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Odorant-Induced Currents in Intact Patches from Rat Olfactory Receptor
Neurons: Theory and Experiment

Pauline Chiu, Joseph W. Lynch,™ and Peter H. Barry

School of Physiology and Pharmacology, University of New South Wales, Sydney 2052 and Neurobiology Division, Garvan Institute for
Medical Research, Darlinghurst, NSW, 2010, Australia

ABSTRACT Odorant-induced currents in mammalian olfactory receptor neurons have proved difficult to obtain reliably using
conventional whole-cell recording. By using a mathematical model of the electrical circuit of the patch and rest-of-cell, we
demonstrate how cell-attached patch measurements can be used to quantitatively analyze responses to odorants or a high
(100 mM) K* solution. High K* induced an immediate current flux from cell to pipette, which was modeled as a depolarization
of ~52 mV, close to that expected from the Nernst equation (56 mV), and no change in the patch conductance. By contrast,
a cocktail of cAMP-stimulating odorants induced a current flux from pipette into cell following a significant (4—10 s) delay. This
was modeled as an average patch conductance increase of 36 pS and a depolarization of 13 mV. Odorant-induced single
channels had a conductance of 16 pS. In cells bathed with no Mg®* and 0.25 mM Ca?*, odorants induced a current flow from
cell to pipette, which was modeled as a patch conductance increase of ~115 pS and depolarization of ~32 mV. All these
results are consistent with cAMP-gated cation channels dominating the odorant response. This approach, which provides
useful estimates of odorant-induced voltage and conductance changes, is applicable to similar measurements in any small

cells.

INTRODUCTION

Olfactory sensory transduction is mediated by olfactory
receptor neurons (ORNs), which line the nasal epithelium
and project numerous cilia into the mucous lining of the
airway. The cilia contain odorant-sensitive G-protein-cou-
pled receptors and the other molecular elements of the
olfactory signal transduction pathway. When stimulated by
odorants, these receptors induce the activation of either the
cAMP or the inositol trisphosphate (IP;) second messenger
pathways (Reed, 1992; Ache and Zhainazarov, 1995).
These second messengers then modulate the activity of a
variety of membrane ion channels, thereby altering the
pattern of neuronal activity (Dionne and Dubin, 1994; Ache
and Zhainazarov, 1995).

Perhaps the most ubiquitous of these channels is the
olfactory cyclic nucleotide-gated (CNG) cation channel,
which was originally described in the frog (Nakamura and
Gold, 1987). Under physiological external calcium concen-
trations, these channels are selective mainly for calcium
(Frings et al., 1995). Calcium entry through these channels
activates a ClI~ conductance (Kleene, 1993; Kurahashi and
Yau, 1993), which amplifies cellular depolarization (Lowe
and Gold, 1993). Both CNG channels and Ca2+-gated chlo-
ride channels are present in mammalian olfactory neurons
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and are both involved in the cellular response to odorants
(Frings et al., 1992; Lowe and Gold, 1993). Other examples
of second messenger-modulated ion channels from the ol-
factory neurons of a variety of species include: IP;-gated
Ca?* channels (Fadool and Ache, 1992; Okada et al., 1994;
Hatt and Ache, 1994), IP,-gated nonselective cation chan-
nels (Schild et al., 1995), IP;-gated K™* channels (Morales et
al., 1994), Ca®*-activated cation channels (Schild and
Lischka, 1994), Na*-activated K™ channels (Zhainazarov
and Ache, 1995) and voltage-gated Na* and K* channels
(Dubin and Dionne, 1993, 1994; Pun et al., 1994). However,
it is not yet certain which of these are expressed in mam-
malian olfactory neurons, and if they are, whether they
contribute significantly to the odorant response.

We are interested in characterizing how odorants modu-
late the activity of ion channels in mammalian olfactory
neurons. Although numerous reports testify to the relative
ease of obtaining odorant responses from crustacean and
amphibian olfactory receptor neurons (reviewed in Dionne
and Dubin, 1994), there are as yet few reports describing
odorant responses in acutely isolated mammalian olfactory
neurons (Lowe and Gold, 1993; 1995). The difficulty of
recording from isolated mammalian neurons appears at least
partly due to their extremely small size and fine cilia. The
cilia, with diameters near 0.1 uM, are difficult to visually
resolve and may easily be disrupted during dissociation.
Furthermore, in our hands, odorant responses of rat olfac-
tory neurons maintained in the whole-cell recording config-
uration are washed out rapidly.

Therefore, the first aim of this study was to determine
whether cell-attached recording could yield reliable odorant
responses from acutely dissociated adult rat olfactory recep-
tor neurons. The second aim was to determine the type of
information that can be derived from these data by use of an
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appropriate electrical model of the cell and patch and real-
istic minimal assumptions. We demonstrate that the magni-
tudes of the odorant-induced changes in voltage and con-
ductance can be estimated with a fairly high degree of
confidence, thus providing a basis for future studies aimed
at investigating the ionic bases of such responses. This
approach is also applicable to the analysis of similar mea-
surements in any small, high-resistance cells.

MATERIALS AND METHODS

Cells were obtained from adult female Wistar rats using a method de-
scribed previously (Lynch and Barry, 1991a). Cells were bathed in general
mammalian Ringer’s solution (GMR) containing (in mM); 140 NaCl, 5
KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 10 glucose. This was then titrated
to a pH of 7.4 with | M KOH and resulted in [K], = 10.1 mM. Patch
pipettes were constructed with a resistance of 3-8 M(). They were filled
with the following solution (in mM): 115 KCl, 20 KF, 11 EGTA, and 10
HEPES. This solution was titrated to pH 7.2 with 1 M NaOH. Currents
were recorded using a List EPC-7 patch clamp amplifier and recorded
continuously onto Beta video tape using a digital audio processor and Sony
beta video cassette recorder modified according to Bezanilla (1985). All
experiments were performed at room temperature (20-22°C). Recordings
were later filtered at 1 kHz, digitized at 2.5 kHz, and analyzed using the
software package PNSCROLL (Barry and Quartararo, 1990). Data are
expressed as mean + SEM.

All measurements were performed on cells maintained in the cell-
attached patch-clamp configuration (Fig. 1 C). Stimulus solutions were
applied to cells by pressure ejection from a puffer pipette placed within
20-30 pm of the cell. A Picospritzer (General Valve Corp.) was used to
control the magnitude and duration of the stimulus. Cells that responded
in any way to pressure ejection of GMR solution were excluded from
analysis.

To observe the effect of cell depolarization in a cell-attached patch, a
high K* solution was applied, containing (in mM): 100 KCI, 45 NaCl, 2
CaCl,, 1 MgCl,, and 10 HEPES. A liquid junction potential of —2.8 mV
between the high KCI solution adjacent to the cell membrane and the bulk
GMR solution was calculated using the program JPCalc (Barry, 1994). No
such corrections were necessary for the odorant solutions. All solutions
were titrated to pH 7.4 using 1 M KOH. The odorant solution was prepared
on the day of the experiment by dissolving the following odorants in
control solution to make a concentration of 1 mM of each odorant: cineole,
n-amyl acetate, methyl salicylate, limonene, and a-pinene. All these odor-
ants have been shown to selectively activate the cAMP second messenger
pathway (Pace et al., 1985).

RESULTS

To obtain the most information from the data presented
below, detailed theoretical analyses have been developed in
Appendices A and B. The aim of these appendices has been
to correctly account for the electrical circuit of the patch and
the rest-of-cell in these small, high-input resistance cells
under conditions of both high K™ -induced depolarization
and odorant stimulation. Where appropriate, the most rele-
vant equations are also listed in the text.

Depolarization with high K* solution

The effects of odorants on cell-attached patches may be due
to either the depolarization of the cell, second messenger-
mediated changes in patch ion channel activity, or both.
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Hence, before studying the odorant response, it was neces-
sary to dissociate these effects by examining the response of
a cell-attached patch to depolarization by a high (100 mM)
K" solution. An elevated [K], of 10 mM was used in the
standard GMR solution to induce a slight cell depolarization
to ensure that voltage-gated channels remained inactivated
upon further depolarization (Lynch and Barry, 1991a,b;
Rajendra et al., 1992). Whereas a control GMR application
elicited no response when applied via a puffer pipette
(Fig. 1 A), the high K™ solution elicited an outward current
across the patch into the pipette as shown in Fig. 1 B. The
latency to the onset of the response was <1 s after initiation
of the response. The response was not accompanied by any
change in current noise level. Measurements of both the
initial baseline current and the outward response current
were made at a series of pipette potentials and plotted as
shown in Fig. 1 D.

Appendix A describes the response of a cell and patch to
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FIGURE 1 Pressure ejection of solutions onto cell-attached patches.
Lines above each trace correspond to the duration of pressure ejection. (A)
The application of the control solution (glucose-free GMR) onto a cell-
attached patch for 10 s does not produce any change in the baseline current
or noise. (B) The application of the high K™ solution generates an outward
current from the cell across the patch into the pipette. (C) The experimental
set-up showing a schematic diagram of an isolated olfactory receptor
neuron (ORN), which has been patch-clamped in the cell-attached patch
configuration, with a puffer pipette from which solution can be perfused
around the ORN. (D) A graph displaying the current values at various
pipette potentials before (®) and after (O) application of the high K*
solution, The upward shift of the points and the maintenance of the same
slope means that application of K* does not greatly alter the resistance of
the patch. The increase in current across the patch at V, = 0, AL(0), was
estimated to equal 3.0 pA.
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perfusion of the cell by a high K* solution. With the
assumption that the reversal potential for the membrane
patch, E, =~ 0 (see below and Appendix A; Eqs. A24-A26),
the following equation may be used to describe these data:

1, = I,(0) — VJR, (1)
where
1,(0) = E,/Ro 2)
and
/R, = [1/R.] + [VR] 3)
with
Rea=R, + R, “@

where [, is the absolute pipette current recorded by the
patch clamp amplifier, V, is the pipette potential, /,(0) is the
pipette current when V,, = 0, and R, is the total resistance
between the tip of the patch pipette and ground. R, consists
of two major parallel components (see Fig. Al): R,, the
resistance of the seal between pipette and membrane, and
R_.;;, the total resistance through the cell from pipette to
bathing solution. R, is comprised of R, in series with the
rest-of-cell resistance, R,. In turn, Rp consists of the back-
ground resistance of the patch in parallel with the resistance
of any open ion channels within it. Rest-of-cell properties
(e.g., resistance or conductance) in this paper refer to the
properties of the entire cell membrane, except for that
portion circumscribed by the patch pipette. The total resis-
tance, R,, is measured as the total change in current passing
through the pipette for a given change in pipette potential.

In three cell-attached patches, R, varied between 4.8 and
5.9 GQ, with a mean of 5.2 = 0.3 G€). Exposure to high K™
solution did not significantly change this value (Table 1). At
a pipette potential of 0 mV, the average value of I, [defined
as I,(0)] was measured to be —3.5 * 0.8 pA (n = 3) before
high K* solution exposure, and this increased significantly
to —1.1 * 0.6 pA (n = 3) in the presence of high K™
solution (Table 1).

With minimal assumptions, the above values of R, and
1,(0) can enable us to estimate the shift in cell potential,
Veen- Veen» i turn, can be related to the shift in the reversal
potential, E,, for the resting K* channels, to the value

TABLE 1 KCI perfusion experiments in GMR solutions
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required to produce the observed outward current. The main
assumptions are estimates of reasonable values for the re-
versal potential of the patch, E,, and the K* equilibrium
potential, Ey, between the cell and the external solution.
The first value may be reasonably approximated as zero,
provided that there is little or no K* concentration gradient
across the patch membrane. The second can be approxi-
mated using the reasonable assumption that the cell is
predominantly permeable to K* at rest. The only other
assumption is that R, >> R,, which is expected since the
patch area is a small fraction of the whole cell area. In
similar experiments, Lynch and Barry (1989) previously
estimated this ratio to be between 10 and 100. However, as
may be seen in Table 1, varying this value over a wide range
(5-100) has very little impact on the values of the param-
eters of interest.

Before application of the high K* solution, the total cell
resistance, R, can be estimated using Eq. 2 as follows.
Assuming a value of ~—65 mV for E, before the applica-
tion of the KCl solution (given [K], = 10 mM; with E,
estimated as —67 mV for Py /Px = 0 and —63 mV for
Py./Px = 0.01), the value of R, may be estimated from
Eq. 2 as ~18.8 = 6.9 GQ. The high K* solution may also
be expected to change both E_ and R_,;. Defining these new
values with a prime, it is shown in the derivation in Appen-
dix A that Egs. 1 and 2 now become:

I,=1,(0) — VR, &)
Again, with the definition that I, = I, (0)’, when V, = 0,
Ip (0)' = EJ/Rin (6)

and the total conductance, G,, can be deduced from Eq. 5
from a plot of I, against V,, since:

—(dlJdV,)' = 1/R{ = [1/R;y] + [1/R]] 7N

Hence, the new value of the reversal potential of the resting
channels, E/, is given by:

Etl) = p(o), X Réell (8)

Since R, displayed no significant reduction in the presence
of high K" solution, it can be concluded that the patch
contained no depolarization-activated channels. Even if R,
decreased sharply with depolarization due to the activation

Control resting situation

KCl perfusion situation

Vcell Vcell V(’:ell Vc’:ell V(’:ell

Cel [0 E, (mV; (mV;  Rew R R R IO AL E (mV; (mV; (mV;

No. (pA) (mV) a=10) a=100) (GQ) (GO (GO (GO (@A) (PA) @@V) a=5 a=10 a=100)
2112 —168 —65  —59.1 —644 388 478 434 214 043 210 9.13 761 8.3 9.0
2312B —4.15 —65  —59.1 -644 157 493 489 153 —203 215 -—306 -255 -279 -30.3
212 -462 -65  —59.1 —644 141 594 531 110 ~158 305 -—173 —144 -1538 -172
Avr  -348 —65  —59.1 —644 228 521 485 159 -—105 243 -—-129 -108 -11.8 -128
SEM  0.79 0 0.0 00 691 031 024 26 065 027 101l 8.4 9.2 100

These are the results of an analysis of intact patch measurements before and during high KCI perfusion, using the equations derived in Appendix A.
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of voltage-gated channels elsewhere in the cell or to in-
creases in external [K*}, this change would not be reflected
as a large change in R,, as long as the resistance of the patch,
R, is significantly greater than the resistance of the rest-of-
cell. The new average value of /,(0)" was —1.05 = 0.6 pA
with R, changing from 22.8 = 6.9 G{} to an R, of
159 = 2.6 GQ. Now, from an average of the product of
1,(0) and R, for each of the cells, the estimated change in
E, would be from —65 mV to a new value, E_, of —12.9 *
10.1 mV (see Table 1). Thus, the mean shift in the reversal
potential is +52 * 10 mV. The theoretically predicted
maximum depolarization, AE,_, arising from application of
the high K* solution, can be estimated using the Nernst
equation

AE,, = (2.303 RT/F) + logio((K* Jpert[K" Jhar) (9

with [K’L]Perf referring to the high K* concentration (105
mM) of the perfused solution around the cell and [K™*}, ,,, to
the original bathing solution (10 mM). Assuming complete
perfusion of the cell by the high K™ solution, the theoreti-
cally predicted depolarization using the Nernst equation
should be ~+59 mV plus a liquid junction potential cor-
rection of —2.8 mV (see Methods) = +56 mV. The close
agreement between this value and the prediction of our
model with our measurements (+52 * 10 mV) establishes
the validity of this intact patch method for quantitating
membrane potential changes.

Effect of odorant application in GMR

Odorant responses in cell-attached patches were observed in
5 of 30 cells in GMR, although only 4 were used for full
data analysis. In each of the responsive cells, the application
of odorant solution for 20 s resulted in a dramatic increase
in current noise and a current flux out of the pipette and into
the cell. A range of responses obtained from three different
cells is shown in Fig. 2 A. The latency between the com-
mencement of stimulus and onset of the response varied
between 4.3 and 10.9 s. These odorant responses contrasted
sharply with those observed with high K™ solution, in
which 1) the latency to onset of the response was very short;
2) the direction of the current was in the opposite direction;
and 3) there was no significant increase in noise.

The mean R, before odorant application was 3.7 *+ 1.3
G (n = 4), determined as —de/de. In the same four cells,
the mean 1,(0), the pipette current at zero pipette potential,
before odorant application was —5.3 * 2.2 pA and the
average net increase in current after odorant application,
Al,(0), was —0.77 = 0.10 pA.

Defining G, before, and G%,,, after, odorant applica-
tion by:

Gcell = 1/Rcell (10)
Gén=URY, (11)

Odorant-Induced Intact Patch Currents
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FIGURE 2 The current response obtained from different cells during a
20-s application of the odorant mixture in a bath containing GMR that
included 2 mM Ca®* and 1 mM Mg?*. An inward current was generated
in all responsive cells but with considerable variation in appearance. The
latency of the odorant response varied greatly as shown, from 4.3 to 10.9 s.
(A) Larger odorant responses taken from three different cells. The top trace
was taken from a cell that had been previously stimulated by odorants,
which may account for the extensive noise throughout the trace. These
traces were taken at pipette potentials of +38 mV (top), 10 mV (middle)
and 24 mV (bottom). (B) A plot of net odorant-induced current against
pipette potential for a different cell (#191b). The slope conductance was
estimated from the slope of the graph to be 83 pS and the net current for
a pipette potential of zero was —0.60 pA. The cell potential, V., when
V, = 0, was estimated to be —39 mV (for RJ/R, = 10).

and the reciprocal of the seal resistance, assumed not to be
affected by the odorant, as G, and given by:

G, = 1/R; (12)

then the difference in G, due to odorant application will be
given (see Appendix A) by:

AGey = Gy — Geen = UURY — 1/R, = (_dAIp/de) (13)

since the seal resistance term, 1/R,, will cancel out.

The average odorant-induced conductance increase
across the cell and patch in the same four patches varied
between 14.6 and 83.5 pS, with a mean of 35.8 + 16.2 pS
(Table 2). A representative current-voltage relationship of
an odorant-induced conductance in one cell is shown in Fig.
2 B. Since the input resistance of these cells is so high, it
might have been expected that there would be a contribution
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TABLE 2 Odorant perfusion experiments in GMR solutions containing 2 mM Ca?* and 1 mM Mg?*

Control resting situation

Odorant perfusion situation

Vcell Vcell Vcell* Vcell‘ Vcell*

Cell (mV; (mV; Geen R, AG..y ALY (mV; (mV; (mV; G /G, G./G,* G /G,
No. I a=100 a=1000 (S) (GO (S (PA) G.fG, G /G, a=10) a=100 «=1000 (a=10) (a=10) (a=100)
18ta —9.40 -59.1 -64.4 1447 087 1460 -—0.82 001 0.02 ~57.8 -579 -63.5 0.11 0.11 0.10
191b —8.71 —59.1 —64.4 1340 233 8347 -060 052 0.84 —38.6 -393 -423 0.63 0.60 0.62
24ta —1.79 -59.1 -64.4 275 568 28.18 —-1.02 0.29 043 —432 —43.9 —49.6 1.15 111 1.04
241b -1.11 -59.1 —-64.4 17.1  6.08 1692 —0.64 0.26 0.38 —44.1 —44.7 —50.7 1.11 1.08 1.00
Avr —5.25 -59.1 —~64.4 808 374 3579 -077 027 0.42 —459 —46.5 =515 0.75 0.73 0.69
SEM 220 0 0 339 127 16.17 0.10 0.10 0.17 4.140 4.0 4.4 0.24 0.24 0.22

*These are the results of an analysis of intact patch measurements before and during odorant perfusion, using the equations derived in Appendix A.

*E.JE, = 0.25.

to the recorded current from channel openings in the rest-
of-cell (see discussion in Appendix B; Eq. B4). However,
calculations for these cells suggested that such a contribu-
tion would be very small. In two of the cell-attached patches
the noise increase was small enough to measure the appar-
ent single-channel slope conductance as a function of pi-
pette potential. A set of current traces is shown for one cell
in Fig. 3 A and a plot of single channel current against
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FIGURE 3 (A) Short segments of current traces taken at different pipette
potentials on the same ORN during a period of odorant stimulation, for a
cell (#241b) bathed in GMR solution, containing 2 mM Ca®*, | mM Mg>*.
Single-channel activity can readily be resolved at each potential. (B) A plot
of single channel current against pipette potential. The single-channel
conductance was estimated from the slope of the graph to equal 17 pS and
the net current for a pipette potential of zero was —0.64 pA. The cell
potential when V,, = 0 was estimated to be —44 mV (for an estimate of
R/R, = 10).

pipette potential is shown in Fig. 3 B. The mean value of the
apparent single-channel conductance (y,) was 15.8 * 1.2
pS (n = 2) and it should be noted that there were no divalent
ions in the patch pipette solution.

Assuming that R, >> R,,, it is shown in Appendix B that,
whereas currents due to single channels opening in the
membrane patch will only be slightly reduced in magnitude,
currents due to single channels opening in the rest-of-cell
will be radically reduced. The actual value of the single-
channel conductance of channels in the patch (7,) may be
slightly larger than the apparent value (), being given in
Appendix B (Eq. B13), by:

Yo = vy (1 + 8) (14)

provided ¥, << G and where 8§ = G}/G 5, with G} and G
representing the values of the conductance across the patch
and rest-of-cell in the presence of odorants. It would be
expected that 8 would be <0.1, so that at most the above
figures would represent only a 21% underestimate of the
conductance. The ratio of current due to multiple channel
openings in the patch (expected to be a similar underesti-
mate) compared to a single opening would be expected to be
an accurate estimate of the number of open channels in the
patch. Hence, an upper limit to the average number of open
channels per patch was 35.8/15.8 =~ 2.3.

An order of magnitude estimate of the maximum density
of odorant-activated channels on the cell soma could be
calculated from an estimate of the area (A) of the patch of
membrane at the tip of the pipette. Assuming it to be
intermediate between a hemisphere (A = 27r%) and a flat
circle (A = wrz) with diameter 2.5 um, its area was esti-
mated to be ~7.4 wm? to give an upper limit to the average
channel density of ~0.3 channels opening per pum? on the
soma. By comparison, Kurahashi and Kaneko (1993) esti-
mated the CNG channel density on the soma of toad olfac-
tory neurons to be approximately 6 per pum?,

As indicated above, the opening of single channels in the
rest-of-cell would only be seen as very small current de-
flections in the intact patch records. From Appendix B, it is
shown that:

Yo = Yol + 8)/8° (15)
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where <y, represents the apparent conductance of single
channels opening in the rest-of-cell when measured across
an intact patch, and vy, represents their actual value. This
means that when § lies between 0.01 and 0.1, -y, will be only
~1/100-1/10,000 of the true value of 7,.

Can we deduce any further information about the effect
of the odorants on the cell parameters? In addition to the
values of the reversal potential of the resting K™ channels,
we can make reasonable estimates of the ratio of the patch
background resistance to the rest-of-cell resistance (o =
R/R,), and of the ratio of the reversal potentials of odorant-
sensitive channels in the patch and the resting K* channels
in the rest-of-cell (E_/E,). The value of « is likely to be
between 10 and 100 (see earlier discussion) and for sim-
plicity a value of 10 will be assumed in the text, although
values of 5 and 100 are also included in Tables 2 and 3 to
show the relative insensitivity of our calculations to changes
in « over this range. If the patch contains only CNG cation
channels, E_/E should be close to 0. However, to allow for
the possible presence of Ca®"-activated chloride channels,
calculations assuming an upper limit of 0.25 will also be
included in Tables 2 and 3. Given these assumptions, we
can estimate both the changes in cell potential due to the
odorant action and even estimate the relative conductance
changes in, and current components through, the patch and
rest-of-cell membranes. We will see that some parameters
are essentially independent of the value of E_/E, (see
Tables 2 and 3), whereas others are very dependent on it.

Making use of the analysis in Appendix A, we can
estimate these parameters as follows. The ratio of the con-
ductance of the odorant-induced channels in the rest-of-cell,
G, to the conductance of the rest-of-cell before odorant
perfusion, G,, can be shown to be given (see Eq. A45) by:

G./G, = RJ/R,, = (1 — 0)/[6 — (EJE))]  (16)
with § = I(0)* R%,/E,, from Eq. A43.

As shown in Table 2, this relative increase in conductance
in four cells was 0.27 * 0.10 for E_ /E, = O or 0.42 * 0.17
for E./E, = 0.25 (see Table 2). Both values are indepen-
dent of the value of a. This represents a significant propor-
tional increase in conductance of the rest-of-cell. Assuming
o = 1, we can estimate the initial resting potential of the
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cell (V). in the absence of odorants, from:

Vcell = Ip(o) X Rp (17)

It is now possible to completely describe the electrical
parameters of the cell and patch in the presence and absence
of odorants as follows (see Table 2 and also Appendix A).
Assuming o = 10 from Egs. 1-5 and Eq. 16, R, = 24.8 *
11.3 G and R, = 2.48 = 1.1 G} and from Eq. 17, V,,, =
—59.1 mV. In the presence of odorant perfusion, the final
cell voltage (V%) for a pipette voltage of 0 mV depolarizes
to —45.9 = 4.1 mV, the amount of depolarization (~13
mV) being only weakly dependent on « and essentially
independent of the ratio of E_/E, (Table 2). The situation
will be illustrated later in Fig. 6.

As seen in Table 2, the final cell potential and the ratio of
conductances in the patch, G./G,, are both fairly insensi-
tive to the value of E_/E,, although, in contrast and as
expected, the value of G_ /G, is very dependent on it. We
have also shown that the patch conductance is almost dou-
bled (G./G,, = 0.75 = 0.24), that there is only a relatively
small depolarization of the cell compared to the effect of
high KCl perfusion, and that an average of ~2-3 channels
are being opened in the patch with a single-channel con-
ductance of 16 pS.

Effect of odorant application in low
calcium solutions

Since the odorants used in this study have been shown to
selectively stimulate the production of cAMP, the two con-
ductances most likely to be stimulated in mammalian olfac-
tory receptor neurons are the cyclic nucleotide-gated (CNG)
cation channels and Ca”*-activated C1~ channels. It is well
known that physiological concentrations of extracellular
Ca** and Mg?" potently inhibit the olfactory CNG cation
channels (Zufall and Firestein, 1993; Kleene, 1995), which
would in turn preclude activation of the Ca?*-activated C1~
channels in the patch. We therefore investigated whether
extracellular Ca®* and Mg®* were significantly inhibiting
the odorant response. In these experiments, Mg?™* ions were
omitted from the bathing solution and the extracellular Ca%*
lowered from 2 to 0.25 mM. The composition of the pipette

TABLE 3 Odorant perfusion experiments in low Ca?* solutions, with 0.25 mM [Ca?*]

Control resting situation

Odorant perfusion situation

Vcell vcell Vcell’k Vcell* Vcell*

Cell (mV; (mV; G R AG,, AL (mV; (mV; (mV; G./G, GCP/GP" G /G,
No. L0 a=10) a=100) (pS) (GO ®S) (PA) G, /G, G. /G, a=10) a=10) a=100) (« =10) (a = 10) (a = 100)
222a —589 -59.1 —-644 9055 058 1693 20.2 0.81 1.47 —33.8 —34.4 -357 0.15 0.13 0.18
252d —13.8 -59.1 —-644 2129 277 3580 0.17 0.18 0.26 -50.0 -50.3 —54.4 0.17 0.16 0.17
252f -09 —59.1 —644 138 10.16 141.0 -5.14 067 1.14 —-15.2 —20.5 -36.4 25.1 18.4 10.9
Avr —245 -59.1 —644 3774 450 1153 5.08 055 0.96 —33.0 -35.1 —42.2 8.46 6.2 3.7
SEM 176 0 0 270.2 290 4062 7.7 0.19 0.36 10.1 8.6 6.1 8.31 6.1 3.6

*These are the results of an analysis of intact patch measurements before and during odorant perfusion, using the equations derived in Appendix A.

*E_JE, = 0.25.



1448

solution was not changed. Under such ionic conditions,
odorant responses were observed in 6 of 16 cells. In five of
these cells, odorants induced an increase in noise and an
outward current across the patch into the pipette at negative
pipette potentials. Examples of such a response from one
cell is shown in Fig. 4 A and a sample current-voltage
relationship for an odorant-induced conductance increase is
shown in Fig. 4 B. The following results are based on
current-voltage relationships recorded from three cells.
Although there was significant variability in measure-
ments from cells maintained under these conditions, the net
currents were still described by Eq. 18, but now with A/ (0) =
+5.1 = 7.7 pA and the increase in cell conductance, AG_y;, of
115 = 41 pS. The relative increase in conductance of the
rest-of-cell (G./G,) was 0.55 = 0.19. Following the analysis
outlined in the previous section, the cell parameters were
determined as follows (see Table 3 and also Appendix A).
Before application of odorants, with « = 10, from Egs.
1-5and Eq. 18, R, = 23.6 £ 21.0GQ and R, = 2.36 * 2.1
GQ and from Eq. 17, V;; = —59.1 mV. In response to
odorant stimulation, there was an increase in conductance,
G o, from 377 to 492 pS. The ratio of odorant induced
conductance/resting conductance in the rest-of-cell, G /G,
was 0.55 = 0.19 in comparison to a ratio in the patch,
G./G,, of 8.5 * 8.3. Changing the value of a to 100 did not

A _I 10 pA

B 35
o\

Net 30} {

current
N e
A
(PA) I N
N
20} o ~

1 5 A i A A
90 -80 -70 -60 -50 -40
Pipette potential (mV)

FIGURE 4 An odorant response for a cell in a low [Ca?*] bath solution,
containing 0.25 mM Ca®* and 0 Mg>*. (A) At a pipette potential of —62
mV in this cell, a 20-s application of odorants elicited a large increase in
noise. Given such a pipette potential the resultant outward current across
the patch into the pipette was much greater than when V,, = 0. (8) The net
peak odorant-induced current, as a result of the opening of a few channels
in the membrane patch, has been plotied against pipette potential for
another cell in the same solution, and its slope conductance was estimated
to equal 36 pS.
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alter the value of G /G, but did change the value of G /G,
to 3.7 = 3.5. The final cell voltage for a pipette voltage of
0 mV depolarized from —59.1 mV to —33.0 = 10.1 mV in
the presence of odorants for « = 10, and from —64.4 mV to
—42.2 + 6.1 mV for a = 100. Thus, the depolarization was
26 mV for ¢ = 10 and 22 mV for « = 100. The whole
situation will be illustrated later in Fig. 7.

As we can see from Table 3, there is now a greater
odorant-induced depolarization and a greater increase in
total conductance across the cell in the absence of physio-
logical concentrations of Ca*>* and Mg®*. Hence, the con-
ductance increase is most likely due to reduced channel
block by Ca®* and Mg**.

Effects of repeated odorant applications

With this intact patch configuration, subsequent odorant
applications seemed to produce minimal changes in odorant
response over a limited number (four or five) of applica-
tions, particularly with the higher divalent ions present. For
example, in the case of Cell 241a (Table 2), a comparison of
the response between the first and fourth odorant applica-
tion at the same pipette potential only decreased by 5%. In
some cases the first four or five odorant applications seemed
very consistent, but the subsequent response dropped radi-
cally (e.g., by >70%) and it was considered that this was
more likely to be a loss of seal rather than a rundown of the
odorant response per se, and the experiment was terminated
and the last response ignored. In the case of the low calcium
solutions, there was generally much greater noise and a
prolongation of the response to each odorant application,
which increased with subsequent odorant applications and
tended to result in the records becoming unusable after
about four or five applications.

DISCUSSION

In this paper we have explored the possibility of using the
intact patch configuration to monitor the responses of small
olfactory neurons to stimulation by odorants and a high K*
solution. To fully interpret our results and correctly deduce
the changes in cellular parameters, given the complex elec-
trical circuit of patch and rest-of-cell, a full analysis has
been developed to account for the effects of stimuli that
induce either depolarization or the opening of ion channels
in the patch or rest-of-cell. Full derivations are given in
Appendices A and B, and these have general applicability to
any similar such conductance changes for high-input resis-
tance cells monitored in the intact patch configuration.
We found that the application of a high K* solution
reduced the inward current from the pipette into the cell,
equivalent to an additional outward component of current,
without any significant increase in current noise (Fig. 1 B).
We have shown that this effect is due simply to the depo-
larization of the cell, thereby reducing the current flow from
the pipette into the cell. A diagrammatical representation of
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this situation is shown in Fig. 5. The magnitude of the
depolarization depends on the relative resistances of the
patch and the rest-of-cell. Assuming reversal potentials for
the resting K* channels in the rest-of-cell and the patch of
—65 mV and 0 mV, respectively, and a resistance ratio of
patch to rest-of-cell (a) of 10, the resting potential of the
cell with V, = 0 was shown to be —59 mV (Table 1).
Increasing external [K*] would be expected to decrease the
reversal potential of the channels in the rest-of-cell to ~—7
mV, and the cell membrane potential to —12 mV (or —13
mV for o = 100), thus reducing the magnitude of the pipette
current, as observed experimentally. The estimated change
in reversal potential, AE_, was 52 * 10 mV. This value was
independent of « and agreed very well with the theoretical

A Puffer pipette y

Patch plpette

&

ORN

Puffer pipette

Patch plpette

FIGURE 5 A diagram showing the effect of KCl application onto a
cell-attached ORN. The channels shown are K* channels that are open at
rest and confer onto the cell its high resting K* permeability. In (A) before
odorant application, with a pipette potential of 0 mV, the cell membrane
potential is estimated to be ~—59 mV (assuming RJ/R, = 10; see also
Table 1). Since the pipette contained 135 mM K* and ORNSs are known to
have a high intracellular K* concentration similar to this value, the reversal
potential for the K* channels, Ey, in the patch can be assumed to be close
to zero and that for the rest-of-cell ~—65 mV. In (B), application of the
high K* solution from a puffer pipette resulted in a depolarization of the
cell from =59 mV to —11 mV, a reduction in driving force for K* to enter
the cell across the patch, and hence also a reduction in inward current
across the cell [shown by the reduced arrow size between panels (A) and
(B)], equivalent to a net outward odorant-induced current across the patch.
In each panel, the lengths of the arrows (or their sums) are intended to be
approximately proportional to the amplitudes of the current components.
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prediction of 59 mV, thus establishing the validity of this
approach for estimating membrane potential changes.

The absence of any change in current noise or increase in
conductance during K™ application indicated that the depo-
larization did not activate voltage-gated channels in the
patch. This was expected, as voltage-gated Na* and K*
channels in dissociated rat olfactory neurons have an ex-
tremely negative voltage-dependence (Lynch and Barry,
1991a, 1991b; Rajendra et al., 1992) and would have been
completely inactivated at the depolarized membrane poten-
tial of ~—59 to —64 mV set by the specially elevated [K*],
of the bathing solution.

Responses to a cocktail of odorants were observed in
~17% (5 of 30) cells. In the presence of odorants there was
an increase in the current from the pipette across the patch
into the cell, equivalent to an additional inward component
of current from pipette into cell. The estimated depolariza-
tion was much less than for the high K* solution, with the
estimated cell potential changing from —59 mV to —46 *
4 mV for o = 10 (Table 2). As demonstrated by the analysis
in Appendix B, channel activity due to channels opening in
the patch should be reasonably faithfully reproduced by the
pipette current, with only slight reductions in magnitude,
whereas channel activity in the rest-of-cell should be radi-
cally diminished in magnitude by a factor between 100 to
10,000. As depicted in Fig. 6, the effect of odorants was
modeled by a current flux into the cell from the pipette with
odorant-activated current also entering across the rest-of-
cell from the bath, and a subsequent cellular depolarization.
The summed arrow lengths are intended to be approxi-
mately proportional to the main current components through
the channels, without attempting to quantify the relative
contributions of C1~ and cation-selective CNG channels.

The odorant-induced channels in the patch were most
likely to be CNG channels for several reasons. Firstly, we
used only odorants known to stimulate the cCAMP second
messenger pathway. Secondly, since the pipette contained
no divalent cations, they were unlikely to have been IP;-
gated channels. Furthermore, the single-channel conduc-
tance of 16 pS was similar to that expected for CNG
channels (Frings et al., 1992). It is possible that Ca”*-gated
nonselective cation or C1~ channels contributed to the cur-
rent response, but these were unlikely to have been domi-
nant since odorant-induced currents were dramatically
larger when external Ca®* was reduced. Currents activated
by Ca** influx should have been reduced under these con-
ditions. It should be noted that if odorant-activated channels
were only opened in the rest-of-cell but not in the patch, the
depolarization of the cell (due to current entering through
the channels in the rest-of-cell membrane) would actually
lead to a reduction in the current leaving the pipette, similar
to the situation already seen for high KCl depolarization.
However, CNG channels in the rest-of-cell were presum-
ably strongly inhibited by divalent cations in the external
solution (Zufall and Firestein, 1993; Kleene, 1995).

In this study, the latency of odorant-induced currents
from commencement of the stimulus was 4—10 s, whereas



1450

A Puffer pipette “ U

Patch pipette

ORN

Ca2+

= Resting K+

<= channels

3 cAMP-activated
channels

8 Ca2+-activated

CI" channels

FIGURE 6 The effect of odorants on ORNs in a GMR bath solution,
which contained 2 mM Ca®>* and 1 mM Mg>*. The channels in black
represent cationic CNG channels and those in gray the resting K* -selective
channels. (A) In the resting situation in the absence of odorants and with a
pipette potential of 0 mV, the estimated membrane potential is —59 mV
(for R/R, = 10, as assumed for figure; see also Table 2). (B) Odorants
activate the cAMP second messenger sysiem, opening CNG channels once
cAMP has diffused from the cilia to the soma. External Ca** ions entering
through the cAMP-activated channels are also able to open C1™ channels
with a resultant efflux of C1~ from the cell and increased inward depolar-
izing current. In addition, external divalent cations (both Ca®* and Mg>*)
are also able to block some of the CNG channels, preventing too great a
cell depolarization. However, the CNG channels in the patch are not
directly exposed to external divalent cations, but are still activated by
cAMP and produce a net inward current from the pipette when V,, = 0.
This occurs in spite of the depolarization of the cell (to ~—46 mV for
RJ/R, = 10; sec also Table 2) that results from the opening of the
cAMP-gated channels in the rest-of-cell and its resulting inward movement
of cations into the cell through them. The increased current across the patch
results directly from the opening of cAMP-gated channels in the membrane
patch (see figure). The lengths of the arrows (or their sums) are intended
to be approximately proportional to the amplitudes of the main current
components, without being too precise about the relative contributions of
the cAMP-gated channels and the Ca®*-activated Cl~ channels. E, is
intended to represent the combined reversal potential of both the cAMP-
activated channels and the Ca?*-activated C1~ channels, and the legend is
intended to apply to both panels.

whole-cell studies have shown latencies of several hundred
milliseconds (Kurahashi, 1989; Firestein et al., 1990; Lowe
and Gold, 1993). This discrepancy can be explained by the
fact that in the present study we used cell-attached patches
from the soma. Since most of the transduction machinery is
known to be concentrated in the cilia, it is likely that second
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messengers are produced there and may require several
seconds to diffuse to the somatic membrane. In both of the
above studies the patch-clamp configuration being whole-
cell, the measurements would tend to reflect conductance
changes throughout the cell, whereas in the present study
they primarily reflect the conductance changes in the mem-
brane patch. If these present measurements are giving a
better indication of the time for cAMP to diffuse from the
cilia and dendritic region to the membrane patch, this would
suggest a much lower diffusion coefficient. Part of the
discrepancy could also lie in species differences with per-
haps more effective slowing of diffusion by binding in the
case of these mammalian ORNSs than in the larger amphib-
ian ORNs in the above cited studies. Future experiments
combining the very elegant methodology of Lowe and Gold
(1993) with intact patch measurements may help to resolve
these differences.

Reducing the concentration of divalent cations in the bath
solution resulted in a net outward current across the patch
for V, = 0 during odorant application, together with an
associated increase in current noise. It was also considered
that this decrease in divalent ion concentration would have
been likely to make the cells more leaky and possibly more
depolarized. However, to make some estimates of cell pa-
rameters, it was still assumed that the cell was predomi-
nantly permeable to K™ in its resting state, so that the value
of E, = Ex would still be ~—65 mV, although the cell
potential (V) could still be somewhat more depolarized
than this.

However, in the low divalent cation solution there was a
greater overall conductance for the patch and cell and a
greater magnitude of /,(0), the patch current at zero pipette
potential, before odorant application. Under these condi-
tions, the duration of the odorant response in some cells was
prolonged to values ~20 s, which was probably due to a
reduced effectiveness of Ca’*-dependent inactivation
mechanisms (Kurahashi and Shibuya, 1990). However, the
reversal in direction of the odorant-induced current suggests
that channels in the rest-of-cell were now dominating the
response. This is to be expected if the low divalent solution
were unblocking odorant-sensitive channels in the rest-of-
cell. These responses were probably also due to CNG chan-
nels that are strongly inhibited by physiological external
divalent ion concentrations (Zufall and Firestein, 1993;
Kleene, 1995). As explained above, this increase was un-
likely to have been due to Ca’*-gated chloride or cation
channels, as these should have predominated at higher ex-
ternal [Ca®™].

These results and their implications can be understood by
inspection of Table 3 and Fig. 7, which depicts the cell-
attached configuration with cAMP-gated channels in the
patch. Again, the summed arrow lengths are intended to be
approximately proportional (although at half the scale of
those in Figs. 5 and 6) to the main current components
through the channels, without attempting to quantify the
relative contributions of C1™ and the now more predominant
cation-selective CNG channels. As shown in Fig. 74, the
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FIGURE 7 The effect of odorants on ORNSs in a low Ca2™* bath solution,
containing “0” Mg?* and 0.25 mM Ca’*. (A) When the pipette potential is
0 mV, the cell potential is expected to be —59 mV. (for R/R, = 10, as
assumed for figure; or —64 mV for R /R, = 100). The current entering the
cell across the patch must then flow out through channels in the rest-of-cell.
(B) Application of odorants is expected to result in cAMP production
within the cell and activation of CNG channels. The low divalent cation
concentration in the bath is expected to be insufficient to block any CNG
channels located on the cell membrane, so that the cell will now be
depolarized to a much greater extent by odorants than was the case in Fig.
6. At V, = 0, the greater membrane depolarization increases the outward
driving force of K™ across the rest-of-cell, which compensates for the
inward current flowing through the CNG channels across the rest-of-cell.
These effects, combined with the CNG channels opening in the patch,
produced a reduction in the inward current across the patch, as indicated.
Again, the lengths of the arrows (or their sums) are intended to be
approximately proportional to the amplitudes of the main current compo-
nents, without being too precise about the relative contributions of the
cAMP-gated channels and the Ca®*-activated CI~ channels. However,
because of the very large currents in this low [Ca®*] solution, the arrows
have been drawn at half the scale of the arrows in Figs. 5 and 6. E_, is
intended to represent the combined reversal potential of both the cAMP-
activated channels and the Ca>*-activated C1~ channels, and the legend is
intended to apply to both panels.

cell may initially be at ~—59 mV (a = 10; or —64 mV for
a = 100; Table 3) with current entering the cell through the
resting K* channels in the patch equaling that leaving
through the larger number of K* channels in the rest-of-
cell. When odorant activity results in an increase in cAMP
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within the cell, the cell will tend to be much more depolar-
ized by the opening of more CNG channels in the rest-of-
cell than in the higher Ca** solution (see Fig. 7 B and
compare Fig. 6 B). The increased inflow of current through
these channels will be partly balanced by an increased
outflow through the resting K™ channels, due to the much
greater depolarization of the cell, as indicated. Nevertheless,
on average there was now a decrease in current through the
CNG channels across the patch and into the cell for V, = 0
(see Table 3). This represents a net odorant-induced outflow
of current into the pipette. Subsequent activation of the C1~
conductance in the rest-of-cell would increase the depolar-
ization and tend to increase this response (the relative sizes
of arrows through these two sets of channels in the figure is
not meant to be quantitative). However, because of the low
external Ca®", the increase in Ca®*-activated C1~ conduc-
tances may not be so large, and hence this may not make a
very large contribution to the current.

The cell-attached configuration thus provides a method in
which odorant responses can be detected without disrupting
the olfactory transduction cascade. It would avoid the prob-
lem of rundown encountered in whole-cell records of the
odorant response in amphibian ORNs (Kurahashi, 1989;
Trotier, 1986). As mentioned earlier (Effects of repeated
odorant applications), there appeared to be no significant
rundown for the first four or five odorant applications, and
subsequent sudden reduction in response seems more likely
to have been due to a loss of pipette seal resistance. This
technique also has the advantage that the extracellular com-
position of the solution adjacent to the membrane patch can
be altered to enhance the conductance of the channels
underlying the odorant response, thereby facilitating detec-
tion of the response itself. Given some assumptions, a
considerable number of cell parameters can be evaluated.

Assumptions of the model and reliability of
parameter estimates

To readily evaluate the above parameters, a number of very
reasonable assumptions needed to be made. 1) It was as-
sumed that the initial resting potential of the ORN was close
to the K* equilibrium potential, Ex. Given the high K*
permeability of typical ORNs at rest and the high value of
[K], of 10 mM in these experiments, this should be a most
reasonable assumption. Even in low Ca®* solutions, when
the membrane conductance is somewhat higher, it will
probably still be reasonably valid. 2) Given the symmetrical
K™ concentrations across the membrane patch, the assump-
tions that E and E_, = 0 should be very reasonable indeed.
3) As may be seen from Table 1, for example, even over a
wide range of ratios of patch to rest-of-cell resistance (a; for
a = 10) the changes in cell potential and increases in patch
conductance due to odorant action are little affected (see
earlier discussion and estimates of Lynch and Barry (1989).
4) Similarly, a contribution of calcium-activated C1~ chan-
nels to the reversal potential of the combination of the two
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channels, E_,, (expected to be close to 0 for cAMP channels
alone) had very little effect on the above parameters.

The variability of the cell parameters in the tables and
fairly high SEMs are most likely to reflect cell-to-cell
differences. The consistent responses for multiple odorant
applications (see earlier section) and the relative insensitiv-
ity of the major parameter values to the above assumptions
suggest that for a given cell these deduced parameters are
fairly reliable and that simply increasing the number of cells
will reduce these SEMs. However, what is also clear is that
if a cell can be serially exposed to different odorants, under
the same perfusion conditions, the changes in parameter
values for these different odorants for the same cell should
be highly significant.

CONCLUSION

This intact-patch technique, therefore, together with the
accompanying detailed analysis of the full electrical circuit
of patch and rest-of-cell outlined in Appendices A and B,
could be most useful in characterizing some of the features
of cAMP and IP;-gated channels in rat ORNs, as well as in
monitoring how various odorants and neurotransmitters
could modulate conductances in other cells. This technique
would also be especially useful for comparing the response
of the same cell to different odorants (or other agents) and
hence in determining the relative response selectivity of
cells.

This work was supported by the Australian Research Council.

APPENDIX A: DERIVATION OF INTACT PATCH
CIRCUIT EQUATIONS FOR MONITORING OF
EFFECTS OF KCI DEPOLARIZATION AND
ODORANT EFFECTS

by Peter H. Barry

General detailed solution of intact patch
circuit equations

Initially, the general case will be considered, which will allow for addi-
tional channels to open up both in the membrane patch and in the rest of
the cell, the latter hereafter being referred to as “rest-of-cell.” This will then
be followed by the treatment of specific cases.

From Kirchhoff’s rules, defining the potentials in the directions indi-
cated by the arrows in Fig. Al, as the potential of the arrowhead with
respect to the tail, and the current direction being positive for currents
entering the cell across R, and R, and in the direction of I, this direction
being indicated by the direction of the arrowheads.

At the membrane patch, if the current leaving the cell through open
channels is I, that across the rest of the patch is I, and the total current
entering the cell is I, then:

L=1+1 (A1)

and

Vcell - Ecp - Ic ch - Vp =0 (A2)
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FIGURE Al A diagram of the equivalent electrical circuit of a patch-
clamp pipette in intact patch configuration with a small high-resistance
cell. The circuit allows for the opening of separate channels in both the
patch of membrane and the rest-of-cell. The electrical parameters are all
defined in Appendix A.

Similarly,
Ven —E,—LR,—V,=0 (A3)
Hence,
I.= (Vew — Eo, — V)R, (A4)
I = (Ve — E,— V,)IR, (AS)
Therefore:
I =[(Ven — E, = VIR + [(Vee — E, — V,)/R,  (A6)
In addition, across the seal resistance,
V,+IR, =0 (A7)
and
I,=1,+1I (AB)
so that
1, =1, ~ VR, (A9)
Similarly, across the remainder of the cell:
Vew— E,+ IR, =0 (A10)
and
Veen — Eeo + IR, = 0 (A11)
with
IL+1,=1, (Al12)
so that
In = [(Eo = Vee//Ro] + [Eco—Vea)/Roo]]  (A13)
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Rearranging Eqs. A6 and A13, we obtain:

I, =[UR, + 1/R,]Veen — [(E, + V,)/R,] (Al4)

- [(Ecp + Vp)/ch]

Im = [(E()/Ro) + (ECO/RCO)] - [(I/Ro) + (I/RC())]VCCII (Als)

Defining the total resistance across the membrane as R}, in the presence of
odorant-induced channels in the patch, then:

UR:= (1/R,) + (I/R,) (A16)

and the total resistance across the rest-of-cell as RY, in the presence of
odorant-induced channels in the rest-of-cell, then:

1/R*= (1/R,) + (1/R.;) (A17)
From Eqs. Al4 and A16:
Vear = I R} + [(E/R,) + (E/R)IRY (AI8)
+ V[(I/R,) + (1/R) IR
and from Eqs. A15 and A17,
Ve = [(EJ/R,) + (E/RG)IRT — In RS (A19)
Hence,
I.(R3 + RY) = [(EJR,) + (E/R.0)IRY
— [(EJR)H(E,/RH)IRE — V,  (A20)
Defining the total cell resistance in the presence of odorants as R*,,, then:
R&yw =R} + R (A21)

and using Eq. A9, the general case for ionic channels opening on both the
membrane patch and the rest-of-cell becomes:

Ip = [(EO/RO) + (EC()/RCO)](R?:/RZKCH - [(Ep/Rp) + (Ecp/RLp)]
: (RI',‘/R?;U) - Vp[(]/R;keu) + (1/R,)] (A22)

5k
where RY,,

channels.
We will now consider some special cases:

refers to the total cell resistance in the presence of these open

Case 1: Before odorants or KCI perfusion—both R_, and
R, — =
cp

Hence Ry is replaced by R,. R% by R,. and R¥, by R., = R, + R,
Therefore:
Ip = [(Eo - Ep)/(Ro + Rp)] - Vp{[l/(Ro + Rp)] + []/Rs]}
(A23)
If E, = 0, because [K™|, = [K™].y, then
1p = IP(O) - Vp/Rl (A24)
with
Ip(o) = E()/Rccll (A25)

where (0) represents the current when V,, = 0, and R,, representing the
total resistance of the cell, patch and seal, is defined by

1/R = [U/R.y] + [1/R] (A26)
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with R, defined in turn by:

Rcell = Ro + Rp (A27)
From Eq. A24, it may be seen that R, = —dV, /dI,.
Case 2: After KC/ perfusion—R,, and R, still — =
Again, it will be assumed that E, = 0, because [K™}, = [K™] .. It will be

assumed that both R, and R, still — 2, that R, remains unchanged, and
that the effect of the high KCl is to simply allow for a change (depolar-
ization) in E, to go to E/, and a possible change in R, to go to R}, so that

R.cy changes to R.,. Thus we will have:

I, = [EYRi] — V{[1/R.] + [I/R]} (A28)
with
et = Ry + R, (A29)
dljdV, = —([1/Ri] + [1/R,]) (A30)
and
1,(0) = [E/R/] (A31)
Alternatively, to a first approximation, from Eq. A26,
AL(0) = [1/R.JAE, — (EJ/R:)AR.o (A32)
so that
AE, = AI(0) Rey + (EJ/R.)AR 1 (A33)
If AR, =~ 0, then from Eq. A32,
AE, = AI(O)R. (A34)

Also, from the difference in slopes of pipette current, /,, versus V,, (high
KCl perfusion minus control), the difference in total cell resistances can be
obtained from:

(dAL/dVy) = (1/Rien) — (1/R.r) (A35)

For estimates of changes in cell membrane potential, V., see Section B
following.

Case 3: After odorant perfusion

Again, it will be assumed that £, = 0 and E,, = 0, because [K*], =
[K*)een- Then:

1;: = [(Eo/Ro) + (EC()/RCO)](R*()/R:';C" - vp[(l/Rzkell) + (I/R\)]

(A36)

with
R%, = RX+ R} (A37)

with
VR = (I/R,) + (I/R.,) (A38)
/R = (1/R)) + (1/Ry,) (A39)

As with the high KCl perfusion case and from Eq. A36, from the difference
in slopes of pipette currents, I’ and I, versus V. (odorant perfusion values
minus control), the difference in total cell resistances can be obtained from:

(dA]p/de) = (l/Rzkell - (]/Rce]l) (A4O)
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This value should now represent the total increase in conductance due to
channels opening in response to odorants, and should give an indication of
how many channels have opened up.

It seems likely that E_, may lie between 0 mV and —65 mV, depending
on the relative contribution of the cAMP induced cation channels (E_,
0 mV; fairly nonselective with approximately symmetrical total concen-
trations of cations), and the contribution of the Ca®*-gated Cl~ channels
(E., ~—65 mV). Hence, from Eq. A36,

Ip(o)* = [(Eo/Ro) t+ (Eco/Rco)][(Ro Rco)/(Ro + Rco)]/Rfell

(A41)
since from Eq. A38,
R, = (RRo)(R, + Reo) (A42)
Thus,
L(0)* REWE, = 0 =[1 + B(EJE)V(B + 1) (A43)
where
B=RJR (A44)
and so,
B =RJ/R;, = G/G, = (1 — 0)/[6 — (E./E,)] (A45)

with @ = I(0)* R%.,/E,, from Eq. A43.

Assuming a value of E_/E,, Eq. A45 will enable us to determine the
relative conductance of the odorant-induced channels compared to the
original conductance of the rest-of-cell membrane.

Estimation of approximate changes in cell
VOItage! Vcell

To estimate the changes in cell voltage under different conditions, a few
reasonable assumptions will have to be made.

First of all, it will be assumed that, given the symmetrical K* concen-
trations across the membrane patch, the potentials E, = E., = 0.

From Eq. A6, it may be seen that, in general, when V,, = 0, I, = [,(0).
Thus,

Ip(o) = Vcell[(I/Rp) + (lchp)] (A46)

Case 1: Cell voltage changes before KC/
or odorant application

Before application of any odorant, 1/R., — 0, so that Eq. A46 simplifies
to:

1,(0) = V../R, (A47)
and,
Ven = 1,(0) X R, (A48)
It is also known that from Eq. A25
Ip(O) = EJ/R. (A49)
where
Ren =R, + R, (A50)

The only problem is that of determining the value of R,,. If we make the
following definition, that

RJR,= o (AS1)
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then from Egs. AS0 and AS1
R, =[a/(1 + &)]Rcen (A52)
From Eqs. A48, A49, and A52
Vear = [a/(1 + @)]E, (A53)

If now it is assumed, as is reasonable, based on relative areas (e.g., Lynch
and Barry, 1989), a >> 1 (e.g., « = 10), then the total resistance across the
patch and cell will be dominated by the resistance across the patch and
R, =~ Ry, and

cell

Vcell = [a/(l + a)]Eo (A54)
For large values of a, [a/(1 + a)] — 1. However, even if we consider the
worst case and assume for an upper limit that o = 10, then to a first fairly
rough approximation V,,, = (10/11) E, = E,. For the analysis of the data
in this paper, we will assume that « = 10 and will calculate everything
precisely.

Case 2: Cell voltage changes after KCI perfusion—R_, and
R, still — o

It would not be expected that the resistance across the patch would change,
and so as before
V::kell = Ip(o)* X R;!; = Ip(O)* X [a*/(l + a*)]R::kell (ASS)

but where now the * refers to the new values of /,(0), a, Ry, and V¢, in
the presence of a high concentration of KCI perfusing the cell.

Case 3: Cell voltage changes after odorant perfusion

After odorant perfusion, odorant-induced channels would be expected to
open up in both the membrane patch and also the rest-of-cell. Thus,
following Eq. A46
Ip(O) = Vcell[(I/Rp) + (I/ch)] = ‘/cell/R;;e (A56)
where R’; now represents the new resistance across the patch due to the new
odorant-induced channels and is given by:
R = (1/R,) + (1/R) (A57)

and across the rest-of-cell the new resistance R} due to the original
channels and the new odorant-induced channels will similarly be given by:

1/R¥= (1/R,) + (1/R,,) (A58)
As before,

Rfe" = R: + Rt (A59)

If R >> RY, then R, ~ R} and V., = I(0) X R%. For accurate results,
we cannot make this simplification and have to proceed as follows:

With the information that we have already accumulated, we can esti-
mate R /R, from Eq. A45, based on some assumption about E,,. Since we
have already determined R, from our earlier measurement of R, and the
assumed value of a, we can now determine R., and hence R} from a

rearrangement of Eq. A58 as:

RY =R, X RJ(R, + Re,) (A60)
Hence, from Eq. A60
Ry =R&— RS (A61)
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From this value of R} and our previous determination of R,

— p*
R, =R*X RJ(R, — RY) (A62)
We now know R, R, R, and R_,. We can also determine the membrane
potential of the cell, V., when V, = 0 from Eq. A5S as:
= *
Ven = I,(0) X R} (A63)
In addition, from Eqs. A4, AS, A10, and All with E, = E_, ~ 0 and an
estimate of E_,, we can determine the current components flowing through
each of the resistances, using the following equations:

I = V.u/Ry (A64)
I.= VR, (A65)

I, = (E, — V.)/R, (A66)
Lo = (Eco = Vee)/Reo (A67)

In addition, a*, the new ratio of patch to rest-of-cell resistance, will be
given by:

a* = RYRY = G¥G*= (G, + G. )G, + G,)  (A68)

If the increase in channel conductance were to be proportional to mem-
brane area, then G /G, would also equal « and from Eq. A68, it may
easily be shown that a* = a. However, this need not be the case.

APPENDIX B: DERIVATION OF CORRECTIONS
FOR SINGLE-CHANNEL CONDUCTANCE
MEASUREMENTS FROM AN INTACT PATCH

by Peter H. Barry
Single-channel opening in the membrane patch

From Eq. A26, the apparent single-channel slope conductance, y', will be
given by:

'Y.’» = _d/de(AIp) = {I/Rtell} — {l/R%y (B1)

Where RY,), represents the resistance across the cell and membrane patch at
any time before the opening of a single channel, and R%/; represents its
resistance when the channel is open.

Expanding in terms of RY and R’;, the resistances across the rest-of-cell
and membrane patch, with R}’ being the patch resistance when the channel
is open, we obtain:

Ye = {[R% + R}]} — {1/[R% + RIT}

Replacing the resistances with the appropriate conductances, G¥ (1/R*) and
G} (= UR}), Eq. B2 becomes:

Yo = {L(1/GY) + UGy + v)I} = {M[(1/GH + 1/(GH]}
(B3)

where v, is the actual conductance of the channel opening in the membrane
patch. Hence:

¥ = GG} + WG + GF + v} — {GIGH(GE + G}
(B4)

and so, dividing the numerator and denominator of the first term by (G¥ +

(B2)
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G}), we obtain:
¥ = {GXG} + Y(GS + Gp)(1 + v /(G5 + G}
—{GiGY(Gs + G}

Taking the first term of the Taylor expansion of (1 + y/(G} + G;’,‘))",
assuming that vy, << (G} + Gj), we obtain:

Yo = {GHG} + v)(A — v /(G% + G)GE + Gp)}
- {GGY(Gs + GY}

(BS)

(B6)

Hence,

Y = GY(GT + G{(Gy + v)(1 = v/(GT + G)] — Gy}

(B7)
Y = [Gov/(GE + GI{(1 — (v, + GIGT + G}
(B8)
Dividing each ratio through by G?, this simplifies to:
Yo = [v/(1 + A — (v/G) + 8/1 +8)]  (BY)
where
8= GYG*: (B10)
This then becomes:
Y = Yll = (W/GIU(1 + &) (B11)
and so
Y = V(1 + 8/[1 — (v/G?)] (B12)
If y,/G% << 1, then Eq. B12 simplifies to:
Y = ¥p(1 + 8)° (B13)

8 is probably fairly similar in value to l/e [ = 1AG,/G,)]. If 8 = 1/10, then
the correction is y, =~ 1.21 y,; whereas, if § = 1/100, then the correction
is ¥, = 1.02 y,.

Single-channel opening in the rest-of-cell

As before, from Eq. A26, the apparent single-channel slope conductance,
v,, will be given by:

Yo = —dldV,(AL) = {/R%} — {UUR%}  (B14)
where again, R, represents the resistance across the cell and membrane
patch at any time before the opening of a single channel, and R*/,
represents its resistance when the channel is open.

Expanding in terms of RY and R}, the resistances across the rest-of-cell
and membrane patch, with R*'being the rest-of-cell resistance when the
channel is open, we obtain:

v, ={U[RY+ R} — {U[R*+ R}]}  (B15)
Replacing the resistances with the appropriate conductances, G% (= 1/R¥)
and G} (= I/R}), Eq. B15 becomes:

¥s = {U[ANG* + v,) + UG} — {LL(I/GH + 1/(GH]
(B16)

where v, is the actual conductance of the channel opening in the rest-of-



1456 Biophysical Journal

cell membrane. Hence:
¥, = {(G§ + v.)GY(G5 + G} + v.)} — {GiGY(G3 + G}
(B17)

and so, dividing the numerator and denominator of the first term by (G* +
G}). we obtain:

Yo = {(G5 + v)GYU(GS + G + v/(G5 + G}
(B18)
—{GIGY(GT + G}

Taking the first term of the Taylor expansion of (1 + y/(G* + G’;))",
assuming that y, << (G¥ + G’,‘,‘), we obtain:

Yo ={(G% + ¥,)G§(1 — v /(G5 + GO)I(GE + G}

B19
—{GIGH(GE+ G B

Hence,
Yo = GG+ GIHI(GY + v.)(1 — v/(G5+ GY)] — G&
(B20)

Yo = [GRy/(GT + GPR1 — (v, + GHNGT + G} (B21)

Dividing each ratio through by G¥, this simplifies to:

Yo = [8y/(1 + )](1 — ((v/GY + D/(1 + §))]  (B22)
where again
8= GYG* (B23)
This then becomes:
Yo = 8v[8 — (YJGY(1 + &) (B24)
and so
Yo = Yol + 8PH8[8 — (v/GII} (B25)
If v,/G* << 1, then Eq. B12 simplifies to:
Yo = Yol + 8)%8 (B26)

remembering that 8 is probably fairly similar in value to 1/a(= 1/(G/Gp)).
If 8 = 1/10, then the correction is vy, ~ 121 v, where as if § = 1/100, then
the correction is y, ~ 10,200y,. This indicates that any single-channel
current jumps measured in the intact patch configuration and due to
channels opening up in the rest-of-cell are very radically reduced in
magnitude.
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