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The release of endogenous glutamate and other primary amines from the lateral line of Xenopus laevis was studied using an in 
vitro superfusion technique and high performance liquid chromatography. Potassium stimulation (50 mM KCI) applied to 60 or 120 
lateral-line organs dissected from the skin and pooled in a perfusion chamber induced the release of glutamate and aspartate. The 
release of aspartate was smaller than that of glutamate and more variable. A variable release of two, as yet, unidentified substances 
was also detected. In low calcium (0.1 mM CaCI2), high magnesium (10 mM MgC12) solution, 50 mM potassium failed to induce 
an increase in glutamate, aspartate and the two unknowns, suggesting they are released in a transmitter-like manner. The technique 
presents a new and simple method for studying transmitters in hair-cell systems. Although other interpretations are possible, the 
results are consistent with the hypothesis that glutamate is a hair-cell transmitter and suggest a potential role for other substances 
in the transduction process, perhaps as neuromodulators. 

INTRODUCTION 

Octavolateralis organs comprise a group of sen- 

sory structures that includes the inner  ear of mam- 

mals and lateral-line system of fishes and aquatic 

amphibia 21'34. In the sensory epithelium of these 

organs, mechanically sensitive hair cells synapse with 

afferent nerve fibers of the central nervous system. 

A key step in transduction is the release from hair 

cells of a chemical transmitter  that diffuses across the 

synaptic cleft to activate postsynaptic receptors and 

depolarize the afferent nerve fibers. Although the 

identity of the hair-cell transmitter has not been 

conclusively established, there is considerable evi- 

dence to support the hypothesis that it may be an 

excitatory amino acid, perhaps glutamate 5's'14. 

One transmitter  criterion of fundamental  impor- 

tance is to demonstrate that a substance is released 

from the sensory epithelium by stimulation in a 

calcium-dependent manner  44. Previously, we re- 

ported that in Xenopus laevis water motion induced 

a release of glutamate which was significantly greater 

in fluids bathing skins containing the lateral-line 

organ than from skins without the lateral line 9. The 

present study was under taken to evaluate the de- 

pendence of this release on extracellular calcium, 

utilizing a superfusion technique to enhance amino 

acid release and high levels of potassium to depo- 

larize a large number  of hair cells. A preliminary 

report has been presented 11. 

MATERIALS AND METHODS 

Experiments were performed on male or female 

African clawed frogs (Xenopus laevis). The lateral- 

line organ in this amphibian consists of epidermal 

structures called stitches that are distributed in rows 

over the head and along the body of the animal (Fig. 
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Fig. 1. Schematic of the experimental strategy and perfusion 
set-up. See text for details. 

1). Each stitch contains 3-12 neuromasts in which 
are located the hair cells and their associated 
supporting cells 3°. 

Frogs were anesthetized by cooling on ice, decap- 
itated and portions of skin containing the dorsal and 
medial lateral rows of stitches excised. The isolated 
skins were placed cupular (external) surface up on 
an ice-chilled petri dish and bathed with frog Ringer 
solution. Under a dissecting microscope and fiber 
optic illumination, pieces of tissue (stitch or non- 
stitch) were cut from the skin with a small scalpel 
blade (Fig. 1). Histological examination revealed 
that cuts could be made close to stitches without 
damage to hair cells. Stitch tissue was harvested 
from the dorsal and medial lateral rows of stitches 
and non-stitch pieces of skin of comparable size were 
obtained from areas between or adjacent to the 
stitches. The tissue was placed on a glass-fiber filter 
disc and suspended in ice-cold Ringer solution until 
utilized. 

After dissection, the tissue (stitch or non-stitch) 
was transferred into a perfusion chamber (vol. 1.0 
ml) which was attached to a valve that permitted 
switching between Ringer solutions of different 
composition (Fig. 1). Perfusates were delivered at 
room temperature at a flow rate of 520 ~l/min via a 
syringe pump. After a 30-min wash to establish 
baseline efflux, 6 consecutive 5-min fractions for 
primary amine analysis were collected. The tissue 
was exposed to perfusate containing 50 mM potas- 
sium for 10 rain during the collection of the third and 
fourth fractions. Each fraction (2.6 ml vol.) was 
frozen in a dry ice/methanol bath immediately after 

collection, lyophilized and stored at -20 °C until 
assayed. At the end of an experiment, the tissue was 
recovered, homogenized and total protein deter- 
mined by the Coomassie technique (Bio-Rad). 

The composition of the standard Ringer solution 

was (mM): NaC1 104.5, KC1 2, CaCI 2 1.8, Na2HPO 4 
2.25, NaH2PO 4 0.75 (pH 7.0). In 50 mM KC1 
solutions an equimolar quantity of NaCI was re- 
moved to avoid osmotic effects. To measure the 
calcium dependence of release, low-calcium, high- 
magnesium medium containing 0.1 mM CaCI 2 and 
10 mM MgC12 replaced the standard Ringer solution 
from the initial 30-min perfusion before potassium 
stimulation until the end of the experiment. 

The concentrations of amino acids and other 
primary amines were determined by o-phthalal- 
dehyde (OPA)/fl-mercaptoethanol derivatization 22 
followed by gradient elution high-performance liquid 
chromatography (HPLC) and fluorometric detec- 
tion. The chromatography system consisted of two 
Beckman Model l l 0A  pumps, a Model 420 micro- 
processor controller and a Model 210 sample injec- 
tor. The fluorescence detector was a Gilson Spectra/ 
Glo Model FL-1B fluorometer equipped with a 15 ~1 
flow cell and excitation filter of 360 nm and emission 
filter peaked at 455 nm. For assay, lyophilized 
samples were reconstituted in 300/~1 of methanol/ 
H20 (8:2, by vol.), vortexed vigorously and centri- 
fuged to pellet all particulate material. A 40 /~1 
aliquot of the supernatant was derivatized in the 
following reaction mixture, H20/0.4 M sodium 
borate, pH 9.5/supernatant/OPA reagent (10:4:4:2, 
by vol.). The OPA reagent consisted of 10 mg OPA 

in methanol/HzO/0.4 M sodium borate, pH 9.5 
(1:8:1, by vol.) to which had been added 10/~1 of 
fl-mercaptoethanol as the reducing agent. The deri- 
vatization was initiated by the addition of the OPA 
reagent (20 /~1) to the reaction mixture and the 
mixture vortexed for 30 s. Five min after adding the 
OPA reagent, a 20/~1 aliquot of the 200 j~l reaction 
mixture was injected onto the HPLC column by the 
sample loop overfill technique. The analytical col- 
umn consisted of a Beckman 5 ~m sphere C18 
(Ultrasphere, 250 x 4.6 mm) column working at 
room temperature. It was fitted with a precolumn 
packed with Perisorb RP-18, 30-40 /~m pellicular 
material. 

Separation was achieved at a flow rate of I ml/min 
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by a multilinear segmented gradient formed over 60 

min using two degassed solvent mixtures. Solvent A 
(pH 6.8) contained 1% tetrahydrofuran, 19% meth- 
anol, and 80% 0.05 M sodium acetate. Solvent B 
(pH 6.8) contained 80% methanol and 20% 0.05 M 
sodium acetate. Eluted primary amine profiles were 
recorded simultaneously on a strip chart (Linear 
Instruments, Model 285-mm) and an integrating 
recorder (Hewlett-Packard, Model 3390A). The 
amino acids in release samples were identified by 
retention time and quantified by peak height analysis 
with regard to an external standard. The standard 
contained 5 pmol of each of the following amino 
acids: aspartate (Asp), glutamate (Glu), asparagine 
(.Asn), serine (Ser), glutamine (Gln), glycine (Gly), 
threonine (Thr), arginine (Arg), taurine (Tau), 
hypotaurine (HTau), alanine (Ala), y-aminobutyrate 
(GABA),  tyrosine (Tyr), a-aminobutyrate (AA- 
B.A), methionine (Met), valine (Val), phenylalanine 
(Phe), isoleucine (ILeu), and leucine (Leu). All 
were clearly resolved from each other except for 
G.AB.A and tyrosine which coeluted with the present 
separation technique. The amount of each amino 
acid in the reconstituted samples was calculated from 
the amount detected in the 20/~1 injection volume. 
Results were expressed as pmoles/mg protein/5 min 
sample. -Analysis of variance and Newman-Keuls  
multiple range tests were used to determine signif- 
icance (P < 0.05) between stimulated and non- 
stimulated conditions. 

RESULTS 

In an initial set of 4 experiments, 60 lateral-line 
stitches were dissected and superfused with Ringer 
solution containing normal levels of calcium (1.8 
mM) for 30 min prior to depolarization with 50 mM 
potassium. In all 4, the potassium stimulus increased 
the release of glutamate. Since the void volume of 
the perfusion system was approximately 4 min, the 
maximum increase was observed in the second 5-rain 
sample (fraction 4) after switching to 50 mM potas- 
sium (Fig. 2). A small increase in aspartate was also 
detected in fraction 4 in 3 of the 4 experiments. Fig. 
3 depicts chromatograms from one of these experi- 
ments. The top chromatogram (designated 2.0 mM 
K ÷) was obtained on assay of fraction 2 and the 
bottom one (designated 50 mM K ÷) on assay of the 

potassium-stimulated fraction 4. Compared to the 
levels in fraction 2, the amounts of aspartate and 
glutamate in fraction 4 were increased 21 and 108% 
respectively. Most of the other chromatographic 
peaks were unchanged or slightly decreased by 
potassium depolarization. Table I lists mean concen- 
trations of 15 amino acids identified in fractions 2 
and 4 of the 60-stitch experiments. The mean values 
for both glutamate and aspartate are higher in 

fraction 4 (Table I; column 2) than in fraction 2 
(Table I; column 1). However, owing to the variance 
associated with the small changes in aspartate, only 
the increase in glutamate was statistically significant. 
It should be noted that no other amino acids were 
released by potassium including glutamine, aspara- 
gine, glycine, taurine or GABA+tyrosine .  In an 
additional 4 experiments in which 60 stitches were 
superfused with 0.1 mM calcium, 10 mM magnesium 
for 30 min to block transmitter release, potassium 
stimulation failed to increase the levels of glutamate 
and aspartate (Table I; columns 3 and 4). 

Inspection of Fig. 3 reveals a third substance 
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Fig. 2. Time course of glutamate release from 60 lateral-line 
stitches induced by 50 mM potassium in the presence of 
calcium (1.8 mM). Six consecutive 5-min fractions were 
analyzed and expressed in pmol/mg protein/5 min. Bar denotes 
the stimulation period for the third and fourth fractions during 
which standard Ringer solution (2.0 mM potassium) was 
switched to medium containing 50 mM potassium. Column 
heights are the mean concentrations of 4 independent experi- 

ments for the indicated fractions. Vertical lines denote 
standard deviations of the means. 
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T A B L E  I 

Effect o f  50 m M  K ÷ on the release o f  endogenous amino acids f rom 60 lateral-line stitches and the influence o f  low Ca + ÷, high Mg ÷÷ 
medium 

Four exper iments  were performed for each of the two Ca ÷ ÷ conditions. Values are the mean  concentrat ion (+  S.D.)  for the indicated 
amino acids and are expressed as pmoles/mg protein/5 min. 

Amino  acid Normal  Ca + + (1.8 m M  Ca + +) Low  Ca + +, High Mg + + (0.1 m M  Ca + +, 10 m M  Mg + +) 

2.0 m M  K ÷ 50 m M  K + 2.0 m M  K + 50 m M  K + 
(fraction 2) (fraction 4) (fraction 2) (fraction 4) 

Asp  30.7 + 11.3 44.9 + 35.1 28.8 + 4.9 25.0 + 2.7 
Glu 41.1 + 7.0 98.4 + 27.4* 59.4 + 8.4 46.9 + 8.0 
Ash  19.3 + 1.6 18.5 + 2.9 30.8 + 7.5 21.7 + 3.7 
Ser 63.3 + 19,3 63.0 + 11.7 78.7 + 6.5 61.2 + 5.5 
Gin 24.8 + 6.4 27.3 + 11.9 57.4 + 14.8 37.9 + 8.0 
Gly 40.1 + 19.9 48.2 + 1.7 76.1 + 15.8 54.1 + 5.8 
Thr  35.0 + 5.0 37.6 + 5.8 57.2 + 17.0 38.8 + 10.3 
Arg  33,2 + 12.6 38.8 + 9.3 54.4 + 7.1 41.3 + 5.8 
Ala  91.2 + 36.5 94.8 + 15.4 139.0 + 35.4 104.3 + 9.9 
Tyr + G A B A  32.9 + 12.2 48.9 + 16.1 95.0 + 37.0 76.9 +_ 32.0 
Met 20.5 + 8.1 20.8 _+ 8.3 28.3 _+ 7.8 17.7 + 4.0 
Val 46.9 + 10.9 47.3 + 7.1 79.3 + 14.0 61.5 + 5.7 
Phe 38.6 + 9.2 42.7 + 7.2 85.8 + 17.2 66.1 + 8.8 
ILeu 36.8 + 5.6 35.0 + 3.5 67.6 + 17.6 51.4 + 10.7 
Leu 48.6 + 10.4 47.7 + 8.9 83.0 + 19.1 63.1 + 13.4 

* Values obtained with 50 m M  K ÷ (fraction 4) significantly different (P  < 0.05) than 2.0 m M  K + (fraction 2). 

( a r r o w )  t h a t  w a s  a l so  i n c r e a s e d  b y  50 m M  p o t a s s i u m  

s t i m u l a t i o n .  T h i s  s u b s t a n c e ,  w h i c h  w e  h a v e  d e s i g -  i i f  
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Fig. 3. Chromatograms  from one experiment  depicting effect 
of  50 m M  potassium on release of primary amines from 60 
lateral-line stitches perfused with normal  levels of calcium (1.8 
mM).  Top chromatogram is unst imulated and was obtained on 
assay of fraction 2; bot tom chromatogram is st imulated and 
was obtained on assay of fraction 4. Note small increase in 
aspartate (Asp),  substantial increase in glutamate (Glu) and 
the appearance of an unidentified substance (arrow) with 
potassium stimulation. 
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Fig. 4. Chromatograms  from one exper iment  depicting effect 
of  50 m M  potassium on release of pr imary amines from 120 
lateral-line stitches perfused with normal  levels of  calcium (1.8 
mM).  Chromatograms  were obtained on assay of unst imulated 
fraction 2 (top) and st imulated fraction 4 (bottom).  Note 
increases in aspartate (Asp),  glutamate (Glu) and unknown 
No. 1 (arrow 1) with 50 m M  potassium. Also,  note the 
appearance of a second unidentif ied substance (arrow 2). 
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TABLE II 

Effect o f  50 m M  K ÷ on the release o f  endogenous amino acids from 120 lateral-line stitches and the influence o f  low Ca +÷, high Mg ÷+ 
medium 

Six experiments were performed for each of the two Ca ÷+ conditions. Values are the mean concentration (+ S.D.) for the indicated 
amino acids and are expressed as pmoles/mg protein/5 min. 

Amino acid Normal Ca ÷+ (1.8 m M  Ca + ÷) Low Ca + +, High Mg + ÷ (0.1 m M  Ca + +, 10 m M  Mg + +) 

2.0 m M  K + 50 m M  K ÷ 2.0 m M  K + 50 m M  K + 
(fraction 2) (fraction 4) (fraction 2) (fraction 4) 

Asp 27.4 + 6.0 43.0 + 22.3 39.7 + 6.1 39.8 + 8.1 
Glu 56.4 + 10.9 178.0 + 80.0* 86.5 + 8.7 68.8 + 5.0 
Ash 47.1 + 16.9 49.2 + 5.2 53.1 + 11.5 51.3 + 9.9 
Ser 103.8 + 7.9 100.0 + 6.4 126.0 + 9.4 110.6 ___ 11.8 
Gin 77.7 + 10.8 78.0 + 3.5 98.9 + 8.2 84.3 + 8.5 
Gly 72.6 + 9.8 68.9 + 6.3 119.4 + 18.9 103.4 + 10.8 
Thr 82.9 + 5.1 79.5 + 6.1 124.5 + 17.0 98.4 + 3.8 
Arg 77.3 + 6.6 79.2 + 6.0 134.8 + 15.9 107.5 + 6.5 
Ala 172.2 + 29.6 174.1 + 21.2 213.8 + 12.4 163.7 + 21.9 
Tyr + GABA 84.9 + 16.1 83.5 + 11.3 113.7 + 10.5 80.8 + 12.2 
Met 50.7 + 4.7 47.3 + 5.4 57.0 + 14.7 49.1 ___ 11.8 
Val 97.6 + 5.8 91.3 + 5.0 151.6 + 25.6 130.0 + 10.5 
Phe 94.5 + 2.7 103.5 + 11.1 159.3 + 18.5 131.7 + 9.4 
ILeu 86.1 + 13.1 75.8 + 3.2 149.5 + 25.5 124.7 + 21.5 
Leu 101.4 + 7.7 93.4 + 7.6 196.6 + 18.1 156.6 + 26.0 

* Values obtained with 50 mM K ÷ (fraction 4) significantly different (P < 0.05) from 2.0 mM K ÷ (fraction 2). 

column between glutamate and asparagine and 

remains as yet unidentified. It was barely, if at all, 

detectable in unstimulated samples, but consistently 

appeared in fraction 4 in the 60-stitch experiments 

with normal  levels of calcium. In the 4 experiments 

with low-calcium medium,  unknown No. 1 was not 

detected in any of the fractions. 

To increase the l ikelihood of  detecting release, 6 

experiments  were performed in which 120 stitches 

were dissected, superfused with standard Ringer  

solution and depolarized with 50 mM potassium for 

10 min. Fig. 4 depicts chromatograms from one of 

these experiments.  The results are comparable  to 

those shown in Fig. 3 and the levels of aspartate and 

glutamate are increased 91 and 150% respectively. 

Fig. 5 and Table II (columns 1 and 2) summarize the 

findings for 15 amino acids identified in fractions 2 

and 4 from these experiments.  Again,  owing to the 

variance associated with the changes in aspartate, 

only the increase in glutamate was statistically 

significant. In 6 experiments  in which 120 stitches 

were superfused with the low calcium medium, 50 

mM potassium again failed to increase the levels of 

glutamate and aspartate (Table II; columns 3 and 4). 

Unknown No. 1 was also released by potassium in 

the presence of  calcium in 5 of the 6 experiments  

with 120 stitches (Fig. 4). The  magnitude of this 

increase was as great as 10-fold in two of the 

experiments.  In addition, inspection of Fig. 4 reveals 

another  unidentified substance (arrow 2) which 

appeared in fraction 4 in 5 of the 6 experiments.  In 
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Fig. 5. Release of endogenous amino acids induced by 50 mM 
potassium from 120 lateral-line stitches perfused with normal 
levels of calcium (1.8 mM). Column heights are the mean 
concentrations in fractions 2 and 4 from 6 experiments for the 
indicated substances. Vertical lines denote standard deviations 
of the means. * Indicates 50 mM potassium significantly 
different (P < 0.05) from 2.0 mM potassium. 
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Fig. 6. Release of endogenous amino acids induced by 50 mM 
potassium from 120 pieces of non-stitch tissue superfused with 
normal levels of calcium (1.8 mM). Column heights are the 
mean concentrations in fractions 2 and 4 from 6 experiments 
for the indicated substances. Vertical lines denote standard 
deviations of the means. 

the 6 experiments with low-calcium medium, both 
unknowns were not detected in any of the fractions. 

To evaluate the dependence of the release on the 

presence of the lateral line, 6 experiments were 
performed in which 120 non-stitch pieces of tissue 

were perfused with standard Ringer solution and 

subjected to potassium stimulation. Fig. 6 graphi- 
cally summarizes the results for 15 amino acids 
identified in fractions 2 and 4. Overall, the levels of 

amino acids in the unstimulated samples (fraction 2) 

appear higher for the non-stitch tissue. Although the 
mean values for aspartate and glutamate are slightly 

elevated by potassium (fraction 4), this apparent 

change is not significant since the levels of aspartate 
and glutamate were increased in half of the experi- 

ments and decreased in the other half. Small 
increases in unknown Nos. 1 and 2 were also 
detected in these experiments and exhibited a 
variability identical to that of aspartate and gluta- 

mate. Thus, non-stitch tissue appears capable of 
producing a pattern of potassium-stimulated release 
that is comparable to stitch tissue but the changes are 
variable and not significant. 

DISCUSSION 

The results demonstrate that the techniques of in 
vitro superfusion and potassium depolarization can 
be successfully used to study the release of endoge- 
nous amino acids and other primary amines from the 

Xenopus lateral line. The method of superfusion has 

been extensively utilized to study neurotransmitter 
release in a number of neural preparations, including 
brain slices and synaptosomes 2°. It offers the advan- 

tages of more precise control of the experimental 

conditions and of minimizing the cellular uptake of 
released substances 4. Although we are the first to 

apply this methodology to a hair-cell system, it is 

akin to cochlear perfusion techniques used to study 

release from the mammalian e a r  TM. It provides, 

however, an added advantage over cochlear perfu- 
sions in that numerous end organs can be pooled in 

a small volume to increase the likelihood of detect- 

ing substances released in minute amounts. The 
technique is relatively simple and may be applicable 

to transmitter release studies on other hair-cell 
preparations such as pooled vestibular organs or 

isolated outer hair cells from the mammalian co- 
chlea 17. 

Potassium depolarization in the presence of cal- 

cium evoked a specific pattern of primary amine 
release. The most reproducible increase occurred for 
glutamate. This is in keeping with our previous 

demonstration that the natural stimulus of water 

motion induced a significant increase in the effiux of 
glutamate when applied to the outer surface of 
isolated skins containing the lateral line 9. The 

present experiments extend these findings by show- 

ing that the release of glutamate induced by potas- 
sium is blocked by a low-calcium, high-magnesium 

medium. This suggests release from synaptic ele- 
ments in a transmitter-like manner and supports the 

view that glutamate serves a transmitter function in 
the Xenopus lateral line. 

The release of aspartate induced by potassium in 

the presence of calcium was smaller than that of 
glutamate and more variable. Aspartate release in 
response to water motion is also less clear-cut 9. 
However, the fact that an increase in aspartate was 
not detected in any of the present experiments with 
low-calcium media indicates that aspartate may also 
play a role in synaptic transmission. Perfusion of 
lateral-line stitches would be expected to minimize 
the masking effects of cellular uptake systems on 
amino acid release. Consequently, the reason for the 
variability in aspartate release with potassium depo- 
larization is unclear. One explanation may be that 
aspartate is present in a small, less accessible pool 



and the flow of perfusate may not have been evenly 

distributed through the tissue. Moreover, the void 
volume of the perfusion system may have diluted the 
bolus of potassium so that it did not provide a 
sufficiently depolarizing stimulus. 

In addition to glutamate and aspartate, the release 
of two unidentified substances was also detected. No 
attempt was made to quantify the changes in these 
unknowns since they were not routinely detected in 
unstimulated samples. Unknown No. 1 appeared in 
potassium-stimulated samples in 9 out of 10 of the 
experiments with normal levels of calcium whereas 
unknown No. 2 was only detected in 5 out of 6 
experiments in which 120 stitches were utilized. The 
fact that neither unknown was released by potassium 
in low-calcium medium suggests they too may be 
released in a transmitter-like manner. Whether 
additional substances might be released by potas- 
sium must await experimentation with a greater 
number of stitches or a perfusion chamber of smaller 
volume. 

Since potassium would be expected to depolarize 
a number of excitable elements, the detection of 
substances other than glutamate and aspartate is not 
unexpected. However, in light of the evidence 
supporting the notion that the hair-cell transmitter in 
Xenopus is an excitatory amino acid 6'1°'12, the 

functional significance, if any, for the release of 
these unknowns is unclear. It is well established in 
the nervous system that a host of neuroactive 
substances termed modulators are released by neu- 
rons and glia to modify the synaptic actions of 
neurotransmitters 41. Although we cannot exclude 
the possibility that one or both of the unknowns of 
the present study serves a more traditional transmit- 
ter role, it is tempting to speculate they may function 
to modulate synaptic processes. In this regard, it is 
of interest that Sewell and Mroz 37 have extracted 
two unidentified substances from inner ears of fishes 
which increase the firing rate of afferent nerve fibers 
in the Xenopus lateral line. Whether the unknowns 
we have detected correspond to those of Sewell and 
M r o z  37 is not known but their identification should 
prove to be an interesting area for future study. This 
may also have relevance for investigators interested 
in establishing whether substances other than gluta- 
mate are endogenous ligands for glutamate receptors 
in the central nervous system 42. 
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High extracellular concentrations of potassium 
have been successfully used to study the release of 

endogenous neurotransmitters in several neural sys- 
tems 38'39'43. However, it is well known that, aside 

from depolarizing membranes,  potassium can have 
complex cellular effects and influence the perme- 
ability of membranes to amino acids. For example, 
high concentrations of potassium promote intracel- 
lular accumulation of sodium 28 and have been shown 

to induce swelling of neurons and glia in the 
brain 25'36 and hair cells in the cochlea ~5. These 

effects can lead to reverse operation of sodium- 
activated amino acid transport systems and tissue 
damage. Along these lines, non-specific release of 
amino acids including those that are not thought to 
be neuroactive (e.g. glutamine) have been report- 
ed 26'32. However, in the present study, potassium 

depolarization evoked the release of glutamate, 
aspartate and two unknowns but did not increase the 
efflux of other primary amines. This suggests that 
potassium did not cause an indiscriminate increase in 
membrane permeability. Moreover, the specificity of 
the release and its ionic requirements indicate that 
the results are not influenced by a generalized 
increase in cell metabolism which can occur in the 
presence of high potassium concentrations 31. The 

possibility that the perfusion induced degenerative 
changes (i.e. release of proteolytic enzymes from 
cells) that contributed to the results also seems 
unlikely. In this regard, we have examined histolog- 
ically the integrity of synaptic structures in lateral- 
line organs perfused for 40 min with standard Ringer 
solution. In transmission electron micrographs the 
tissue, including mitochondria, synaptic bodies, ves- 
icles, and afferent and efferent nerve terminals, 
appears intact and normal (unpublished observa- 
tions). Based on these considerations, we suggest 
that the release of glutamate and other substances 
emanates from synaptic elements by a mechanism 
that does not differ fundamentally from that known 
to exist for neurotransmitters in the central nervous 
system. 

Experiments on non-stitch tissue revealed that 
potassium stimulation released glutamate, aspartate 
and the two unknowns in 3 out of 6 experiments. 
Whether this reflects non-specific actions of potas- 
sium or a generalized activation of synaptic pro- 
cesses in epithelial tissue remains to be determined. 
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In contrast to stitch tissue, the mean increase for 
glutamate from non-stitch tissue was small and 
statistically not significant. However, owing to the 
variance associated with aspartate release, a differ- 
ence in release between stitch and non-stitch tissue 
for aspartate was not readily apparent. This is in 
agreement with our previous report that water 
motion produced a significantly greater release of 
glutamate (but not aspartate) from isolated skins 
containing the lateral line than from skins without 
the lateral line 9. Although the release of the un- 
knowns was not quantified, they too appeared to be 
released more consistently from stitch tissue. This 
was especially evident for unknown No. 1 which 
appeared in stimulated fractions in 9 out of 10 
experiments with normal levels of calcium. The 
validity of making a comparison between stitch and 

non-stitch tissue rests on the essential assumption 
that the presence of the lateral line constitutes the 
major difference between the two types of tissue. If 
this is indeed a valid assumption then it is conceiv- 
able that the greater release of glutamate from stitch 
tissue may reflect release from synaptic elements 
within the lateral line. Whether a similar conclusion 
can be drawn for the unknowns must await further 
experimentation. 

A central question arises as to the cellular origin 
of the potassium-induced release of glutamate. 
There is ample electrophysiological evidence that 
high concentrations of potassium ions depolarize 
hair cells and increase the amount of transmitter 
release 2"1~'27"4°. Numerous electrophysiological stud- 

ies have also shown that transmitter release from 
hair cells conforms to classical concepts of stimulus- 
secretion coupling, requiring extracellular calcium 
and being blocked by magnesium 1"3j3'33. Voltage- 

dependent calcium channels have also been demon- 
strated in the basolateral membranes of hair cells in 
proximity to the release site 23. Thus, one interpre- 
tation of the present results is that glutamate release 
induced by potassium emanates from hair cells. It 
should be emphasized, however, that amphibian 
skin is a heterogenous organ in respect to the types 
of cellular structures present. For example, several 
types of exocrine glands have been described 29. The 
use of lateral-line organs removed from the skin 
represents one way of minimizing the possible 
influence of these glands. Along these lines, the 

large mucous and granular glands normally present 
in the dermis are absent in the dermal layer directly 
beneath each lateral line organ. However, the 
epidermal layer contains other structures such as 
epithelial cells, small glands and tactile organs 3°. 
Moreover, the lateral line neuromasts contain, in 
addition to hair cells, supporting cells as well as 
afferent and efferent terminals and fibers. Thus, it is 
conceivable that glutamate is released from a num- 
ber of sites. In addition, the variable release ob- 
served with non-stitch tissue also suggests that a 
small contribution from structures unrelated to the 
sensory epithelium of the lateral line cannot be fully 
excluded. It is clear that additional experimentation, 
including the use of ototoxic agents (e.g. neomycin) 
to destroy hair cells, is needed to clarify the cellular 
elements involved. 

Several studies have attempted to measure a 
sound-induced release of glutamate into fluids of the 
mammalian cochlea but with conflicting results (see 
Bledsoe et al. 8 for a review). In an attempt to 
overcome some of the methodological difficulties 
inherent in in vivo studies on the mammalian ear, 
Jenison et al. 24 perfused depolarizing concentrations 
of potassium through the perilymphatic space of the 
guinea pig cochlea. In agreement with the present 
study, they reported a potassium-stimulated, cal- 
cium-dependent release of glutamate. However, 
they also observed a calcium-dependent release of 
taurine, suggesting a possible species difference 
between the two hair-cell systems. It should be noted 
that at present results and those of Jenison et al. e4 
are at variance with a recent study by Drescher et 
al. 19. These authors, measuring the release of pri- 

mary amines from the trout saccular macula with an 
in vitro static bath technique, reported that the 
potassium-induced release of glutamate was not 
calcium-dependent. A clear interpretation of this 
result is difficult since they also reported the release 
of aspartate, glycine, GABA,  taurine, lysine, argi- 
nine, phosphoserine, ethanolamine and fl-alanine. 
Although a species difference cannot be discounted, 
the nature of the release profile suggests the condi- 
tion of the preparation may have influenced the 
results. Along these lines, there is increasing evi- 
dence that non-specific and calcium-independent 
release of amino acids results from anoxia-induced 
reversal of amino acid transport systems 16"35. 



In s u m m a r y ,  using an in v i t ro  super fus ion  tech-  

n ique ,  po ta s s ium depo la r i za t ion  induced  a ca lc ium- 

d e p e n d e n t  re lease  o f  g lu t ama te  f rom tissues conta in-  

ing the  Xenopus  la tera l  l ine. A var iab le  re lease  of  

aspar ta te  and two ,  as yet ,  un iden t i f i ed  substances  

were  also de t ec t ed .  A l t h o u g h  o the r  in te rp re ta t ions  

are  poss ib le ,  the resul ts  are  consis tent  wi th  the  

hypothes i s  that  g lu t ama te  is a hair-cel l  t r ansmi t t e r  

and suggest  a po ten t ia l  role  for  o t h e r  subs tances  in 
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