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the afferent nerve fibers. This dopaminergic control mecha-
nism may result in the reduction of the activated firing rate, 
thus preventing over-excitation and excitotoxic injury of the 
afferent dendrites after the external application of  L -gluta-
mate and excessive receptor stimulation. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Throughout the vestibular organs of vertebrates, the 
sensory receptors are hair cells, which are considered to 
be secondary sense cells that transmit synaptically to the 
afferent nerve fibers. Transmission at this synapse is 
chemically mediated.  L -Glutamate ( L -Glu) is thought to 
be the major excitatory neurotransmitter in the periph-
eral portion of the vestibular system of vertebrates and 
acts on multiple receptor types. The actions of  L -Glu are 
mediated both by ionotropic receptors, which form ion 
channels, and metabotropic glutamate receptors coupled 
by G proteins to various second messengers. The latter 
are directly coupled with effector systems via GTP-bind-
ing proteins and are thought to modulate synaptic trans-
mission  [1–3] .

  It is generally accepted that communication between 
hair cells and afferent nerve fibers is regulated by neu-
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 Abstract 

 Using multiunit recording of action potentials from the 
whole nerve with the aid of external perfusion, we investi-
gated the effects of dopamine (DOP) agonists that are in-
volved in modulatory actions on synaptic transmission in 
the isolated labyrinth preparations of frogs. The external ap-
plication of DOP (0.1–1 m M ), the D 1  agonist chloro-APB hy-
drobromide (CAPB, 50–100  �  M ) and the D 2  agonist quinero-
lane (QUI, 50–100  �  M ) induced a dose-dependent and 
reversible decline in the resting discharge frequency. In this 
concentration range, the potency of applied CAPB consider-
ably exceeded that of QUI. AMPA, NMDA and ACPD respons-
es were inhibited by the D 1  and D 2  agonists, implicating both 
subtypes of DOP receptors in the modulation of both iono-
tropic and metabotropic glutamate receptors. The inhibito-
ry action of the DOP agonists on  L -glutamate responses per-
sisted in a high Mg 2+  solution in conditions of selective 
activation of the postsynaptic membrane. The results ob-
tained suggest that DOP may interact with both D 1  and D 2  
receptor subtypes, most likely located postsynaptically on 
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romodulator substances that may modify the action
of the neurotransmitters. Many substances, including 
opioid peptides  [3–8] , calcitonin gene-related peptide, 
GABA, histamine, taurine, substance P and others  [1–3, 
9]  have been proposed as potential neuromodulator 
candidates. Recent studies extended the evidence for the 
involvement of metabotropic glutamate receptors in 
modulation of excitatory neurotransmission at the af-
ferent hair cell synapses in the vestibular organs of frogs 
 [3, 10–13] .

  A lot of data suggest a possible involvement of dopa-
mine (DOP) in the modulation of synaptic transmission 
at hair cells – afferent fiber synapses of the mammalian 
cochlea. Employing the microiontophoretic technique, 
evidence was obtained that DOP had a specific biological 
effect on afferent synaptic transmission in the cochlea of 
mammals  [14, 15] . Excitatory action of  L -Glu agonists 
could be depressed by coadministration with D 1  and D 2  
agonists in a dose-dependent manner. The action of DOP 
and its agonists on the chemically induced activity of af-
ferent nerve fibers could be blocked by the D 1  and D 2  an-
tagonists. Electrophysiological data from piribedil, a do-

paminergic D 2 /D 3  agonist, clearly demonstrated the 
modulatory action of this substance on radial afferent 
dendrites  [16] . Moreover, this agonist was shown to play 
an immediate protective role in the prevention of den-
drite damage under pathophysiological conditions re-
sulting from an excitotoxic effect from  L -Glu during 
acoustic trauma or ischemia.

  The results of functional studies were consistent with 
the findings of immunohistochemical, ultrastructural, 
neurochemical and immunoelectron microscopic exper-
iments. These studies showed that the lateral efferent sys-
tem of the cochlea contains and uses DOP as a neuro-
transmitter/neuromodulator  [3, 17–22] . Taken together, 
most of the data for the lateral olivocochlear efferent sys-
tem suggest that DOP functions as a lateral efferent neu-
rotransmitter/neuromodulator and controls the afferent 
synaptic transmission between hair cells and primary 
dendrites.

  The present study was undertaken to investigate the 
effect of DOP on resting and chemically induced afferent 
activity of the vestibular nerve and to determine the DOP 
receptor subtypes responsible for this effect.

  Materials and Methods 

 Experiments were performed on adult frogs ( Rana tempora-
ria , approx. body weight: 20 g). Each frog was anesthetized by 
immersion in 0.1% MS 222 (3-aminobenxoic acid ethyl ester) un-
til all signs of breathing activity ceased. They were then decapi-
tated and the bone containing the membranous labyrinth was ex-
cised. The experimental procedure was approved by the Pavlov 
Institute of Physiology Animal Care and Use Committee. The 
isolated otic capsule (hereafter termed the preparation) was trans-
ferred to a recording chamber, where it was then opened to allow 
the test substances easier access to the synaptic site. The prepara-
tion was continuously perfused with Ringer solution of the fol-
lowing composition: 95 m M  of NaCl, 1.7 m M  of KCl, 3.4 m M  of 
NaHCO 3 , 0.5 m M  of NaH 2 PO 3  � 2H 2 O, 1.8 m M  of CaCl 2 , 0.6 m M  of 
MgCl 2  and 2.5 m M  of glucose, and the pH was adjusted to 7.4. The 
flow rate was about 1 ml/min. In experiments designed to access 
the postsynaptic action of the test substances, a high magnesium 
solution was obtained by substituting 11.4 m M  of NaCl and 1.8 
m M  of CaCl 2  of the normal saline with 3.0 m M  of MgCl 2  and 0.1 
m M  of CaCl 2 , respectively.

  The compounds used were:  L -Glu, DOP, NMDA ( N -methyl-
 D -aspartate), AMPA ( D , L - � -amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid), chloro-APB hydrobromide (CAPB, D 1  ago-
nist) and quinerolane (QUI, D 2  agonist; all compounds were from 
Sigma). Drugs were dissolved in the normal solution and the pH 
was adjusted when necessary. Test solutions were applied exter-
nally by switching a 6-way stopcock, which substituted solu-
tions.

  Multiunit recording of action potentials from semicircular 
ampulla posterior afferents in the isolated preparation was per-
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  Fig. 1.  Schematic drawing of the experimental setup used for re-
cording multiunit resting activity of the semicircular canal nerve 
in the isolated inner ear preparation of the frog. The posterior ca-
nal ampullar nerve was sucked into a glass pipette filled with 
Ringer solution and connected to an AC amplifier, an oscillo-
scope and a laboratory computer. Utr = Utricle; Sac = saccule;
Lag = lagena; A.a., A.l., A.p. = ampullae anterior, lateral and pos-
terior, respectively. 
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formed with a suction glass electrode with tip diameters of 100–
300  � m ( fig. 1 ). The electrode was positioned with the tip at the 
cut end of the semicircular afferents by an electrode holder in a 
micromanipulator, and the whole nerve branch was sucked into 
the electrode. Test solutions were applied no earlier than 30 min 
after dissection of the preparation and after the beginning of per-
fusion with the normal solution when the resting discharge be-
came stable. In the experiments, when several drugs were applied, 
an interval of at least 15 min permitted us to wash off the previous 
drug and to restore the control level of the resting activity. Spikes 
were electronically transformed into rectangular pulses of about 
2-ms durations and were fed to a laboratory computer for con-
tinuous recording of the discharge frequency during the experi-
ment. Neuronal activity was analyzed off-line by a computer as 
plots of spike frequency versus elapsed time. Spike frequency was 
determined over sequential 10-second periods from the corre-
sponding computer recordings.

  The effects of the DOP agonists tested were calculated as the 
difference between the actual value of spike frequency measured 
during the maximum effect evoked by the drug and the average 
value of spike activity recorded over a 1-min interval prior to the 
drug application. These differences were then normalized as a 
percentage of change with respect to the control conditions. The 
frequency change under the combined action of the drugs was 
normalized as a percent of change with respect to the spike fre-
quency value elicited by one of these drugs alone (control condi-
tions). The data presented herein corresponded to the mean  8  
SEM of 5–10 independent experiments. The differences between 
actual values of spike frequency were statistically analyzed using 
a paired t test and statistical significance was established at p  !  
0.05.

  Results 

 The experiments were performed with DOP in con-
centrations between 0.001 and 1 m M , the D 1  agonist 
(CAPB) in concentrations between 0.1 and 100  �  M,  and 
the D 2  agonist (QUI) in concentrations between 0.1 and 
100  �  M . All free agonists tested consistently demonstrat-
ed an inhibitory response in afferent units. The initial 
frequency decrease was usually followed by a period of 
recovery; during continuous perfusion, the discharge fre-
quency slowly returned to baseline ( fig. 2 a).  Figure 2 b 
summarizes the data of all experiments in which the 
preparations were subjected to the actions of the DOP 
agonists. The effects of the various concentrations were 
plotted as a percentage suppression of the resting dis-
charge. The effective concentration of DOP was as low as 
0.1 m M  (n = 6; p  !  0.05). Both CAPB and QUI did not 
considerably affect the magnitude of the response in the 
concentration range of 0.1–50  �  М , being followed by a 
sharp increase of the inhibitory responses in concentra-
tions between 50 and 100  �  M . The excitatory potency of 
the bath-applied D 1  agonist CAPB considerably exceeded 
that of the D 2  agonist QUI. In 12 preparations tested in 2 
sets of experiments, 100  �  M  of CAPB and 100  �  M  of QUI 
induced a decrease in firing frequency (mean: 3.5  8  1.2% 
and 61.5  8  6.2% of the control level, respectively; n = 6 
for each of the agonists). This effect was reversed by wash-
ing out the preparations with normal solution.

0
0

3

2

1
Dopamine

200 400 600

Time (s)a

800 1,000

40

80

120

160

200

Fr
eq

ue
n

cy
 (i

m
p

/s
)

0
0.1

DOP

QUI

CAPB

1 10 100

Concentration (μM)b

1,000

20

60

40

80

100

120

Re
st

in
g

 d
is

ch
ar

g
e 

(%
)

  Fig. 2.  Effects of DOP, the D 1  agonist and the D 2  agonist on the 
resting activity in vestibular afferent fibers of the frog.  a  Repre-
sentative experiment employing different concentrations of DOP 
on the resting activity in afferent fibers of the semicircular canal 
nerve. The horizontal bar above the recordings indicates the du-
ration of the application of the drug. Concentrations of DOP used 
are: (1) 10 –5   M , (2) 10 –4   M  and (3) 10 –3   M . Ordinate: spike frequen-

cy (imp/s); abscissa: time (s).  b  Dose-response relationships for 
DOP, the D 1  agonist CAPB and the D 2  agonist QUI. Drug effects 
were plotted as a suppression ratio of the resting discharge (%). 
Each point with a bar represents the mean  8  SEM of at least 6 
experiments. Ordinate: resting discharge (%); abscissa: concen-
tration ( �  M) . 
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  The modulatory action of DOP on glutamatergic syn-
aptic transmission was tested in the experiments with a 
combined action of DOP and ionotropic  L -Glu agonists. 
 Figure 3  shows that the control application of 0.1 m M  of 
 L -Glu (a) or 50  �  M  of NMDA (b) caused a rise in resting 
frequency, which was restored after a wash-out period. 
During subsequent perfusion with 0.5 m M  of DOP, the 
resting discharge went down and the receptor displayed 
a sustained level of activity. The addition of 0.1 m M  of
 L -Glu, 1  �  M  of AMPA (not shown) or 50  �  M  of NMDA 

to the solution containing DOP induced a frequency in-
crease, but the responses were considerably smaller com-
pared to the control perfusion. DOP (0.5 m M ) antago-
nized responses induced by the application of  L -Glu by 
24.0  8  3.2% (n = 5; p  !  0.05). Firing evoked by AMPA
(1  �  M ) or NMDA (50  �  M ) could be depressed by the ad-
ministration of 0.5 m M  of DOP by 64.5  8  11.2% (n = 6; 
p  !  0.05) and 55.9  8  9.9% (n = 6; p  !  0.05), respectively. 
At the end of recording, after the normal solution had 
restored the activity in afferent fibers, a control applica-

0
0

Dopamine

1,000 2,000

Time (s)a

3,000

100

200

300

400

Fr
eq

ue
n

cy
 (i

m
p

/s
) L-Glu L-Glu L-Glu

0
0 500 1,000 1,500 2,000

Dopamine

Time (s)b

2,500

50

100

150

200

250

Fr
eq

ue
n

cy
 (i

m
p

/s
) NMDA NMDA NMDA

  Fig. 3.  Effects of DOP on excitation in afferent fibers due to          L -Glu 
(         a ) and NMDA ( b ). Two experiments are shown with 0.1 m         M  of 
 L -Glu and 50  �  M  of NMDA, which enhanced resting frequency. 
Then, normal solution was added, which stopped the effects of the 
 L -Glu agonists. DOP (0.5 m M ) decreased afferent activity. The ad-

dition of 0.1 m M  of  L -Glu or 50  �  M  of NMDA to the solution con-
taining DOP considerably reduced the excitatory action of amino 
acids. When normal solution was applied again, resting activity 
recovered as well as the frequency enhancing effect of  L -Glu and 
NMDA. Ordinate: spike frequency (imp/s); abscissa: time (s). 
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  Fig. 4.  Effects of CAPB and QUI on the postsynaptic responses 
evoked by          L -Glu. High Mg +2  solution blocked neurotransmitter 
release and resting activity. The addition of 1 m M  of  L -Glu led to 
the reappearance of resting activity and a sustained level of rest-
ing discharge, probably due to the postsynaptic effect of  L -Glu. 

Subsequent perfusion with CAPB (     a ) or QUI ( b ) produced a con-
centration-dependent inhibition of the afferent discharge. Perfu-
sion with normal solution restored the resting activity with a fre-
quency similar to the initial frequency. Ordinate: spike frequency 
(imp/s); abscissa: time (s).                               
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tion of  L -Glu, AMPA and NMDA caused a rise in resting 
frequency.

  To investigate a possible involvement of postsynaptic 
glutamate receptors as a site of action of DOP agonists, 
0.1 m M  of  L -Glu was employed. In these experiments, 
neuronal activity was first blocked with a high Mg 2+  solu-
tion. The addition of  L -Glu induced the facilitation of the 
afferent discharge even in the presence of 3 m M  of Mg 2+  
solution. This indicates that  L -Glu acts postsynaptically. 
The subsequent addition of the D 1  agonist CAPB ( fig. 4 a) 
or D 2  agonist QUI ( fig. 4 b) under these conditions elic-
ited a decrease in the firing rate in the afferent nerve ter-
minals. Although we did not carry out any systematic 
quantitative investigations of the inhibitory potencies of 
these agonists in the wide concentration range in a high 
Mg 2+  solution (n = 3 at concentrations of 25 and 50  �  M  
in both series of experiments), the magnitude of the effect 
clearly depended on the concentration of the DOP ago-

nists. The effects of the D 1  and D 2  agonists in these con-
ditions were reversible.

  To test for the interaction with the DOP agonists, the 
effects of the ionotropic  L -Glu agonists AMPA ( fig. 5 a, c) 
and NMDA ( fig. 5 d), and the metabotropic  L -Glu agonist 
ACPD ( fig. 5 b) were studied during a continuous applica-
tion of CAPB or QUI. In these experiments, the prepara-
tion was first perfused with a solution containing one of 
the  L -Glu agonists, and the effect observed was compared 
with the effects observed in the presence of the DOP ago-
nists. As it is clearly seen, the addition of  L -Glu agonists 
to the solution containing CAPB or QUI induced a fre-
quency increase, but the responses were considerably 
smaller compared to the control perfusion of the corre-
sponding agonists. To determine if real significant differ-
ences were obtained through the modification of AMPA, 
NMDA and ACPD responses to DOP agonists, a com-
parison of the means in the presence of CAPB and QUI 
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  Fig. 5.  Effects of the D 1  agonist CAPB and the D 2  agonist QUI on 
excitation in afferent fibers by      L -Glu agonists. Representative re-
cordings showing the effect of 100                        �  M  of CAPB on the responses 
evoked by 1    �  M  of AMPA ( a ) and 300          �  M  of ACPD ( b ), and the 

effect of 100  �  M  of QUI on the responses evoked by 1  �  M  of AMPA 
( c ) and 50  �  M  of NMDA ( d ) in the semicircular canal nerve. Or-
dinate: spike frequency (imp/s); abscissa: time (s). 
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with the control discharge rate was performed. The re-
spective decrement of the responses to  L -Glu agonists by 
perfusion of the preparation with a solution with CAPB 
and QUI is depicted in  table 1 .

  Discussion 

 Our results obtained by multiunit afferent activity 
and external perfusion demonstrated that DOP agonists 
exerted an inhibitory effect at the afferent hair cell syn-
apses in the vestibular end organs of the frog. Sensitivity 
to DOP application varied considerably from prepara-
tion to preparation, but for most nerve branches, the 
threshold concentration of DOP was 0.1 m M . The D 1  ag-
onist CAPB and the D 2  agonist QUI modulated the fre-
quency of afferent discharge in the range of 50–100  �  M . 
Sensitivity of bath-applied DOP agonists obtained in the 
present experiments corresponds well to results reported 
on the inhibitory effects of DOP agonists in the mam-
malian cochlea  [14–16] . Interestingly, the dose-response 
curves of DOP agonists were quite similar to each other 
in one important respect: without stimulation, the ves-
tibular organs demonstrated ongoing transmitter release 
as shown by the continuous afferent discharge. A small 
change in the concentration of the drugs caused either 
no response or a near maximal decrease of impulse ac-
tivity. Compared to the dose-response curves of other 
modulatory substances  [4, 13, 23] , that of DOP agonists 
were much steeper; as a result, reductions in the firing 
rate under DOP agonists were highly concentration-de-
pendent.

  As the results of the present study indicate, DOP ago-
nists may exert modulating effects on the excitatory ac-
tion of  L -Glu agonists. Actually, afferent activity in ves-
tibular afferents evoked by  L -Glu agonists AMPA, NMDA 
and ACPD can be modulated by DOP agonists in an in-
hibitory way. Moreover, these effects are unaffected by 
the blockade of transmitter release in high Mg 2+  solu-
tions, which could explain the postsynaptic nature of 
these responses. The inhibition of NMDA, AMPA and 
ACPD excitatory responses by DOP agonists suggests 
that DOP exerts inhibitory control over both ionotropic 
and metabotropic types of  L -Glu receptors and that one 
possible site for DOP action is on the postsynaptic mem-
brane of the hair cell, the afferent fiber synapse. This is in 
agreement with reports describing modulatory actions of 
DOP, D 1  and D 2  agonists in the mammalian cochlea  [14–
16, 22] .

  The results obtained are consistent with the hypoth-
esis that DOP has a specific biological effect on afferent 
synaptic transmission in the semicircular canals of the 
frog, and these effects are mediated by specific D 1  and D 2  
membrane receptors. The above data demonstrate the ex-
istence of cellular mechanisms by which DOP can control 
the afferent discharge and modulate the effects of the 
neurotransmitter  L -Glu. Our findings support and ex-
tend the evidence obtained on the mammalian cochlea 
showing that DOP is most likely released at the axoden-
dritic synapses beneath the hair cells. The released DOP 
may act on D 1  and D 2  membrane receptors located on the 
postsynaptic membrane of the afferent nerve fibers; thus, 
it can alter the properties of postsynaptic receptors and 
the responsiveness of afferent fibers to  L -Glu. As a conse-

Table 1. Percentage modification of AMPA, NMDA and ACPD by 100 �M of the D1 dopamine agonist CAPB 
and 100 �M of the D2 dopamine agonist QUI

Resting discharge Control +5 ! 10–5 М CAPB

D1 dopamine agonist CAPB
1 �М of АМРА (n = 5, p < 0.05) 100 135.086.5 44.4814.2

50 �М of NMDA (n = 4, p < 0.05) 100 201.9823.9 122.3814.2
300 �М of ACPD (n = 5, p < 0.05) 100 139.487.0 70.4816.2

Resting discharge Control +5 ! 10–5 М QUI

D2 dopamine agonist QUI
1 �М of АМРА (n = 4, p < 0.05) 100 136.388.3 101.2812.2

50 �М of NMDA (n = 5, p < 0.05) 100 155.8816.2 95.7816.4
300 �М of ACPD (n = 4, p < 0.05) 100 128.3815.2 84.387.9
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quence, the suggested physiological roles of the modula-
tory nature of DOP actions in the vestibular periphery, 
and in the cochlea as well, might be the negative control 
of glutamatergic synaptic transmission. Such a mecha-
nism can be important in preventing excitotoxic injury 
in the afferent dendrites after an external application of 
 L -Glu, acoustic trauma or inner ear ischemia.
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