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ABSTRACT Rat olfactory receptor neu-
rons were enzymatically dissociated
and studied with the cell-attached con-
figuration of the patch-clamp tech-
nique. Biphasic current waveforms
induced across the membrane patch
by intracellular action potentials were
observed in ~5% of cells studied. In
one cell in particular, current injected
by the opening of a single channel
initiated an action potential in the
remainder of the cell each time the
channel opened. A conventional type

of electrical model of the cell and patch
allowed the accurate modeling of cell
excitability. The same model was used
to explain the shape of the action
potential current waveforms induced
across the patch. The analysis indi-
cated that the whole cell resistance
(R,) was ~40 GQ and the membrane
capacitance (C,) was close to the stan-
dard value of 1 uF - cm™~2. In addition,
the threshold potential change neces-
sary to initiate an action potential (V;,)
was ~13 mV and a minimum current

injection of 1 pA was required to depo-
larize the cell to spike threshold. When
the smaller size of mammalian recep-
tors are taken into account, membrane
electrical properties were found to be
consistent with those of salamander
cells investigated by others using
whole-cell recording. The analysis also
revealed possible errors in the determi-
nation of single-channel conductances
and reversal potentials by celi-attached
recording from small cells.

INTRODUCTION

Olfactory receptor neurons are extremely sensitive detec-
tors of airborne odorants. Due to their small size, the
electrophysiological characteristics responsible for con-
ferring this sensitivity have proven difficult to investigate.
Recently, whole cell patch studies have produced a
coherent description of amphibian receptor membrane
properties (mudpuppy: Dionne, 1987; salamander: Fire-
stein and Werblin, 1987; bullfrog: Suzuki, 1987). Mam-
malian receptors are smaller and to date have not proven
amenable to conventional voltage-clamp or whole-cell
patch recording. Consequently, no direct measurements
have been made on the passive membrane electrical
properties of mammalian olfactory receptor neurons or on
their sensitivity to injected current.

During investigations using the cell-attached configu-
ration of the patch-clamp technique, we have observed
action potential current waveforms induced across the
patch in ~5% of cells, and that the firing rate is increased
when current is injected by the opening of single channels.
Others have reported similar behavior in olfactory recep-
tor neurons (Frings and Lindemann, 1988; Maue and
Dionne, 1987b; Trotier and MacLeod, 1987) as well as in
other small excitable cell types (chromaffin cells: Fen-
wick et al., 1982; pancreas beta cells: Ashcroft et al.,
1984). In one particular cell, we found that a direct
relationship existed between the opening of a channel and
the initiation of an action potential in the cell, which was
represented as a biphasic current waveform across the

patch. This was observed over a wide range of patch
pipette potentials. These conditions are necessary to ade-
quately model cell excitability. In this report, we show
that it is possible to quantitatively describe the observed
excitability features of this cell by the use of a conven-
tional type of equivalent circuit model of the cell and
patch. Such a model can also be used to explain the shape
of current waveforms induced across the patch by the
action potential in the remainder of the cell. The electrical
properties thus derived indicate that mammalian olfac-
tory receptors have membrane properties consistent with
those of salamander olfactory cells, when differences in
cell size are taken into account. This study also reveals
possible pitfalls in the determination of single-channel
properties by cell-attached recording from any small cell
with a high input resistance.

METHODS
Preparation

The method of producing isolated rat olfactory receptor neurons was
based on that described by Maue and Dionne (19874). Adult female
Wistar rats were killed by CO, inhalation. The olfactory epithelia and
supporting cartilage were quickly removed and placed in a divalent
cation-free solution which contained (in mmol. liter—'): NaCl, 137; KCl,
S; NaHCO,, 4; KH,PO,, 0.5; Na,HPO,, 0.3; glucose, 5.5 (pH 7.4).
Olfactory epithelia were then gently separated from the cartilage and
placed in 5 ml dissociating solution with a similar formula to that
described above, but modified by the addition of 1.75 mg of trypsin
(Gibco, Grand Island, NY). The final concentration of trypsin was
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~0.035%. Enzymatic dissociation was achieved by incubating the
preparation at 37°C for 30 min while simultaneously applying regular
gentle trituration. The dissociation was terminated by adding 1 mg of
trypsin inhibitor (Calbiochem-Behring Corp., La Jolla, CA) to the
solution and allowing it to stand for ~ 10 min at room temperature.
Approximately 2 ml of supernatant was then pipetted into a glass petri
dish that had been previously coated with concanavalin A (Maue and
Dionne, 19874) to permit cell adhesion. The preparation was left for
~15 min until the cells had precipitated from suspension and adhered to
the base of the dish. The superfusion solution was replaced by Hanks’
balanced salt solution before the cells were used in experiments. The
preparation was viewed with model IMT-2 inverted microscope (Olym-
pus Corp., Tokyo, Japan) using phase contrast optics.

Olfactory receptor neurons isolated by this procedure remained viable
for 4-5 h and were easily distinguished by their characteristic morpholo-
gy.- Cell bodies were usually round or ovoid with a diameter of 5-8 um. A
single dendritic process of length 5-30 um extended from the body and
terminated in a small dendritic knob. Cilia protruding from the knob
were visible in ~10% of cases. Axonal processes were not observed.
However, cilia and axons do not always seem to be clearly resolved by
our microscope optics. Only refractile cells with a nongranulated
appearance were studied. Our investigations using this preparation have
been limited by the inability to obtain stable whole-cell recordings.

Data recording and analysis

Patch pipettes with resistances of 5-10 MQ were made from borosilicate
hematocrit tubing (Modulohm 1/S, Vitrex, Herlev, Denmark) using a
two-stage electrode puller (model 720, David Kopf Instruments, Tujun-
ga, CA). Pipettes were then fire-polished and coated with Sylgard (No.
170, Dow Corning, Midland, MI) to within 50 um of the tip. The
solution used to fill the pipette contained (in mmol. liter~'): KCI, 145;
CaCl,, 2; MgCl,, 1; NaHepes, 10; glucose, 10 (pH 7.4). The cell-
attached configuration of the patch-clamp technique (Hamill et al.,
1981) was used and measurements were made using an EPC-7 patch-
clamp amplifier (List Medical, Darmstadt, FRG). The experiment was
performed at room temperature (22°C). Single channel data were
recorded on a Sony video cassette recorder via a digital audio processor.
Data were filtered at 1 kHz then digitized at 5 kHz and analyzed using
an IBM PC/AT computer. Theoretical analysis programs were written
in the Turbo C language, and current records, predicted curves, and
other diagrams were plotted on a model 7470A plotter (Hewlett-
Packard Co., Palo Alto, CA).

RESULTS
General observations

The data analyzed below were obtained from a single
neuron which had a diameter of ~8 um, a dendritic
process ~20 um long, and no visible axon or cilia. It was
investigated at patch pipette potentials varying from
—120 to 100 mV. At hyperpolarized membrane poten-
tials (i.e., positive patch pipette potentials), current
injected into the cell by the opening of a single channel
caused an action potential to be initiated and an action
potential current to be recorded across the patch, provid-
ing the channel remained open for long enough to charge
the membrane capacitance and depolarize the cell inte-
rior to threshold potential. The few exceptions to this are

discussed below. A typical section of record is shown in
Fig. 1. Action potential patch currents were observed at
all patch pipette potentials between 10 and 100 mV (at
10-mV increments).

Action potentials occurring either spontaneously or in
response to channels opening outside the patch were very
rarely observed (one each at pipette potentials of 10 and
30 mV; see below for details). Action potentials were
never observed at pipette potentials <10 mV. Each chan-
nel opening, regardless of the duration, never initiated
more than one action potential. However, long channel
openings often seemed to cause slow oscillations of the cell
resting potential after the action potential (Fig. 2 4). The
magnitude of these oscillations diminished slowly with
time. Direct recordings of olfactory receptor neuron
action potentials (Anderson and Hamilton, 1987; Fire-
stein and Werblin, 1987) have shown that such oscilla-
tions are a typical response of olfactory receptor neurons
to sustained current injection and that they can reach
peak-to-peak amplitudes of at least 20 mV. Brief (< 50
ms) closures of the channel appeared to regenerate oscil-
lation amplitudes, whereas additional channel openings
had little effect (Fig. 2 A). These observations are consis-
tent with the hypothesis that the oscillations were pro-
duced by the synchronous activation of a dwindling
fraction of the cell’s complement of voltage-activated

FIGURE 1 Action potential patch-current waveforms initiated by the
opening of single channels. In all figures, downward current deflections
represent channel openings and currents flowing into the cell. Action
potential patch currents (upward spikes) in the remainder of the cell
were initiated by current injected into the cell by the opening of single
channels in the patch. The large downward spikes were large-
conductance “bursting” channels with openings too brief to initiate
action potentials. The four current records are continuous and were
made at a pipette potential of +70 mV. All displayed records were
filtered at 1 kHz.
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FIGURE2 Other features of cell excitability as implied by currents recorded across the membrane patch. (4) The response of the cell to sustained
current injection caused by long-duration channel openings. Slow oscillations of cell internal potential appeared to follow the initial action potential
current waveform. Brief closures of the channel increased oscillation amplitude without initiating further spikes (upper right, lower left traces).
Additional channel openings (“bursting” channels on lower right trace) appeared to have little effect on the oscillation amplitude. The two upper
traces were recorded at a pipette potential of 70 mV and the lower two at 80 mV. (B) Channels opening <50 ms after an earlier spike failed to produce
a further spike. In this case, a particularly strong stimulus (second channel burst) produced a barely detectable response. Channels opening 50-300 ms
after an earlier action potential (the third channel burst) elicited an action potential waveform of reduced magnitude and longer time course.

channels, a portion of which were reactivated by brief = The second channel type (of which at least two were
returns to the resting potential. present) displayed distinctive “bursting” or “flickery”

Channels opening 50-300 ms after an earlier action  kinetics and had an apparent chord conductance of 35 pS
potential generally produced action potential current  (based on average current peak heights) and the currents
waveforms of diminished amplitude and longer time reversed at a pipette potential of —36 mV. Current flow
course (Fig. 2 B). Some possible causes of this reduced
excitability are considered below (see Discussion).

The patch contained two active channel types, which 337
were easily distinguished on the basis of their conduc-
tance and kinetic properties. Examples of each can be
seen in Figs. 2 and 4. Current-voltage relationships for
both channels are plotted in Fig. 3. The first channel type,
characterized by long duration current transitions, had a 24
zero current amplitude at a pipette potential of — 10 mV
and an apparent chord conductance of 19 pS. Current 1
flow through this channel could not be reversed. These

. . A —
w
Parameters ere calculgted using the assur_nptlon that cgll I rasP e S P A AT
internal potential remained constant as pipette potential
was varied. As shown below, this assumption is invalid in -1 Pipette potential (a¥)

the case of very small cells with high input impedances

and can lead to large errors. The true chord conductance FIGURE 3 Single-channel current-voltage relationships plotted for both
of this channel was estimated to be ~ 29 pS and the true the “bursting” channel (circles) and the channel with long-duration
reversal potential to be ~—44 mV. It was assumed to be current transitions (squares). Points represent the means of all single-
an inwardly rectifying K* channel because its conduc- channel events observed at each pipette potential, and error bars

.. . . S . (+SEM) are displayed when larger than symbol size. As determined
tance, kinetic behavior, and apparent mablhty to permit from this graph, the mean apparent slope conductance of the “bursting”

outward current flow are consistent with the properties of  channel was 35 pS (fitted by linear regression) and for the long-duration
inwardly rectifying K* channels in the olfactory receptor  channel was 19 pS. The conductances measured by this means are
neurons of mice (Maue and Dionne, 1987b) and salaman- significantly lower than their calculated true values (52 and 29 pS,
ders (Trotier, 1986), as well as in other cell types (e.g.’ respectively) and the pipette potentials corresponding to zero current

cardiac ventricular cells: Sakmann and Trube, 1984). across the channel are also likely to be incorrect.
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through this channel was clearly reversible. Its true chord
conductance was estimated to be ~52 pS and may be
encompassed by the 83.3 + 11.5 pS Ca’*-sensitive K*
channel with similar kinetics described by Maue and
Dionne (1987b). However, the activity of this channel
was not strongly correlated with the purported Ca®* entry
during the action potential (see Discussion).

Initiation of action potentials by
single-channel openings

This section deals only with the analysis of events between
the opening of the channel and the initiation of the action
potential. Only action potential current waveforms occur-
ring in response to the opening of square (29 pS) channels
were analyzed. Action potentials associated with the
“bursting” channels were excluded because single-chan-
nel currents could not be accurately measured and the
trends of currents preceding action potentials were
obscured.

As seen in Fig. 4, when the pipette potential was
increased, the latency between the opening of the channel
and the initiation of the action potential current wave-
form was reduced. This time, plotted as a function of
pipette potential, is displayed in Fig. 5 A. Another fea-
ture, also apparent in Fig. 4, is that the current level of the
open channel declined steadily until the point of action
potential initiation. The magnitude of this decline at the
point of action potential initiation, expressed as a percent-
age of the initial current level of the open channel, was
also a function of pipette potential. This has been defined
as “current droop” and is displayed as a function of
pipette potential on Fig. 5 B. A third feature is that the
total charge required to produce an action potential
(where charge equals area under the current trace
between channel opening and initiation of the action
potential patch current) was also reduced as pipette
potential was increased. Such values of charge are plotted
against pipette potential in Fig. 5 C.

Some limitations of these data values are recognized.
At low rates of current injection (i.e., low pipette poten-
tials) some degree of Na* channel inactivation may
occur, thus reducing the action potential depolarization
rate. Evidence that this may have occurred is that at
pipette potentials of 10 and 20 mV, action potential
current waveforms were smaller than those at higher
pipette potentials (see Fig. 4). Data for pipette potentials
of 10, 20, and 30 mV were recorded at the beginning of
the patch record. Action potential patch currents (one
each) at pipette potentials of 10 and 30 mV (see Fig. 4)
were observed without channel openings. The one at 30
mYV occurred at the end of the recording for that potential.
A channel opening elsewhere in the cell and staying open
for the remainder of the recording would not only explain

100 mV 100 mV

80 mV

I
wm T IWJV

30 mv

FIGURE4 Changes in cell excitability with pipette potential and differ-
ences in action potential patch-current waveform shapes between the
channel being open and closed. The patch pipette potential is indicated
for each trace. In the left column it can be seen that the latency between
the opening of a single channel and the initiation of an action potential
patch current is reduced as pipette potential (hence rate of current
injection) is increased. The righthand column shows action potential
patch currents that happened to be initiated shortly before the closure of
“bursting” channels at similar pipette potentials. They are included to
show the difference between the shape of action potential patch currents
when the channel is open and closed. Note the reduced size of action
potential patch currents at pipette potentials of 20 and 30 mV, which
were presumably the result of Na* channel inactivation caused by low
current injection rates. The action potential waveform at 30 mV was one
of only two that occurred without a channel opening in the patch and
was probably initiated by a channel opening outside the patch.

this particular action potential, but would also provide a
rationale for the data recorded later at higher pipette
potentials (40-100 mV) being consistent with a lower
whole cell resistance than the data recorded at 30 mV.
Finally, at pipette potentials of 10 and 20 mV, prolonged
channel openings occasionally did not elicit action poten-
tial patch currents, although slow potential oscillations
(similar to those in Fig. 2 4) were observed. It is interest-
ing to note that when the mathematical model of cell
excitability developed in Appendix A is used, small
variations in cell and patch electrical constants cause
proportionately larger variations in cell excitability at low
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FIGURE 5 Features of cell excitability plotted as functions of patch pipette potential. In each case, the action potential initiation point was taken as
the initial inflection in the current trace immediately preceding the initial spike. Circles are the averages of multiple points and error bars (+SEM)
which are larger than symbol size are displayed. Squares represent single data values. Symbols enclosed in brackets represent data of questionable
significance (see text). Dashed line curves represent the prediction of the model (see Appendix A) in describing the excitable properties of the cell. (4)
The time (z;) elapsed between the opening of a square (29 pS) channel and the initiation of an action potential plotted as a function of pipette potential.
(B) “Current droop” plotted as a function of pipette potential. Current droop is the magnitude of the open channel current level at the point of action
potential patch current initiation, expressed as a percentage of the initial open channel current level. (C) The charge required to initiate an action
potential plotted as a function of pipette potential. Charge was defined as the area beneath the current-time curve between the opening of the 29 pS

channel and the initiation of the action potential.

pipette potentials. Also, because the data at pipette
potentials of 10, 20, and 30 mV were recorded first, we
are inclined to suspect that the cell took some time to
reach a steady electrical state after establishment of the
gigaohm seal. Because of these variations in cell excitabil-
ity at low current injection rates, little effort was made to
model the data recorded at pipette potentials of 10, 20,
and 30 mV.

However, at pipette potentials of >30 mV, trends were
quite consistent and anomalies such as those described
above were never observed. Hence we feel justified in
fitting models accurately to data recorded between 40 and
100 mV.

An electrical model of the situation, a slight extension

of that described in Fenwick et al. (1982), is shown in Fig.
Al.In Appendix A, equations are derived from which it is
possible to determine expressions for time and charge
required for the initiation of an action potential and for
the magnitude of the current droop at the point of action
potential current initiation. A specific aim of the paper
has been to determine whether the substitution of realistic
values of cell and patch parameters into these equations
can simulate the observed characteristics of cell excitabil-
ity displayed in Fig. 5, A-C.

The dashed line curves superimposed onto the data in
Fig. 5, A—C were produced when the following quantities
were substituted into the model developed in Appendix
A.

Lynch and Barry
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R,=110GQ; R,=40GQ; v, =29pS;
C,=3pF;, C,=02pF;, Ezx=-70mV;
E,=—-44mV; Vy=13mV;, Ep=0mV.

These terms are defined below and in Fig. Al and
Appendix A. Each parameter was restricted to a nar-
rowed range of values estimated from cell size and
published values of these parameters for olfactory recep-
tor neurons. The final value was then determined more
accurately by trial and error fitting of the model to the
data. These quantities and the limitations of their accu-
rate fitting are now discussed.

I

Patch resistance (R,)

The total seal conductance was determined from the
change in baseline current with pipette potential and
found to be 19 pS (53 G2). As indicated by Fenwick et al.
(1982), this is the sum of the leakage conductance around
the seal (1/R,) and the leakage conductance through the
patch (1/R;). Hence R, must be >53 GQ.

Whole cell resistance (R,)

For a single channel to depolarize the cell interior, its
resistance must be of comparable magnitude to the whole
cell resistance to produce an effective shunt to ground. As
expected, the ratio R,/R, was the main factor deter-
mining current droop (Fig. 5 B), and variation outside
the range 2-4 precluded an accurate fit to the data
irrespective of how other quantities were varied to com-
pensate. These factors imply a whole cell resistance well
into the gigaohm range. The total cell surface area, when
approximated as a sphere of diameter 8 um and a cylinder
20 x 1 um, was ~270 um?. With the empirically deter-
mined R, of 40 GQ, this yields a specific membrane
resistance of ~1.1 x 10° @ cm? very similar to that found
in amphibian receptor cells (10° € cm? Firestein ~nd
Werblin, 1987). Note that a valid extimate of R, may not
necessarily be gleaned by assuming that the ratio R,/ R, is
approximated by the ratio of patch area to total cell area.
Fenwick et al. (1982) presented evidence that the mem-
brane patch may be slightly disrupted during the forma-
tion of a gigaohm seal resulting in a comparatively low
value of R,. Also, Fischmeister et al. (1986) found that R,
depended on the composition of the pipette solution.

Single-channel conductance (v.) and

channel reversal potential (E,)

Based on the assumption of constant cell internal poten-
tial, the apparent chord conductance appeared to be ~19
pS (see Fig. 3). The reversal of currents at a pipette
potential of —10 mV, implied an apparent reversal poten-
tial of —60 mV (assuming a membrane potential of —70
mV) across the channel. However, at positive pipette

potentials, charge is injected into the cell through the
patch resistance (R,). In the case of very small cells with
high input impedances, this is sufficient to significantly
depolarize the cell interior. At a pipette potential of 100
mV, with the parameters listed above, the resting poten-
tial is actually depolarized by 45 mV without the opening
of any channels in the patch. This clearly reduces the
driving force across the channel, causing errors in single
channel conductances and reversal potentials that are
determined by cell-attached recording. The derivation of
equations to predict the true conductance and reversal
potential are given in Appendix B. In the present case, the
true single-channel conductance (v,) was calculated to be
29 pS and the true reversal potential (E,) was calculated
to be —44 mV. Fischmeister et al. (1986) employed a
different analysis to determine that single-channel con-
ductances were significantly underestimated in cells with
high input resistance.

Whole cell capacitance (C,)

Because amphibian olfactory receptor neuron membranes
have been found to have approximately the standard
capacitance value of 1 uF cm~? (Dionne, 1987; Firestein
and Werblin, 1987; Suzuki, 1987) and assuming a surface
area of 270 um? C, should have been ~2.7 pF. C, is
obviously a major factor determining the charge required
to initiate an action potential (Fig. S C) and it was found
that a value of 3 pF produced an accurate fit of the model
to the data.

Patch capacitance (C,)

The ratio C,/C, should be approximated by the ratio of
patch area to total cell surface area. C, is not an impor-
tant determinant of cell excitability, hence its value
cannot be accurately estimated by fitting the model to the
data in Fig. 5. However, as will be shown below, C, is an
important factor in determining the shape of the currents
recorded across the patch in response to action potentials
in the cell. Hence, the value of C, determined below was
used here. Given the margin of error for C,, a ratio of
patch area to total cell surface area of the order 0.01-0.1
is predicted.

Cell resting potential (E)

The assumed value of cell resting potential (in the
absence of depolarization caused by the pipette potential)
could be varied between —50 and —120 mV without
significantly affecting cell excitability. A value of —70
mV was chosen to be consistent with recent estimates of
olfactory receptor neuron resting potentials (Firestein
and Werblin, 1987; Suzuki, 1987). However, as shown
above, the actual cell resting potential is significantly
depolarized as pipette potential is increased.
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Threshold potential (V)

This was defined relative to the steady-state value of cell
membrane potential at a particular patch potential and
clearly has an important effect on cell excitability. Varia-
tions outside the range 11-14 mV precluded accurate fit
of the model to the data, regardless of how other parame-
ters were varied. This value (13 mV) is consistent with the
threshold potential in mature salamander olfactory recep-
tor neurons of 21 + 10 mV (Hedlund et al., 1987).

Patch diffusion potential (Ep)

This was assumed to be 0 mV, because the composition of
the patch pipette solution was essentially the same as that
expected for the internal composition of the cell. Choosing
a different value did not significantly vary the parameters
of best fit.

The final values of the quantities listed above were
determined to a certain extent by trial and error and
should be considered as first order approximations to the
range of values providing acceptable fits to the data. As
stated above, exceptions to this are the cell resting poten-
tial (Eg), patch capacitance (C,), and patch diffusion
potential (Ep) which could be varied over a wider range
with little detriment to the fit. The other parameters,
however, could only be varied within a small range
(~ +20%) and there was only a very limited ability for
other data to compensate for the effect of moving a data
value outside this range. Hence it is considered that these
parameters provide useful approximations to actual cell
parameters.

Shape of action potential
patch-current waveforms

Action potentials in the remainder of the cell induced
biphasic current waveforms across the membrane patch.
These waveforms were characterized by a large initial
spike with current flowing out of the cell and into the
patch pipette, followed by a smaller rounded spike with
current flowing in the reverse direction and into the cell.
In Fig. 4 it can be seen that action potential patch-current
waveforms were often recorded shortly after the closure
of higher conductance “bursting” channels and that these
generally had smaller initial (outward) spikes and larger
second spikes than those associated with open channels.
These features did not appear to vary with pipette poten-
tial (apart from a marked reduction in spike amplitude at
low pipette potentials, which can be explained in terms of
Na* channel inactivation). At all pipette potentials there
was a large scatter in waveform spike amplitudes which
only allows broad generalizations about patch parameters
and waveform shapes to be made from any mathematical

model. As discussed below, this problem was exacerbated
by the inability to directly record cellular action poten-
tials with their current waveforms induced across the
patch. Accordingly, the aim of this section was simply to
show that the shape of biphasic current waveforms in
response to action potentials can be understood by model-
ing the membrane patch by an extension of the model
used above to explain the initiation of the action potential
by the channel.

Fig. Cl1 is a simplification of Fig. Al containing only
those parameters relevant to determining current wave-
form shape. The mathematical model for the change in
current across the patch induced by a voltage change in
the cell is derived in Appendix C.

Because it was not possible to establish the whole-cell
recording configuration, direct recordings of action
potentials could not be made. Instead, a “typical” action
potential was emulated digitally and used in the model
derived in Appendix C. Action potentials in vertebrate
olfactory neurons have a maximum rising phase of 60-70
V s~! (mean slope 30 V s™') and overshoot 0 mV by 15-20
mV (Anderson and Hamilton, 1987; Firestein and Wer-
blin, 1987; Suzuki, 1987). The action potential in Fig. 2 4
in Anderson and Hamilton (1987) was digitized into 84
points between threshold potential and a point past the
afterhyperpolarization. When the interpoint interval was
adjusted so that the maximum rising phase was 16 V s~!
and the maximum overshoot was 20 mV, action potential
patch current waveforms were found to have similar time
courses to those recorded (Fig. 6). If a maximum slope of
60 V s~! was employed, the predicted action potential
current waveforms were three to four times faster than
were actually recorded in this study. The slower action
potential time course was probably a consequence of the
cell already being substantially depolarized before the
action potential was initiated. Anderson and Hamilton
(1987) found that hyperpolarizing the membrane poten-
tial increases the action potential depolarization rate in
olfactory receptor neurons. Hence the action potential
depolarization rate appears to be influenced by the degree
of Na* channel inactivation in these cells.

With this simulated action potential and the same
values of electrical constants as used in the previous
section, the model predicts action potential current wave-
forms for a pipette potential of 60 mV as displayed in Fig.
6. Examples of recorded action potential current wave-
forms are included for comparison. Action potential
waveforms recorded at a patch pipette potential of 60 mV
were chosen to compare with the predicted waveforms
because it was midrange in the data and contained the
largest population of action potential current waveforms
observed at any potential. At this pipette potential, the
initial (outward) peak had a maximum current of 4.7 +
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FIGURE 6 Examples of measured and predicted action potential patch-current waveforms for a pipette potential of 60 mV. Two upper traces show
action potential current waveforms induced across the patch when the channel is open (/eft) and closed (right). Shown beneath these are the respective
current waveforms as predicted by the model derived in Appendix A and C when substituted with the parameters determined in the text. Bottom
traces show the action potential voltage waveforms used in the model. The main features of the current waveforms are predicted by the model. The
action potentials in each case were assumed to be initiated by equal rates of current injection. The action potential trace is completed by a dashed line
because its actual time course after this point is not important for the purpose of this model.

0.4 (SEM, n = 6) pA when the channel was open (mea-
sured from initial open channel current level) and 3.5 +
0.3 (SEM, n =13) pA when the channel was closed
(measured from current baseline). By comparison, the
predicted action potential had maximum outward peaks
of 4.5 pA and 3.5 pA when the channel was in the open
and closed states, respectively. The second (inward) peak
had measured maximum currents of 0.7 + 0.1 (SEM,
n =9) pA when the channel was open, and 1.1 + 0.2
(SEM, n =10) pA when it was closed. The model
predicted values of 0.7 and 1.3 pA, respectively. Thus
measured and predicted current peak heights are in close
agreement.

As seen in Fig. Cl1, the action potential induces a
voltage change across the patch resistance, the channel
conductance (when in the open state) and the patch
capacitance. For simplicity, consider only the rising phase
of the action potential where the total voltage increase is
given by V,,,. From Eq. BS, the change in total current
flowing through the patch becomes

Ait = Vi /Ry + Vinax * ¥ + C, - dV(2)/d1. 6}

In the present case when the channel is open, the approxi-
mate contributions to the first (outward) current peak

from these three components are 0.5, 1.5, and 3.2 pA,
respectively. Because the capacitative current constitutes
the largest component, the effect of the membrane patch
is largely to differentiate the action potential voltage
curve. Consequently, small variations in the action poten-
tial shape can cause significant variations in the shape
and amplitude of current waveforms across the patch.

A value of C, was chosen so that the initial peaks of
both the model and the data were consistent. As seen in
Eq. 1, such a value of C, cannot be determined accurately
by this means because none of the other quantities are
precisely known. v, and R, can be determined with
reasonable accuracy (+20%) as discussed above. Both
Vasx and dV(¢)/dz are unlikely be in error by >+50%.
However, when these errors are compounded, it can be
appreciated that the fitted value of C, is little better than
an “order of magnitude” approximation.

The model predicts that the initial outward current
peaks of the action potential current waveform are grad-
ually reduced as the pipette potential is increased. The
decline is approximately linear, decreasing from 4.9 pA at
a pipette potential of 40 mV, to 3.4 pA at 100 mV when
the channel is open. Since the cell internal potential is
steadily depolarized as pipette potential is increased and
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overshoot potential is assumed to remain constant, the
voltage change (V,,,,) is progressively reduced. As seen in
Eq. 1, this reduces the resistive current components
causing the progressively smaller current spikes. This
model did not consider the possibility of further increas-
ing Na* channel inactivation as the cell is depolarized,
which was proposed by Fenwick et al. (1982) to explain
the decline in current peak height that they observed with
increasing pipette potential. We also observed a reduction
in peak currents at pipette potentials of 90 and 100 mV
which may be due to this. However, between 40 and 80
mV no such trend was observed. A possible reason is that
as the stimulus intensity (i.e., pipette holding potential)
was increased, the rate of rise of the action potential
became faster. This would have increased the capacitative
current component (see Eq. 1) and kept the magnitude of
the initial current peak approximately constant.

DISCUSSION

In this paper, we have shown that the opening of a single
ionic channel can directly initiate an action potential in a
small excitable cell. The condition under which this
occurred was artificial in that an abnormal driving force
and external K* concentration enhanced the rate of
current injection. However, in physiological conditions a
similar current (1 pA) could be generated by the opening
of one nonselective cation channel with a conductance of
at least 14 pS. The possible absence of cilia was not
considered to have significantly enhanced cell excitability
by increasing whole-cell resistance because of their small
diameter (0.2 um: Getchell, 1986; Lancet, 1986) and
probable short length constants. We have also shown that
a conventional type of equivalent circuit model of the cell
and membrane patch, substituted with realistic electrical
parameters, can quantitatively explain the observed fea-
tures of cell excitability. A similar electrical model can
also explain the shape of the current waveforms induced
across the membrane patch by the action potential.
However, as outlined above, without direct concurrent
measurement of individual action potentials it is not
possible to model these waveforms more accurately.

If the cell and patch electrical parameters determined
above were modified to describe a salamander olfactory
neuron with seven times the surface area (Firestein and
Werblin, 1987), with the assumption that the membrane
parameters per unit area were no different, most parame-
ters would be unchanged except that the whole-cell
resistance would be 5.7 G, the whole cell capacitance
would be 21 pF and the minimum injected current to
reach spike threshold would be 3.5 pA. These compare
well with quantities of 5 G, 20 pS, and 3 pA determined
by Firestein and Werblin (1987) as being typical for

salamander receptors. Assuming amphibian and mam-
malian neurons share similar membrane properties, this
suggests that the neuron investigated in this study had a
sensitivity representative of mammalian olfactory recep-
tor neurons. The fact that action potentials initiated by
single channels are rarely observed in cell-attached
patches is probably due to the spike generating section of
the axon being normally severed during cell preparation.

A short term (~300 ms) reduction in cell excitability
was invariably observed to follow each action potential
(Fig. 2 B). Because the inward voltage-gated conduc-
tance contains a Ca®* component (Trotier, 1986; Dionne,
1987; Firestein and Werblin, 1987; Suzuki, 1987), the
activation of a Ca’*-gated K* conductance may have
contributed to the reduced cell excitability. Changes in
ionic concentration gradients in the cell soma were
unlikely to have been responsible because the amount of
charge entering the cell during an action potential was
calculated to cause concentration changes of <0.01 mM.
However, concentration changes would be ~1 mmol -
liter~! in the spike generating section of the axon (diame-
ter 0.1 um), which may have contributed to transient
depressed excitability (Gesteland, 1986, 1988) but seems
unlikely to have been the major factor. It should be noted
that this effect would be more important in vivo, where
extracellular concentration changes are relevant and
where odorant information is often coded in spike bursts
(Frings and Lindemann, 1988). A similar process may be
expected in the olfactory receptor cilia where local ionic
concentration changes may result from sustained odo-
rant-stimulated currents. These mechanisms may explain
the desensitization of olfactory receptor neurons to sus-
tained odorant stimulation (Getchell and Shepherd, 1978;
Getchell, 1986).

Fenwick et al. (1982) and Fischmeister et al. (1986)
noted that the opening of a single channel can dramati-
cally change the internal potential of a very small neuron.
This provides an explanation for the irregular current
baseline and random spiking that typify whole-cell
recordings from salamander olfactory receptor neurons
(Anderson and Hamilton, 1987; Frings and Lindemann,
1988). A high basal rate of spiking would also be a feature
of smaller mammalian receptors which are much more
sensitive to current injection. Also, this same sensitivity
would allow these cells to detect single odorant molecules
gating single channels, as earlier predicted by Moulton
(1977).

It appears that single spikes produced by a sufficiently
small number of odorant-activated cells would not be
detected by higher neural circuitry as variations in the
spontaneous spiking rate. If these low signal strengths are
not detected, what is the rationale for the extraordinary
sensitivity of these cells? We suggest that low peripheral
signal strengths may be improved if odorants produced
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bursts of spikes rather than single spikes. Spike bursts
would not usually be initiated by spurious channel open-
ings but may be the result of sustained depolarizations
produced either by the direct odorant gating of large or
multiple conductance-state channels (Labarca et al,
1988) or by channels activated by second messenger
amplification systems (see Nakamura and Gold, 1987;
and reviews by Anholt, 1987; Lancet and Pace, 1987).
Alternatively, odorant-activated second messenger sys-
tems may directly modulate the activity of channels
responsible for repetitive spiking behavior. The notion of
peripheral olfactory information being coded in bursts is
consistent with the observation by Firestein and Werblin
(1987) that receptor spiking activity is not finely graded
with stimulus intensity. Thus stimulus intensity may be
coded by some other means.

Our analysis supports the finding of earlier studies
(Fenwick et al., 1982; Fischmeister et al., 1986) that the
current injected via the patch resistance into a small cell
with high input impedance is sufficient to cause signifi-
cant depolarization. In the case discussed above, it was
calculated that increasing the pipette potential from O to
100 mV depolarized the cell from a resting potential of
—70to —25 mV. This can lead to the underestimation of
single-channel conductances and errors in the reversal
potential of channels studied in the cell-attached patch-
clamp configuration. It may explain the discrepancy
reported by Maue and Dionne (1987b) between the
conductance of a K* channel in mouse olfactory receptor
neurons of 20.6 + 9.4 pS when cell-attached and 29.4 +
11.4 pS when excised. This compares remarkably well
with a similar channel in the present study which had an
apparent measured cell-attached conductance of 19 pS
and a true corrected conductance of 29 pS. Similarly,
large errors in the reversal potential may result when
determined by cell-attached recording. For example, the
same channel had an apparent reversal potential of —60
mV and a true corrected reversal potential calculated to
be —44 mV.

The opening of single channels rapidly depolarize the
cell. These cause current relaxations (described above as
“current droop”) which follow an exponentially decaying
time course. From Eq. A25,

Aig(t) 1 —[1 (1 +a)R,Cyfr] e "+ @)
Air(0) ~ (1 + @) RC, /7 ’
where, from Eqgs. All,
a = (Ro/Rp) + (Ro7c) (3)
and
7= R(C, + C,). @)

Hence the time constant for the “on” current relaxation is

given by
Tw = (Co + G)/(1/Rs + 1/Ry + 7o), )
and similarly the “off” current time constant is
18 = (Co + G, )/(1/R, + 1/Ry). (6)

If C, « C,, Egs. 5 and 6 simplify to
of /Ry + 1/Ry + 7o), O]

Ton =
and
Toﬂ‘zco/(l/Ro'*' I/RP) (8)

Egs. 7 and 8 were used by Fenwick et al. (1982) who
measured time constants of relaxations from large con-
ductance channel transitions and thereby determined cell
and patch electrical constants. In the present case, the
channel conductance (vy,) was too small to clearly show
these relaxations. However, they have been observed in
other olfactory receptor neurons in response to large
conductance channel transitions (our own unpublished
observations).

Finally, the results presented here suggest that the
determination of cell and patch electrical constants by the
modeling of cell excitability provides a verification to
constants determined by others using whole-cell patch
recording.

APPENDIX A

Derivation of equations describing
initiation of an action potential
after the opening of a single cation
channel in a very small cell by the
opening of a single cation channel
in a membrane patch

The aim of this appendix is to derive the change in membrane potential
of a very small cell, resulting from the opening of a cation channel in a
membrane patch on the cell, to determine the conditions that will result
in the initiation of an action potential. This will involve derivations of the
current and cell depolarization resulting from the pipette potential
before and after the channel opens and, where appropriate, the time
taken to reach action potential threshold after the channel has opened.
The electrical circuit of the patch and cell (see Fig. A1) will be
assumed to be similar to that of Fenwick et al. (1982), except that both
the patch capacitance (Cp) and the patch diffusion potential (Ep) will be
included. As indicated in Fig. A1, Rp and C; refer to the patch resistance
and capacitance; v,, R,., and E, refer to the conductance, resistance, and
null potential of the cation channel; R, and C, refer to the resistance and
capacitance of the rest of the cell; Ep, is the diffusion potential across the
patch with the channel closed; R, is the pipette-patch seal resistance, and
i, is the current through it; ¥, is the voltage applied to the patch pipette,
and ¥ is the voltage of the cell interior; iy is the total current being
measured by the patch amplifier; ip, ip, and i, are the currents
“through” Rp, Cp, and «,, respectively, and ig, and i, are the currents
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FIGURE A1 A schematic diagram of the full electrical circuit of a small
cell and membrane patch with a channel that can be in either an open or
closed state. The symbol A represents the patch-clamp amplifier. The
subscripts P, ch, s, and o refer to the membrane patch, the channel, seal
around the patch pipette and rest of the cell, respectively. Eg, Ep, E,, and
R, represent the resting potential of the cell, the diffusion potential
across the patch, the null potential of the cation channel in the patch and
the resistance of the single channel with conductance (v.). ¥ represents
the potential applied to the patch pipette. For further details see
Appendix A. The positive directions of the current are as defined by the
arrows in the diagram. The circuit is somewhat similar to Fenwick et al.
(1982) except that they did not include Ep, and G, in the patch and the
leakage resistance of the seal R,.

“through” R, and C,, respectively. All potentials are conventionally
defined with respect to the external solution.

Firstly, the steady-state background current and depolarization that
results from an increase in pipette potential, Vp, in such a small cell, with
the cation channel closed, will be derived. This will be followed by a
derivation of the steady-state current, ip, across the patch, and hence the
total background current, i%. When the cation channel opens in the
patch (time, ¢ = 0), an inward (into the cell) current will result, which
will significantly depolarize these small cells and, in turn, decrease the
current through the channel and the rest of the patch. The time
dependence of this depolarization and decrease in current across the
patch will then be derived. Finally, for values of V, for which the
membrane depolarization reaches the threshold for action potential
initiation, the duration of channel opening necessary to reach this value,
t;, will be derived.

Derivation of background current and initial cell potential, before
channel opens, due to V. It will be assumed that the cell is initially at
the resting potential, Eg. When the pipette potential, Vj, is applied,
there ‘will be a background current through the patch-clamp amplifier
(due to leakage current through the seal, i,, and across the rest of the
patch, ip). This will change the potential across the rest of the cell,
tending to depolarize it as ¥} is increased. This current, i3, (for ¢ < 0),
will be given by

= —{[("» + Ep — E)/(Re + R)] + [V3/R]}, (Al)

which can be written as

it =i, = 8[Vp + Ep — Exl/[R(1 + )], (A2)

where
8 = R,/ Ry, (A3)

and where the current directions are as indicated in Fig. Al.
The initial background voltage across the rest of the cell will be given
by

VP=V(t<0)=Ex + [R(Vp + Ep— Ex)/(Rp + R,)], (A4)
and written in terms of § as
Vo= [Vpd + Ex + ERdl/(1 + 9). (A3)

Derivation of change in patch current and cell potential, after channel
opens. Att =0, it will be assumed that a channel has opened up in the
patch and that provided there is a suitable driving force, the resulting
current will depolarize the cell membrane potential. For ¢ = 0, the total
current flowing through the patch-clamp amplifier, i, will be given by

ip=1dp+ip. + iy + i, (A6)

so that the total current, in terms of the current components flowing
through the membrane patch, will be given by

. Ve +Ep-V) d
IT=—%—CP 7 V-"
Ve + E.— V
A EV) L an
R,

where i,, the seal leakage current, is given by
i, = — Vp/R,. (A8)

Similarly, the total current, in terms of the components flowing through
the rest of the cell, will be given by

Ve — E av
_(P R)_Co—

it = R ar + I, (A9)

From Eqs. A7-A9Y, the full final differential equation for the change of
cell membrane potential with time will be given by

Vpa + E =V(1 + a) + 7(dV/dt), (A10)
where
7=R(C, + Gp) E =Ep + BE. + Ey
(All)
o= (R,/Ry) + (R/Ry) B=R,/R,y,
so that
a=20+f. (A12)

The specific solution of the full equation (Eq. A10) is simply given by
V=(aVp + E)/(1 + a). (A13)

Try a trial solution ¥ = Ae* as a solution for the homogeneous
equation

rdV/d:) + 1 + )V =0. (A14)
The full solution of Eq. A10 becomes
V=(aVe + E)/(1 + @) + Ae™\1+/" (A15)
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From the boundary conditions (t <0, V = V),

A=-B[Vp — Eg — Epd + (1 + 0)E]J/[(1 +0) (1 + &)].
(Al6)

Defining AV as the change in potential when the channel opens (¢ = 0)

AV =V -V, (A17)
it may be shown from Eqs. AS and A15-A17 that
AV = 0[1 — e+, (A18)
where
0=Vep— A (A19)
p =B/l + a)(1 + 8)] (A20)
A=[8/(1 + a)ll[(Er + Epd)/(1 +0) — E]]. (A21)

Thus it can be seen that for large positive values of V; and inward
currents, the membrane potential of the cell will be considerably
depolarized.

Derivation of time taken to depolarize cell to action potential thresh-
old. Provided that the size of the membrane patch is not too small in
comparison with the rest of the cell and V; is large enough, this
depolarizing potential change could reach the threshold value necessary
to initiate an action potential. Assuming that the change in potential
necessary to reach threshold is ¥, the initiation time, ¢;, that the
channel needs to be open for this value to be reached and cause an action
potential to be initiated can be obtained by solving the equation

Vt.h — 0[1 _ e—(l +a)li/r]'

t, = |——|1 !
Sl 1= (Vao |

It may immediately be seen from Eq. A23 that if § < V,,, an action
potential can never be initiated by this channel opening on its own. This
corresponds to

(A22)

Hence

(A23)

[Vpp + A] = Vth'

As far as the patch-clamp currents are concerned, they can be calculated
by substituting for V from Eq. A15 into Eq. A9. The change in current
after the channel opening Air, will then be given by

Aip =iy — b (A24)
and Aip may be shown to be given by
Aig(r) = — (8/R)M1 — [1 — (1 + @)R,C,/7]e™"*¥/).  (A25)

At ¢ = 0, corresponding to the opening of the channel, the change in
current, Ai(0), will be given by

Air(0) = — v.[(Vp — Er — Epd)/(1 + 0) + E]

- G/(C + Go)]. (A26)

The decrease in current with time during the opening of the channel as
expressed by Eq. A25 is due to the increase in cell membrane potential
opposing the driving force across the channel.

For relatively large cell/patch ratios, 6 — 0 and [C,/(C, + Cp)] —
19

Air(0) = Aix(t) = —v(Vp — Er + E,) (A27)

will tend to be constant and independent of time, with Ex and E,

representing the resting potential and channel null potential in each case
defined with respect to the external solution.

APPENDIX B

Determination of the null potential
and single-channel conductance
of a channel for an intact patch in
a very small cell

For large cells and relatively small patches, the change in total patch
current Aiy measured during the opening of a channel of conductance v,
and resistance R, at a patch potential ¥, and cell resting potential Egx
results in R, given by

R = —[1/Aix(1)] [Vp - Er + E|] (B1)
with
Ec = ER - Vg’ (B2)

where E, is the actual null or reversal potential of the channel and V3 is
the value of patch potential at which Air = 0.

However, for the case of intact patches in very small cells, such
equations are quite inadequate. If the initial value of current is used (i.e.,
at t = 0), before current droop becomes significant, then Ai{(0) is given
by Eq. A26 in Appendix A as
Air(0) = — v [(Vp — Er — Exd)/(1 + 8) + E[]

- G /(G + Gp)). (B3)

Setting Aiy(0) = 0, Vp = V3,
E, = (Eg + Eps — V3)/(1 + 6). (B4)
At any other value of V; and Aiy, using this value of E,,

Ry = — (1/Aiy) [(Ve — Er — Epd)/(1 + 8) + E[]
- [G/(C + Go)]. (BS)
If the composition of the pipette solution is very similar to that of the

internal solution of the cell, as was the case in this paper, Ep ~ 0. In such
a case,

E .= (Er —V3)/(1 +9) (B6)

and

R, = — (1/Aip) [(Ve — ER)/(1 + 8) + E|]
- [G/(Co + Go)].  (BT)
Obviously, as cell size increases, § — 0 and C,/(C, + Cp) — 1, so that

the two equations simplify even further to Eqs. Bl and B2. Eqs. B6 and
B7 were used in the accompanying paper to calculate the E_ and R,..
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APPENDIX C

Derivation of the current spike in
membrane patch due to an action
potential in the rest of a very small
cell

An action potential in the rest of a cell induces a change in the current
flowing across the membrane patch. The equations to describe this
situation will now be derived. The electrical circuit (Fig. C1) will be
essentially the same as that of Fig. Al in Appendix A, except that the
circuit of the rest of the cell has been replaced by a “black box” voltage
generator with voltage ¥(¢) and derivative d V/ds. The voltage from the
time of opening of the channel (¢ = 0) until the action potential
threshold is reached (¢;) will be given by the equations in Appendix A,
whereas the voltage during the action potential will be digitally emu-
lated from the digitization of a published waveform of an action
potential recorded in a larger olfactory cell.

After the opening of the cation channel, at ¢ = 0, the currents through
the patch elements will be given (cf. Eqs. A6-A8) by

ir=dp+ipc+in+ i, (C1)
ip=—[Vo + Ep — V(1)]/Re (C2)
in=—[Vp+ E.— V(1)]/R, (C3)
e = — c,,% (Ve — V()] = c.,d:g’), (C4)
so that the total current flowing through the patch will become
ir=—[Vo + Ep — V(1)]/Rs
— [V + E. — V(1)]/R,. + GAV(2)/dt + i,. (CS)

Hence the change in current through the patch after an opening of the
cation channel will be given by

(Co)

AiT = iT - l%v
where (see Eq. A2)

iy =i, — 8[Vp + Ep — Ex ]/[R(1 + 9)]. €N
Before and up to the initial channel opening the membrane potential will
be given by

V(t<0) = (Vpd + Eg + Epd)/(1 + b). (C8)

From the initial opening of the channel until the initiation of the action
potential, ¥(¢) will be given by Eqs. A15 and A16. It will be assumed
that there is a threshold voltage value ¥, above V*. Similarly, the value
of dV/dt can be calculated during this time by differentiating Egs. A15
and A16. From this time on, it then simply becomes a question of
choosing an appropriate function for the action potential. In practice,
this was done by graphically digitizing the published waveform of an
action potential recorded in an olfactory cell under whole-cell clamp
conditions (Fig. 2 4 in Anderson and Hamilton, 1987). The values were
taken from the threshold point to a point beyond the undershoot. The
values of dV/dt were calculated numerically as [V(n + 1) — V(n)]/
(2*At) for the value at the threshold point and as [V(n + 1) —
V(n — 1)]/(2*At) for the nth point thereafter. At the termination of
this set of values, the channel was assumed to close and Aiy to return to
its 0 value. The values were scaled to span points from the threshold
value to an overshoot of V, taken to be +20 mV.

irC ich
Ve
= patch
Ce
Ry,

/’Ec

i

Re

Ep
_/\/ VO el
T

L

FIGUREC1 A schematic diagram of the electrical circuit of a mem-
brane patch with a channel that can be in either an open or closed state.
It is similar to part of Fig. A1, except that the rest of the cell component
has simply been replaced by a “black box” voltage generator V(). For
values before the action potential threshold the actual values of V(¢) and
d¥V(t)/dt were calculated from Eqs. A15-A21 in Appendix A. After the
threshold, the potential was generated from a previously measured
action potential waveform by scaling those values as described in the
text. The symbols are the same as in Fig. Al.
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