing a transient inward 

current that is carried primarily by Na+ and to a lesser extent by Ca2+ and H+ (Hesselager 

et al., 2004; Wemmie et al., 2006). The activation-desensitization cycle is gated by an 

increase in the extracellular proton concentration [H+]o, although both activation and 

desensitization appear to be independent processes (Chen et al., 2006a). The ASICs 

are trimers arranged in a homomeric or heteromeric set of six known subunits (ASIC1a, 

1b, 2a, 2b, 3 and 4). The permeant ions, the activation and desensitization kinetics and 

the pH sensitivity depend on the particular ASIC subunits that integrate the channel 

(Babini et al., 2002). The ASICs are the subject of various pharmacological actions by 

cationic agents like Zn2+ or Ca2+, whose participation in the normal activity of the 

channels depends on the subunit composition (Baron et al., 2001; Chu et al., 2004; 

Paukert et al., 2004). Heavy metals, such as Gd3+, Pb2+, Cu2+, Cd2+ and Ni2+, have been 

shown to modify the ASIC ionic currents (Staruschenko et al., 2007; Wang et al., 2006; 

Wang et al., 2007). Molecules such as ammonium ion or FMRFamide-related peptides 

have been found to act as endogenous ASIC modulators (Chen et al., 2006b; 

Pidoplichko and Dani, 2006). The common characteristic of all of these agents is the 

presence of positive charges in the molecule, a characteristic that fits with the known 

presence of multiple anionic and cationic groups on the ASIC extracellular surface. 

These groups presumably have a significant role in the channel operation and in its 

sensitivity to protons (Jasti et al., 2007), and they are thought to be the target for the 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 28, 2009 as DOI: 10.1124/jpet.109.152884

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #152884 

 6

action of diverse cations that can modulate or pharmacologically interact with the ASICs. 

Cationic groups in the ASICs are also fundamental for various intra- and intermolecular 

interactions that stabilize the diverse functional states of the channel (Babini et al., 2002; 

Paukert et al., 2004; Paukert et al., 2008).  

 In the past decade, the ASICs have gained importance because of their 

participation in various physiological and physiopathological processes, such as 

nociception, memory and learning, intercellular communication, development, epilepsy, 

multiple sclerosis, excitotoxicity, and neoplastic processes (Mercado et al., 2006; 

Wemmie et al., 2006; Xiong et al., 2008; Lingueglia, 2007). This has made the finding of 

pharmacological tools capable of altering the ASIC function of special relevance, since 

they may be used as potential therapeutic agents and may also contribute to a better 

understanding of ASIC physiology.  

  Aminoglycosides (AGs) are a group of antibiotics whose structure is based on 

aminocyclitol rings interconnected by glycosidic bonds. They all have a set of positively 

charged regions in their structure due to the presence of a variable number of amino 

groups (Chambers, 2001; Magnet and Blanchard, 2005). A significant part of their 

biological activity is because of the charged regions, which mediate both polar and ionic 

chemical interactions with other molecules to which they bind (Cashman et al., 2001). 

AGs have been shown to block Ca2+ channels (Zhou and Zhao, 2002), excitatory amino 

acid receptors (Pérez et al., 1991) and transient-receptor-potential V1 channels 

(TRPV1) (Raisinghani and Premkumar, 2005). Based on these characteristics, and 

given the scarcity of pharmacological tools available for the ASICs, we studied the 

actions of streptomycin, neomycin and gentamycin on ASIC currents present in dorsal 
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root ganglion neurons and in HEK-293 cells. We found that AGs modulate, in a complex 

form, the acid-activated current in these cells.  

 

Methods 

Wistar rats at postnatal day 7 to 10 of either gender were used for the experiments. 

Animal care and procedures were in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize 

animal suffering and to reduce the number of animals used.  

 

Cell culture  

The rats were anesthetized and killed with an overdose of sevofluorane. The dorsal root 

ganglions were isolated from the vertebral column and incubated (30 min at 37 °C) in 

Leibovitz L15 medium (L15) (Invitrogen, Carlsbad, CA) containing 1.25 mg/mL trypsin 

and 1.25 mg/mL collagenase (both from Sigma-Aldrich, St. Louis, MO, USA). After the 

enzyme treatment, the ganglia were washed 3 times with sterile L15. Cells were 

mechanically dissociated using a Pasteur pipette and then plated on 12-mm x 10-mm 

glass coverslips (Corning, Corning, NY) pretreated with poly-D-lysine (Sigma-Aldrich) 

and placed onto 35-mm culture dishes (Corning). Neurons were incubated 4 to 8 h in a 

humidified atmosphere (95% air, 5% CO2, at 37 °C) using a CO2 water-jacketed 

incubator (Nuaire, Plymouth, MN) to allow the isolated cells to settle and adhere to the 

coverslips. The plating medium contained L15, with added 15.7 mM NaHCO3 (Merck, 

Naucalpan, Mexico), 10% fetal bovine serum, 2.5 μg/mL fungizone (both from 
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Invitrogen), 100 U/mL penicillin (Lakeside, Toluca, Mexico), and 15.8 mM HEPES 

(Sigma-Aldrich). 

An experimental series was made using the HEK-293 cells (Human Embryonic 

Kidney-293; American Type Culture Collection, Manassas, VA). We decided to use 

these cells because they endogenously express functional homomers of ASIC1a 

(Gunthorpe et al., 2001). The cells were grown in DMEM-high glucose supplemented 

with 10% horse serum, 2 mM L-glutamine, 110 mg/L sodium pyruvate (all of them from 

Invitrogen), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C in a humidified 

5% CO2 and 95% air atmosphere. For electrophysiological recordings, after seeding the 

cells at 60% to 80% confluence, cells were splitted and lifted off plates, seeded again on 

poly-L-lysine (0.05%)-precoated glass coverslips. 

 

Electrophysiological recording 

Neurons were incubated 4 to 8 h and the culture dish with attached cells was mounted 

on the stage of an inverted phase-contrast microscope (TMS, Nikon Co. Tokyo, Japan). 

Cells were bathed in an external solution shown in Table I. Cell voltage responses were 

studied by standard protocols of current-clamp techniques at room temperature (23–25 

°C) using an Axopatch 1D amplifier (Molecular Devices, Union City, CA). The cells for 

recording were selected not to be adhered to other cells, or to show any neurite 

outgrow, and to have a round soma of regular size. The mean cell membrane 

capacitance ± standard deviation (SD) was 65 ± 20 pF (n = 130), indicating a cell 

diameter of 44 ± 8.5 µm. Only cells showing a distinct peak response (an initial peak 

followed by sustained current) to acid perfusion were used for recording. Command-
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pulse generation and data sampling were controlled by pClamp 8.0 software (Molecular 

Devices) using a 16-bit data-acquisition system (Digidata 1320, Molecular Devices). 

Signals were low-pass filtered at 5 kHz and digitized at 5 kHz. Patch pipettes were 

pulled from borosilicate glass capillaries (TW120-3; WPI, Sarasota, FL) using a 

Flaming–Brown electrode puller (80/PC; Sutter Instruments, San Rafael, CA). They 

typically had a resistance of 1 to 3 MΩ when filled with an internal solution (see Table I). 

The series resistance was electronically compensated for by ≈80%. In the time-course of 

an experiment, seal and series resistance were continuously monitored to guarantee 

stable recording conditions. The recording was not included in the analysis if the access 

resistance changed >10%. The digital data were stored in a compatible PC computer for 

off-line analysis. 

 

Solutions, drugs, and experimental design  

The cells were bath-perfused with different extracellular solutions (see Table 1) as 

specified in each case. The recording chamber was perfused by gravity using a square-

tube rapid solution-changer (SF-77B Warner Inst. Hamden, CT) that allowed switching 

from one perfusion solution to another in about 20 ms. To study the currents produced 

by the acid solutions (Table I), cells were voltage clamped at a holding potential of -60 

mV (about the normal resting potential of DRG neurons, with the same holding potential 

used for HEK-293 cells) and the cells were perfused for 5 s with the test solution. In all 

the experiments at least two control responses were recorded before any experimental 

manipulation was done to guarantee that cells had a stable acid-activated current. For 

the study of the actions of the AGs, three different perfusion protocols were used. 
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Preapplication consisted of a 10-s AG perfusion followed by 5 s of the pH 6.1 acid 

solution. A sustained application was that in which an AG was applied 10-s before and 

during the 5-s perfusion of the acid solution. A coapplication was that in which the AG 

was applied only during the 5-s acid solution. If not stated otherwise, experiments were 

made using the sustained-application protocol. This short-time perfusion of AGs, 

between 5 and 15 s (except for the desensitization recovery protocol and to study the 

time-course of the effect of the AG), was used to avoid the potential internalization of the 

AG and subsequent intracellular actions in prolonged exposure (Luedtke et al., 2003). 

For experiments designed to study the recovery of desensitization of the acid-activated 

currents a double-perfusion protocol was used, consisting of a desensitizing acid 

perfusion (pH 6.1) followed at increasing intervals, from 0.5 to 5 s, by a test perfusion 

with the same pH 6.1 solution. Cycles of paired-perfusion were done every 50 s to allow 

a complete current recovery between acid-perfusion pairs. To study the current recovery 

from the desensitized state, the peak (Ipeak) of the control current was compared to the 

test Ipeak and the data plotted as percent recovery of the control current versus time and 

fitted with a single exponential and time constant (τrec) used as the significant parameter. 

Besides the extracellular acid solutions (Table I), the AGs used were 

streptomycin sulfate (ST), neomycin sulfate (NEO), and gentamycin sulfate (GEN) (all of 

them from Sigma-Aldrich). The AGs were freshly prepared before the experiments and 

10 µM capsazepine (Sigma-Aldrich) was added in all the experiments to avoid the 

potential activation of the TRPV1 channels present in DRG neurons (Leffler et al., 2006; 

Mercado et al., 2006). Because all of the AGs used were sulfate salts, additional 

controls using 90 µM Na2SO4 (which is the sulfate concentration in 30 µM streptomycin) 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 28, 2009 as DOI: 10.1124/jpet.109.152884

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #152884 

 11

were done to define whether the sulfate by itself had any effect on the acid-activated 

currents. Amiloride (Sigma-Aldrich) was also used in some experiments to ascertain that 

current was sensitive to this unspecific ASIC channel blocker. 

 

Data analysis 

Data were analyzed using the Clampfit 9.2 (Molecular devices) software. For each 

experimental condition a control and a washout recording were obtained. The problem 

currents were normalized with respect to the control current. The concentration-

response curve for the pH-activated current and for the actions of the AGs were fitted 

with the function 

 

Y = min + (max-min)/(1+(x/CE50)
H),           (1) 

 

where Y is the pharmacological effect of the drug under study, x is the drug 

concentration, max and min are the maximum and the minimum effects, EC50 is the 

concentration at which 50% of the effect is obtained and H is the Hill slope constant. To 

define the statistical significance of the data a paired Student's t-test was used and P < 

0.05 was considered as significant. Experimental data are presented as the mean ± 

error standard except in the case that a large set of cells was included, in which case, 

standard deviation (SD) was used instead of standard error (SE) as indicated. To 

compare the effect between different treatments a one or two way ANOVA with 

interactions was used. 
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 To study the current desensitization, its time-course was fitted with a single 

exponential function and a desensitization time constant (τdes) was defined. Also the 

peak of the current (Ipeak), and the mean of the current in the last 250 ms of the 5 s acid 

pulse defined as the steady-state amplitude (Iss) were measured. When data were not 

well fitted by a single exponential function, because of a complex time-course, a T50 was 

defined as the time at which the current decreased to 50% of its maximum amplitude. To 

quantify the total charge transfer during current activation we also calculated the integral 

of the current (Iint). For current clamp recordings cell membrane voltage was maintained 

close to -60 mV. The peak (Peak), the mean in the last 250 ms of the 5 s acid pulse (Ss) 

and the voltage decay time constant (Tau) of the voltage depolarization induced by 5s, 

pH 6.1 acid pulses were measured. Also, the number of action potentials produced by 

acid perfusion in control and after drug use were counted. 

 

Results 

The current activated by acidic-solution perfusion in DRG neurons showed 

characteristics similar to those previously described, suggesting the participation of 

diverse ASIC subunits in the macroscopic current. Those include sigmoidal pH 

dependence, slowing of the desensitization at lower pHs (decreasing the desensitization 

rate by 50% from pH 6 to pH 4), an often incomplete desensitization and calcium 

dependence of the currents in their activation and desensitization. The cells used for the 

recordings constitute a relatively restricted population, corresponding primarily to large-

diameter DRG neurons. The ASIC current characteristics found in DRG neurons varied 

in a continuous form, ranging from a fast transient current with little steady-state current, 
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to a current with a clear steady-state and finally to a slowly desensitizing current with a 

large steady-state component (Figures 1A-C). No clear groups to categorize the 

currents, however, could be formed, and the large majority of the cells studied (with a 

τdes = mean ± one standard deviation of 88%) had a fast transient current with a 

significant steady-state component (Figures 1 D-E). A correlation analysis showed that 

the effects of AGs were the same independent of the cell size (measured as 

capacitance), desensitization time course or steady-state component (Supplementary 

information Figures S1 and S2). Thus, we decided to group all the cells studied with no 

further differentiation between recordings with slightly different characteristics. For the 

study of the pH sensitivity and extracellular Ca2+ concentration influence on the AG 

effects, the cells in the extremes of the distribution were systematically avoided. To 

characterize the currents, the desensitization time-course was fitted with an exponential 

function, and a desensitization time constant (τdes) was defined (see methods). The T50 

was defined as the time at which the current decreased to 50% of its maximum 

amplitude. In addition, the peak of the current (Ipeak) and the mean of the current in the 

last 250 ms of the 5-second acid pulse [defined as the steady-state amplitude (Iss)] were 

measured. To quantify the total charge transfer during current activation, we also 

calculated the integral of the current (Iint). The mean parameters for the ASIC current 

(activated at pH 6.1) were Ipeak = 4.6 ± 3.4 nA, Iss = 0.24 ± 0.14 nA, T50 = 435 ± 338 ms, 

τdes = 280 ± 156 ms, Iint = 3.1 ± 0.6 nC (mean ± SD; n = 130).  

 The curve for the pH current showed that half of the maximum current (pH50) was 

attained at pH 6 ± 0.1 (n = 7). We therefore used a pH of 6.1 to activate the proton-gated 
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currents in the experiments designed to characterize the action of the AGs on the acid-

activated currents in DRG neurons.  

 

Effect of the AGs on acid-activated currents in DRG neurons 

Using the sustained-application protocol and holding the cell voltage at -60 mV, none of 

the AGs used produced any electrophysiological action or any changes in the holding 

current by their perfusion alone. This excludes the possibility that their actions were 

caused by alterations to the many other ionic currents present in DRG neurons at -60 

mV. The AGs used, streptomycin, neomycin and gentamycin, produced a significant and 

consistent action on the ASICs (Figure 2A). In no single case did we observe a lack of 

effect of the AGs.  

The dose-response curves for the effect of the sustained application of 

streptomycin and neomycin were constructed as a function of their effect on the peak of 

the inward current produced by pH 6.1 perfusion. The action of both drugs was 

concentration-dependent and reversible after washout of the drug (Figures 2B-C). 

Inhibitory effects were fitted with a concentration-response curve with an IC50 = 32 ± 2.7 

µM and H = 1.3 for streptomycin and an IC50 = 44 ± 2.6 µM and H = 1.7 for neomycin, 

with a maximum blockade of 68 ± 5% and 75 ± 10% (Figure 3A). Based on these 

results, a concentration of 30 µM was used in the subsequent experiments to 

characterize the actions of the AGs. The pH response relationship was measured under 

control conditions and in the presence of streptomycin or neomycin. The pH50 of 

streptomycin was 6.1 ± 0.07 (n = 7) and 6.2 ± 0.01 for neomycin (n = 6). Although both 

drugs induced a slight displacement of the curve to the basic pHs compared with the 

control pH50 (6.0 ± 0.1), the differences were not significant (P > 0.05, Figure 3B). 
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Although a complete concentration response curve was studied only for 

streptomycin and neomycin, gentamycin was also used at 30 µM to facilitate 

comparisons. The control perfusion of 90 µM sodium sulfate did not have a significant 

effect on the parameters studied (n = 4; data not shown), indicating that the observed 

effects were specifically caused by the molecule of the AG.  

The perfusion of 30 µM streptomycin or 30 µM neomycin decreased the Ipeak by 

32 ± 4% (n = 20, P < 0.01) and by 21 ± 2% (n = 19, P < 0.01, Figure 3C). By contrast, 

the use of 30 µM gentamycin produced a variable action and resulted in a non-

significant effect on the Ipeak (n = 9). The three drugs did produce significant changes in 

the desensitization rate of the acid-activated currents. Streptomycin increased the Iss, 

T50 and τdes by about 80% (n = 20, P < 0.01). Neomycin increased the Iss by 64 ± 5% (n 

= 19, P < 0.05), with no significant changes in the T50 or τdes. Gentamycin increased the 

Iss, T50 and τdes by approximately 30% (n = 6, P < 0.05). These changes were reflected 

in the Iint, which increased by 18 ± 6% for streptomycin (P < 0.01), 27 ± 7% for 

gentamycin (P < 0.01) and a non-significant 2 ± 5% for neomycin (Figure 3C).  

 Under current clamp conditions, acid stimulus (pH 6.1, 5 s, n = 65) produced a 

transient depolarization of the resting membrane potential, and 18.5% of the cells (n = 

12) fired one or more action potentials. The use of streptomycin and of neomycin 

showed that both drugs produced an inhibition of the spike discharge (Figures 4A-B) 

and of the peak amplitude and time course of the depolarizing response. Streptomycin 

(30 µM, n = 11) produced a significant reduction in peak depolarization from 32 ± 5 mV 

to 26 ± 4 mV (P <= 0.001), the time course of depolarization decay increased from 354 ± 

70 ms to 985 ± 338 ms (P = 0.004), the steady state depolarization increased from 11.5 
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± 1.3 mV to 16.5 ± 2.1 mV (P = 0.004) and the number of action potentials decreased 

from 1.6 ± 0.3 to 0.86 ± 0.46 (P = 0.047, n = 5; Figure 4C). With 30 µM neomycin (n = 

16), the peak depolarization decreased from 37 ± 5 mV to 34.7 ± 4.4 mV (P = 0.002), 

the time course of depolarization decay increased from 368 ± 74 ms to 668 ± 216 ms (P 

= 0.04), the steady state depolarization increased from 13.3 ± 2.1 mV to 19 ± 3.1 mV (P 

=  0.002) and the number of action potentials decreased from 1.9 ± 0.35 to 0.75 ± 0.34 

(P <= 0.001, n = 7; Figure 4D). These changes were consistent with the modifications 

found in the voltage clamp recordings. The AGs are known to inhibit other ionic currents, 

such as the sodium and the calcium currents. Thus, the inhibitory action on the action 

potential discharge may be due to a mixed action. 

 

Recovery from desensitization  

The recovery of the ASIC currents from the desensitized state is a process that takes 

several seconds and has an exponential time-course. Previous work has shown that 

desensitization is modulated by Ca2+ and various cationic agents (Babini et al., 2002), 

which is the reason why we studied the action of AGs (30 µm) on the recovery from 

desensitization of the acid-activated current (Figure 5). In these experiments, the cells 

were exposed to the AG for 1 min before the beginning of the desensitization recovery 

protocol described in the material and methods.  

Under control conditions, the τrec was 1.3 ± 0.1 s (n = 9). With streptomycin, the 

τrec decreased to 0.9 ± 0.1 s (n = 4) and 1.2 ± 0.1 s (n = 7) with neomycin (Figures 5A-

B). The differences between the curves were not significant. 
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Order of use and action of AGs  

To study whether the effects of the AGs on the ASIC currents depend on the channel 

state (i.e., closed or open), the timing of drug use compared with the activation of acid-

gated currents was studied (though not for gentamycin). 

Neomycin needs to be applied at least 5 s before the acidic pulse to exert an 

action on the acid-activated currents (Figure 6A). The inhibitory action of neomycin on 

the acid-activated currents persisted even when the neomycin was omitted during the 

acid perfusion (pH 6.1). When neomycin was used with the acid perfusion only (co-

application), a ten-fold greater concentration (300 µM) was required to decrease the 

current in a similar amount (29 ± 4%, P < 0.01, n = 6, data not shown). No significant 

changes were found in the desensitization of the current among different application 

protocols. 

For streptomycin, changing the order of the use of the drug allowed us to 

distinguish between those effects that decreased the current amplitude and those that 

slowed down the desensitization. When used in pre-application form, streptomycin 

affected mainly the desensitization of the current with minimum effects on the amplitude 

of the peak current, increasing the Iint by 56 ± 10% (P < 0.01, n = 5) (Figures 6B-C). 

Using streptomycin during the acidic pulse only (co-application) led to opposite effects, 

decreasing the current amplitude without changing desensitization. When streptomycin 

use was sustained (before and during the acid perfusion), the result was a combination 

of both effects (Figure 6B). Thus, streptomycin can potentiate or inhibit the ASIC 

currents according to the state of the channel when it is exposed to the drug. The 

differences in the balance of the effects on the ASIC peak current and the 

desensitization can be appreciated in the Iint for each case. Whereas sustained 
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application increased the Iint by 30 ± 10% (P < 0.05, n = 5), pre-application of 

streptomycin increased the Iint by 56 ± 10% (P < 0.01, n = 5) (Figures 6B-C) and co-

application (only during the acid perfusion) decreased the Iint by 16 ± 4% (P < 0.05, n = 

5, Figure 6B, CoAp). The effect of streptomycin on the desensitization of the current was 

the same, independent of the presence of the AG during acid perfusion.  

 

Calcium antagonism of AG effects 

To discern the potential mechanism of action of the AGs in ASICs, we studied the effect 

of extracellular Ca2+ concentration on the actions of AGs. Calcium is one of the main 

modulators of the ASICs, influencing their gating and response to various 

pharmacological agents (Chen et al., 2006b; de Weille and Bassilana, 2001; Gao et al., 

2004; Paukert et al., 2004). Considering this, the effects of sustained application of 

streptomycin and neomycin were analyzed using 10 mM Ca2+, 1.8 mM Ca2+, and a Ca2+-

free extracellular solution. A saturating 10 mM Ca2+ concentration was chosen according 

to previous reports (Paukert et al., 2004). For the Ca2+-free solution, 1 mM EGTA was 

also added to the perfusion solutions.  

 The cells used in these experiments constitute a reduced population with a τdes 

and Iss close to the mean values of the population. Consistent with previous reports 

(Babini et al., 2002; Paukert et al., 2004; Zhang et al., 2006), we found that extracellular 

Ca2+ produced a concentration-dependent change of the Ipeak and T50. In a Ca2+-free 

solution and compared with the current obtained in 1.8 mM Ca2+ (n = 8), the Ipeak, T50 

and Iint increased 71 ± 17% (P < 0.01), 44 ± 12% (P < 0.01) and 63 ± 17% (P < 0.01), 

respectively, and Iss showed no significant changes. By contrast, the increase in Ca2+ 
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concentration to 10 mM reduced the Ipeak to 44 ± 3% (P < 0.01), Iss to 32 ± 8% (P < 0.01) 

and Iint to 34 ± 8% (P < 0.01), without significant changes in T50 (n = 9). The increase in 

the acid-activated current in Ca2+ free solution was completely blocked by the use of 100 

µM amiloride (n = 4) indicating that it most likely corresponds to an ASIC current 

(Paukert et al., 2004). 

The Ca2+-free solution did not significantly modify the streptomycin and neomycin 

effects on the Ipeak, but did significantly increase their effect on the desensitization time-

course (Figures 7A-C and 8A-C). Streptomycin (30 µM) increased the Iint by 182 ± 20% 

in the Ca2+-free solution (P < 0.01, n = 4) compared with a 6 ± 9% increase in 1.8 mM 

Ca2+ (non-significant, n = 4) (Figure 7B). In 10 mM Ca2+ solution, streptomycin produced 

an Ipeak reduction of 20 ± 2% (P < 0.01) compared with a 30 ± 5% reduction (P < 0.01) in 

1.8 mM Ca2+ (with a non-significant difference between them) (n = 4) (Figures 7C-D) 

without affecting the other ASIC current parameters. 

Neomycin (30 µM) increased the Iint by 41 ± 18% (P < 0.05, n = 4) in the Ca2+-free 

solution compared to a non-significant change in 1.8 mM Ca2+ (Figure 8B). No 

significant effects on any of the current parameters were observed for neomycin in 10 

mM Ca2+ solution (Figures 8C-D). 

Comparisons between streptomycin and neomycin treatment using a two way 

ANOVA showed that in the Ipeak, the effect of streptomycin was significantly larger in 10 

mM Ca2+. For the Iss and Iint, the effect of streptomycin was significantly larger in the 

Ca2+-free solution. The remaining parameters showed non-significant differences 

between streptomycin and neomycin. 

 

Effect of the bath-solution pH on the effects of AG  
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To further characterize the potential influence of the occupation of proton-binding sites 

and channel desensitization on the actions of AGs, drug effects were studied while the 

bath solution pH was varied between 7.0 and 8.0 with 0.2 pH increments (steady-state 

desensitization curves). The preconditioning bath pH produced a significant effect over 

the current produced by pH 6.1 perfusion. The preconditioning pH-effect relationships 

were constructed in control (pH50 = 7.2 ± 0.04, n = 5), streptomycin (pH50 = 7.2 ± 0.04, n 

= 7) and neomycin (pH50 = 7.1 ± 0.04, n = 6), without a significant modification of the 

streptomycin and neomycin effect due to the preconditioning pH (P > 0.05, Figure 9A).  

 The actions of streptomycin and neomycin on the current produced by pH 6.1 

acid stimulus were studied in control (pH 7.4 in the bath, n = 8) and with a 10-s pre-

perfusion with pH 7.2. The pH 7.2 produced a significant reduction of the current 

induced by acid stimuli (Figure 9B), although no significant change in the actions of 

streptomycin or neomycin were found with the conditioning acid pH perfusion (Figure 

9B).  

 

The action of streptomycin on the hASIC1a current in HEK-293 cells 

To test the effect of AGs on a homogeneous ASIC population, we tested these drugs on 

the human embryonic kidney cell line HEK-293, which constitutively expresses 

functional homomeric hASIC1a channels (Gunthorpe et al., 2001). The currents 

produced by ASIC1a homomers in HEK-293 cells under control conditions had slower 

kinetics than the acid-activated currents in DRG neurons (n = 5): Ipeak = 0.8 ± 0.3 nA, Iss 

= 0.04 ± 0.01 nA, T50 = 695 ± 102 ms, τdes = 1078 ± 325 ms and Iint = 9.5 ± 1.2 nC. Of 

the three AGs studied, only sustained use of 30 µM streptomycin produced a significant 
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effect on the hASIC1a currents, consistently reducing the peak current amplitude by 38 

± 2% (P < 0.01, n = 5), without producing any significant change in the kinetics of 

desensitization (Figure 10). 

  

Discussion 

Our results show that streptomycin, neomycin and gentamycin interact with acid-

sensing ionic channels, reducing the peak current amplitude and modifying its 

desensitization kinetics. A similar combination of effects has been reported for other 

agents, such as Cu2+ (Wang et al., 2007), or various types of non-steroidal anti-

inflammatory drugs (NSAIDs). For the AGs, the short exposure time (~15 s, too short for 

AG internalization in mammalian cells; Luedtke et al., 2003) and the complete washout 

of the drug effects indicate that  the AGs are acting on cell-surface targets. The current 

clamp experiments showed that AGs increased the integral of the ASIC current, but the 

net result of AGs on the spiking activity of DRG neurons was inhibitory, reducing the 

number of spikes and the peak depolarization induced by extracellular media 

acidification. These results are positively correlated with the decrease in the peak-

current amplitude found in voltage clamp experiments. The AGs are known to inhibit 

voltage-gated calcium channels and TTX-resistant Na+ channels. We cannot completely 

exclude the possibility that part of the effect of AGs on the spike discharge was due to 

interaction of AGs with other ionic conductances.  

 Regarding specificity of action of AGs over the ASIC subunits, we found no data 

indicating any selectivity over the ASIC currents expressed in DRG neurons under our 

experimental conditions. Of the AGs studied, only streptomycin affected the hASIC1a 

homomers expressed in the HEK-293 cells, suggesting a pharmacological selectivity 
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between ASIC subunits for the actions of the AGs. We record primarily from large-

diameter DRG neurons, which are known to express heterotrimeric ASICs (Alvarez de la 

Rosa et al., 2002). This may explain the discrepancy in the results between DRG 

neurons and HEK-293 cells. A species-specific effect similar to that described for 

FMRFamide between humans and rats cannot be discarded (Sherwood and Askwith, 

2008). Further experiments using heterologous expression systems may clarify the 

potential selectivity of AGs versus the various ASIC subunits.  

 In relation to the mechanism of action of AGs, our results indicate that 

streptomycin and neomycin did not affect the proton gating of the ASICs, because they 

did not show pH sensitivity, nor did they show preconditioning pH effects on the action of 

AGs. It is likely, therefore, that the AGs do not compete with the proton binding sites of 

the ASICs (Jasti et al., 2007; Shaikh and Tajkhorshid, 2008).  

The decrease in the desensitization rate produced by the AGs showed a 

significant dependence on extracellular Ca2+. It has been reported that the extracellular 

Ca2+ concentration affects the activation and the desensitization of ASICs (Babini et al., 

2002; de Weille and Bassilana, 2001; Paukert et al., 2004; Zhang et al., 2006). Our 

results are consistent with previous reports, showing a reduction of the desensitization 

rate with decreasing extracellular Ca2+ concentrations (Paukert et al., 2004; Zhang et al., 

2006). The ASIC desensitization appears to be a complex process involving extensive 

conformational modifications of the channel subunits (Cushman et al., 2007; Paukert et 

al., 2008). The antagonism of Ca2+ on the action of streptomycin on the desensitization 

rate suggests that both agents are most likely stabilizing two different states of the 

channel without competing for the same binding site, as the action of streptomycin on 

the desensitization rate increased in low extracellular Ca2+ only when the AG was used 
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before the activation of the channel (i.e., when the cell was still being perfused with Ca2+ 

1.8 mM) and not during channel activation. Due to the polycationic nature of the AGs, 

they will show a tendency to interact with membrane phospholipids and are attracted by 

the negative electrostatic potential of the ASIC fenestrations (Gonzales et al., 2009). A 

probable site of interaction with ASICs is therefore likely to be close to the cell 

membrane, directly above the transmembrane spanning region obstructing the ion 

permeation (Cushman et al., 2007; Paukert et al., 2008; Gonzales et al., 2009). 

It has been reported that AGs can produce significant neurological alterations in 

mammalians, including alterations in neuromuscular synaptic transmission, paresthesia 

and ototoxic damage (Chambers, 2001). When injected intrathecally, neomycin has an 

analgesic effect in the tail-flick and hot-plate tests in mice (Ocana and Baeyens, 1991). It 

has been shown that AGs target high-voltage-activated Ca2+ channels, tetrodotoxin 

(TTX)-resistant Na+ channels (Zhou and Zhao, 2002), vanilloid-receptor TRPV1 

channels (Raisinghani and Premkumar, 2005) and excitatory amino acid receptors 

(Pérez et al., 1991). Our results demonstrate that ASICs constitute an additional 

molecular target for AGs. The concentrations of AGs required to modulate ASICs are 

well within the concentrations usually reached in vivo in clinical treatments using AGs, 

which can reach up to a 20 µM concentration. The side effects of clinical use of AGs 

include nausea, vertigo and paresthesia, among others. These coincide with the 

demonstration that the vestibular system expresses ASICs that may participate in the 

afferent neuron excitability (Mercado et al., 2006; Vega et al., 2009) and also that 

paresthesia may be due to alterations in the excitability of DRG neurons. Other side 

effects are most probably due to interaction of AGs with targets not related to ASICs, 
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such as inhibition of sodium and calcium currents and with reactive oxygen species 

generation (Talaska and Schacht, 2007).  

The potency of neomycin to block ASICs in DRG neurons was less than its 

potency to block high-voltage Ca2+ channels (IC50 ≈ 3.7 µM; Zhou and Zhao, 2002), 

similar to its potency to block the TRPV1 channels (IC50 ≈ 15-19 µM; Raisinghani and 

Premkumar, 2005) and higher than its potency to block TTX-resistant Na+ channels (IC50 

≈ 1.2 mM; Zhou and Zhao, 2002). The potency of AGs to block the ASICs in DRG 

neurons is similar to that described for amiloride (IC50 ≈30-51 µM), a little less than that 

of the selective blocker A-317567 (IC50 ≈2-29 µM; Dubé et al., 2005) and greater than 

the NSAIDS (IC50 > 90 µM; Voilley et al., 2001). 

The relevance of the ASICs in processes such as ischemic damage, epilepsy and 

pain sensitivity made them a relevant drug target with clinical potential. The AGs may 

constitute a valuable tool for the modulation of ASICs, and may be a feasible starting 

point for the development of new molecules structurally related to the AGs but with a 

greater affinity, specificity and selectivity for the different ASIC subunits.  
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Legends for Figures 

 

Figure 1. The ASIC current variability in cultured DRG neurons. A, a fast activating, fast 

desensitizing (τdes = 175 ms) current. In this and the following graphs (B and D), the 

currents were activated by perfusion of pH 6.1 (5 s) extracellular solution (bar at top of 

each trace). The dotted line indicates the zero current. B, an ASIC current with a fast 

activation, a sustained component and an intermediate desensitization rate (τdes = 290 

ms). C, a slow-activating and slowly desensitizing (τdes = 730 ms) current. D, histogram 

of the membrane capacitance of a set of recorded DRG neurons shows a normal 

distribution (r2 > 0.95, mean 65 ± 20 pF, n = 130). E, the capacitance-τdes relationship 

shows no correlation between these parameters. No significant correlation between the 

capacitance (indirect measure of cell size) and any of the acid-gated current parameters 

was found. 

 

Figure 2. Typical effect, time course and reversibility of AG actions. A, records show the 

control acid-activated current (gray) and the effect produced by 30 µM streptomycin 

(ST), 30 µM neomycin (NEO) or 30 µM gentamycin (GEN). The AGs were used in a 

sustained form (5 s before and during the acid perfusion). B and C, acid-gated current 

records showing the time course of the effect of 30 µM streptomycin, 30 µM neomycin 

and recovery of the control current after 1 min of drug washout. The calibration in B also 

applies to C. The dotted line represents the zero current. 
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Figure 3. Concentration effect, pH dependence and parameters affected by AGs. A, 

concentration-effect relationship for streptomycin and neomycin. For streptomycin, the 

maximum inhibition attained with 500 µM was 76 ± 10% (n = 3). For 300 µM neomycin, 

this was 68 ± 5% (n = 3). In this and the following graphs, the points (or bars) represent 

the mean ± standard error (SE). B, the pH-effect relationship in control and in the 

presence of streptomycin and neomycin (30 µM). No significant differences were 

observed. C, bar graph showing the average change induced by AGs in the current 

parameters normalized as a function of its control. Comparisons with control were done 

using a paired Student’s t-test and between different treatments using a one-way 

ANOVA. P < 0.05 (*), P < 0.01 (**). 

 

Figure 4. Effect of AGs on the membrane potential and spiking activity of DRG neurons. 

A and B, current clamp recordings show the membrane potential depolarization and 

spike activity of DRG neurons produced by a pH 6.1 stimuli (gray bar) in control, after 1 

min of AG perfusion and after a 30-s washout of the drug. The acid stimuli produced a 

cell membrane potential depolarization and the discharge of action potentials in 18.5% 

of the cells. The use of streptomycin (ST) and neomycin (NEO) consistently reduced the 

spiking activity of DRG neurons. The dashed line represents 0 mV. C and D, bar graphs 

show the percent effect of the AGs on the peak membrane potential depolarization 

(peak), the sustained steady-state depolarization (Ss), the desensitization time course 

(Tau) and the number of action potentials (AP) produced by pH 6.1 acid perfusion.  

 

Figure 5. The effect of the AGs on the recovery from the desensitized state. A, typical 

current traces obtained in the control, with 30 µM neomycin and with 30 µM 
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streptomycin. B, the time course of the recovery from the desensitized state (measured 

at the Ipeak) in the control (n = 9), with neomycin (n = 7) and with streptomycin (n = 4). 

Data were normalized with respect to the first pulse and fitted with an exponential 

function (r2 > 0.99). The τrec for the control was 1.3 ± 0.1 s, τrec = 0.9 ± 0.1 s with 

streptomycin and τrec = 1.2 ± 0.1 s with neomycin. The differences were non-significant 

(P > 0.05). 

 

Figure 6. The effect of AGs with respect to the timing of acid-current activation. A, the 

effect of pre-application of 30 µM neomycin (PreAp), co-application (CoAp) and 

sustained application (Sus). The gray area shows the time of drug perfusion. The 

maximum effects on the Ipeak and on the τdes were found when the PreAp or the Sus 

protocols were used. In contrast to streptomycin, the effect on the Ipeak was minimal in 

the CoAP protocol and maximal when the PreAp protocol was used. B, similar protocols 

to study the actions of 30 µM streptomycin. The maximum effects on the Ipeak and on the 

τdes were also found when the PreAp or the Sus protocols were used. It is worth noting 

that for both drugs, the PreAp and the Sus protocols produced higher effects than the 

CoAp protocol. C, bar graph of the streptomycin effects are normalized as a function of 

the control value (n = 5). Comparisons with control were done using a paired Student’s t-

test and between different treatments using a one-way ANOVA. P < 0.05 (*), P < 0.01 

(**). 

 

Figure 7. Interactions between Ca2+ and streptomycin. A, representative recordings of 

the effect of 30 µM streptomycin in control (1.8 mM Ca2+) and in Ca2+-free extracellular 
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solution (≈ 0 mM). In this and the following panels (also in figure 8), the black, dashed 

and grey bars represent the use of pH 6.1, the use of AG and the Ca2+ concentration 

change. Both AG and/or Ca2+ concentration changes were done 10 s before the pH 6.1 

pulse. The Ca2+-free solution decreased the desensitization rate (T50 = 151 ± 14% 

compared to the control in 1.8 mM Ca2+) and also potentiated the action of streptomycin 

on the desensitization rate without modifying its effect on the peak of the current 

(sustained application protocol). B, bar graph showing current parameters in 1.8 mM 

Ca2+ and in Ca2+-free solution. Values were normalized as a function of the control. The 

reduction of extracellular Ca2+ significantly increased the effect of streptomycin on the 

Isus, T50 and Iint (dashed line values in the control condition; n = 4). C, records of the acid-

activated current showing the action of 30 µM streptomycin in 1.8 mM and 10 mM Ca2+ 

concentration. The increase of the extracellular Ca2+ cancelled the action of 

streptomycin in the desensitization rate. D, bar graph showing normalized current 

parameters as a function of the control comparing the effect of streptomycin in 1.8 mM 

and 10 mM Ca2+ (n = 4). 

 

Figure 8. Interactions between Ca2+ and neomycin. A, representative recordings of the 

effect of 30 µM neomycin in control (1.8 mM Ca2+) and with Ca2+-free extracellular 

solution (~ 0 mM) using the sustained perfusion protocol. B, bar graph of current 

parameters. Values were normalized as a function of the control. The Ca2+-free solution 

increased the action of neomycin on the desensitization rate without modifying its effect 

on the peak of the current (n = 4 to 5). C, records of the acid-activated current, showing 

the action of 30 µM neomycin in 1.8 mM and 10 mM Ca2+ concentration. D, bar graph 
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showing normalized data as a function of the control, comparing the effect of neomycin 

in 1.8 mM and 10 mM Ca2+ concentration. The increase of the extracellular Ca2+ blocked 

the action of neomycin (n = 4 to 5).  

 

Figure 9. Effect of pH on the actions of the AGs. A, the steady-state desensitization-

effect relationship in control and with streptomycin and neomycin. The pH50 under the 

three conditions was not significantly different. B, typical current recordings of the 

current produced by 5-s pH6.1 perfusion in control (black) and with the use of 30 µM 

streptomycin (gray) when the preparation was previously perfused with a pH 7.4 and 7.2 

solution for 10-s. Arrows indicate the peak of the current after the use of the drug. C, bar 

graph of Ipeak and τdes after the use of streptomycin at pH 7.4 and 7.2 and neomycin at 

pH 7.4 and 7.2. The action of AGs remained unchanged by acidification of the 

extracellular solution. Values normalized as a function of control (n = 7 for ST and NEO).  

 

Figure 10. The effect of the AGs on the acid-activated hASIC1a in HEK-239 cells. A, 

typical records of the effect of 30 µM gentamycin, 30 µM neomycin and 30 µM 

streptomycin. Streptomycin was the only AG used that had a significant action on the 

acid-activated current in HEK-239 cells. B, changes in the parameters of the current 

produced by streptomycin (n = 6). The bars represent the effect normalized as function 

of the control ± SE. 
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Table I. Solutions used (in mM) 

 

 

 KCl NaCl MgCl2 CaCl2 EGTA HEPES 

or MES 

Glucose GTPNa ATPMg pH 

Extracellular 

normal  

5.4 140 2 1.8 - 10 10 - - 7.4 

Extracellular 

calcium free  

5.4 140 - - 1 10 10 - - 6.1 

Extracellular 

high calcium 

5.4 140 2 10 - 10 10 - - 6.1 

Intracellular  125 10 0.1 - 10 10 - 1 2 7.4 

 

 

For those solutions whose pH was < 6.5, MES was used instead of HEPES as a buffer 

because of its pKa value. External solutions were adjusted to pH = 8, 7.8, 7.6, 7.4, 7.2, 

7.0, 6.5, 6.1, 6.0, 5.5, 5 and 4.0 using NaOH. Osmolarity of external solutions was 310 

mOsm; internal solution osmolarity was 275 mOsm. 
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