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Tonic and Phasic Receptor Neurons in the Vertebrate
Olfactory Epithelium
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yMillennium Institute for Advanced Studies in Cell Biology and Biotechnology,
and *Department of Biology, Faculty of Sciences, University of Chile, Santiago, Chile

ABSTRACT Olfactory receptor neurons (ORNs) respond to odorants with characteristic patterns of action potentials that are
relevant for odor coding. Prolonged odorant exposures revealed three populations of dissociated toad ORNs, which were
mimicked by depolarizing currents: tonic (TN, displaying sustained firing, 49% of 102 cells), phasic (PN, exhibiting brief action
potential trains, 36%) and intermediate neurons (IN, generating trains longer than PN, 15%). We studied the biophysical
properties underlying the differences between TNs and PNs, the most extreme cases among ORNs. TNs and PNs possessed
similar membrane capacitances (;4 pF), but they differed in resting potential (�82 versus �64 mV), input resistance (4.2
versus 2.9 GV) and unspecific current, Iu (TNs: 0\ Iu # 1 pA/pF; and PNs: Iu[1 pA/pF). Firing behavior did not correlate with
differences in voltage-gated conductances. We developed a mathematical model that accurately simulates tonic and phasic
patterns. Whole cell recordings from rat ORNs in fragments (;4 mm2) of olfactory epithelium showed that such a tissue
normally contains tonic and phasic receptor neurons, suggesting that this feature is common across a wide range of
vertebrates. Our findings show that the individual passive electrical properties can govern the firing patterns of ORNs.

INTRODUCTION

Olfactory receptor neurons (ORNs) are the sensory cells of

the olfactory epithelia. A typical ORN can respond to various

odorants, depending on the odor receptor it expresses

(Malnic et al., 1999) and generates action potential patterns

that are transmitted to the brain. Such firing patterns are of

fundamental importance for the generation of odor coding.

ORNs share a conserved morphology among most verte-

brates, possessing a soma bearing a nonmyelinated axon and

a single dendrite that ends in the dendritic knob; 5–20

chemosensory cilia emerge from the knob. Aside from their

transduction features, ORNs are similar to other neuronal

cells, including a similar repertoire of voltage-gated ion

channels and a spontaneous action potential discharge

activity. However, they are more tractable for dissociation

and electrical recording than most other neurons.

ORNs respond to odorants with increases (excitation) or

decreases (inhibition) in their action potential firing rates

(Bacigalupo et al, 1997; Schild and Restrepo, 1998).

Excitatory responses are triggered by a depolarizing receptor

potential that arises from the activation of a cyclic

nucleotide-gated conductance (Nakamura and Gold, 1987;

Kurahashi, 1989) and a Ca21-dependent Cl� conductance

(Kleene and Gesteland, 1991; Kurahashi and Yau, 1993;

Lowe and Gold, 1993a). In contrast, inhibitory responses are

due to a hyperpolarizing receptor potential (Dionne, 1992;

Morales et al., 1994) induced by an increase in a Ca21-

dependent K1 conductance (Morales et al, 1995, 1997;

Sanhueza et al., 2000). Because these conductances are

triggered by odorant stimuli, we term them transduction
conductances. They are principally confined to the chemo-

sensory cilia of ORNs (Firestein et al., 1990; Lowe and Gold,

1993b; Delgado et al., 2001).

Whereas the transduction conductances initiate ORN

responses to odorant stimuli, voltage-gated conductances

shape the eventual action potential patterns. Four voltage-

gated conductances are present in the soma of Caudiverbera
caudiverbera olfactory neurons: 1), an inactivating, TTx-

sensitive Na1 conductance, 2), a non-inactivating Ca21

conductance, 3), a delayed rectifier K1 conductance, and 4),

a Ca21-dependent K1 conductance (Delgado and Labarca,

1993; Sanhueza and Bacigalupo, 1999). An additional

inactivating K1 conductance is present in some species

(Trotier, 1986; Lynch and Barry, 1991), but not in

Caudiverbera. Voltage-dependent Cl� currents are absent

in Caudiverbera’s ORNs (Delgado and Labarca, 1993).

A diversity of firing patterns can be observed when

isolated ORNs are stimulated with long exposures of slightly

suprathreshold odorant concentrations: 1), tonic responses,

consisting of a sustained action potential firing pattern that

lasts until the end of the stimulus; 2), phasic responses,

exhibiting a brief early train of action potentials (1–8 spikes)

followed by a sustained depolarization; and 3), intermediate

responses, displaying a single initial train of action po-

tentials, but longer than in PNs. ORNs that give tonic respon-

ses to sustained exposures to low odorant concentrations

generate phasic-like responses to higher (adapting) levels

of odorants due to odor adaptation (Getchell and Shepherd,

1978), a phenomenon consisting of a Ca21/Calmodulin-

mediated reduction in the cyclic nucleotide-gated conduc-

tance (Chen and Yau, 1994). However, we show that some
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ORNs generate phasic responses even to stimuli at threshold

odor concentrations.

Since neurons generating tonic or phasic responses to

depolarizing stimuli are commonly found within the nervous

system (Kandel et al., 2000) and ORNs posses similar

electrophysiological properties as other neurons, besides

their transduction abilities, it is reasonable to ask whether

their particular electrical characteristics could determine their

response spiking pattern, independently of odor adaptation.

Our goal in the present work was to examine this issue and

establish the physiological basis for the tonic and phasic

behavior of olfactory neurons. To this end, we investigated

the intrinsic electrical properties of isolated olfactory neu-

rons that could account for such differential neuronal be-

havior and we explored whether tonic and phasic behavior

can be observed in the intact epithelium. We found ORN

tonic and phasic activity both in the epithelium and in

isolation. The average resting potentials (Vr) in tonic ORNs

were more negative than those in phasic cells and ORNs

presented an unspecific basal conductance that was smaller

in tonic than in phasic neurons. There are no differences in

the membrane capacitance and voltage-dependent conduc-

tances between tonic and phasic ORNs. We conclude that

firing patterns of ORNs can be determined by their

individual passive electrical properties.

METHODS

Preparations, solutions, and solution changes

Isolated ORNs were obtained by mechanical dissociation of the olfactory

epithelium from the Chilean toad Caudiverbera caudiverbera. The animals

were anesthetized in ice, sacrificed by decapitation, and pithed. ORNs were

maintained in Normal Ringer solution, supplemented with nutrients and

antibiotics (Morales et al., 1994). Caudiverbera ORNs were utilized in the

present study due to their relatively large size and their resistance to

experimental manipulations, representing an excellent model system.

Normal amphibian Ringer (in mM): 115 NaCl, 2.5 KCl, 1 CaCl2, 0.4

MgCl2, 10 HEPES, and 3 glucose, pH 7.6. N-methyl-D-glucamine (NMDG)

replaced NaCl in some experiments. Internal solution: 120 KCl, 2 EGTA, 4

HEPES-Na, 0.1 Na-GTP, 1 Mg-ATP, and 1 CaCl2, pH 7.6; in some

experiments K1 was replaced by Cs1 (indicated in the text).

Olfactory epithelia were obtained from Sprague-Dawley rats (3–5 weeks

old), bred in the animal facility of the Catholic University of Chile. Rats

were sacrificed by CO2 inhalation for 5 min, decapitated, and the nasal

cavity was opened by a transversal section of the skull. The olfactory

epithelium was excised from the dorsal posterior part of the septum with fine

scissors and the tissue was cut in small pieces (;4 mm2); each time one of

such epithelial fragments was placed with the ciliary layer up in a chamber

containing mammalian artificial cerebrospinal fluid, in mM: 125 NaCl, 25

KCl, 2 CaCl2, 1 MgCl2, 25 NaHC03, 1.25 NaH2PO4, 10 dextrose, and 5

HEPES, equilibrated with 95% O2/5% CO2. Internal solution (in mM): 120

KCl, 2 EGTA, 4 HEPES, 0.1 Na-GTP, 1 Mg-ATP, and 1 CaCl2, pH 7.6. The

chamber was continuously perfused with oxygenated ACSF at a rate of 1 ml/

min and each tissue fragment was used for no more than 1 h, although we did

not observe an evident decline of it 4 h after excision if maintained properly

oxygenated.

Excised rat epithelia were visualized with a Nikon Eclipse E600FN

upright microscope equipped with infrared differential interference contrast

optics and a 360 water immersion objective, which allowed us to distin-

guish clearly the individual ORNs and to position the recording pipette on

the cell body or dendritic knob.

External solutions were exchanged using a multibarreled pipette (Sutter

Instrument, Novato, CA) placed 30 mm from the cell. The pipette was pulled

with a 700Cpuller (DavidKopf Instruments, Tujunga, CA) so that each barrel

had;10mm tip diameter. In the experiments using odorants, the tip diameter

was ;1 mm and the stimuli were focused onto the olfactory cilia. The solu-

tions were ejected from the pipette using a computer-controlled picospritzer.

Electrical recording and analysis

Electrical activity was recorded under whole cell, current-clamp conditions.

Whole cell currents were measured under voltage-clamp. Capacitance (Cm)

and series resistance (Rs) were properly cancelled; cells with Rs[ 20 MV

were discarded. We used an Axopatch-1D patch clamp amplifier for

electrical recording and the pCLAMP software (Axon Instruments, Union

City, CA) for data acquisition and analysis. Patch pipettes were made of

glass capillaries (BRIS, Globe Scientific, Paramus, NJ), using a P-97 puller

(Sutter Instrument, Novato, CA). Electrode resistances were 2–4 MV for

recording from toad dissociated neurons and 5–7 MV for rat epithelium

recordings. The seal resistance ([20 GV) was higher than the mean input

resistance in all cells considered. Rs was the same for both ORN types (TNs:

12 6 3 MV, n ¼ 12; and PNs: 12 6 3 MV, n ¼ 13). Nystatin (200 mg/ml)

was used in perforated-patch experiments; it was prepared immediately

before the experiment from a 50 mg/ml stock solution in DMSO. Rs in the

perforated patch experiments was similar to that used in the regular whole

cell experiments (TNs: 16 6 2 MV, n ¼ 3; and PNs: 16 6 2 MV, n ¼ 3).

The unspecific current (Iu) in toad ORNs was measured using 30-ms

hyperpolarizing voltage pulses (�20 mV) from a holding potential (Vh) of

�80 mV. ORNs, in which Iu was variable, were discarded. The input

resistance was measured using �4 pA pulses under current clamp, from

a holding current (Ih) of 0 pA.

Ca21 currents

We studied the properties of the Ca21 currents using the following approach:

we first identified ORN responses as tonic or phasic under I-clamp and

normal solutions; then we modified the ionic conditions to optimize the

Ca21 current measurements under V-clamp, exchanging both intracellular

and extracellular solutions. The normal internal solution was replaced by

a Cs1-internal solution; to accomplish this, we filled the tip of the patch

pipette with normal internal solution and backfilled it with Cs1-internal

solution. The amount of normal internal solution added to the tip gave us, in

some cases but not always, enough time to determine the cell behavior

applying a current step before the Cs1-solution reached the cell. The arrival

of Cs1 was evident as the spike durations became longer until they

eventually ceased, and the resting membrane polarization abruptly dropped

to values close to 0 mV. Normal Ringer in the chamber was then replaced by

perfusion with 0-Na1 Ringer, in which NaCl was replaced mole-for-mole by

NMDG. In this manner, the conditions for measuring Ca21 currents were

rapidly attained (in ;60 s).

The odorant used in this work was geraniol (3,7-dimethyl-2,6-octadien-

1-ol).

All chemicals were from Sigma-Aldrich (St. Louis, MO), unless

otherwise indicated.

RESULTS

Our main goal was to establish whether the tonic and phasic

response patterns commonly recorded from ORNs upon

odorant stimulation could be governed by their electrical

properties. We addressed this problem by mimicking the

odorant stimuli with sustained depolarizing current injec-
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tions, and investigated what electrical membrane properties

may contribute to determine ORNs’ differential electrical

firing patterns.

Tonic and phasic olfactory receptor neurons
in isolation

We observed a variety of cell-specific spiking patterns in

response to stimulating olfactory neurons with prolonged

odor pulses under cell-attached conditions. Some cells fired

continuously throughout the stimulus duration, whereas in

other cells the action potentials ceased shortly after the

stimulus onset. In some of these latter cases the transient

firing pattern was caused by stimulus adaptation, but in other

cases it did not appear to be due to adaptation, since a similar

pattern was observed in their responses to slightly supra-

threshold (non-adapting) odorant stimuli. This situation is

illustrated by Fig. 1 A. Under the non-invasive, cell-attached

patch-clamp modality, the response of one ORN to an

odorant stimulus was sustained (Fig. 1 A, left; n ¼ 6),

whereas that of another ORN was transient (Fig. 1 A, right;
n ¼ 7). ORNs that were subsequently depolarized by step-

ping the pipette potential from 0 to 120 mV, rather than by

a chemical stimulus, gave similar responses (Fig. 1 B, left
and right; n ¼ 4 and 3, respectively). All neurons classified

as tonic (TN) in response to odorants behaved tonically in

response to suprathreshold voltage pulses as well. Likewise,

all neurons classified as phasic (PN) behaved phasic in re-

sponse to suprathreshold voltage pulses. These observations

suggested to us that electrical properties by themselves may

determine the tonic or phasic nature of ORNs. In principle,

these properties could include the passive membrane elec-

trical parameters, the repertoire of voltage-gated conduc-

tances, or both.

To examine the possibility that the cell electrical

properties may be responsible for the differential behavior

FIGURE 1 Tonic and phasic firing activity in toad olfac-

tory receptor neurons. (A) An olfactory neuron responded

with a sustained increase in action potential firing (left)

and another ORN gave a brief train of action potentials

(right) to an identical 5-mM stimuli of geraniol, under cell-

attached conditions. (B) Prolonged depolarizations induced

a sustained (left) and transient (right) firing activity in two

other ORNs. Depolarizations were induced by 120 mV

steps in the pipette potential in the absence of odorants;

cell-attached V-clamp condition. (C) Sustained firing in-

crease from an ORN to a 2-mM geraniol stimulus (left, top),

under whole cell conditions. A similar response was trig-

gered by a current step in the same cell (left, bottom).
Another ORN responded to a 20-mM geraniol stimulus

with a transient firing followed by a plateau (right, top), and

with a comparable response when depolarized by a cur-

rent step (right, bottom). Whole cell I-clamp conditions,

Ih ¼ 0 pA.
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observed across ORNs, we applied a prolonged depolariza-

tion by injecting current in the absence of odorants under

whole-cell I-clamp conditions. As shown in Fig. 1 C, a cell
that gave a tonic response to stimulation with geraniol (top,
left) responded with a similar firing pattern to a depolarizing

I-step (bottom, left), whereas a separate ORN that gave

a phasic response to the odorant stimulus responded in the

same manner when depolarized with an I-step (bottom,
right). These observations indicate that the differential firing
patterns among ORNs can be determined by the electrical

characteristics of the ORNs, independently of their trans-

duction conductances.

Of 102 ORNs examined under I-clamp, 49% responded to

depolarizing currents with a sustained increase in action

potential firing (TNs); 36% gave an initial train of 1–6 spikes,

followed by a depolarizing plateau (PNs); and 15% gave

responses of intermediate characteristics (intermediate neu-

rons, INs). These functionally different cell types were

morphologically indistinguishable from each other.We chose

to examine in detail the twomost extreme cases, i.e., the tonic

and phasic cells, by determining the factors that accounted

for their differential responses to electrical stimulation.

The responses of a TN and of a PN to consecutive de-

polarizing current steps of increasing magnitudes are shown

in Fig. 2, A and B, respectively. The tonic and phasic behav-

ior was evident whenever the current pulse surpassed thresh-

old, independently of the magnitude of pulse. Both cells had

almost identical resting potentials (�90 mV for TNs and�89

mV for PNs). We found similar results in seven TNs and five

PNs.

Commonly, whole cell recording is attained by combining

suction with a brief voltage pulse (;0.5 ms, 1.5 V). As this

FIGURE 2 Tonic and phasic respon-

ses under conventional and perforated

whole cell current-clamp conditions. (A)
Responses of a tonic neuron to a se-

quence of depolarizing currents of in-

creasing amplitudes. (B) Responses of

a phasic neuron to a similar series of

current steps. (C) Both cell types were

also observed under the perforated

patch-clamp method, using nystatin as

the perforating agent (see Methods).

(Left) Response of a tonic neuron to

a current step. (Right) Response of a

phasic neuron to an identical stimulus.
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procedure allows the loss of soluble cytosolic components

into the pipette, it was important to check whether our obser-

vations might have been affected by this invasive procedure.

To this purpose, we established the whole cell condition using

the less invasive perforated patch method with nystatin (Horn

and Marty, 1988), observing no difference in ORN electrical

behavior by either method: TNs (Fig. 2 C, left) and PNs (Fig.
2 C, right) were also observed under perforated patch condi-

tions. Of a total of six ORNs studied in this manner, three

responded tonically and three phasically to depolarizing cur-

rents applied from a holding current of 0 pA. This result vali-

dates the use of the conventional whole cell method in the

present study.

Tonic and phasic olfactory receptor neurons
in the olfactory epithelium

The study of the electrophysiological bases for tonic and

phasic behavior of ORNs can be most conveniently per-

formed on dissociated cells. However, it is a reasonable

concern that such a differential behavior might somehow

originate as a result of the dissociation procedure and that it

may not reflect the physiological situation in the epithelium.

To address this issue, we conducted whole cell experiments

on ORNs in freshly excised rat epithelia. We used rat instead

of toad because the larger amount of mucus in this amphibian

made it extremely difficult to seal the pipettes on the sensory

neurons, in contrast to the rat. Moreover, the physiological

features of the ORNs from both species appear to be quite

conserved (Schild and Restrepo, 1998; Sanhueza et al,

2000). The cell in Fig. 3 A illustrates the responses of a TN

and Fig. 3 B of a PN upon a series of current steps on

increasing magnitude. As in isolated toad ORNs, tonic and

phasic behavior was obvious in each case to all supra-

threshold stimuli. From seven cells examined, two were

tonic (Ri ¼ 3.8 and 4.3 GV; at Ih ¼ 0 pA, both cells fired

actively, being their membrane potentials near �75 and �70

mV, respectively) and five cells were phasic (Ri ¼ 2.26 0.5

GV and Vm ¼ �64 6 7.1 mV, on average). This result

shows that the rat olfactory epithelium contains ORNs with

markedly different electrical behavior, closely resembling

toad ORNs in isolation.

Passive electrical membrane properties of ORNs

In principle, the passive electrical properties alone, inde-

pendent of voltage-dependent conductances, could deter-

mine whether an ORN responds tonically or phasically to

an injected current step. Therefore, we investigated whether

input membrane resistance (Ri), membrane capacitance (Cm),

and resting potential (Vr) influenced the electrical behavior of

these sensory receptor neurons. We observed no relation

between Cm and the tonic or phasic electrical behavior, as Cm

was not significantly different between both cell types: 4.46
1.5 pF (mean6 SD) in TNs and 4.16 1.5 pF in PNs (Fig. 4

A). In contrast, we found a significant difference (Student

t-test, t\ 0.05) in Vr between TNs and PNs (Fig. 4 A): the
average Vr value of TNs was�826 13mV (mean6 SD, n¼
29), whereas that of PNs was�646 13 mV (n¼ 21). Ri was

also significantly different, being 4.2 6 0.6 GV (mean 6
SD, n ¼ 5) in TNs and 2.9 6 2.1 GV (n ¼ 5) in PNs. This

difference was due to an unspecific current (Iu) that was

FIGURE 3 Tonic and phasic ORN responses recorded in

rat olfactory epithelium. (A) Responses of a tonic neuron to

steps of depolarizing currents of increasing magnitudes,

under voltage-clamp. (B) Responses of a phasic neuron to

current steps.
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detected using hyperpolarizing voltage pulses under

V-clamp. A �20 mV pulse from a holding potential of

�80 mV revealed an Iu between 0 and 1 pA/pF for TNs,

whereas in PNs this current was larger: Iu[1 pA/pF. Due to

the small magnitude of Iu, and to the presence of much larger

voltage-gated currents at similar membrane potentials,

a further characterization of this current was unfeasible; its

presence was necessary and sufficient for explaining the

difference in the electrical pattern between two ORNs with

identical passive membrane parameters and no differences in

their V-dependent currents (see below).

Membrane potential influences electrical
behavior of ORNs

Fig. 5 presents an ORN with a resting potential of �60 mV,

which behaved as phasic when depolarized by an 18 pA

stimulus (Fig. 5 A). When the membrane potential was raised

to �90 mV (close to the average resting potential of tonic

cells) by injecting current, an identical pulse induced a tonic

response in this cell. This observation was verified in 33% of

the cells examined (6 of 18), whereas the remaining 67%

kept giving phasic responses (Fig. 5 B), suggesting that

an additional factor than resting potential (Vr) was also

important in establishing the sustained firing pattern. We

propose that this factor corresponds to Iu. In Fig. 5, Iu was
immeasurably small for the cell in Fig. 5 A and it was[1 pA/

pF for the one in Fig. 5 B. Therefore, although membrane

potential is relevant on determining the discharge pattern, it

cannot account for the cell behavior in all cases.

Tonic and phasic ORNs display similar
whole cell currents

Differences in the individual V-gated ionic conductances

could be another reason for the differential behavior of

FIGURE 4 (A) Passive membrane parameters of the

tonic and phasic olfactory receptor neurons. (B) Distribu-
tion of the resting potential of both kinds of neurons.
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ORNs, since they shape the electrical responses. To inves-

tigate this possibility, we characterized the V-dependent

conductances in PNs and TNs and examined whether any

V-dependent conductances correlated with the cell type (i.e.,

TN versus PN). We studied the currents triggered by series

of depolarizing voltage steps of increasing amplitude, once

we had identified the cell as tonic (Fig. 6, Aa and Ca) or
phasic (Fig. 6, Ba and Da). All families of whole cell cur-

rents exhibited an early inward current followed by outward

currents, and they fell into two general types: one in which

the outward currents measured at the end of the depolarizing

step increased with voltage, reached a maximum and dec-

reased to smaller values at further depolarizing potentials

(Fig. 6, Ab and Bb), and another type in which the outward

currents progressively increased with the magnitudes of the

depolarizations (Fig. 6, Cb and Db). The four ORNs in Fig. 6
were held at�70 mV. The insets display the I-V curves mea-

sured at the end of the voltage steps (arrows) in every case.

The I-V curves in the insets to Fig. 6, Ab and Bb present the

characteristic N-shape of a Ca21-dependent K1 component;

these cells represent 50% of the neurons studied. As illus-

trated in the figure, the electrical behavior of TNs and PNs

were not related to the shape of the I-V curves of their out-

ward currents.

The whole cell outward currents were substantially

reduced in the absence of Ca21 (Fig. 7 A), leaving the

Ca21-independent delay rectifier component. The Ca21-

dependent component was also prominent in cells with I-V

curves that did not exhibit the N-shape, as indicated by the

pronounced reduction of the net outward current observed

under 0-Ca21 Ringer (not shown). The insets to Fig. 7 A
show the I-V relations measured in both conditions. On

average, TNs and PNs exhibited virtually identical values of

Ca21-dependent K1 current (using as a reference value140

mV): 5486 346 pA/pF (mean6 SD, n ¼ 5) and 5296 360

pA/pF (n ¼ 6), respectively, when measured at the end of

a series of 25-ms pulses of increasing amplitude (to 140

mV), from a holding potential of –70 mV. Similarly, the

magnitude of the delayed rectifier K1 current component

was also virtually equal in TNs and PNs (946 55 pA/pF and

97 6 59 pA/pF, n ¼ 5 and n ¼ 6, respectively).

Altogether, these results indicate that tonic and phasic

cells contain substantial Ca21-dependent K1 and delayed

rectifier K1 conductances and that neither of such K1 con-

ductances appear to be related to the response type.

Tonic and phasic ORNs have similar Ca21

and Na1 currents

Sodium and calcium conductances are found in all ORNs.

We examined whether tonic and phasic ORNs exhibit

differences on these conductances that could account for

their dissimilar behavior. Ca21 influx was necessary for

maintained firing of TNs. As illustrated in Fig. 7 B, removal

of extracellular Ca21 changed a tonic response (Fig. 7 Ba) to
a phasic response (Fig. 7 Bb); a similar effect was caused

by supplementing 0.1 mM Cd21, a Ca21 channel blocker,

to normal Ringer (Fig. 7 Bc). The cell recovered upon

reestablishing the control Ringer solution (Fig. 7 Bd).
Therefore, one determinant factor for the electrical behavior

of an ORN may be the magnitude of its voltage-gated Ca21

current.

Fig. 8 Aa shows the response of a TN to a depolarizing

current step. Fig. 8 Ab presents the family of its Ca21

currents to depolarizing voltage steps, after replacing Na1 by

NMDG in the external solution and K1 by Cs1 in the

FIGURE 5 Membrane potential may determine whether

a cell behaves as tonic or phasic. (A) A neuron that gave

phasic responses at �60 mV (Vr) (top) became tonic when

hyperpolarized to �90 mV by injecting current (bottom)
(33%, n ¼ 6 of 18). (B) Another cell, also phasic at �60

mV (Vr) (top), remained phasic at �90 mV (bottom) (67%,

n ¼ 12 of 18).
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internal solution (see Methods). The inset to Fig. 8 Ab
illustrates the I-V curve plotted from these Ca21 currents.

Fig. 8, Ba and Bb, shows a similar experiment, conducted on

a PN. No obvious differences can be observed between both

cells regarding the relative size and kinetics of their Ca21

currents. The average magnitude of the normalized Ca21

currents was 28 6 17 A/F (mean 6 SD), ranging from 7 to

70 A/F (n¼ 17). Three of the 17 cells were identified as tonic

and other three cells as phasic. The other 11 ORNs could not

be identified because the Cs1 solution dialyzed the cell

before it could be done. The Na1 currents from the same

ORNs as in Fig. 8, A and B, look very similar as well (Fig. 8,

Ac and Bc). The I-V relations for each family of currents are

presented below them. No correlation was found between

cell type and the Ca21 and Na1 conductances. We also

investigated whether Caudiverbera ORNs have an inward

rectifier conductance. To this purpose, we explored a voltage

range down to�130 mV in three TNs and three PNs, and we

did not observe any indication of inward rectification (not

shown).

FIGURE 6 Whole cell currents from tonic

and phasic olfactory neurons. A current step was

applied under I-clamp each time to determine

whether the cell was tonic or phasic, and sub-

sequently a series of depolarizing voltage steps

were given under voltage-clamp to study the

voltage-dependent currents. Two general pat-

terns of whole cell currents were found, showing

no relationship with the cell behavior. (A) Tonic
cell. (Aa) Electrical activity induced by an in-

jection of 10 pA of depolarizing current. (Ab)

Whole cell currents for the cell in Aa. The inset

shows the I-V relation measured at the arrow.

(B) Phasic cell. (Ba) Electrical activity induced

by 10 pA of depolarizing current. Bb. Whole

cell currents for the cell in Ba. The inset shows

the I-V relation measured at the arrow. The

ORNs in A and B both present the N-shape in

their I-V curves. (C) Tonic cell. (Ca) Pattern of

action potentials induced by an injection of 15

pA. (Cb) Whole cell currents for the ORN in

Ca. As in previous cells, the inset shows the I-V

relation measured at the arrow. (D) Phasic cell.

(Da) Electrical activity induced by 10 pA of

depolarizing current. (Db) Whole cell currents

for the cell in Da. The inset shows the I-V

relation measured at the end of the current trace

(arrow).
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Altogether, these results indicate that the tonic and phasic

behaviors of ORNs are not connected to differences in their

voltage-dependent conductances. Thus, it appears that such

conductances are not responsible for the generation of phasic

versus tonic behaviors in these cells.

Simulation model of a tonic and a phasic ORN

The foregoing results provide strong evidence that tonic

and phasic responses can be determined independently of

their voltage-dependent or stimulus-induced conductance

changes. Thus, it seems that the passive electrical properties

are sufficient to specify the tonic or phasic nature of an ORN.

To test this notion further, we asked whether basic theoretical

considerations would yield a similar conclusion. Thus, we

simulated an olfactory neuron, using the parameters de-

scribing the conductances of a representative Caudiverbera
ORN, and examined whether tonic and phasic behaviors

could be determined by modifying its passive electrical

parameters, as in our experimental observations on these

neuronal cells. For simplicity, our model includes only an

inactivating inward current (Na1 current) and a single non-

inactivating outward current (K1 current), both of them based

onHodgkin andHuxley-type currents, and an unspecific basal

current (Iu). The small non-inactivating inward current (the

Ca21 current) was omitted in the model because its electrical

effect is negligible due to its small magnitude; the importance

of theCa21 current is increasing the intracellular Ca21 level to

FIGURE 7 Ca21 influx is necessary for the normal

behavior of tonic cells. (A) Whole cell currents under

normal Ringer (left) and under 0-Ca21 Ringer (right);

insets show the corresponding I-V curves measured at the

arrows (n ¼ 12). (Ba) Tonic cell response to a depolarizing

current under normal Ringer. (Bb) Ca21 removal (10�9 M)

turned the cell phasic. (Bc) Supplementing normal Ringer

with 0.1 mM Cd21 produced a similar effect as removing

external Ca21. (Bd) The cell recovered after restoring

normal Ringer (n ¼ 4).
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activate the Ca21-dependent K1 current (Fig. 7), which is

included in the net outward current.

Fig. 9 A illustrates responses from a TN to pulses of

increasing magnitude (2, 6, and 10 pA/pF; Fig. 9, Aa–Ac).
To simulate this TN we set the unspecific conductance, gu, to
0.015 nS/pF and the reversal potential of this current, Vu, to

�82 mV (average Vr of TNs; for the other parameters, refer

to the Appendix). The resting potential of this model cell was

�83 mV. To simulate a phasic cell we set gu ¼ 0.11 nS/pF

and Vu ¼ �64 mV (average Vr of PNs). The resting potential

of this cell was �70 mV; Fig. 9 B illustrates responses from

a PN to pulses of increasing magnitude (2, 6, and 10 pA/pF;

Fig. 9, Ba–Bc).
We found that the firing pattern of a population of phasic

cells can be changed to tonic upon hyperpolarization (see

Fig. 5). Fig. 9, Ca–Cd, displays the results of the simulations

of this experimental observation. Hyperpolarization can shift

to tonic those phasic cells with low gu (gu value close to

0.045 nS/pF) and positive Vu, close to the reversal potential

of the sodium current (VNa). The firing pattern of phasic cells

with high gu (gu value close to 0.11 nS/pF) cannot be

changed into tonic by hyperpolarization (see Fig. 9 legend).

When changing the parameters gu and Vu we found the

following cases: i), those with low gu (lower than 0.03 nS/

pF), Vu between Vr and 0 mV, and high Vr are tonic; ii), those

with low gu (close to 0.045 nS/pF) and positive Vu (close to

VNa) have a low Vr and are phasic, inasmuch as these cells are

turned tonic upon changing the Vr to hyperpolarized values

near TNs’ resting potential; and iii) those with high gu (0.11
nS/pF) and Vu between Vr and 0 mV have a low Vr and are

FIGURE 8 Tonic and phasic cells have similar Ca21 and

Na1 currents. The behavior of the ORN was determined

after breaking into the cell, before the K1-internal solution

that filled the pipette tip was replaced by the Cs1-internal

solution that filled the rest of the pipette (see Methods).

(Aa) TN response. (Bb) PN response. (Ab) Family of whole

cell calcium currents of the cell in Aa.; Bb family of whole

cell currents of the cell in Ba. The recordings in Ab and Bb,

were obtained after normal Ringer was exchanged by

another solution in which all NaCl had been replaced by

NMDG (Vh ¼�70 mV). Insets in Ab and Bb: I-V relations

for the Ca21 currents for each cell, normalized by Cm (n ¼
6). Ac and Bc, Na1 current of the same neurons as in A and

B. Insets in Ac and Bc: normalized values for these

currents, measured at the arrows.
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phasic, as they cannot be transformed into tonic by

hyperpolarization. Cells with high gu and Vu close to VNa

are silent. The simulated cells in i can account for the main

population of tonic cells; if Vu is changed to values close to

VNa, they account for the few tonic neurons presenting Vr

values more depolarized than the mean value for TNs.

Simulated cells in ii and iii account for the main group of

phasic cells includingORNs that can andORNs that cannot be

switched to tonic upon Vmmanipulation. Our observations on

the model cell are in agreement with the notion that the dif-

ference in firing patterns depends on the voltage-independent

conductance (gu) and on the membrane potential.

DISCUSSION

In the present article we are reporting the existence of distinct

populations of receptor neurons isolated from toad (Caudi-

FIGURE 9 The electrical behavior of a model

olfactory receptor neuron. This figure displays the

results of simulations of firing patterns elicited by

depolarizations induced by current injection. (Aa) A
subthreshold 2 pA/pF pulse does not induce action

potential firing in the model tonic ORN. (Ab and Ac)

Tonic electrical activity induced in the model

ORN by a 6- and a 10-pA/pF depolarizing pulses,

respectively. The parameters used for the TN are as

follows: gu ¼ 0.015 nS/pF, Vu ¼ �82 mV; Vr ¼
�83 mV (for the other parameters, refer to Ap-

pendix). (Ba) The subthreshold 2 pA/pF pulse does

not induce action potential firing in the model PN.

Bb and Bc. Electrical activity induced in the model

phasic ORN by depolarizing pulses of 6 pA and 10

pA, respectively. The parameters used for the phasic

neuron are as follows: gu ¼ 0.11 nS/pF, Vu ¼ �64

mV; Vr ¼ �70 mV; for the other parameters, refer

to Appendix. (C). Our tonic and phasic model

neurons can reproduce the dependence on the

membrane potential of the electrical activity, as

the ORNs illustrated in the Fig. 5. Fig. 9, Ca and

Cb, present two different ORNs, both of them with

a membrane potential of �63 mV; the transform-

able ORN (phasic cell that changes to tonic upon

hyperpolarization; right) have a gu ¼ 0.045 nS/pF

and a Vu ¼ 60 mV; the nontransformable cell

(phasic cell that does not change to tonic upon

hyperpolarization; left) has a gu ¼ 0.11 nS/pF and

a Vu ¼ �20 mV. When the model cells were

hyperpolarized by negative current injection, a de-

polarizing pulse induced a tonic response in the

ORN at the right (compare Cd to Cb), whereas the

ORN at the left conserved its phasic pattern (com-

pare Cc to Ca). Holding current was�7.8 pA/pF for

the cell at the left, and �6.6 pA for cell at the right.

Depolarizing pulses were 8 pA/pF for both cells.
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verbera) olfactory epithelium, regarding the action potential

firing patterns that they generate in response to sustained

depolarizing current stimuli. A fraction of the isolated

neurons was tonic (49%), another fraction was phasic (36%),

and a third fraction was intermediate (15%). We established

that the passive electrical properties of these neurons can, by

themselves, specify their particular action potential firing

patterns and that there is no correlation between tonic or

phasic behavior of an ORN and their voltage-dependent

conductances.

Tonic and phasic olfactory receptor neurons

The observation that tonic and phasic responses are

generated by ORNs in the epithelium as well as in isolation

strongly supports the notion that this is a physiological

characteristic of this chemosensory tissue, rather than

a situation caused by the dissociation procedure. This ob-

servation validates our approach of studying the basis for

this differential behavior in isolated ORNs. The species

difference, which we chose for experimental convenience

(Results), does not appear to affect our conclusion and it is to

be expected that the same result should be obtained in the

toad epithelium. Furthermore, we propose that this feature

may be shared by a wide variety of vertebrates.

ORN behavior and passive electrical parameters

We determined that TNs and PNs differed in resting potential

and input resistance (Fig. 4A). Both of these parameters could

determine the electrical behavior of an olfactory neuron. Cells

with low resting potentials (below �60 mV) were all phasic.

The absence of TNs at these potentials is most likely due to

Na1 channel inactivation. ORNs with resting potentials

between�60 and�100mV could be either tonic or phasic. In

phasic cells with very negative resting potentials (Fig. 4 B),
their low Ri correlates with a relatively large Iu ([1pA/pF);

this would explain their transient firing pattern. It may be

thought that the inability of these PNs to generate tonic

responses could be due to membrane damage; however, the

highly negative resting potentials of these cells are in-

compatible with this possibility. A fraction of the PNs (33%)

having low resting potentials could be turned tonic by

hyperpolarizing their membrane potentials with a steady

current injection, indicating that membrane potential was

important in determining the behavior of such cells. However,

the behavior of the remaining fraction of PNs was not

modified upon increasing their membrane potentials, a further

indication that the firing pattern does not solely depend onVm.

As there were no fundamental differences in the ORN whole

cell currents that could be correlated with their electrical

behavior, we conclude that the reason for their differential

behavior is related to their passivemembrane parameters. The

cell in Fig. 5 B represents an example of an ORN that was

unaltered upon increasing its membrane potential; this cell

exhibited a larger Iu than the ORN in Fig. 5 A, in which Iu was
negligible.

We do not know the ionic basis for the unspecific current,

which we could not study in detail because of its extremely

small size (see Results); such a current may correspond to

a Hodgkin and Huxley-type leakage current with a reversal

potential of ;�60 mV (Hodgkin and Huxley, 1952), or

sodium channels opened at resting potential. Alternatively, it

may be due to a small fraction of the excitatory transduction

channels that are open in the absence of odorants (Kleene,

2000); under our experimental conditions, the related trans-

duction current should have a reversal potential of 0 mV; an

additional possibility is that it could correspond to a K1

conductance (Delgado and Labarca, 1993; Delgado et al,

2001). All of these possibilities would tend to reduce the input

resistance of ORNs and are compatible to our model (Fig. 9,

Appendix, see below). Indeed, if Iu consists of multiple com-

ponents, the relative contribution of each of them may vary

from cell to cell, giving rise to the different electrical patterns.

Simulated model for a Caudiverbera ORN

To test our conclusions, we simulated an olfactory neuron

utilizing the parameters from a representative ORN. Our

model cell responded tonically or phasically to suprathres-

hold depolarizing pulses, depending on the values given to

the unspecific current, membrane potential and other para-

meters considered, in close agreement with ourmeasurements

on tonic and phasic neurons (Fig. 9; Appendix). These results

strongly support the notion that the passive membrane

properties are sufficient to determine the characteristic neu-

ronal firing patterns triggered by depolarization. The simu-

lations in Fig. 9 demonstrate that changes in both Vm and the

unspecific conductance are sufficient to determine the phasic

or tonic firing pattern of ORNs. Manipulation of Vu and gu
affects Vm and also generates practically all the electrical

patterns observed in ORNs. As mentioned in the previous

paragraph, different relative contributions of the possible

components of the voltage-independent conductance would

yield variations in gu and Vu from cell to cell, providing the

physiological basis for the parameter manipulations in the

model. In extreme conditions, the model cells were turned

silent upon increasing gu to 0.39 nS/pF, and cells with gu
lower than 0.015 nS/pF were always tonic in the whole range

of Vu, from VK to VNa (not shown). In our model, both the

V-dependent currents and the externally applied depolarizing
current (Ie) were normalized by the average capacitance of

Caudiverbera ORNs and were expressed in pA/pF. The

threshold Ie necessary for inducing action potential firing in

the model cells was higher than that observed in the real

ORNs; this was the most important difference between real

ORNs and our simulated neurons. The model neuron re-

sponds as expected to any manipulation on the voltage-

dependent conductances (not shown).Our observations on the

model cell are in total agreement with the notion that the
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differences in firing patterns among ORNs can depend on the

characteristics of the voltage-independent conductance (gu)
and the membrane potential.

Membrane conductances and receptor
neuron behavior

The voltage-dependent Ca21 currents did not vary signi-

ficantly across ORNs, when normalized values were com-

pared (Fig. 8). In addition, we observed that the Ca21

conductance plays a key role in allowing sustained firing, as

removal of extracellular Ca21 or blockage of the Ca21 con-

ductance byCd21 abolished tonic firing (Fig. 7B), suggesting
that Ca21 influx is required for sustaining action potential

firing. Our observations indicate that the Ca21 current does

not have an important electrical effect by itself on determin-

ing the differential response pattern, but it is necessary for

the activation of the Ca21-dependent K1 current. In addition

to playing a role in shaping the different patterns of action

potentials elicited by depolarizing stimuli in ORNs, the Ca21-

dependent K1 conductance appears to contribute to ORN

adaptation in the newt (Kawai, 2002). Blocking this conduc-

tance with CTx or IbTx abolished an adaptive component that

is present even in responses to depolarizing injected currents.

Neither of such toxins seems to affect Caudiverbera soma-

tic Ca21-dependent K1 current (Delgado and Labarca, 1993;

Madrid and Bacigalupo, unpublished observations), but we

have not tested whether this current participates on adapt-

ation. From the present study, it is clear that the Ca21-

dependent K1 current does not participate on determining

the differential behavior of tonic and phasic ORNs in the

Chilean toad, since this current is comparably prominent

in both cell types. Similarly, no differences were detected

with regard to the delayed rectifier current between TNs and

PNs, ruling out an involvement of this current on defining the

cell electrical behavior.

The observation that the Na1 current is present with

indistinguishable features in tonic and phasic ORNs (Fig. 8)

rules out a role for the Na1 conductance in specifying the

discharge pattern.

Comparison to the behavior of chemoreceptor
cells in other vertebrate species

It was reported that the majority (78%) of isolated mouse

olfactory receptor neurons displayed transient (phasic) res-

ponses to sustained depolarizing current steps, whereas iso-

lated vomeronasal receptor neurons (VRNs) from the same

species exhibited mostly tonic responses (70%; Liman and

Corey, 1996). Average resting potentials of ORNs and of

VRNs were approximately �81 and �58 mV, respectively.

Input resistances were similar in both cell types (;3 GV),

but their Cm differed significantly: 1.8 and 8.8 pF for ORNs

and VRNs, respectively. With regard to their voltage-depen-

dent conductances, differences were observed in the K1

currents: their onset and kinetics were slower and their size

smaller in VRNs than in ORNs. The authors suggested that

these distinct properties may be causing the differences in

electrical behavior between VRN and ORN cells, but a de-

tailed analysis of how they determine the particular electrical

behaviors was not done. They proposed that VRNs with

small K1 currents exhibited repetitive firing in response to

steady depolarizations; in contrast, the presence of an inactiv-

ating K1 current as well as a prominent maintained K1 cur-

rent in mouse ORNs would tend to prevent repetitive firing.

However, Caudiverbera ORNs exhibit prominent sustained

outward currents and lack the inactivating K1 current, pre-

sent in mouse, but an important fraction of them is tonic

whereas a comparable fraction is phasic. Furthermore, rat

ORNs possess the inactivating current as inmouse but a signi-

ficant proportion of them are tonic (29% of the cases, n ¼ 7;

Fig. 3).

Studies in isolated frog ORNs also reported the presence

of tonic and phasic olfactory neurons, although in this case

the majority of the cells (70%) presented an oscillatory

spiking behavior during sustained odor stimulation, whereas

only 20% were tonic and the other 10% were phasic (Reisert

and Matthews, 2001). They only analyzed the oscillatory

population and proposed that the oscillatory pattern depends

on the dynamics of intracellular Ca21, which would rely on

the Na1/Ca21 exchange system, and on fluctuations on the

levels of cyclic nucleotides within the olfactory cilia, neither

of which were directly measured. Possible involvement of

membrane electrical parameters were not considered in their

work. Under our experimental conditions, we did not ob-

serve evoked oscillatory behavior, but we cannot rule out

that they may occur.

Physiological relevance of tonic and phasic
electrical patterns

It is widely accepted that individual ORNs express a very

small number of odorant receptor genes, possibly a single

one (Malnic et al., 1999) and that each receptor molecule can

recognize a variety of odorants that may have different

chemical structures. The code for recognizing each particular

odorant appears to be generated by a number of ORNs ex-

pressing different receptor genes whose products recog-

nize this odorant, acting in a combinatorial fashion (Malnic

et al., 1999; Duchamp-Viret et al., 2000, Ma and Shepherd,

2000). It may be expected that every ORN expressing the

same receptor gene would respond in a similar manner to

identical non-adaptive stimuli. However, our finding that

a fraction of the ORNs is tonic whereas another fraction is

phasic opens the possibility that ORNs having identical odor

sensitivities (i.e., expressing the same odorant receptor gene

and having the same odorant thresholds) may exhibit dif-

ferent electrical behavior in response to identical chemical

stimuli if they differ in their passive membrane electrical

parameters. This possibility implies that the participation of
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both neuronal types in olfactory coding would be funda-

mentally different. Our observations indicate that these ORN

types can be found in the epithelia of the rat and likely in toad

as well, suggesting that when an animal is exposed to sus-

tained non-adapting odorant levels, some of the respon-

sive ORNs would generate tonic responses whereas others

would respond phasically, depending on their particular

membrane passive electrical parameters.

APPENDIX

Simulation of firing pattern of the olfactory neurons resulted from solving

the following differential equation,

Cm

dV

dt
¼ ie � ðiu 1 iK 1 iNaÞ; (1)

where Cm is the ORN membrane capacitance in picofarads, V is the

membrane potential in millivolts, t is time in milliseconds, and ie, iu, iK, and
iNa are the externally applied current, the unspecific current, the potassium

current, and the sodium current, respectively, expressed in picoamperes.

Normalizing the currents of Eq. 1 by the membrane capacitance (set to 4 pF),

we obtain:

dV

dt
¼ Ie � ðIu 1 IK 1 INaÞ; (2)

where Ix [ ix/Cm, expressed in pA/pF.

The initial condition to run the model was V ¼ �78 mV (t ¼ 0), the

average resting potential of ORNs. The externally applied current Ie was

manipulated between 1 and 12 pA/pF.

The unspecific current Iu was calculated using the following formula:

Iu ¼ guðV � VuÞ; (3)

where gu is the unspecific conductance in nS/pF and Vu is Iu reversal

potential. We manipulated Vu between the VK (�99 mV) and VNa (185 mV);

both calculated with the Nernst equation. gu was set to 0.015 nS/pF for the

tonic cell in the Fig. 9 A and 0.11 nS/pF for the phasic cell in Fig. 9 B.

The potassium current was calculated after Hodgkin and Huxley (1952):

IK ¼ gKn
4ðV � VKÞ; (4)

where gK is the maximum potassium conductance, in nS/pF, and VK is the

reversal potential of the potassium current. VK ¼ �99 mV; gK was set to

10.0 nS/pF. The parameter n is a function of the voltage-dependent kinetic

constants an and bn :

dn

dt
¼ ð1� nÞan � nbn;

where

an ¼ 0:01
V1 55

1� e
�0:10ðV155Þ ;

and

bn ¼ 0:125e
�0:0125ðV165Þ

: (5)

Expressions for the voltage-dependent kinetic constants were translated

from Hodgkin and Huxley (H&H) equations using the transformation:

V(H&H) ¼ �(V 1 65).

The sodium current was calculated from the following expression, after

Hodgkin and Huxley (1952):

INa ¼ gNam
3
hðV � VNaÞ; (6)

where gNa is the maximum sodium conductance in nS/pF, and VNa is the

reversal potential of the sodium current. VNa ¼185 mV; gNa was set to 12.0

nS/pF. The parameters m and h are functions of the voltage-dependent

kinetic constants a and b, following the same rule used for n:

am ¼ 0:1
V1 40

1� e
�0:1ðV140Þ ; bm ¼ 4:0e

�0:056ðV165Þ
; (7)

and

ah ¼ 0:055e�0:10ðV165Þ
; bh ¼

1

11 e
�0:10ðV135Þ : (8)

The parameters describing the voltage-dependent kinetic constants were

taken from Hodgkin and Huxley (1952), with the exception of ah; we had to

make the inactivation more steeply voltage-dependent to simulate the

transformation of phasic into tonic cells by membrane hyperpolarization.

The potential values where the voltage-dependent kinetic constants are

undetermined were amended.

A Fortran program was written to solve the problem, using Microsoft

Power Station 4.0 Microsoft Developer Studio on a Pentium-based

computer.
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