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Abstract In vivo investigations of catfish olfactory recep-
tor neurons (ORNs) were previously limited to studying
responses of spontaneously active cells. The olfactory
organ, however, also contains ORNs that lack spontaneous
activity and respond to amino acids. To record electrical
activity of ORNs that were inactive prior to stimulation, we
bathed the olfactory organ with low conductive, highly
purified water that reduces shunting and enables detection
of action potentials from ORNs distant to the electrode.
After stimulation with amino acids, these ORNs elicited
either phasic–tonic or tonic only activities. The spike
frequency of the phasic activity consisted of transient
frequencies up to 108 Hz that lasted <450 ms. All tonic
activities saturated at action potential frequencies of 17–
21 Hz. Their durations were dose dependent over several
log units of concentration as they closely followed that of
the suprathreshold amino acid stimulation. Specificities of
44 ORNs were investigated with ten different amino acids
tested at 10−4M. Thirteen ORNs were excited by only one
amino acid, L-norvaline, and 22 additional ORNs were
excited by L-norvaline and L-methionine. Nine ORNs were
excited by >2 amino acids that included L-norvaline. In 29
of 31 neurons responding to >1 amino acid, the duration of
the responses to the most stimulatory amino acid was at
least double compared to that to the other amino acids. The

amplitude of electro-olfactogram (EOG) correlated signifi-
cantly with the number of ORNs activated by the same
amino acids confirming that the EOG represents the sum of
ORN receptor potentials.
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Introduction

Teleost fishes that do not hunt primarily by vision use
olfaction in food search and social interactions [62]. Amino
acids are detected with high acuity by the sense of smell as
olfactory thresholds for the more stimulatory amino acids
are in the nano- to micromolar range [7, 28]. Previous
electrophysiological investigations of single catfish olfac-
tory receptor neurons (ORNs) to amino acids studied only
spontaneously active neurons [34, 35, 47, 63]. In these
studies, the spontaneous activity of ORNs served as a
beacon for the proper placement of the extracellular
recording electrode. ORN responses to amino acids
consisted of either an increase (excitation) or decrease
(suppression) in the number of action potentials recorded.
In both channel [34, 35, 47] and bullhead (Valentincic et
al., unpublished data) catfishes, most spontaneously active
ORNs stimulated with amino acids responded with sup-
pression. In zebrafish, however, most of the spontaneously
active ORNs investigated were excited by amino acids
[21, 22]. In catfish, before stimulation, the mitral cell
activities are presumably maintained by ORNs spontaneous
activities; the suppressive ORN responses during stimula-
tion render the same mitral cells less active [34, 46, 52].
The discrepancy between numerous ORNs’ suppressive
responses to amino acid stimulation and excitatory
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responses of numerous mitral cells in the coding glomeruli
has never been resolved. The suppressive responses of
catfish ORNs were mostly nonspecific as the activities were
suppressed by several different types of amino acids
[34, 35, 47]. Low specificity of ORNs lacking spontaneous
activity was reported in amphibians and rodents since most
neurons in the reports were excited bymany different odorants
[14–16, 51]. ORNs of Xenopus laevis tadpoles monitored
through calcium labeling technique also responded to many
chemically dissimilar amino acid stimuli [41].

Few studies in vertebrates reported the responses of
ORNs that lack or have very low frequency of spontaneous
activity and which were excited by olfactory stimuli
[12–16, 24, 32, 33, 43]. Our preliminary investigations in
black bullhead catfish (Ameiurus melas) where artificial
pond water bathed the olfactory organ suggested that some
of the ORNs that were excited by amino acids lacked
spontaneous activity [63]. Olfactory organs of freshwater
fish function in natural waters that contain few ions and
also in artificial pond water that contains ~1,000× fewer
ions than do Ringer’s solutions or the mucus overlying the
ORNs of land vertebrates. It was thus expected that the
olfactory organs of freshwater fish should also function in
highly purified water (HPW) that contains ~1,000,000×
fewer ions than the extracellular solutions. In HPW, there
was little shunting of the electrical responses of ORNs,
which enabled us to locate amino acid responding ORNs
irrespective of their spontaneous activity.

Fully functional ORNs lacking spontaneous activity
were routinely observed in HPW. Most of the ORNs that
lacked spontaneous activity responded with the longest
response to only one of the tested amino acids, thus
indicating its specificity. All tested ORNs reached a
saturated tonic response of 17–21 Hz during an approxi-
mately tenfold increase of the odorant concentration over its
threshold. We showed that the longest olfactory responses
indicating specificity occurred after stimulation with the
amino acid that has the lowest olfactory threshold. Therefore,
the amino acid specificity of single ORNs was determined by
their response duration at a single amino acid concentration
(in most cases 10−4M) of the applied stimulus. We also
present evidence that the relative magnitude of the electro-
olfactogram (EOG) to amino acid was predictable [49] based
on the proportion of spontaneously inactive ORNs that were
excited by the amino acid tested.

Materials and methods

Animals

Black bullhead catfish (A. melas; 50–196 g body weight)
were captured in ponds near Maribor (Slovenia). Groups of

100 catfish were maintained in aerated 500-l polyethylene
tanks at temperature of 17−20°C. Several weeks before the
experiments, the catfish were transferred into 80-l aquaria
and maintained individually at 20–25°C and 16:8 h day–
night cycle. Before each experiment, each catfish was
anesthetized in ethyl 3-aminobenzoate methanesulfonate
solution (MS-222, Fluka) at 1:5,000 dilution and immobi-
lized with an intramuscular injection of gallamine triethio-
dide (Flaxedil, 0.38 mg per 100 g weight, Aldrich). The
anesthetized and immobilized catfish was wrapped in wet
tissue paper and, its head was fixed in place with plastic
bars attached to a Plexiglas chamber. Aerated tap water
(TW) containing the anesthetic was continuously flushed
over the gills through the Y-tubing inserted under the
opercula. To expose the olfactory organ, the skin and bones
above the nasal cavity were surgically removed. The
olfactory cavity was perfused with HPW (Milli-Q185).
The electrical resistance of the HPW measured at the outlet
of the apparatus was >18.2 MΩ cm.

Stimuli

Ten amino acids of the highest purity (>99%) were
purchased from Fluka Chemie AG, Switzerland: [L-alanine
(L-Ala, A), L-leucine (L-Leu, L), L-isoleucine (L-Ile, L), and
L-proline (L-Pro, P)] and Sigma-Aldrich Inc., USA [L-serine
(L-Ser, S), L-methionine (L-Met, M), L-valine (L-Val, V), L-
norvaline (L-nVal, n), and L-arginine hydrochloride (L-
ArgHCl, R)]. L-Lysine hydrochloride originated from BDH
Chemicals Ltd., England. The amino acids were dissolved
in HPW in 10 ml polystyrene disposable beakers <1 h
before each experiment. The injected concentration of amino
acids was 10−4M except for 10−2ML-Pro. For testing
mixtures, the concentration of each amino acid in the
mixture was 10−4M except for the 10−2ML-Pro. The pH of
10−4M amino acids tested was the same as the pH of the
HPW alone (pH 4.1–4.9). No damaging effects due to the
HPW were observed during single unit recordings from
either spontaneously inactive or spontaneously active ORNs.

Stimulation of the olfactory epithelium

The exposed olfactory epithelium was continuously irrigat-
ed at 18 ml/min with HPW. In HPW, the concentrations
of Na+ (7±2 µg/l), K+ (50±5 µg/l), Ca++ (5±2 µg/l), and
Mg++ (0.5±0.1 µg/l) were ~1,000× lower than in the
artificial pond water [11, 36, 42]. In control experiments, the
ion concentrations in the water entering the olfactory cavity
were Na+ (8±2 µg/l), K+ 64±5 µg/l, Ca++ 16±2 µg/l, and
Mg++2±0.1 µg/l, whereas in the water exiting the olfactory
cavity, the concentrations of these ions were Na+ 30±2 µg/
l, K+ 45±5 µg/l, Ca++ 12±2 µg/l, and Mg++ 2±0.1 µg/l.
Gravity-fed HPW entered into a Y-tube containing irriga-
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tion and stimulus water; the tubes were re-connected by a
T-bore stopcock that delivered water into the outlet tube
(0.8 mm internal diameter), which was positioned with a
micromanipulator at a distance of 2–4 mm from the olfactory
rosette. Test solutions (0.5 ml) were applied via a tuberculin
syringe into the T-tube located in the middle of the stimulus
tube. To inject the stimulus, the T-bore stopcock redirected
water flow from the irrigation into the stimulus tube.

Calibrating the stimulus duration

Visual observation of the Congo red solution injected into
the stimulus tube indicated that the stimulus reached the
catfish olfactory cavity 1 to 3 s after its introduction into the
stimulus tube. Kinocilia mix the stimulus solution and
HPW within the olfactory cavity and drive fast micro-
currents between olfactory lamellae. The concentration of
the stimulus solution at the end of stimulus delivery in the
nasal cavity, depending on the size of the fish, was 67–99%
of its injected concentration. To determine the duration that
the presented stimulus remained above threshold for an
ORN, the rate of stimulus wash-out from the nasal cavity
was calculated using a simple dilution assumption whereby
the stimulus concentration is decreased twice after the volume
of HPW equal to the nasal cavity volume is delivered into it.
Continuous dilution can be represented as dilution in small
steps (dt). After the maximum amino acid concentration (n0 is
the number of stimulus molecules) in the nasal cavity was
attained, the water that entered the nasal cavity (constant
volume V) at the rate f=18 ml/min diluted the amino acids.
The sequentially decreased concentrations at each dilution
step were calculated using the number of amino acid
molecules multiplied by the dilution factor R where R is
the flow rate (f) divided by the volume (V):

n1 ¼ n0 � n0 � R � dt ¼ n0 � 1� R � dtð Þ ð1Þ
where n1 is the number of amino acid molecules after the
first dilution step and

n2 ¼ n1 � n1 � R � dt ¼ n0 � 1� R � dtð Þ2 ð2Þ
n2 is the number of amino acid molecules after the second
dilution step.

After n steps (t=n ⋅dt), number of amino acid molecules
in the nasal cavity decreased exponentially:

nt ¼ n0 � 1� R � dtð Þn ð3Þ

nt is the number of amino acid molecules after n dilution
steps.

Deriving Eq. 3 yields:

nt ¼ n0 1� f � t
V

� 1
n

� �n

ð4Þ

The continuous amino acid wash-out is simulated by an
infinite number of dilution steps corresponding to the limit
in Eq. 4 as n approaches infinity. Deriving the limit yields:

nt ¼ n0 � e�
f�t
V ð5Þ

Equation 5 describes the exponential decrease in the
number of stimulus molecules (nt) in the nasal cavity at
time t after the end of its delivery.

The calculations can be used to estimate the duration of
suprathreshold stimulus concentration for an individual
ORN that is limited by the time of stimulus onset, the
duration of the continuous stimulus delivery (1.7 s), and the
dilution of the stimulus in the nasal cavity after the end of
its delivery (Fig. 2 A, B). The nt depends on the volume of
the nasal cavity and on the water flow through it.

Recording of action potentials

Action potentials from ORNs were recorded extracellularly
with low-impedance (~1 kΩ), metal-filled (Bi 49%, In 21%,
Pb 18%, and Sn 12%, MaTeck Material-Technologie &
Kristalle GmbH) glass microelectrodes, tip-plated with
platinum-black (ball diameter 3–5 µm) [17, 23]. The
recorded electrical activity was AC amplified (Grass P-5
Series, amplification ×5,000, band pass 10–3,000 Hz),
displayed on an oscilloscope and monitored aurally. The
action potentials were stored on an audio channel of a VHS
cassette. An electrically driven micromanipulator (MS 314,
Hugo Sachs Elektronik) enabled a stepwise approach of the
tip of the electrode toward the epithelium. Since the ORN
response specificities to amino acids across the different
lamellae of the olfactory organ were nearly the same in the
channel catfish [10], the neural responses were recorded
from the easily accessible first to fifth rostral lamellae. An
equimolar mixture of the ten amino acids used in this study
served as the search solution to determine responsive
regions of the lamella. When an ORN response was
detected, the electrode position was adjusted to obtain
action potentials greater than 200 µV. Intervals between
consecutive stimulus applications were 1.5 min for 10−4M
amino acids and 1.0 min for 10−5–10−8M amino acids.

Recording the electro-olfactogram

In parallel with the recording of single unit activity, the
EOG was recorded using Ag/AgCl2 electrodes connected to
Ringer’s-agar filled glass pipette. The bridge (tip diameter
150 µm) of the active EOG electrode was positioned
~1 mm above the olfactory epithelium; the reference
electrode was pressed against the skin of the animal caudal
to the olfactory organ. The EOG was DC-amplified (10–
100×, Grass P18D), displayed on an oscilloscope and a
pen-recorder. Signals were digitized (sampling rate 44 kHz,
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NeuroCorder D-890, Neuro Data) and stored on the video
channel of the video cassette. A second audio channel of
the VHS cassette was used for a verbal description of the
procedure. The ORN activities and the digitized EOG data
were copied off-line onto a PC using a SW-DAQ interface
(sampling rate 44.1 kHz; National Instruments).

Data analysis

Electrical responses of ORNs were analyzed for 15 s before
and 30 s following the onset of stimulus delivery. Only data
from the ORNs recordings that lasted >13 min and whose
responses to the mixture of ten amino acids did not change
during the tests were evaluated. The “Neuro Event
Manager” software [2] enabled a selection of action
potentials evoked by the same ORN based on the slope of
the rising phase, the magnitude, and duration of each action
potential. Initially the action potentials were superimposed
and viewed in 50 ms time bins on a computer screen to
visually confirm single cell identity. Subsequently, the
action potentials were replaced with events and the times
of their occurrence stored digitally. Interspike intervals and
response durations were determined for each ORN. An
additional criterion for single unit discrimination was the
duration of the interspike interval that should be longer than
the relative refractory period (5 ms). Action potential
frequencies were evaluated with the “cumulative slope
analysis” method [5]. Briefly, the slope of the cumulative
distribution function depends on the frequencies of events.
The local linear regression, calculated for five sequential
events, was used to determine the local slope of the
cumulative distribution function. For the phasic part of the
phasic–tonic ORN response to amino acids, the maximal
frequency of action potentials (the highest frequency during
five action potentials of the phasic response) was deter-
mined during the initial 450 ms of the response; for
determining the tonic activity, the median tonic frequency
was analyzed during 500–1,500 ms of the response. Single
unit identity was verified in experiments using an equimo-
lar mixture of ten amino acids. For tonic only and for
phasic–tonic neurons, frequencies of action potentials
during the tonic response of a single ORN should be the
same for the mixture and for its components, whereas
simultaneous response of two ORNs would produce a
higher than saturated tonic frequency.

Results

Testing olfactory organ function in HPW

EOG signals were measured in parallel with single unit
activities from 57 olfactory organs of black bullhead

catfish. In HPW, the olfactory organs responded to amino
acids for more than 6 h (Fig. 1a). As shown for 10−4ML-
Met, the shape of the recorded EOG response to amino
acids did not change during the 6-h recording. In HPW, the
relative EOG magnitude of neutral amino acids and L-Pro
correlated significantly with their relative EOG magnitudes
in the TW (Figs. 1b, c; R=0.94, p<0.001; data for TW from
[61]); however, the basic amino acids, L-ArgHCl and L-
LysHCl, resulted in approximately twice as large EOG
magnitudes in HPW than in TW. The dose dependence of
the EOG response in HPW was determined for L-nVal that
stimulated most of the ORNs tested and was one of the two
most stimulatory amino acids. Based on the response to
10−4ML-Ala (standardized to 1.0), the maximum relative
response magnitude to L-nVal was 1.06 at 10−4M, 0.89 at
10−5M, 0.59 at 10−6M, and 0.44 at 10−7M concentration,
and a similar dose dependence was observed in the TW.
Similar to the EOG, single ORNs that lacked spontaneous
activity responded to amino acids up to 6 h after the onset
of the HPW perfusion.

ORNs that lack spontaneous activity

In 117 ORNs that lacked spontaneous activity, we deter-
mined the number of action potentials during the entire
periods before and between stimulations. The frequency of
action potentials 30 s before 1,228 amino acid stimulations
was 0 Hz, which justified the definition: cells that lack
spontaneous activity or spontaneously inactive cells.

Dose dependence of ORNs’ responses

Response threshold

Twenty-one ORNs were tested with 10−8M to 10−4ML-
nVal (Figs. 2, 3, 4, and 5). Two ORNs responded to 10−7M
L-nVal, whereas thresholds for other tested ORNs with L-
nVal were 10−6 (N=8), 10−5 (N=7), and 10−4M (N=4;
Fig. 2). During responses to high amino acid concentra-
tions, an initial fast increase in the spike amplitudes was
observed during the onset of the phasic response, which
was followed by a period of steady spike amplitude
(Fig. 3). Toward the end of the tonic activity, a progressive
decrease in the spike amplitudes was observed that
accompanied the stimulus concentration and spike frequen-
cy decrease.

Response frequency

Nine of the 21L-nVal ORNs responded with tonic activities
at all tested concentrations (Fig. 4). Their median frequen-
cies of action potentials in response to 10−6, 10−5, and 10−4

ML-nVal were 15, 16, and 17 Hz, respectively (Fig. 6c). In
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contrast, 12 of 21 ORNs responded to 10−4ML-nVal with
both phasic and tonic activities consisting of an initial high-
frequency burst that lasted 50–450 ms and a subsequent
tonic activity lasting several seconds (Fig. 5). At 10−4ML-
nVal, the median phasic response frequency of 12 tested
ORNs was 68 Hz (Fig. 6a) and a median tonic frequency
was 19 Hz (Fig. 6b). At 10−5M, the same stimulus evoked a

median phasic response frequency of 52 Hz, whereas the
median tonic frequencies did not significantly differ to that
evoked by the higher L-nVal concentration (Mann–Whitney
rank sum test). At micromolar concentrations, two ORNs
responded to L-nVal with phasic–tonic activities (54 and
21 Hz median phasic and tonic frequencies, respectively;
Fig. 6a, b). At L-nVal threshold concentrations [10−7M (N=

Fig. 1 L-Methionine evoked ap-
proximately equal amplitudes of
EOG 1 (light gray), 3 (dark
gray), and 5 h (black) after the
onset of highly purified water
(HPW) perfusion (a). Amino
acid responses are shown in the
decreasing order of magnitude
of the relative EOG responses
(relative L-Ala) at their 10−4M
(10−2M for L-Pro) concentra-
tions in the dechlorinated TW
(b) and HPW (c). Control stim-
ulus was either TW or HPW,
respectively

Fig. 2 Decreases of amino acid
concentrations in nasal cavities
of small (filled circles) and large
(empty circles) black bullhead
catfish (A). Calculated decreases
in amino acid concentrations in
the nasal cavities of large catfish
after delivery of four different
amino acid concentrations (B).
After stimulation with L-nVal at
four different concentrations,
dose-dependent responses are
shown as medians and inter-
quartile range of the EOG re-
sponse durations (dots and thin
lines). Predictions for the EOG
response durations are based on
the durations of the suprathres-
hold amino acid concentrations
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2); 10−6M (N=4); 10−5M (N=1); 10−4M (N=1)], most
neuron responses were tonic only, whereas in few ORNs,
the response near threshold concentrations consisted of
phasic and tonic events [10−6M (N=2); 10−5M (N=2)].

L-Met was the second most stimulatory amino acid
tested in the bullhead catfish. We assessed dose dependence
of six L-Met best ORNs. These ORNs showed either tonic
(N=2) or phasic–tonic (N=4) activities. At 10−4ML-Met,
the tonic response frequencies were 19 and 14 Hz,
respectively. ORNs that responded to 10−4ML-Met with
phasic–tonic activities had maximum phasic action poten-
tial frequency of 85 Hz and their median tonic frequency
was ~21 Hz. The most sensitive ORNs responded to 10−6

and 10−7ML-Met concentrations with bursts of 22 and
23 Hz activities, respectively.

Duration of electrophysiological response enables
determination of ORNs specificity

Since the frequency of ORN tonic responses saturated over
a single log concentration unit, we did not find it useful
for concentration dependence descriptor over several log
concentration units. Without correlation between stimulus
concentration and frequency during the tonic response, the
only common property of phasic–tonic and tonic only
ORNs responses that correlates with concentration is the
duration of the entire physiological response (Figs. 2, 3, 4,
and 5, see the “Discussion” section). For ORNs that
respond to the same stimulus, the duration of the
electrophysiological response differed depending upon the
duration of the suprathreshold stimulus. Following an
application of a stimulus solution, its concentration
increased as determined by the ratio between its injected
volume and volume of the nasal cavity, and it decreased
exponentially with time as water diluted the stimulating
solution in the nasal cavity. The nasal cavity volume in our
experiments was estimated to be between 0.125 and 0.5 ml
for the smallest and largest catfish, respectively (Fig. 2 A).
For the most sensitive ORNs, the threshold for L-nVal was
10−7M. After application of 10−4ML-nVal, its concentration
remained above 10−7M during 4.8 and 12.6 s in the
smallest and largest olfactory organs tested, respectively
(Fig. 2 A). For the largest catfish studied, delivery of 10−4,
10−5, and 10−6M stimuli resulted in >10−7M concentration
within the nasal cavity for ~12.6, ~9, and ~5 s, respectively
(Fig. 2 B). Durations of the ORNs responses recorded in

Fig. 4 Action potential times during dose-dependent tonic ORN
responses at three different L-nVal concentrations (a) and frequencies
of action potentials at two L-nVal concentrations (b)

Fig. 3 Band-pass-filtered (10–3,000 Hz) original recordings of dose-
dependent responses of specialized ORN to L-nVal. Most action
potentials are from the same ORN, and the two large amplitude action
potentials are potentially from a different ORN

Fig. 5 Action potential times during dose-dependent L-nVal
responses of phasic–tonic ORN at three different L-nVal concen-
trations (a) and frequencies of action potentials at three different
L-nVal concentrations (b)
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this study were 10–22 s at 10−4M, 5–7 s at 10−5M, and 3–
4 s at 10−6M concentration of L-nVal. Except for the
expected variability derived from differences in nose
volumes, it is fascinating that the durations of electrophys-
iological responses approximately equaled the predicted
durations of the suprathreshold amino acid stimulation
(Fig. 2). Due to different nasal cavity volumes, the
differences in the durations of the suprathreshold amino
acid concentrations could be up to three times (Fig. 2 A).

ORNs’ response specificities

We identified ORN specificities by the greatest durations of
their responses to amino acid at 10−4M concentration (10−2

M for L-Pro; Fig. 8). Thirteen ORNs were excited by a
single amino acid, either L-nVal (N=7), L-Met (N=4), or L-
Ala (N=2; Fig. 8a). Most ORNs sampled (N=17; 39%)
were excited by two amino acids, L-nVal and L-Met (Figs. 7
and 8b). Their response duration to 10−4ML-nVal (5.8–

Fig. 7 Band-pass-filtered (10–
3,000 Hz) original recordings of
an ORN responding to L-nVal
and L-Met and its electrophysi-
ological response to the mixture
of these two amino acids at 10−4

M concentration. Most action
potentials during the continuous
train are from the same ORN,
and the action potentials after
the end of the continuous train
potentially originate from dif-
ferent ORNs

Fig. 6 Median action potential
frequencies and their interquar-
tile range during phasic (a) and
tonic (b) activities of the phasic–
tonic ORNs and median action
potential frequencies of tonic
ORNs (c) during stimulation
with three different amino acid
concentrations (*p<0.05,
Mann–Whitney rank sum test)
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Fig. 8 Response specificities of
44 ORNs. Using EOG stimula-
tory efficiency sequence (d) for
ORNs that responded to single
amino acid (a), ORNs that
responded to two amino acids
(b), and ORNs that responded to
>2 amino acids (c)
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14.7 s; N=12) was at least twice the duration of the
responses to L-Met (1.7–6.1 s). Only one ORN responded
best to L-Val (10.8 s) as its response duration was twice
longer than that to L-nVal. In a single ORN, the response
durations to L-Val and L-nVal were almost equal. Two of 44
ORNs responded best to L-ArgHCl and L-LysHCl, and the
response durations were 3.6 and 3.9 and 1.6 and 1.7 s,
respectively. In one ORN, L-Pro triggered a long response
(20.9 s), whereas its response to L-Met was short (5.6 s).
Nine of 44 ORNs responded to three to six amino acids
(Fig. 8c). Out of these neurons, only one ORN responded
with greater response duration to L-Met than to L-nVal; this
neuron was also excited by L-Ala, L-Val, and L-Ser. Most
cells that were excited by more than one amino acid
(including L-nVal) responded longest to only one amino
acid (N=27; Fig. 8b, c). The response to the most effective
stimulus, usually L-nVal, was at least twice longer than that
to the second best amino acid. Since L-nVal is not a natural
amino acid, we consider L-nVal and L-Met responding
ORNs as specialized L-Met neurons (Fig. 8b, c).

Spontaneously active ORNs in HPW

In addition to those ORNs that lacked spontaneous activity
and were activated by amino acids, spontaneously active
ORNs that were suppressed by amino acids were observed
in HPW in great numbers. To confirm the normal function
of the olfactory organs in HPW, responses to amino acids of
a few spontaneously active ORNs were recorded and
compared to those obtained in the TW [7, 47]. In most
cases, irregular suppressive responses to amino acids were
observed in spontaneously active ORNs in HPW. Only one
neuron responded with dose-dependent suppression to all
ten tested amino acids. In this neuron, the frequencies of
action potentials during spontaneous activity were between
14 and 23 Hz; their spike frequency during suppression was
0–4 Hz.

Discussion

Bathing olfactory organ in HPW enables detection
of the spontaneously inactive ORNs

In previous studies of freshwater teleost ORNs, investiga-
tors bathed the olfactory organs with TW while measuring
responses to chemical stimuli [7, 9, 17, 34, 35, 44]. Using
the TW as bathing medium produces specific recording
conditions. Ions diffuse from the 4–10 μm thick mucus
covering the olfactory cilia and microvilli into the
surrounding water within less than a hundred milliseconds
[31]. Therefore, the ohmic resistance of the freshwater fish
mucus is likely the same as that of TW (~1 kΩ cm). At such

low resistances, volume conductors like TW compress the
electric field equipotential surfaces around the apical
portions of the ORNs. In TW, if the electrode is more than
a few micrometers above the olfactory cilia and microvilli,
the cell’s activities cannot be detected by the electrode.

In TW, an electrode nearby an ORN or in direct contact
with it detects its action potentials, thus making it “visible”
to the physiologist. In the present study, responses of single
ORNs of black bullhead catfish (A. melas) were recorded
during amino acid stimulation while bathing the olfactory
organ with HPW. HPW has an ohmic resistance of
>18.2 MΩ cm and contains ~1,000× fewer ions than the
artificial pond water [11, 36, 42]. The ratio of ohmic
resistances between HPW and TW is approximately 10.000.
The size of electric potential is inversely proportional to the
cube of the distance between the cell and recording
electrode and proportional to ohmic resistance of the
medium [29]. Therefore, the electrode could be positioned
at roughly 20× the TW distance from the neuron and still
record large magnitude action potentials. When compared
to TW, this greatly increased the chances of detecting
amino acid responses of ORNs lacking spontaneous
activity. The test that used the search solution of ten
equimolar amino acids in HPW revealed a presence of
numerous spontaneously inactive neurons responding to
amino acids that were detected as multiunit responses. To
allow single unit identification and avoid multiunit detec-
tion, locations at the edge of olfactory receptive fields,
where density of ORNs is lower, had to be selected.
Numerous spontaneously active cells were also detected;
however, in the search for inactive neurons responsive to
amino acids, the former cells were not tested further. Thus,
the ratio between spontaneously inactive and spontaneously
active ORNs remained unknown.

Testing olfactory organ function in HPW

Amino acids, potent olfactory cues for aquatic animals [57],
evoke EOGs that differ in peak magnitude depending upon
their stimulatory effectiveness. In black bullhead and
channel catfishes, L-nVal and L-Met are potent olfactory
stimuli, whereas Gly and L-Pro are relatively poor stimuli
[7, 9, 61]. In freshwater fishes, basic amino acids are
generally intermediate in effectiveness. Relatively large EOG
responses to L-Met were observed in the zebrafish [44] and
in the marine catfish, Ariopsis felis (formerly Arius felis) [8].

The present study indicated that the stimulatory effec-
tiveness of neutral amino acids and L-Pro in HPW and TW
were highly correlated (R=0.94, p<0.05; Fig. 1b, c). In
both media, the largest EOG magnitudes were evoked by L-
Met and L-nVal, and a minimal EOG occurred in response
to L-Pro; however, the magnitudes of the responses to the
basic amino acids were significantly enhanced in HPW
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(Fig. 1b, c) compared to TW. The large EOG magnitude to
the basic amino acids did not reflect the numbers of ORNs
excited by either of these two stimuli as only four of 44
ORNs studied were excited by the basic amino acids
(Fig. 8d). For comparison, 35 of these 44 neurons were
excited by the neutral amino acid, L-nVal. The high
correlation between the magnitudes of the EOG recorded
in HPW and in TW indicates that, except for L-ArgHCl and
L-LysHCl, the relative olfactory responses to amino acids
did not depend on external ion concentrations.

Based on studies in land vertebrates, it is generally
believed that receptor currents in ORNs flow through ion
channels located on cilia and microvilli [20, 38]. Due to the
extremely low ion concentrations in HPW that removes
ions by diffusion from the mucus, receptor currents through
ciliary membrane cannot be substantiated in freshwater fish
in HPW. What could be the mechanism of ORN’s
depolarization in freshwater fish in a nearly total absence
of ions in mucus and HPW? Receptor cell depolarization in
an environment with little or no ions can either be provided
by the outward Cl− currents on cilia [53] or by inward Na+

currents on dendrite and soma of the receptor cell below the
tight junctions. Theoretically, through the membrane of
cilia and microvilli, neither Na+ nor K+ could depolarize
olfactory receptor cell since the reversal potentials between
intracellular solution and HPW for these ions [4] are minus
several hundred millivolts. In goldfish and chum salmon
olfaction, Ca++ or Na+ concentrations in the surrounding
medium did not influence receptor potentials [30, 54]. In
our experiments, the concentrations of K+, Ca++ and Mg++ in
the water flowing out the olfactory cavity was nearly the
same as in the water entering the cavity, indicating that few
cations were lost from the olfactory lamellae during the
experiment. Since there was no loss of olfactory function in
the HPW during 6-h experiments, receptor currents most
probably occur below the tight junctions.

Dose dependence of ORNs’ responses

Response threshold

Olfactory thresholds to the more potent amino acids in both
channel and black bullhead catfishes are in the nano- to
micromolar range [7, 47, 60, 61]. In the present report, we
observed similar thresholds for L-nVal, a potent amino acid
for most of the tested ORNs that lacked spontaneous
activity (10−4–10−6M), whereas the most sensitive ORNs
responded to 10−7ML-nVal (Fig. 2). Differential thresholds
for the same amino acid in different ORNs support the
recruitment hypothesis of the EOG dose-response relation-
ships [15, 37, 45]. The hypothesis states that at low
concentrations the most sensitive neurons respond to a
stimulus (L-nVal) and at higher concentrations the less

sensitive neurons are recruited successively. It is extremely
important to point out that each ORN responded dose
dependently with either tonic or phasic–tonic activities
dependent only on its sensitivity for the specific amino acid.
All these responses were robust and at concentrations 100
times above threshold contained >100 action potentials. This
is substantially different from the mechanisms proposed for
frog ORNs [13] where minute ORNs’ responses summate
after convergence to mitral cells to produce a depolarization
triggering action potentials.

Response frequency

In fish and land vertebrates, EOG dose-response relation-
ships are relatively shallow; in catfish, an approximately 5
log unit change in stimulus concentration evokes 1 log unit
change in EOG magnitude [7,61]. In contrast, the dose-
response relationships of single ORNs are very steep in
mice [6], tiger salamander [19, 25], frog [50], zebrafish
[39], rainbow trout [27] as well as bullhead catfish. We
studied dose dependence of responses to L-nVal in 21
ORNs that lacked spontaneous activity (Figs. 2, 3, 4, and 5).
ORNs responded either with tonic (57% of ORNs, Fig. 4)
or, like in salamander ORNs [25, 26], with phasic and tonic
activities (Fig. 5). At L-nVal concentrations that were >10×
above the ORNs’ threshold, the initial frequency of the
tonic response saturated at 17–21 Hz (Fig. 6). During the
tonic portion of the response, a further increase in stimulus
concentration did not significantly influence the frequency
of action potentials. In contrast, the phasic responses of
phasic–tonic neurons were at least in part dose dependent
(Fig. 6a) and did not saturate even at L-nVal concentrations
that were >1,000× above threshold. Similar dose depen-
dence was observed for L-Met. It is plausible that the short
(450 ms) large amplitude depolarizations of bullhead
catfish phasic–tonic ORNs contribute to the initial large
amplitude EOG [18], whereas the later smaller amplitude
EOG is composed of the ORNs’ receptor potentials during
their tonic activities.

Response duration of the tonic activity and amplitude
of action potentials

Electrophysiological responses of salamander ORNs did
not adapt during prolonged stimulation as the duration of
the responses closely followed the stimulus duration [26].
Similarly, in bullhead catfish, the duration of ORNs tonic
responses to L-nVal (N=21) were concentration dependent
over several units of log concentration (Figs. 2, 3, 4, and 5).
The maximum duration of the phasic response was
~450 ms in all phasic–tonic ORNs, whereas the duration
of the tonic responses increased with stimulus concentration
(Figs. 2, 3, 4, and 5).
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During the onset of the phasic response, action potential
amplitude rapidly increased, whereas it slowly decreased
during the fading of the tonic response (Figs. 3 and 7). This
phenomenon cannot be explained by a change in conduc-
tance of the medium between recording electrode and ORN
since the concentration gradients between inside and
outside the cells drive ions toward HPW. During onset of
the response, any transient leakage of ions, even below the
detection level, would result in transient action potential
amplitude decrease rather than its increase. Similar to
salamander [59] and unlike frog [13], it seems likely that
during the initial depolarization phase of the olfactory
response the voltage-gated currents increased, whereas they
decreased during the slow repolarization of the ORNs.

ORN response specificity

Inmice and rats, heterologous expressionofolfactory receptor
proteins revealed their narrow binding specificities, binding
preferentially a single or few odorants [1, 3, 58, 64].
Assuming a single olfactory receptor protein is expressed
in a cell, large binding affinity for one odorant is expected,
whereas binding affinities for few other odorants would be
low [1, 3, 6]. Unexpectedly, many frog ORNs responded
with excitation to several chemically dissimilar stimuli
[15, 51], which indicated their broad response spectra.
Similarly, ORNs of X. laevis tadpoles responded to up to 19
chemically dissimilar amino acids [41].

In the channel catfish, most of the spontaneously active
ORNs tested responded to amino acid stimulation with
suppression [34, 35]. Few spontaneously active neurons
responded to amino acids with excitation [34]. It is
extremely difficult to compare channel catfish spontane-
ously active ORNs response specificities with the response
specificities of bullhead catfish spontaneously inactive
ORNs. There is a major difference between the two kinds
of neurons: The spontaneously inactive ORNs of bullhead
catfish are narrowly tuned and respond excitedly to a single
natural amino acid, whereas the spontaneously active
neurons of channel catfish respond with suppression or
excitedly [34, 47] to several different amino acids, and the
excitatory responses are always to an entire group of amino
acids such as short-chain neutral, long-chain neutral, and
basic amino acids [47]. The amino acid excitatory thresh-
olds for the channel catfish spontaneously active ORNs
were between 10−8 and 10−6M [47], whereas the most
sensitive inactive ORNs of bullhead catfish responded to L-
nVal with a threshold of 10−7M, and the sensitivity of other
ORNs for the same amino acid was between 10−6 and 10−4

M. Most natural waters, including the tap water, contain
single free dissolved amino acids at concentrations up to
~10−7M [40], whereas the HPW was free of amino acids.
Thus, one would expect lower amino acid thresholds in the

HPW than in the tap water; however, the number of ORNs’
thresholds determined (N=21) was too small to find, among
thousands of L-nVal ORNs, the most sensitive L-nVal
neurons.

Olfactory bulb [46] and forebrain data [48] that showed
predominant excitation during olfactory stimulation pre-
dicted predominant ORNs excitation. In unpublished study
of Koce et al., the responses of >555 spontaneously active
ORNs in the black bullhead catfish were suppressive. In
most cases, the suppressive responses did not repeat
regularly during repeated stimulations, and these responses
were mostly not dose dependent. Dose-dependent excita-
tion of the bullhead (Koce et al., unpublished data) and
channel catfish [47] ORNs were observed in few sponta-
neously active ORNs. Spontaneous activities of ORNs that
are suppressed during amino acid stimulation could be
activities of immature neurons [63]. Amino acid stimulation
that triggers a nonspecific suppression in numerous
spontaneously active ORNs [47] potentially renders large
olfactory bulb areas less active, thus increasing the
difference between excited and inactive glomeruli.

Tests of the ten amino acids at 10−4M concentration
showed that spontaneously inactive ORNs of the black
bullhead catfish are in most cases highly specialized
neurons (Fig. 8). Of 44 ORNs studied in detail, 31 (70%)
were most sensitive to L-nVal, and other ORNs were
responding best to L-Met (N=5), L-Ala (N=2), L-Val
(N=1), and L-Pro (N=1). Their responses to the second
best amino acids were small compared to responses to the
best amino acid. Only four ORNs responded equally to two

Fig. 9 Comparison of EOG responses at three different L-nVal
concentrations (a) compared with numbers of ORNs responding to
four different L-nVal concentrations at different times after the onset of
stimulation (b)
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amino acid stimuli. Like in goldfish [58], responses of the
bullhead ORNs that responded equally well to L-LysHCl
and L-ArgHCl were suggestive of their similar binding
affinities at their receptor molecules. The responses of
spontaneously inactive ORNs to amino acids in the black
bullhead catfish and excitatory responses of spontaneously
active ORNs in the channel catfish [47] are mutually
supportive with the excitatory neuron responses in the
olfactory bulb [46] and forebrain [48] of the channel
catfish; the latter responses are most probably triggered by
the ORNs excitatory activity.

The magnitude of EOG and number of ORNs responding
to amino acids

In fishes, the EOG, which is the sum of ORN receptor
potentials [49], was used as a simple method indicating
sensitivity and relative specificity of olfactory organs
[7, 56, 57, 60]. Prior evidence to support this hypothesis
was obtained by the high correlation between EOG
magnitude and integrated multiunit responses to amino
acid stimuli in the olfactory organs of the channel catfish
[7] and eel [55]. Ottoson’s hypothesis [49] predicted a
significant positive correlation between the number of
responding ORNs and EOG magnitude. Differentially
sensitive ORNs have different thresholds for the same
amino acid (Fig. 2). Cumulative numbers of responding
ORNs at different L-nVal concentrations depend on stimu-
lus concentration: 21 ORNs responded to 10−4M, 17 ORNs
to 10−5M, 11 ORNS to 10−6, and two to 10−7M concen-
trations of L-nVal. The numbers of ORNs responding to
L-nVal at different concentrations were correlated signifi-
cantly (R=0.97, p<0.05) with the relative EOG magni-
tudes. By adding up the numbers of ORNs activated during
one second time bins in the dose-response tests of L-nVal,
we confirmed the Ottoson hypothesis (Fig. 9). The stepwise
curves thus obtained resemble nearly perfectly the EOG
curves obtained during the EOG recordings.

To test if EOG magnitude is directly correlated with the
number of ORNs activated by different odorants, the
number of ORNs excited by specific amino acids tested at
10−4M (10−2M for L-Pro) concentrations were correlated
with their relative EOG. Neutral amino acids that evoked
large EOG magnitudes (Fig. 1c) also triggered responses in
large number of ORNs (Fig. 8d). L-Met and L-nVal that
evoked the largest EOG magnitudes triggered electrophys-
iological response in 32 and 35 ORNs, respectively,
whereas L-Pro evoked the smallest EOG and activated a
single ORN. Number of spontaneously inactive ORNs that
responded to neutral amino acids and L-Pro correlated
significantly with their relative EOG magnitudes (R=0.77,
p<0.05) [7, 55], thus reconfirming the Ottoson hypothesis
[49].
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