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Neuroactive Substances in Inner Ear Extracts
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To identify the neurotransmitter released by sensory hair
cells, as well as to find other substances that mightinfiuence
neural function of the inner ear, we have prepared extracts
from inner ears of fishes (which have large numbers of hair
cells), fractionated the extracts, and studied the effects of
the fractionated extracts on the discharge rate of afferent
fibers innervating hair cells in the lateral line organ of the
African clawed frog Xenopus laevis. The extracts contain
active substances that do not bind to a cation-exchange
resin at neutral pH. Gel-permeation chromatography sug-
gests that at least 2 unidentified excitatory substances are
presentin the extracts: one of low molecular weight (M, about
200) and one of high molecular weight (M, less than or equal
to 5000). Some extracts also contain a high-molecular-weight
inhibitory substance (M, greater than 5000). The low-molec-
ular-weight active substance is detected in extracts of inner
ear, but not in brain or muscle. The high-molecular-weight
excitatory substance is present both in brain and in inner
ear.

The neurotransmitter released by hair cells, the sensory cells of
the inner ear, has not yet been identified. Over the years, many
neurotransmitter candidates have been suggested as being the
hair-cell neurotransmitter, including acetylcholine (Gisselsson,
1950; Vinnikov and Titova, 1964), GABA (Flock and Lam,
1974), catecholamines (Osborne and Thornhill, 1972), and glu-
tamate or aspartate (Bobbin and Thompson, 1978). None of
these substances has been proven by subsequent work to be the
neurotransmitter (Guth et al., 1981); it is possible that the neu-
rotransmitter is a substance not previously suspected to be a
neurotransmitter.

If the hair-cell neurotransmitter is not one of the known pu-
tative neurotransmitters, trying to identify it through pharma-
cological and neurochemical screening of neurotransmitter can-
didates will not be fruitful. An approach that can succeed in
identifying this neurotransmitter, even if the neurotransmitter
is an unsuspected candidate, is to isolate substances that have
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neurotransmitter-like activity from tissue that contains hair cells.
This approach can potentially lead to the identification not only
of the hair-cell neurotransmitter but also of any other substance
present in the inner ear (such as excitatory or inhibitory neu-
rotransmitters in the efferent nerve endings) that can influence
activity in the afferent nerve fibers. Identification of these sub-
stances would then allow detailed study of their effects on inner
ear function.

In the initial stage of this approach, Sewell et al. (1978) have
demonstrated that some substance capable of activating audi-
tory nerve fibers 1s released in greater quantities during acoustic
stimulation than during silence. This work, however, does not
provide enough neuroactive material to allow characterization
of the active substance.

We have made 2 significant modifications to this initial ap-
proach that greatly increase its utility. First, in order to increase
the amount of neuroactive substances available as starting ma-
terial for study, we have studied extracts of inner ears rather
than the perfusates of perilymphatic space, which were studied
by Sewell et al. (1978). We have used fish inner ears as sources
of tissue for these extracts. In comparison to mammalian ears,
fish inner ears are easily accessible, yet contain large number of
hair cells. Second, to allow routine detection of neuroactive
substances in these extracts, we have developed a bioassay based
on a sensory organ with a hair cell-afferent fiber synapse similar
to that in inner ears, the lateral line organ of Xenopus laevis.
Unlike the earlier bioassay (Sewell et al., 1978), which required
micropipettes to monitor afferent nerve discharge rates, the Xen-
opus bioassay involves use of a wire electrode, so that activity
from the same set of fibers can be recorded for several hours.
Thus, the dozens of samples generated during chemical frac-
tionation studies can be bioassayed conveniently, with all the
samples from a fractionation step often being tested on the same
piece of tissue. We report here that substances extracted from
the inner ears of fish can excite afferent fibers innervating the
hair cells of the lateral line organ of Xenopus laevis, and describe
the results of initial separations and the characterization of these
compounds.

Materials and Methods

Bioassay

Animals. Immediately postmetamorphic Xenopus laevis (African clawed
frogs), approximately 2 cm from nose to vent, were obtained from Nasco
(Fort Atkinson, WI) and housed at room temperature in deionized water
containing 1 mm added calcium chloride.

The lateral line organ of Xenopus laevis consists of a series of ““stitches”
distributed on the head and body of the animal. Each stitch contains
3-10 neuromasts; each neuromast has 10-30 hair cells. Each stitch is
innervated by 2 large myelinated afferent fibers, one myelinated efferent
fiber, and several unmyelinated fibers (Harris and Milne, 1966).

Recording afferent nerve activity. Each frog was anesthetized by chill-
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ing to near 0°C, then decapitated. A piece of skin containing the middle-
lateral row of stitches was removed and placed, inner side up, on a piece
of moistened filter paper. The skin was rinsed with a perfusion solution
containing sodium chloride (120 mm), potassium chloride (3.5 mm),
calcium chloride (1.5 mm), and glucose (5.5 mm), buffered with HEPES
(20 mm), and adjusted to pH 7.5 with sodium hydroxide (total Na+*,
130 mm). Perfusion of the inner surface of the skin allowed rapid dif-
fusion to the basolateral surface of the sensory epithelium.

The nerve branch innervating the middle-lateral row of stitches was
dissected from the inner surface of the skin. Nerve activity was recorded
by pulling the nerve into a polyethylene tube attached to a 1 ml syringe
into which a silversilver chloride wire had been placed, and then lifting
the tube out of the fluid that bathed the skin. The electrical signal was
amplified 1000-fold and monitored on an oscilloscope. Monophasic
action potentials with positive polarity were observed. The signal-to-
noise ratio was optimized by filtering the signal; in general, this ratio
was over 10. In most cases, the activity of 3 or 4 stitches (6-8 fibers)
was monitored. (With more than 3 or 4 stitches, it became difficult to
distinguish individual action potentials in the electrical signal.) Other
stitches with afferents running in the nerve branch were crushed.

A ring, 2 mm i.d. and 0.5 mm high, was cut from Silastic medical
grade tubing (Dow Corning, Midland, MI) and placed over the moni-
tored stitches; the ring was continually perfused with the solution de-
scribed above. In early experiments, the perfusion rate was 2 ul sec—!;
in later experiments, the rate was lowered to 1 ul sec~!, which allowed
application of smaller sample volumes. Excess fluid flowed out of the
ring to a drain via a paper wick. The preparation was kept inside a
Faraday cage.

Applying samples. Samples with volumes of either 300 gl (when the
flow rate was 2 pul sec') or 100 ul (when the flow rate was 1 ul sec~')
were administered by diverting the flow of perfusion fluid through a
loop of tubing that contained the sample. Since the pump and sample
loop were located outside of the Faraday cage, and since turning the
valve to apply the sample interfered little with fluid flow, there was no
change in discharge rate due to gross mechanical disturbance of the
bioassay preparation during application of the sample.

Data analysis. A Schmidt trigger device was used to signal spike
occurrences in the afferent fibers of the monitored stitches. The output
of the Schmidt trigger device entered a PDP 11/34 computer, which
stored the total number of spikes per sec. Firing rates were expressed
as the total discharge rate per sec of all fibers monitored in the prepa-
ration. The effect of a sample was calculated as the percentage change
of the average firing rate from a control period to a period during the
maximum effect of applied samples. The precise choice of the control
and sample periods depended on the fluid flow rate, the volume of the
sample, and the volume of the tubing from the sample loop to the outlet
of the perfusion tubing, which were varied as these methods were de-
veloped. Control and sample periods were thus chosen empirically, on
the basis of the time course of the effects of applied samples (see Results).
Once control and sample periods were chosen for a given combination
of flow rate, sample volume, and tubing volume, however, they were
used for all samples studied under that set of conditions. The periods
chosen were consistent with the time course of the appearance of dyes
at the outlet of the perfusion tubing. In our current preparation, with
which most of the data were obtained (1 ul sec—! perfusion rate and 100
ul samples), we used a period of 70-140 sec after turning the injection
valve as the period of the sample’s maximum effect, and a period from
50 sec before to 50 sec after turning the injection valve as the control.

Bioassay of samples. Samples to be applied to the bioassay were
adjusted so that the pH, calcium, sodium, and potassium concentrations
were those of the perfusion medium. In general, each sample was applied
to the bioassay 3 times on 3 separate preparations. (In some early
experiments with tissue extracts, when sample volumes of 300 ul were
used and the volume of extracts was limited, samples were applied to
the bioassay twice.) The percentage changes in discharge rate due to the
applications of each sample were averaged.

Tissue sources

Goldfish (Carasius auratus, “comet” variety), 5-7 c¢m in length from
the nose to the base of the caudal fin, were obtained from local suppliers.
Brook trout (Salvelinus fontinalis) 25-30 ¢cm long were obtained live
from a local hatchery. Skates (Raja ocelata and Raja clavata), 30-100
cm in length from snout to tip of tail, were obtained from local fish-
ermen.

Goldfish and trout were decapitated, the cranial cavity was exposed

dorsally, and the brain lifted up out of the cavity. The otolithic organs
were removed by grasping the VIIIth nerve and saccular otolith with a
pair of forceps. This procedure removed not only the saccule and its
otolith but also the nerve and macula of the lagena. The utricle was
then removed from the cranial wall, usually along with the ampullas of
the semicircular canals. Visualization through a dissecting microscope
at 16 x was necessary to remove the inner ears from the goldfish.

Skates were pithed, and the portion of cranium containing the inner
ears was removed from the animal. The lateral edges of this piece of
tissue were pared down with a knife until the saccules were visible. The
saccules were then scraped into a tube.

For most experiments the inner ears obtained from these fishes were
subjected to one of 2 general treatments. With one method, the ears
were dropped into boiling water, boiled for at least 20 min, and ho-
mogenized. With the second method, they were dropped into a saline
solution similar to the perfusion medium of the bioassay but containing
30 mm (goldfish and trout) or 150-200 mm (skate) potassium chloride.
The ears were then incubated in the high-potassium solution for 45 min.
The homogenate or high-potassium bath was centrifuged and the su-
pernate saved for study.

In some pilot studies, inner ears were placed instead in 2 M formic
acid or 2 M ammonia, homogenized, centrifuged, and the supernates
saved for study. Since acid dissolved the otoconia, the formic acid
extracts were further passed through a column of Chelex cation-ex-
change resin (Bio-Rad Industries, Richmond, CA) to replace the calcium
in the extracts with sodium,

For control studies, pieces of goldfish muscle, brain, or eye of mass
similar to that of the goldfish inner ears used were dropped into tubes
containing the 30 mm potassium saline solution and incubated for 45
min. The tubes were then centrifuged and the supernates removed for
study. Goldfish brains were also dropped into boiling water, homoge-
nized, and centrifuged. The supernate was then removed for study.

Chromatographic methods

The crude supernates obtained from goldfish (which provided most of
our data) were lyophilized and resuspended in water to yield the equiv-
alent of the ears of 100-200 fish/ml. Supernates from trout were con-
centrated to the equivalent of about 50 fish/ml; supernates from skates
to about 5 fish/ml. When necessary, the concentrated supernates were
clarified by centrifugation.

The concentrated supernates obtained from tissue were passed through
a column of cation-exchange resin (AG5S0W-X12; Bio-Rad) in the so-
dium form to exchange K+, Mg?+, Ca?*, and other cations, which might
affect the bioassay, for Na*, which could be determined in chromatog-
raphy fractions by flame photometry and then adjusted to the concen-
tration in the bioassay perfusion fluid. The volume of resin was chosen
to ensure at least a 5-fold excess of equivalents of exchange sites on the
resin (nominally 2.3 mEq/ml) over the total cation equivalents in the
processed supernate. In most cases, where 1-10 ml of concentrated
supernate was processed, a 1 or 2 ml column of cation-exchange resin
sufficed.

Gel-permeation chromatography was performed with Sephadex G10
and G235 (Pharmacia). The elution buffer contained 20 mm NaCl and
10 mm HEPES, adjusted to pH 7.5 with NaOH (total Na+, 25 mm).
With this buffer, most samples eluting from the columns could be con-
centrated 2-fold for bioassay without raising the concentrations of these
constituents over those of the bioassay perfusion fluid. Column sizes
were chosen on the basis of the amount of tissue being processed, so
that peak fractions after chromatography would readily show activity
in the bioassay. In most cases, the column sizes were 0.9 cm in diam-
eter X 50 cm long, or 2.5 cm in diameter x 50 cm long. Columns were
run at linear flow rates between 2 and 6 cm/hr.

Chemical assays

The following assays were adapted to sample volumes of 5-10 ul and
performed on fractions from chromatography: protein by Coomassie
blue binding (Bradford, 1976); ATP, glucose, glutamate, aspartate, as-
paragine, total carbon dioxide, and GABA by NAD(P)H-coupled assays
performed spectrophotometrically or fluocrometrically (Lowry and Pas-
sonneau, 1972; Bergmeyer, 1974); primary amines by ninhydrin; HEPES
(after separation from protein by gel-permeation chromatography) by
the protein assay of Lowry et al. (1951; cf. Good and Izawa, 1972);
inorganic phosphate by phosphomolybdate (Cooper, 1977); chloride by
titration against mercuric nitrate (Sigma procedure no. $30); ammonium



The Journal of Neuroscience, August 1987, 7(8) 2467

40- § - &E I
20- E L

of applied samples on discharge rates
of the bioassay. The mean change in
discharge rates of the bioassay (+SEM,
4-11 samples/point) is plotted as a
L function of the pH, osmolality, and so-
dium and calcium concentrations of
samples otherwise identical with the
L. standard perfusion fluid. Osmolality was
increased by adding sucrose. Increases
in sodium (over 130 mm) produced an
increased osmolality that was not com-
pensated for. Decreases in sodium con-
centration were either compensated for

01 - -204 E
A
—204 }- -3
—40-‘I T T T l_ _4
0.5 1.0 1.5 2.0 2.5 100 1lo

Calcium (mM)

with o-phthalaldehyde and thioglycolic acid (Mroz et al., 1982); urea
and glutamine by that ammonium assay after enzymic treatment to
release ammonium (cf. Bergmeyer, 1974); sodium, potassium, and
total calcium by flame photometry. Protein, glutamate, glucose, and
sodium were monitored routinely to characterize the separations ef-
fected by each chromatography column and to allow comparisons among
columns. The other substances were measured as required to ensure
proper adjustment of samples for bioassay and to determine whether
known substances might be present at high enough concentrations to
account for the bioactivity we found. The pH of samples to be bioassayed
was determined with a micro-combination pH probe (model MI-410,
Microelectrodes, Londonderry, NH). In some samples prepared for
bioassay, calcium activity was measured with a calcium-selective elec-
trode (CAL-1; World Precision Instruments, New Haven, CT).

Chemicals used in these studies were of reagent grade and were ob-
tained from commercial suppliers.

Results

Spontaneous discharge rates in the lateral line organ changed
with pH, osmolality, and ionic composition of the perfusion
medium

As reported by others (Harris and Milne, 1966; Zimmerman,
1979), afferent fibers innervating hair cells in the Xenopus lateral
line organ produced action potentials in the absence of applied
mechanical or chemical stimuli. The overall control discharge
rate of the 6-8 fibers monitored in a preparation was generally
between 20 and 120 sec~!. Since the preparation we used was
not completely isolated from environmental vibrations and was
continually perfused with fluid, we could not determine whether
the activity we recorded was true “spontaneous” activity or the
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response of these fibers to environmental stimuli.

Since initial studies indicated that the effects of active samples
were likely to be best expressed as percentage changes in the
discharge rate, we chose experimental conditions that led to low
spontaneous percentage changes in this rate. We found that the
coefficient of variation of the discharge rate was consistently
lower when afferents from more than one stitch were monitored.
This was expected from the results of previous studies (Harris
and Milne, 1966), which showed a predominantly Poisson-like
distribution of single fiber discharge rates. For example, in one
preparation in which we systematically lowered the number of
stitches kept intact, the overall discharge rate per second from
3 stitches showed a 20% coefficient of variation (over 1000 sec:
mean, 19.4 sec~!, SD = 4.1), while the same preparation with
one stitch intact showed a 40% coeflicient of variation (over
1000 sec: mean, 7.7 sec~', SD = 3.1). Thus we chose to record
from 3 or 4 stitches in most cases.

The spontaneous discharge rate of these fibers varied with the
pH and ionic content of the perfusion medium. In our early
preparations, we used a perfusion fluid with a higher calcium
concentration (3 versus 1.5 mm) and lower sodium concentra-
tion (120 versus 130 mm) than in the perfusion fluid described
in Materials and Methods. With this earlier perfusion fluid, we
found that the discharge rate of the bioassay was low and de-
clined to near zero over a few hours. With immediately post-
metamorphic frogs and the perfusion fluid described in Mate-
rials and Methods, changes in the control discharge rate were
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slow in comparison with the effects of applied samples, and
samples could generally be tested for 4-5 hr.

Because our method of sample application required complete
replacement of the perfusion medium with sample, it was im-
portant to quantify the effects of alteration in the osmolality,
pH, and ionic content of the sample on the discharge rate of the
bioassay. As shown in Figure 1, increases in osmolality (with
added sucrose) and changes in pH and calcium in samples could
affect the bioassay. Lowering the NaCl while maintaining os-
molality with sucrose led to decreases in discharge rate. If os-
molality was not maintained when NaCl was lowered, there was
little effect on the bioassay; presumably, the inhibition due to
lowered NaCl was offset by an excitation due to the lowered
osmolality. In addition, elevations in magnesium concentration
depressed the discharge rate of the bioassay, and elevations in
potassium produced a mixed excitation-inhibition (data not
shown).

The pH of the extracts could be controlled by buffering with
HEPES and titrating; the osmolality could be controlled by di-
luting the extracts until they were isosmotic with the perfusion
medium. Tissue extracts, however, also contained potassium,
calcium, and magnesium, all of which affected the bioassay.
Thus, to control the content of these ions in the bioassay, we
treated the extracts with a cation-exchange resin. Since the
bioassay was least sensitive to changes in sodium, we used the
AGS0W-X12 cation-exchange resin column in the sodium form.
We found that more than 99% of the potassium and calcium
was removed from tissue extracts by passing them through this
resin. Potassium chloride and calcium chloride could then be
added back in known amounts, so that their concentrations were
the same as those of the bioassay perfusion fluid. This treatment
with ion-exchange resin also made it feasible to try to obtain
active substances by exposing the hair-cell tissue to depolarizing
concentrations of K+ and then removing the K+ with the cation-
exchange resin.

Application of cobaltous chloride rapidly and reversibly
reduced spontaneous discharge rate

We performed control experiments to determine whether sub-
stances applied to the inner surface of the skin reached the hair-
cell-afferent nerve synapse. In these experiments, we replaced
calcium in the sample with varying amounts of CoCl,, which
competitively blocks calcium-dependent neurotransmitter re-
lease (Weakly, 1973). Since activity in lateral line afferents is
thought to require transmitter release from the hair cells (Harris
and Flock, 1967; Flock and Russell, 1976), application of CoCl,
should decrease the discharge rate of nerve fibers over a time
course consistent with its arrival at the synapse. Cobalt chloride,
in concentrations similar to those used by Weakly (1973) at the
neuromuscular junction, did reversibly reduce the discharge rate
of the lateral line afferent fibers within a few seconds of its
appearance at the outlet of the perfusion tubing over the inner
surface of the skin (Fig. 2). This result suggested that applied
samples reached the synaptic area rapidly. The effect of cobalt
on discharge rate is unlikely to be due to an effect on transduc-
tion, since cobalt has been shown to have negligible effects on
transduction in the lateral line organ at the concentration of
calcium used in this study (Sand, 1975). Responses to CoCl,
were much more delayed (up to 45 sec) when larger frogs (4-5
cm from tip of nose to vent) with thicker skin (300 um versus
less than 100 gm) were used. Thus we used immediately post-
metamorphic frogs for the bioassay.

L 0.15 mM |
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Figure 2. Effects of cobalt on the discharge rate of the bioassay. The
discharge rates of fibers innervating hair cells of the lateral line organ
in Xenopus laevis are plotted as a function of time. Samples in which
CoCl, at the indicated concentrations was substituted for calcium were
applied to the bioassay. Open boxes indicate the time of delivery to the
preparation of the samples, as determined colorimetrically with dyes
injected with this delivery system. The same bioassay preparation was
used for all 3 applications.

Inner ear extracts excited the bioassay

Extracts obtained by treating inner ears with depolarizing con-
centrations of potassium, followed by cation-exchange treat-
ment and adjustment of the ionic composition to that of the
bioassay perfusion fluid, activated the bioassay (Fig. 3 and left
panel of Fig. 4). Passing the high-potassium salt solution alone
through the cation-exchange resin and adjusting the effluent
from the resin for bioassay did not produce active samples,
which ruled out a nonspecific effect of the ion-exchange treat-
ment step. Furthermore, extracts obtained by treating similar
amounts of brain, muscle, and whole eye in this way did not
activate the bioassay. These results suggested that inner ears do
contain substances active on afferent fibers innervating hair cells,
and that the concentrations of these substances in the inner ear
may be higher than the concentrations in the other tissues we
examined.

Treatment with cation-exchange resin served as a preliminary
separation step in isolating active substances, since any small
substance that is a cation at neutral pH should have bound to
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Figure 3. Effects of goldfish inner ear extracts on the bioassay. The
discharge rates of fibers innervating hair cells of the lateral line organ
in Xenopus laevis are plotted as a function of time. Open boxes indicate
the time of delivery to the preparation of the extracts, as determined
colorimetrically with dyes injected with this delivery system. 4, B, The
response of two different bioassays to the same inner ear extract obtained
by treatment with depolarizing concentrations (30 mm) of potassium
followed by treatment with a cation-exchange resin and adjustment of
ionic composition and pH to that of the perfusion medium. C, The
effect of a control solution (30 mm KCl, 120 mMm NaCl, 1.5 mm CaCl,,
20 mm HEPES, 10 mm NaOH, 5.5 mm glucose) subjected to cation-
exchange resin, adjusted for ionic composition and pH and applied to
the bioassay.

the column and not have appeared in the eluate, as we verified
for potassium and calcium.

Gel-permeation chromatography of inner ear extracts
separated at least 2 excitatory substances

The extracts described to this point contained many substances,
so it is possible that the activity of inner ear extracts was due
to more than one substance, or that the lack of activity of extracts
of other tissues reflected a combination of excitatory and in-
hibitory effects. To begin isolating the active substances in the
extracts, and to determine whether multiple active substances
were present in them, we next fractionated these extracts by gel-
permeation chromatography on Sephadex G10, a gel-perme-
ation medium with a nominal high-molecular-weight cutoff of
700 for globular substances. We expected that the presence of
an excitatory substance in the extract would result in a peak in
a plot of biological activity versus elution volume in the effluent,
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and that the width of the peak of biological activity in such a
plot would be similar to the width of chemically determined
peaks for known substances eluting from the column.

Chromatography of inner ear extracts on Sephadex G10. Fig-
ure 4 (right panel) is an averaged profile of the changes in firing
rate of the bioassay due to application of fractions obtained
from G10 chromatography of extracts of goldfish and trout inner
ears. Two peaks of excitatory activity were seen, one eluting
with the protein and one eluting approximately with glucose.
As expected, the widths of these peaks of excitatory activity
were similar to the widths of peaks of chemically determined
substances (protein and glucose) eluting from these columns.

The chromatogram presented in Figure 4 shows an averaged
profile from 5 columns. We have performed additional sepa-
rations of 11 more concentrated inner ear extracts with Seph-
adex G 10 chromatography. Five extracts (3 goldfish and 2 trout)
were obtained by high-potassium treatment. Six extracts (all
goldfish) were obtained with boiling water. A low-molecular-
weight peak of activity was seen in chromatograms of all 11
extracts. A high-molecular-weight peak was seen in chromato-
grams of all of the extracts obtained by treatment with high
potassium, but in only 2 of those obtained with boiling water.
A low-molecular-weight peak was also seen in both chromato-
grams of skate extracts (high-potassium treatment), in which
the equivalent of the inner ears of more than 3 skates/ml was
applied to the bioassay.

If these peaks of biological activity were due to substances
eluting according to molecular size (the primary determinant of
behavior of substances in gel-permeation chromatography), the
first would be due to a substance or substances with M, greater
than 700 and the second to a substance or substances with M,
approximately 200. For simplicity, we refer below to these peaks
of excitatory activity as the ““high-molecular-weight excitatory
peak” and the “low-molecular-weight excitatory peak,” al-
though factors other than molecular weight (e.g., molecular shape,
aromaticity, and charge) can determine the elution of substances
from Sephadex G10 columns.

This chromatographic step separated both these peaks of ac-
tivity from aspartate and glutamate (Fig. 4), 2 amino acids known
to affect the firing rates of Xenopus lateral line afferent fibers
when applied in millimolar concentrations (Bobbin et al., 1981).
In the fractionations summarized in Figure 4, the concentrations
of these amino acids were too low to substantially affect the
firing rates of the bioassays.

Chromatography of extracts from other tissues. Extracts from
goldfish brain (boiling water treatment) and goldfish muscle
(potassium treatment) were applied to Sephadex G10, and the
fractions adjusted and bioassayed in the same manner as were
inner ear extracts. The low-molecular-weight peak of activity
was not detected either in brain or muscle extracts. A high-
molecular-weight excitatory peak was detected only in highly
concentrated extracts of brain tissue, when more than 0.5 gm
of starting tissue/ml of sample was applied to the column. Both
brain and muscle contained glutamate and aspartate; in the
fractions containing peak concentrations of glutamate and as-
partate, these amino acids were in a concentration sufficient to
affect the bioassay.

The low-molecular-weight excitatory peak was related to the
number of hair cells processed and applied to the bioassay

We examined whether the amount of excitation of the bioassay
caused by these low-molecular-weight fractions was related to
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Figure 4. Effects of fractionated extracts of goldfish inner ears on the bioassay. In both panels, vertical bars represent the mean (+SEM) changes
in firing rate of the bioassay during application of extracts or fractionated extracts, adjusted to the ionic composition and pH of the bioassay
perfusion solution. Lefi, Inner ear is the response of the bioassay to 5 extracts, each tested in duplicate after they were passed through a cation-
exchange resin, as with the records shown in Figure 3. Blank is the response to salt solutions subjected to the same treatment (see legend, Fig. 3).
Right, The response of the bioassay to fractions obtained from gel-permeation chromatography of 5 preparations of hair-cell tissue, each chro-
matographed separately on Sephadex G10 after cation-exchange treatment. The bars represent the averaged effects of fractions eluting at the indicated
volumes from the G10 columns. Given the size of the column (0.9 cm diameter x 50 cm long), the sizes of the samples applied (1-1.5 ml), and
the size of the fractions taken (0.75 ml), any given substance should have appeared in 2 or 3 successive fractions. The elution volumes of protein
(not retained by this column), glutamate, glucose, and sodium are indicated by the arrows. The 2 peaks of excitatory activity that elute near the
protein and near glucose correspond, respectively, to what we have termed the high- and low-molecular-weight excitatory peaks.

We could not obtain sufficient quantitative data for the number
of hair cells in skate saccules to allow us to examine whether
the low-molecular-weight peak from skates also fell within this
range.

Characteristics of the low-molecular-weight peak

Extracts of goldfish ears were prepared both with high-potas-
sium treatment and with boiling water; there was no systematic
difference in the biological activity of the low-molecular-weight
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Figure 5. Relation of low-molecular-weight activity to estimated con-
centration of extracted hair cells and the relative tissue concentration
applied to the bioassay. The mean percentage change in discharge rate
of the low-molecular-weight peak was determined for each of 11 col-
umns. Data obtained by treatment with depolarizing concentrations of
potassium are represented as filled symbols; those obtained by boiling
are represented as open symbols. Circles and triangles indicate data
obtained from trout and goldfish inner ears, respectively. The number
of extracted hair cells applied to the bioassay in each instance was
estimated as follows: The number of hair cells in the otolithic organs
of the goldfish was based upon published values (62,000 hair cells/S cm
goldfish; Platt, 1977). For trout, the number of hair cells in the otolithic
organs was taken to be 5 times the value for the goldfish, on the basis
of the data available for the saccule [35,000/trout saccule (A. Popper,
personal communication) versus 7100/goldfish saccule (Platt, 1977)].
The estimated concentration of hair cells in the crude extracts was
corrected for changes in sample volume in processing, dilution of the
sample due to the chromatography step (based on measured dilution of
sodium and glucose), and subsequent concentration of the chromato-
graphic fractions before bioassay. Tissue concentrations were estimated
from the mass of soft tissue of inner ears per fish, determined in pilot
studies (4.9 mg for 7 cm goldfish, 10 mg for trout), multiplied by the
number of fish processed. This value was then corrected for losses in
processing, dilution during chromatography, and subsequent concen-
tration before bioassay, as above. Separate scales of tissue concentration
are used for trout and goldfish. The 2 filled triangles with the highest
values represent dilutions of the peak fraction from one column; al/
other points represent bioassay values from different columns.

peaks of extracts prepared in these 2 ways (Fig. 5). In one in-
stance where we obtained ears (for potassium treatment) from
trout 1-3 hr after death, instead of a few minutes after death as
in the rest of our studies, the apparent biological activity in the
low-molecular-weight peak per hair-cell equivalent applied to
the bioassay was lower by a factor of 3.

The sensitivity of the bioassay to changes in calcium (Fig. 1),
and the ability of many substances to bind calcium and thus
lower the free calcium concentration, prompted us to determine
whether the biological activity of this low-molecular-weight peak
was due to a reduction in free calcium in the fractionated extracts
applied to the bioassay. In one column, fractionated extracts
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were adjusted for bioassay, tested for free calcium with a calcium
electrode, and then bioassayed. The fractions in the low-mo-
lecular-weight peak of this column led to a 32% increase in the
firing rate of the bioassay. A lowering of calcium to 1.0 mm was
required to produce this activity (Fig. 1). Yet the free calcium
of the bioassayed fractions in this low-molecular-weight peak
was within 0.05 mm of the free calcium in artificial perilymph.
Thus it is unlikely that the effect of the low-molecular-weight
peak of activity from inner ear extracts is due to binding of
calcium.

This peak of activity was not seen in tissue extracted with
formic acid or ammonia, although this may have been due to
technical problems associated with the use of these 2 extraction
media. Acid treatment led to the dissolution of otoconia, with
large amounts of salts that interfered with low-molecular-weight
fractions. Ammonium as low as 200 um inhibited the bioassay.
Since boiling water did not introduce exogenous salts, it has
been used in most of our recent studies of the substance(s)
responsible for the low-molecular-weight peak of biological ac-
tivity.

The success of several of the steps involved in processing
extracts suggested further characteristics of the active sub-
stance(s) in the low-molecular-weight peak. For example, many
of the procedures required concentrating the extracts by lyoph-
ilization, Since we detected activity after repeated lyophiliza-
tion, the substance appeared to be nonvolatile. Activity was not
apparently lost with repeated freeze-thaw cycles. Boiling the
tissue served as an effective means of extracting activity, so this
substance was not markedly heat-labile at neutral pH.

Characteristics of the high-molecular-weight excitatory peak

The biological activity of the high-molecular-weight excitatory
peak of extracts obtained with high-potassium treatment also
increased with the estimated number of extracted hair cells ap-
plied to the bioassay (correlation coefhicient, 0.96; 5 samples).
The activity of this peak from extracts obtained with boiling
water, however, was not seen consistently.

The activity of this peak did not appear to be a nonspecific
effect of the protein in these fractions. High-molecular-weight
excitatory activity (21% increase in firing rate) was seen in the
one extract we obtained from goldfish tissue with formic acid;
the high-molecular-weight peak from this extract had a protein
concentration below 0.1 mg/ml, the limit of detection of our
routine protein assay. Activity of the high-molecular-weight peak
was not significantly correlated with the amount of protein in
the bioassayed fractions (20 samples: correlation coefficient, 0.38;
p > 0.05).

This high-molecular-weight peak was further chromato-
graphed with Sephadex G235, a gel that separates substances with
M s between 1000 and 5000. This activity was slightly retained
by Sephadex G25, suggesting a M, of approximately 4000.

High-molecular-weight inhibitory activity was present in some
fractions

In some extracts obtained with depolarizing concentrations of
potassium from trout and skate, Sephadex chromatography
showed, in addition to the 2 excitatory activities described above,
an inhibitory activity eluting with the protein. This activity
reached its maximum several hundred seconds after the excit-
atory effects of high-molecular-weight fractions. The delayed
suppression of firing rate was gradually reversed, with a half-
time of recovery of about 45 min. This activity was not retained
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on Sephadex G235, suggesting that it may have been due to a
substance with A, greater than 5000.

Several known substances did not account for these biological
activities

We have examined whether several known substances are re-
sponsible for the biological activities we found in extracts from
inner ear tissue.

Glutamate and aspartate. Glutamate and aspartate are present
in millimolar concentrations in all tissue, including the inner
ear (Godfrey et al., 1976). They are known to affect activity in
fibers innervating hair cells (Bobbin et al., 1981; Annoni et al.,
1984), and have been suggested by some to be the transmitters
at the synapse from the hair cell to the afferent neuron (Bobbin
and Thompson, 1978). The biological activities described above,
however, were not due to these amino acids. First, the effects
of glutamate and aspartate on this bioassay were qualitatively
different from those we saw in the 2 excitatory peaks. Unlike
the essentially monophasic excitatory response seen in the bioas-
say in response to fractions from inner ear extracts, an inhibition
of firing rate was always elicited by application of these 2 amino
acids, sometimes preceded by a brief excitation (Fig. 6). With
our protocol for data analysis the net effects of glutamate or
aspartate were thus inhibitory when these amino acids were at
high enough concentrations to affect firing rates. Furthermore,
under the conditions we used for Sephadex G10 chromatogra-
phy, glutamate and aspartate ran between, and were well sep-
arated from, the 2 excitatory peaks of biological activity, as has
already been shown in Figure 4.

Glutamine and asparagine. These amino acids ran close to
the low-molecular-weight excitatory peak obtained from Seph-
adex G10 chromatography and were excitatory at millimolar
concentrations. The measured concentrations of glutamine and
asparagine in these fractionated extracts, however, were more
than an order of magnitude lower than the concentrations of
these amino acids required to account for the excitatory activity
of the low-molecular-weight peak. For example, a low-molec-
ular-weight peak fraction in one column produced a 22% in-
crease in the bioassay firing rate. Glutamine or asparagine con-
centrations of over 10 mm would be required to produce so large
an effect. Yet the measured concentrations of glutamine and
asparagine in this fraction were 30 and 120 um, respectively.

GABA. The activity detected in these extracts is unlikely to
have been due to GABA, a neurotransmitter that has been shown
to excite nerve VIII fibers in the cat (Felix and Ehrenberger,
1977, 1982). The effect of GABA on our bioassay was similar
to that described by Bobbin et al. (1985); it was a combination
of slight excitation and inhibition, which was more prominent
at low than at high doses. When the effects of GABA were
analyzed with the standard analysis protocol, we found a modest
depression of rate at low doses (10% at 50-300 um) and no effect
at 1-10 mm. Upon Sephadex G10 chromatography of brain
extracts, GABA eluted between glutamate and glucose, before
the low-molecular-weight excitatory peak.

Other known substances. To determine whether other sub-
stances possibly present in tissue extracts might account for the
low-molecular-weight excitatory peak, we screened several with
M.s of less than a few hundred for their effects on the bioassay.
Among the substances that were 70t excitatory at concentrations
up to 5 mmM were glycine, phenylalanine, alanine, tryptophan,
leucine, isoleucine, histidine, methionine, arginine, cysteine, ly-
sine, L-DOPA, met-enkephalin, N-acetyl aspartate, y-glutamyl
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Figure 6. Effects of L-glutamate on the discharge rate of the biocassay.
The discharge rate of fibers innervating hair cells of the lateral line organ
in Xenopus laevis is plotted as a function of time for 3 different bioassay
preparations. Solutions of L-glutamate were prepared in the perfusion
solution and applied to the bioassay at the indicated concentrations
during the time represented by the open boxes. These results are typical
of those seen, although the relative proportions of excitation and in-
hibition varied among bioassays.

glutamate, ~-glutamyl glutamine, ~-glutamyl tyrosine, and
y-glutamyl phenylalanine. Thus these substances were unlikely
to be responsible for either peak of excitatory activity upon
Sephadex G10 chromatography.

Discussion

In these studies we have looked in inner ear extracts for sub-
stances that affect the firing rates of afferent fibers innervating
hair cells. This is a general approach to identifying substances
that may have roles in neural function in the inner ear; it should
be successful even if these substances are presently unknown or
are not suspected to be neurotransmitters.

This type of approach should also be fruitful in studies of
other neural systems where a source of starting tissue and a
reliable bioassay can be found. For example, it is being applied
by Obara and colleagues (Umekita et al., 1980) to studies of the
neurotransmitter released by electroreceptor sensory cells. Al-
though glutamate had been suggested as the afferent neurotrans-
mitter at the electroreceptor afferent synapse (Steinbach and
Bennett, 1971), Umekita et al. (1980) demonstrated the release
of a neuroactive substance other than glutamate from electro-



receptor organs. Since it is thought that electroreceptors and
hair cells might be related structures, it is possible that the
substance detected by these investigators is similar to one of
the excitatory substances we have detected in inner ear extracts.

Tissue sources

Fish inner ears provide a readily accessible source of large num-
bers of hair cells. The high proportion of hair cells in the tissue
and the ease of dissection make this tissue a useful starting
material for isolation studies. From the perspective of identi-
fying neuroactive substances, the use of fish inner ears as starting
material is a substantial advance over the starting material ob-
tained in earlier experiments (Sewell et al., 1978) in which active
substances were obtained in perfusates of guinea pig perilymph
with volumes less than 60 ul. Although that earlier approach
had the advantage that substance(s) released into the perfusates
had a direct relation to acoustic function, the quantities of fluid
collected were so small, the collection procedures so laborious,
and the activity of the collected substance so low that purifying
the active substances would not have been practical. By starting
with fish inner ear tissue, we obtain enough starting material to
make eventual identification of the active substances possible.

We tried treating tissue with depolarizing concentrations of
potassium for 2 reasons. First, the relatively small number of
presynaptic vesicles in hair cells (Liberman, 1980) suggests that
the hair-cell neurotransmitter might be synthesized on demand,
rather than stored in large quantities. Thus, depolarizing the
tissue might generate larger quantities of active substances than
would simple extraction. Second, only substances released into
the bath would be collected with potassium treatment, reducing
the amount of potentially interfering substances in the extract.
We do not know if this potassium treatment succeeded in stim-
ulating neurotransmitter release. The amount of low-molecular-
weight excitatory activity in potassium-treated extracts and boil-
ing water extracts was similar. It is possible that treatment with
high potassium (which included centrifugation to separate fluid
from tissue) merely served as a simple, room-temperature ex-
traction step. The high-molecular-weight excitatory and inhib-
itory activities, however, were both greater in the potassium-
treated extracts than in boiling water extracts. Some instability
of these activities upon heating is a likely explanation of this
latter finding.

It is possible that our initial tissue-processing steps led to the
loss of active substances that were present in the tissue. Initial
pilot studies did suggest that our cation-exchange treatment of
crude tissue extracts did not greatly alter their activity in the
bioassay. Quantitative comparison of crude versus treated ex-
tracts was difficult, however, because of the sensitivity of the
bioassay to the cations present in the crude extracts. Further
investigation of this tissue may best be done when the substances
responsible for the activities in our treated extracts are identi-
fied.

Although we have extracted active substances from goldfish,
skate, and trout, we have settled on goldfish for continuing work
because they are routinely available from commercial suppliers
in large numbers, can be delivered directly to the laboratory,
and are easy to keep and store in the laboratory. The inner ears
of trout were easily accessible, but trout are difficult to obtain
and transport in large numbers. Skate extracts were very viscous
and difficult to work with in the gel-permeation chromatography
step.
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Characteristics of the lateral line bioassay

Although fish ears provide a useful source of starting material,
we have not found a bioassay based on fish acousticolateralis
tissue that would be suitable for screening the multiple fractions
generated during an isolation scheme. We thus turned to the
Xenopus lateral line for a bioassay preparation. With this prep-
aration it is possible to test 20 or more samples on the same
afferent nerve fibers.

We have made 2 important adaptations to the Xenopus lateral
line preparation reported by others (Bobbin et al., 1981) so that
the preparation is more suited to the present investigations.
First, the continuous perfusion of the inner surface of the skin
minimizes mechanical artifacts in applying samples. Second,
using immediately postmetamorphic frogs with thin skin allows
rapid delivery of samples to the synaptic region of the neuro-
masts, as shown in the control experiments with cobalt.

Using the Xenopus preparation for a bioassay for samples
derived from fish ears raises a possible problem in the species-
specificity of the activities we have seen. We are working on the
assumption that neurotransmitters active in the frog lateral line
organ will be the same as or biologically similar to those in fish
inner ears. Given the general conservation among vertebrates
of the neurotransmitters identified thus far, this seems to be a
reasonable working hypothesis. Once the active substances have
been identified and purified, it will be possible to test this hy-
pothesis directly.

High-molecular-weight active substances

Activity attributable to a high-molecular-weight excitatory sub-
stance was detected both in the inner ear and in the brain. This
distribution is consistent with substances in efferent nerve fibers,
with cell bodies in the brain and terminals in the inner ear.
However, it 1s possible that the presence of the activity in the
brain is unrelated to its presence in the inner ear. The variable
activity seen in the high-molecular-weight peak from boiling
water extracts may be due to an instability of the active sub-
stance upon heating or to adsorption of the excitatory substance
onto denatured proteins.

In another study, we found that calcitonin-gene-related pep-
tide (CGRP), a 37 amino acid peptide, can activate this Xenopus
bioassay in nanomolar to micromolar concentrations (J. Adams,
E. A. Mroz, and W. F. Sewell, unpublished observations). CGRP
has been localized immunocytochemically in mammalian brain
(Rosenfeld et al., 1983), in efferent fibers of the mammalian
cochlea (Kitajiri et al., 1985; Schweitzer et al., 1985; Adams,
1986; Vetter et al., 1986), and in fibers innervating the lateral
line of Xenopus (J. Adams, E. A. Mroz, and W. F. Sewell, un-
published observations). Preliminary studies indicate that
CGRP-like immunoreactivity is present in goldfish inner ears
(J. Adams, personal communication). The molecular weight of
CGRP (approximately 4000, depending on the species) is sim-
ilar to our estimate for the substance responsible for the high-
molecular-weight excitatory peak. Thus CGRP or a CGRP-like
peptide might account for the high-molecular-weight excitatory
activity we have seen in extracts of fish ears and brain. Com-
bined chemical and bioassay studies will be required to deter-
mine whether that is the case.

The high-molecular-weight inhibitory substance was detected
only in extracts from trout and skate inner ears that had been
treated with depolarizing concentrations of potassium. Its bi-
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ological activity is striking, although the long duration of its
effects would make it difficult to purify and identify.

Low-molecular-weight excitatory substance

The low-molecular-weight excitatory substance is a candidate
as the hair-cell transmitter. We have extracted it from the inner
ear; its effects on the bioassay are related to the number of hair
cells extracted. We have not detected the low-molecular-weight
excitatory substance in extracts of brain or muscle. This does
not mean that the substance is not present in these tissues, but
it does suggest that it is not as concentrated in these tissues as
in hair cells. These experiments also indicate that the activity
is not due to some substance that is a widely distributed me-
tabolite.

This low-molecular-weight substance is stable upon boiling
for at least 20 min, and to repeated freeze—thaw cycles and
lyophilization. It is probably not a cation at neutral pH, since
it is detected after treatment with cation-exchange resin. The
activity in this peak cannot be accounted for by most common
amino acids, including glutamate and aspartate, and it is not
due to some substance interacting with calcium to lower the
free calcium concentration in the applied sample. It is unlikely
to be an artifact of the procedures used in extraction and sep-
aration, since it is not detected in brain and muscle extracts or
in control procedures in which a salt solution was subjected to
these procedures.

Implications for the neurochemistry of the inner ear

Glutamate and aspartate have been suggested as candidates for
the afferent neurotransmitter, on the basis of their effects on
discharge rate in afferent fibers (Bobbin and Thompson, 1978).
The precise role of these amino acids in inner ear function is
still unclear (Guth et al., 1981). Glutamate and aspartate are
fundamental metabolic constituents of cells, and we found them
in all tissues we examined, often in concentrations high enough
to affect the bioassay. Our results do not rule out the possibility
that glutamate or aspartate are hair-cell neurotransmitters. Our
results do indicate, however, that inner ear tissue contains neu-
roactive substances other than those 2 amino acids.

The as-yet-unidentified auditory nerve-activating substance
detected by Sewell et al. (1978) is another candidate for the hair-
cell afferent transmitter; it also could not be accounted for by
glutamate or aspartate. We do not know whether there is any
relation between the auditory nerve-activating substance and
the active substances we have described here. Our use of fish
inner ears as starting material should eventually provide enough
material to allow the determination of the chemical structures
of the neuroactive substances. It should then be possible to
determine whether these active substances are similar to the
auditory nerve-activating substance collected by Sewell et al.
(1978) or to any known neuroactive substances.

The active substances we have found in inner ear extracts are
concentrated in hair-cell tissue and affect the firing rates of nerve
fibers innervating hair cells. These substances thus meet 2 of
the criteria for consideration as neurotransmitters. We cannot
yet determine whether any of these activities are in fact due to
neurotransmitters; if so, we cannot yet determine whether they
are afferent or efferent neurotransmitters. Rather than speculate
further on these issues, we believe it would be best to identify
these substances, obtain them in pure form, and then determine
the precise roles they play in inner ear function. Even if these

active substances turn out not to be neurotransmitters, their
presence in hair-cell tissue and their effects on afferent fibers
suggest that they may be important in inner ear function.
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