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Odor-Induced Membrane Currents in Vertebrate- 
Olfactory Receptor Neurons 

In olfactory receptor neurons, odor molecules cause a depolarization that leads to 
action potential generation. Underlying the depolarization is an ionic current that is 
the earliest electrical event in the transduction process. In two preparations, olfactory 
receptor neurons were voltage-clamped and stimulated with odors and this generator 
current was measured. In addition, a method was developed to estimate the time 
course and absolute concentration of odorants delivered to the receptor sites. With this 
method, olfactory neurons were found to have relatively high stimulus thresholds, 
steep dose-response relations, long latencies, and an apparent requirement for cooper- 
ativity at one or more steps in the pathway from odorant binding to activation of the 
generator current. 

0 LFACTORY TRANSDUCTION IS PRE- 

sumed to be mediated by a mem- 
brane-bound receptor protein 

which is activated and initiates a multistep 
pathway leading to the generation of action 
potentials in the olfactory nerve (1). An 
early step in this process is the odorant- 
induced activation of a depolarizing genera- 
tor current. Efforts directed toward mea- 
surement of this current have been unsuc- 
cessful because the small, inaccessible cells 
have been difficult to impale with microelec- 
trodes. In addition, the indirect access of 
stimuli to the cells has created conditions in 
which stimulus parameters such as concen- 
tration and duration cannot be known with 
any surety (2). Recently the whole cell 
patch-clamp technique (3) has been applied 
to isolated olfactory receptor cells with some 
success, but the absence of a repeatable and 
enduring odorant response in otherwise 
healthy cells has been a common disappoint- 
ment (4). 

We suspected that the failure of these 
receptors to give an odor response might 
have been due to the action of proteolytic 
enzymes, such as papain, commonly used to 
isolate the cells from the epithelium (4). 
Accordingly, we developed a slice prepara- 

tion (6) (Fig. 1) that required no enzymatic 
treatment and left the tissue relatively intact 
while exposing cells sufficiently to provide 
access for the patch electrode ( 5 ) .  

Because the cells in the slice could re- 
spond to odors, we also tried isolating cells 
from the epithelium by mechanical means 
that did not require the use of enzymes. 
With care, viable cells could be isolated and 
odor responses that were identical to those 
seen in slice cells were obtained. In approxi- 
mately 70% of the cells tested, a gigohm seal 
was attained and successful whole cell re- 
cordings obtained. Of these cells nearly 66% 
showed a response to the odor solution. The 
only consistent bias in the choice of cells was 
that cilia be present. There was no difference 
in the success rate between isolated cells and 
those in the slice; the results presented here 
are from cells prepared both ways. 

The stimulus was an odorant "cocktail" 
consisting of acetophenone, amyl acetate, 
cineole, phenylethylamine, and triethyl- 
mine.  Saturated aqueous stock solutions of 
each odorant were prepared in distilled wa- 
ter with a separatory funnel. We could then 
calculate the molar concentration of each 
saturated solution from the aqueous satura- 
tion coefficients (7). These solutions were 
diluted to or 1 0 - 4 ~  with salt solutions 
that brought the osmolarity to that of the 

Graduate Group in Neurobiology, 275 Co Hall, Uni- 
versity of California at Berkeley, Berkeley, ?A 94720. normal Ringer solution. All solutions were 

brought to p H  7.6 with NaOH. Thus the 
*To whom a l l  correspondence should be addressed at 
Section of Neuroanatomv, Yale School of Medicine, 333 cocktail contained millimolar or 0.1 milli- 
Cedar Street, New ~ a v h n ,  CT 06510. molar concentrations of each of the five 

odorants in an osmotically balanced Ringer 
solution. 

The current-voltage (I- I/) relation for the 
generator current (Fig. 2) was obtained by 
holding the membrane at potentials from 
-70 mV to +30 mV and pressure ejecting 
an odorant pulse (8). The current was linear 
with membrane potential throughout the 
physiological range and reversed near + 5  
mV, suggesting that it is a nonspecific cat- 
ion conductance. The adenosine 3'5'-mo- 
nophosphate (CAMP)-activated conduc- 
tance in ciliary membrane patches shows a 
similar I- V relation (9), and the macroscopic 
current elicited by CAMP application is car- 
ried by Na+, K', and ca2+  (10). 

Odor responses were rarely seen if the 
concentration of the odorant mixture in the 
delivery pipette was less than IO-~M. Ini- 
tially this seemed high, but with the pres- 
sure-ejection delivery system it was impossi- 
ble to calculate, from pulse duration and 
pressure alone, the absolute concentration 
of stimuli reaching the ciliary membrane. 

We developed a method of measuring the 
magnitude of applied odorant at the cilia on 
the basis of the K+ ~ermeabilitv of the cell. 
A stimulus of the odorant cocktail in an 
elevated (with respect to Ringer solution) 
K+ solution was ejected at the cell (Fig 3). 
An inward current appeared in response to 
the transient elevation of K+ and the mag- 
nitude of this current was used as a measure 
of the K+ concentration reaching the cell 
(11). This value could be used to determine 
the absolute concentration of odorant at the 
cell membrane in the following way (12). 
Knowing the concentration of K+ in the 
pipette and the concentration arriving at the 
cell, we were able to determine the fraction 
of K+ that reached the cell (KFra,) for a 
given pressure pulse: 

Kfrac = [K Icelll[K Ipipette 

where the subscripts cell and pipette mean 
"at the cell" and "in the delivery pipette," 
respectively. Because the odorants were 
mixed to a known concentration in the same 
pipette solution and the fraction of odorant 
reaching the cell ([O]cell) was the same as 
Kfrac, it follows that: 

The subscripts have the same meaning as 
above. 

We took advantage of the finding (Fig. 3) 
that the change in clamp current to changes 
in K+ concentration around the cell was 
nearly instantaneous, but the onset of the 
response to odorant was delayed (by the 
transduction process) by more than 100 ms. 
Thus the two currents could be measured 
independently. 

Knowing the absolute value of the odor- 
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ant concentration at the cilia allowed us to 
construct dose-response curves (Fig. 3B). 
For six cells, the curves shifted along the 
concentration axis over an order of magni- 
tude but their shape remained constant. The 
lowest concentration at which we could 
detect a measurable response was 6 pM. The 
mean KIn (the concentration of odorant 
that elicited the half-maximal response) for 
six cells was 2.80 X 10-'M (SD = 1.44 
x lo-'). The cell in the figure had a some- 
what higher threshold at 1.66 x ~o-'M and 
a KID = 5.01 x ~o-'M. This variability 
may reflect differing sensitivities or different 
classes of cells. A similar range in the re- 
spone of ciliary patches to cAhP has been 
r e p o d  (9). 

The sigrnoidal shape of both the dose- 
response curve and the individual responses 
suggested that there is a cooperative process 
in the chain of events fiom odorant binding 
to ion channel activation. The presence of a 
ciliary-specific adenylate cydase that is acti- 
vated by odorants (13) and of CAMP-depen- 
dent ion channels in patches of ciliary mem- 
brane (9) implicate a second messenger sys- 
tem. The adenylatc cyclase step has a Hill 
d c i e n t  of less than 1, and the CAMP 

activation of the ion channel has a Hill 
d c i e n t  of 1.6 (9, 13). Plotting our data 
on Hill coordinates and fitting the points 
with a straight line, we measured a Hill 
d c i e n t ,  nap,, of 2.7 (Fig. 4). Because we 
are aramining a multistep process, it is 
impossible to deduce a precise physiological 
mehnism fiom this number, but it does 
provide further evidence that cooperativity 
is important at one or more steps in the 
transduction pathway. 

In addition to allowing us to estimate the 
odorant concentration at the cilia, the K+ 
response also provided temporal informa- 
tion about the stimulus. The time course of 
the response to K+ indicates the time course 
of the arrival of the ejected solution, indud- 
ing both K+ ions and odor molecules, at the 
c d  membrane. In contrast with previous 
studies (14), there is no mucus in this prepa- 
ration nor is there any air-water phase bound- 
ary through which the odorant molecules 
must partition b r  access to receptors. Both of 
these conditions normally present incalculable 
barriers that haw conhunded both magni- 
tude and temporal measurements. 

The response to K+ appeared within 20 
ms of the pressure pulse, probably coinci- 

Flg. 1. Photomicrograph of olfactory receptor in a slice of epithelium taken from a terrestrial phase 
salamander, Ambystom tigrinurn. The slice is prepared by a method similar to that dwelopcd for the 
retina by Werblin (19). Briefly, a small (3 mm by 3 mm) piece of epithelium is dissected free of the 
underlying cartilage and laid, mucus side up, on a piece of Millipore filter. The tissue adheres 
tenaciously to the filter wen when submerged in a bath of Ringer solution. Using a microtome blade on 
a flexible arm, we sliced the tissue and filter into approximately 150- to 200-pm-thick slices. These strips 
of tissue and filter are turned 90" and held in two parallel Vaseline tracks, presenting a cross d o n  of 
living epithelium. This permits access to cells on the surface of the slice by the patch pipette and access 
to the cilia by a pressure-ejection glass pipette. The slice affords a clear visualization of the anatomic 
structures described for fixed epithelium (20). The patch ektrode solution contained 1% Lucifer 
yellow CH (Sigma), which completely dial+ the cell interior, including the cilia, within 2 min. (A) 
Objective, x20; total rnagmfication, x200; the stimulus-containing pipette can be seen near the top of 
the slice; (B) x40 water immersion objective (Zeiss) with 1.6-mm working distance and Hoffinan 
modulation contrast optics; total mapfication, ~ 4 0 0 .  (A) and (B) are the same cell. The ejection 
pipette is at top right, placed within 30 pm of the cilia. The cell soma is out of the plane of focus. 

dent with the arrival of the solution at the 
membrane, and the entire K+ response was 
virtually completed before the odor-induced 
generator current activated. The generator 
current appeared afnr a latency of 140 to 
570 ms (mean, 320 ms; n, 19), as measured 
fiom the onset of the K+ current. This 
latency was only slightly concentration-de- 
pendent, becoming shorter at higher con- 
centrations, but was never less than 140 ms. 
Because they are measured fiom the arrival 
of the stimulus at the membrane surface, 
these latencies are entirely due to cellular 
processes; they are not a property of the 
mucus or other access barriers (2). The long 
latency lends further support to the &- 
tence of a second messenger enzyme cascade 
(9, 13, 15) and makes it less likely that the 
ion channel is direaly gated by the odorant 
molecule (16). 

We have reported our data here as re- 
sponses to the peak stimulus concentration. 
Although this is in keeping with common 
practice, it may not be appropriate in all 
cases. OIfactory receptors could be respond- 
ing to the maximum concentration in a 
dose-dependent manner or they could be 
integrating stimulus flux over some time 
period, that is, "counting" molecules much 
as photoreceptors count photons (17). We 
have found that for short pulses less than 
100 ms the shape of the dose-response 
curves was unchanged whether peak or inte- 
grated concentration values were plotted. 
This is different than the behavior of photo- 
receptors in their responses to flashes and 
steps of light (17). However, for longer 
pulses (200 to 400 ms) the responses more 
dosely followed the integral of the stimulus 
intensity and not the peak. Indeed we have 

I '  . 4 
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Flg. 2. (A) A series of respoflxs to 1-s-long 
odorant puffs delivered once wery minute while 
the membrane potential was varied from - 70 mV 
to +20 mV. CsCl re laced KC1 in the electrode. 
h a  were r e c o d  Rom a cell in a slice. (P) 1-v 
relation for cell in (A). 
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seen cells that appeared to have no odor 
response when tested with short pulses, but 
responded to longer pulses, even though the 
peak concentration attained during each 
pulse was the same. There is considerable 
variability in this behavior and we are cur- 
rently unable to offer a quantitative descrip- 
tion. Here we have used peak concentration 
values since all the experiments were con- 
ducted with short pulses and have reported 
responses to peak values in molar units (as 
opposed to integrated units of moles per 
second) to facilitate comparison with earlier 
data. However, we believe that responses to 
longer stimulus presentations must take the 
integration factor into account. 

From this analysis some insights into ol- 
factory transduction are possible. Olfactory 
receptor neurons responded with measur- 
able currents to odorants in the micromolar 
or higher concentration range. Reports of 
responses to concentrations lower than this 
are from preparations in which the mucus 
layer is intact and odorants are presented in 
the vapor phase for pulses lasting one to 
several seconds (14). The mucus and the 
length of the pulse might serve to concen- 
trate the odor molecules near the receptors 
( 2 ) .  Furthermore, the air-mucus partition 

/ 
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Fig. 3. (A) A series of responses to tuffs of 
10-3M odorant cocktail and 100 mM K mixed 
as a single solution and ejected from the same 
pipette. The initial inward current deflection (K) 
is the K+ response followed by the larger, slower 
generator current (0). These responses were elic- 
ited by pressure steps of 1, 2, and 4.5 psi lasting 
50 ms each. Upper trace is a record of the 
solenoid-valve operation, the actual time course of 
the stimulus is more closely reflected by the K+ 
current. (6 )  Dose-response relation for a typical 
cell. The sigrnoidal rise is steeper than that pre- 
dicted by a Michaelis-Menten type equation. 

coefficients favor absorption of odorants 
into the mucus compartment (18). Activa- 
tion of a ciliary adenylate cyclase by odor- 
ants in vitro has indicated a similarly high 
Kliz value (13). 

The dynamic range of the typical olfactory 
receptor seems limited. The dose-response 
curves are steep, saturating over less than a 
log unit of cdncentratioi change. This is 
consistent with extracellular recordings in 
which firing frequencies vary from 0 to a 
maximum of20 to 25 spikes per second over 
a similarly narrow concentration range (14). 

Finally, a response latency of several hun- 
dred milliseconds lends support to the hy- 
pothesized second messenger system. Al- 
though the delay could arise from the direct 
gating of the conductance by a membrane 
receptor requiring binding of several ligand 
molecules for activation, the latencies re- 
corded here seem too lone. even if all of the ", 

observed cooperativity in the dose-response 
relation is attributed to the receptor protein. 
For example, currents directly gated by nico- 
tinic ace&lcholine receptors -activate with 
latencies on the order of 1 to 10 ms, more 
than an order of magnitude faster than the 

Fig. 4. (A) Pooled data from five cells. The solid 
curve was fitted by an equation of the form 
B = 1 - exp(-xn), where B is the normalized 
response, x is the relative concentration of odor- 
ant, and n is a proportionality constant character- 
istic of each cell and may be related to the degree 
of cooperativity. For these data the mean ( n )  was 
equal to 2.7. ( 6 )  Hill plot for data from two of 
the cells in (A); (+) and (a) were selected to 
cover the widest range of odorant concentrations. 
Log {I/(l,,, - I)} is plotted as a function of log 
[0], where I is the current amplitude and 0 is the 
odorant concentration. Straight line is a best fit by 
least-squares method; slope is the Hill coefficient, 
nap,  = 2.7 (k 0.2 SEM), which is the same as n in 
(A). 

odor-induced current (16). Also, the sigmoi- 
dal rise of the current requires a kinetic 
scheme more complex than iould be attrib- 
uted to a model in which all the parameters 
resulted from receptor-ligand binding coop- 
erativity (16). Rather, these currents share 
more features with those underlying slow 
synaptic potentials or photoreceptor re- 
sponses, both of which are the result of 
second messenger action (16, 17). 
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Enhanced Activity and Altered Specificity of 
Phospholipase A2 by Deletion of a Surface Loop 

Protein engineering and x-ray crystallography have been used to study the role of a 
surface loop that is present in pancreatic phospholipases but is absent in snake venom 
phospholipases. Removal of residues 62 to 66 from porcine pancreatic phospholipase 
A2 does not change the binding constant for micelles significantly, but it improves 
catalytic activity up to 16 times on micellar (zwitterionic) lecithin substrates. In 
contrast, the decrease in activity on negatively charged substrates is greater than 
fourfold. A crystallographic study of the mutant enzyme shows that the region of the 
deletion has a well-defined structure that differs from the structure of the wild-type 
enzyme. No structural changes in the active site of the enzyme were detected. 

T HE LIPOLYTIC ENZYME PHOSPHOLI- tryptic removal of a small activation peptide 
pase A2 (PLA2) specifically cleaves from the NH2-terminus. 
the 2-acyl linkage of phosphoglycer- The x-ray analyses of several PLAis from 

ides in a calcium-dependent reaction (1). pig, ox, and Crotalus atrox venom (8 ,  9)  show 
Phospholipases occur both extracellularly that these enzymes are structurally similar 
and intracellularly. The extracellular PLAis 
from mammalian pancreas and from snake 
venom (1, 2), and also the mammalian intra- 
cellular PLAis (3-5), exhibit a high degree 
of sequence homology. A difference be- 
tween snake venom PLAis and the pancre- 
atic enzymes is that the former ones in 
general have higher turnover numbers and a 
greater affinity for phospholipid molecules 
aggregated in micelles than the pancreatic 
ones (6, 7) .  In the pancreas but not in snake 
venom the enzyme occurs as a precursor that 
is activated in the duodenal tract by the 
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thre; residues of the  terminal a helix 
are mobile. Because pro-PLA2, contrary to 
active phospholipase, does not bind to ag- 
gregates of zwitterionic phospholipids, it 
has been suggested that a low mobility of 
the NH2-terminal helix and the surface loop 
are required for efficient binding (12). A 
similar immobilization of the substrate 
binding. domain has also been observed for " 
trypsin after activation of trypsinogen (13). 

Lipolytic enzymes hydrolyze aggregated 
substrates such as micelles, vesicles, and 
liposomes at much higher velocities than 
monomeric substrate molecules. Hydrolysis 
of these aggregated phospholipids requires 
the binding of the enzyme to the lipid-water 
interface. After binding of the enzyme to the 
lipid aggregates, one single substrate mole- 
cule is thought to diffuse into the active site, 
where it is h;drolyzed. Many of the residues 
involved in the binding to aggregated phos- 
pholipids have been identified by chemical 
modification studies of phospholipases from 
manv sources. On the basis of these studies, 
it has been concluded that the porcine en- 
zyme residues ~ e u ~ ,  ~ r ~ ~ ,  Arg6, Leu19, 
~ e t ~ ' ,  ~ e u ~ ' ,  and ~~r~~ are involved in the 
interaction of the enzyme with lipid-water 
interfaces (2) .  The three-dimensional (3-D) 
structures of the pancreatic phospholipases 
show that these residues are all located at 
one face of the molecule around the active 
site (14). From these observations it has 
been inferred that the binding site of the 
enzyme for aggregated substrates is an ex- 
tended region around the entrance of the 

Table 1. Kinetic properties of two native and one mutant PLAz enzymes acting on various substrates 
(20). Assays on monomeric diC6dithioPC were carried out in the presence of 100 mM CaCI,, 100 mM 
NaCI, and 200 mM tris-HCI at pH 8.0 in a spectrophotometric assay at substrate concentrations not 
exceeding 0.8 mM (23). Assays on rnicelles were carried out in the presence of 1 rnM sodium borate, 25 
mM CaC12, and 100 mM NaCl at pH 8.0. The syntheses of these substrates and details of the kinetic 
analyses are in (24). The Km values are based on the concentration of rnicelles after correction for the 
concentration of free monomers. The Km values are apparent because more than one equilibrium is 
involved (1). Enzymes: Wild-type, porcine pancreatic PLA2; A62-66, A62-66 PLA2; N. melanoleuca, 
fraction DE-I11 from the venom of N, melanoleuca (6). Standard errors of all values were less than 10% 
of the reported value. ND, not determined. 

Monomeric Micelles 
diC6dithioPC 

Enzyme 
diC6PC diC7PC diC8PC diC7GS 

Wild type 0.62 0.7 890 5 14 25 3.7 410 3.2 45 ND* 
1\62-66 0.90 0.5 1790 80 8 240 1.9 980 1.9 10 ND* 
N. melanoleuca NDf NDf NDt 830 ND* 980 ND* 3490 ND* 1 ND* 

- - 

*Because of the format~on of IIpid-proteln aggregates below the crltlcal micelle concenuauon, K,,, values could not be 
obtamed :Monomers of zwltter~on~c sub~uates Induced the formauon of Irp~d-protem aggregates for this venom 
enzyme, so that no true data for monomers could be obtaned 
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