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Transduction Physiology of Olfactory Receptor Cilia
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Electro-olfactograms (EOGs) evoked by 8 odorants from frog olfactory epithelia during ciliary regrowth and during epithelial re-
generation were analyzed. During ciliary regrowth following detergent-induced ciliary removal, EOG amplitudes initially increase
proportionately with ciliary length. EOGs reach maximal amplitudes after 2 days of growth, when cilia are 40 um long. Therefore ol-
factory transduction sites are located primarily on cilia rather than on the dendrite terminal and most of the receptor current enters
through the proximal portion of the cilium.

Zinc sulfate lavage of the nasal cavity causes selective necrosis of the receptor epithelium. During epithelial regeneration, EOGs in-
crease linearly with time from 13 days after zinc lavage, the time of first cilium emergence, through 30 days. The rate of increase is dif-
ferent for different odorants. At 30 days and within a period of a few days, EOG amplitudes increase abruptly, then asymptote. Thus
the development of receptors for different substances occurs at different rates and occurs in two steps. The transition between the two
developmental states is coincident with arrival of receptor axon terminals at the central nervous system and with the immobilization of
the ciliary contractile apparatus.

Since there is continual generation of new receptor neurons throughout life, EOGs recorded in a normal nose reflect a complex

combination of the differing receptor processes of cells of differing developmental stages.

INTRODUCTION

The site of odorant transduction in the olfactory
epithelium is not known. The monophasic, negative
component of the electro-olfactogram (EOG) is gen-
erally considered to result from depolarizing recep-
tor currents flowing through the extracellular space.
The cells which give rise to this current are the olfac-
tory neurons363940. The locations of the current
sources which constitute the EOG of the olfactory
epithelium are currently a matter for speculation.

Ottoson¥®, on the basis of morphological and elec-
trophysiological evidence, suggested that the sites of
odorant-receptor neuron interaction and the sites of
generation of the EOG response were the olfactory
cilia, which are borne by receptor neurons. The pur-
pose of the first part of our study was to determine if
this is so. In the mature frog nose under the light mi-

* Present address: V.A. Hospital, Providence, RI, U.S.A.

croscope, 3 ciliary types are distinguishable on the
basis of motility differences32.34. In some regions
there are cilia about 10 um long which beat very rap-
idly in a metachronally synchronized pattern. These
are the cilia of the cells of the respiratory epithelium
which is not part of the chemosensory apparatus. Dif-

ferent ciliary types are located in other regions.

These are found on olfactory receptor neurons. In
some patches there are 10-50 um long, motile cilia.
These cilia move independently of each other rather
than metachronally, and less rapidly than cilia of the
respiratory epithelium. In other patches immotile ci-
lia 20-200 um long are found. In some places these
two types are intermingled.

Previous studies of the effect of ciliary removal on
the EOG produced conflicting results. Mechanical
treatment of the olfactory epithelium of the box tur-
tle removed mucus but left short, motile olfactory ci-
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lia3s. The EOG response was diminished but the neu-
ral response did not change much. Tucker*! removed
olfactory cilia chemically. He also found that the
EOG was impaired more than the neural response
and concluded that the cilia were not necessary for
receptor neuron function. Neither of these studies
examined the whole epithelium to determine the ex-
tent of ciliary removal. In the frog, the two types of
olfactory cilia can be removed uniformly using a de-
tergent rinse423. The cilia are cleaved near their
bases and then regrow. In the first part of our investi-
gation EOGs were measured in this preparation at
various times after detergent treatment to reveal how
ciliary regrowth is related to the electrophysiological
response.

The second part of our investigation was designed
to study how EOGs elicited from a population of cells
consisting of newly differentiated receptor neurons
differed from those recorded in the mature nose with
its heterogeneous population of receptor neurons of
differing developmental ages. In vertebrates, new re-
ceptor neurons are constantly generated from stem
cells in mature tissuel’.26.27. Electrophysiological
measurements in the normal nose, therefore, reflect
activity of cells in a variety of developmental states.
After intranasal irrigation with appropriate concen-
trations of ZnSO,, the olfactory epithelium degener-
ates, sloughs, and then regenerates?5.29.33.37.38, The
respiratory epithelium remains. Return of odorant-
mediated behavior parallels regeneration?.18, Effica-
cy of this coagulation necrosis and the subsequent re-

covery has recently been reviewed!7. In the frog, use

of appropriate ZnSO, concentrations and application
procedures results in uniform ablation followed by an
orderly regeneration within 3 months. The denuded
olfactory area is first repopulated by respiratory epi-
thelial cells. These cells bear highly motile cilia less
than 10 um long. Their movements are metachronal-
ly synchronized. Subsequently, patches of olfactory
cells form and replace respiratory cells. As these
patches mature, new islands of olfactory cells add to
the population. Ultimately, the original contiguous
receptor area is replaced. The developmental states
of these cells are indentifiable by observation of cil-
iary length and motility23. Up to 4 weeks after treat-
ment, only short, motile cilia are seen on olfactory re-
ceptor neurons. After this time, longer, immotile ci-
lia appear. EOGs were recorded from noses treated

with ZnSO,. EOGs recorded before the time at
which immotile olfactory cilia are seen reflected ac-
tivity of newly differentiated receptor neurons.

Preliminary reports on return of the EOG follow-
ing ZnSO, and Triton X-100 treatment have been
presented®-14

MATERIALS AND METHODS

Adult northern Rana pipiens (Nasco, Inc., Fort
Atkinson, WI) were pithed both anteriorly and pos-
teriorly, pinned to a cork board, and covered with a
wet cotton gauze. To prevent movement, 0.45 mg of
tubocurarine chloride (Squibb, New York) was in-
jected under the skin of the back.

Surgery and microscopic observation

At the beginning of each experiment the dorsal ol-
factory epithelium was surgically removed from both
the treated and untreated sides. The tissue was fold-
ed and placed in a pool of Woods Hole amphibian
Ringer on a slide, held in place with a coverslip and
examined by viewing the cilia along the folded edge
with Nomarski differential interference contrast
(DIC) optics. This light microscopic (LM) obser-
vation provided an estimate of the stage of tissue re-
generation. After the recording session, tissue from
the ventral olfactory epithelium where the EOGs
were recorded was removed and examined with the
scanning electron microscope (SEM) to verify the as-
signment of developmental state determined by DIC
observations. Mair et al.23 described in detail the se-
quence of regrowth and regeneration following the
two chemical treatments. Their determinations of cil-
iary growth rates are compared with EOG amplitude
changes here. The same groups of frogs were used for
the Mair et al.22 SEM micrographs and for EOG
measurements reported here. Some frog olfactory
epithelia are common to both studies.

Physiological recordings

A chlorided silver plate covered with cotton gauze
moistened with Woods Hole amphibian Ringer in the
frog’s mouth served as a ground electrode. Glass pi-
pettes with tip diameters of 20~-50 xm and filled with
0.6% saline and 1% gelatin solution were used to
measure EOGs!2, EOGs were recorded from the top
of the median eminence on the ventral surface of the



olfactory cavity. This area, which is readily identifia-
ble from frog to frog, has the highest density of recep-
tor neurons and produces consistently larger EOGs
than other locations in the nasal cavity30.

Changes in relative EOG amplitudes during ciliary
regrowth and during epithelial regeneration are cen-
tral issues in this study. Since the EOG is the voltage
resulting from receptor current flowing through the
bulk epithelial resistance, an amplitude change could
be due to a current change, a resistivity change or
both. Therefore epithelial bulk resistance was meas-
ured in each experimental situation. Comparative re-
sistances were determined by measuring the noise
voltage amplitude from a low-noise metal extracellu-
lar electrode plated with platinum black10. The tip di-
ameter of the electrode was 5-7 um. Noise band-
width was 30 Hz—15 kHz. The electrode noise was gen-
erally 20 4V peak-to-peak at the surface of the mu-
cus and in 0.6% NaCl. This is equal to the noise seen
when a 75 kQ resistor replaces the electrode and
Ringers. Since equivalent noise resistance is propor-
tional to the square of the noise voltage amplitude,
this method proves to be a sensitive one. Resistance
differences as small as 20% were easily detected,
more than adequate sensitivity in view of the large
EOG amplitude changes which occurred. Metal elec-
trodes were used because their resistances are small
compared to the resistances of tissue, assuring that
the noise voltages measured were due to tissue rather
than electrode thermal noise.

Resistance measurements were made in the mucus
layer, in the dendrite region close to the tight junc-
tions which connect the apices of the receptor den-
drites and supporting cells, and deeper where recep-
tor somata lie. Resistances were determined immedi-
ately after 0.025% Triton lavage, and 3, 8 and 12 h
after lavage, immediately after 0.1 M ZnSO, la-
vage, and 4, 10, 16, 21 and 39 days after lavage, and
in untreated control animals.

Stimuli and stimulus presentation

We chose stimulus substances with a wide range
of water solubilities. The 8 odorous chemicals we
used were methyl amyl ketone, pyridine, butanol,
amyl acetate, octanol, limonene, methyl acetate and
anisole. All stimuli were presented for 2 s with a
2-min interstimulus interval. There was no decre-
ment in EOG amplitude with stimulus repetition in
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control animals for interstimulus intervals longer
than 1 min. Clean, moisture-saturated air flowed
continuously over the exposed epithelium at a rate of
4 ml/s. During stimulus presentation, a portion of
this stream was diverted to the selected stimulus vial.
The headspace vapor displaced from the vial was
then added back into the carrier stream so that the
saturated vapor was diluted without change in the to-
tal gas flow rate. In preliminary experiments we de-
termined that all 8 stimulus substances presented at
concentrations of 3.3% of saturated vapor produced
adequate sensitivity without saturating the receptors.
All EOG amplitudes reported here were obtained
with stimuli at this concentration.

Common procedures

Perfusion techniques used in this study duplicated
those used in the companion study?. The two nasal
cavities in frogs are separated by a septum. In order
to obtain control and experimental EOG values from
the same animal, the solutions were administered so
that they would not reach the contralateral side. So-
lution effects were consistent only when there was
sufficient mechanical agitation in application. About
2.5 ml was squirted every 15 s at one internal naris
through a blunted 16-gauge needle. The tip was
about 1 mm away from the naris. Approximately
one-third of the squirted fluid passed through the
cavity and out the external naris.

Deciliation procedure

Cilia were removed by perfusing one olfactory cav-
ity of each frog with a solution of Triton X-100 in
Woods Hole amphibian Ringer followed by Ringer
rinse. (Ionic composition of Woods Hole amphibian
Ringer is 114 mM sodium, 1.9 mM potassium,
1.09 mM calcium, 115 mM chloride, 2.4 mM bicar-
bonate and 0.87 mM phosphate.) A total of 50 ml of
the detergent solution was used during a 5-min peri-
od. Immediately after the detergent infusion, 20 ml
of Ringer solution was applied in the same manner
for a duration of 2 min. Three concentrations of de-
tergent were used: 0.05% (v/v), 0.025% and
0.013%. The 0.05% and 0.025% solutions resulted in
complete removal of olfactory cilia. The 0.013% so-
lution did not result in ciliary removal. EOGs were
measured first in a group of frogs (n = 9) treated uni-
laterally with 0.05% Triton. Subsequently, EOGs



90

were recorded in a second group of frogs (n = 21)
which were unilaterally subjected to 0.025% Triton.
Experiments occurred immediately after treatment,
at6 hand 18 h, and at 1, 2, 3 and 4 days after treat-
ment. For the 0.05% Triton series, two animals were
used for electrophysiological studies for each of the
data points plotted in Fig. 1 except for day 3 when
one animal was used. For the 0.025% series, two ani-
mals were recorded at 6 h, 5 at 18 h, 4 each at 1, 2
and 4 days and 1 at 3 days after treatment. Fig. 3e in
ref. 23 is from these epithelia which were examined
with SEM. The presence of cilia longer than 100 um
before day 4 indicated incomplete deciliation. Data
from these animals were excluded. Control EOG
values were obtained from epithelia on the untreated
sides of experimental animals. Percent recovery of
EOG amplitude was plotted as a function of time af-
ter treatment. It was determined by dividing the re-
sponse amplitude of the treated side by the amplitude
recorded from the control side.

Ablation procedure

Degeneration of the olfactory epithelium was in-
duced by perfusion of the nasal cavity with ZnSO,.
Twenty ml of 0.1 M ZnSO, in distilled water was
squirted at the internal naris for a duration of 2 min.
EOGs were recorded from one or two frogs at 5, 13,
19, 23, 25, 29, 34, 41, 48 and 55 days after treatment;
a total of 13 frogs were used. Figs. 5a and 6c—f in
Mair et al.23 came from this group of epithelia viewed
with SEM. Recovery was determined in the same
manner as after the detergent treatment, but control
values were obtained from untreated animals be-
cause of the systemic effect of ZnSO, on the contra-
lateral side. EOG amplitudes recorded from the un-
perfused side during the first 4 weeks following treat-
ment were less than those from the noses of normal
frogs or from the control side of frogs treated with
Triton. When viewed with DIC optics, tissue from
the control side showed degeneration. It is likely that
the ZnSO, reached the untreated side through the
circulatory system. However, no other obvious sys-
temic effect of the ZnSO, treatment was observed.
Epithelia from another group of frogs (n = 18) recov-
ering from ZnSO, treatment were immersed in
Bouin’s fixative and 7-um thick transverse sections
of the fixed tissue were cut in paraffin and stained
with hematoxylin and eosin.

Statistical analysis

We wanted to know if the differences due to odor
could be accounted for by physicochemical prop-
erties of the odorants rather than by highly stimulus-
specific receptor mechanisms. We chose to investi-
gate 6 physical parameters (concentration in air
(MOL), molecular length (LEN), refractive index
function (RIF), molar volume (MV), molar refrac-
tion (MR) and log partition coefficient (LP) as de-
fined in Table I}. Column B in Table I shows the mo-
larities of head space vapors over the pure chemicals
calculated from the ideal gas law. We do not have ac-
curate information on tissue solubilities of these sub-
stances and therefore do not know the concentra-
tions of the stimuli at the receptor surface. Columns
C-G list values for 5 physicochemical variables
which appear to be most useful in classifying odor-
ants®. These latter 5 parameters are themselves re-
lated to parameters deemed important by others?9.22,

An analysis of covariance of EOG responses by
the 6 physical stimulus parameters, time and odor
was performed. EOG responses recorded during the
first day following Triton treatment and during the
first 4 weeks following ZnSO, treatment were used in
the analysis.

In order to perform the analysis of variance, it was
necessary to have a normal distribution of the re-
sponses or find some transform which yielded a nor-
mal distribution. The responses did not have a nor-
mal distribution. Since the responses of many sensory
systems are related to the logarithm of the stimulus
intensity and since Ottoson showed such a logarith-
mic relationship for butanol in the normal frog nose,
we tried a logarithmic transform of the data. This
yielded a normal distribution. This is reasonable
since during the early period of this experiment the
pool of receptor cells is rapidly expanding and expo-
nential growth of a population is the same as linear
growth of the logarithm of the population.

RESULTS
Recovery after deciliation

DIC and SEM measurements showed that 0.05%
Triton lavage left immotile ciliary stumps 4-8 um
long. There appeared to be systemic effects, howev-
er. EOGs from the untreated side of the nose were
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TABLE 1
Concentrations and physical properties of stimulus substances

Column A, name by rank order of slopes in Fig. 2. MOL, molarity in air x 10-4. Calculated from the ideal gas law, T = 20 °C, vapor
pressure values obtained or extrapolated from R. C. Weast (Ed.), Handbook of Chemistry and Physics, 49th edn., Chemical Rubber
(CRC), Ohio, 1969. LEN, length (A). Long axis of molecular model? calculated by addition of intramolecular bond lengths obtained
from H. Curtis, Biology, 2nd edn. Worth, New York, 1975. RIF, refraction index function. (n?-1/n? + 2) (ref. 8); refraction indices
n3’ obtained from CRC Handbook. MV, molar volume (ml). Molecular weight/density®; values obtained from CRC Handbook. MR,
molar refraction (= MV X RIF) (ref. 8). LP, log partition coefficient. Octanol/water partition coefficient values from the review by A.
Leo, C. Hansch and D. Elkins, Partition coefficients and their uses, Chem. Rev., 71 (1971) 525-616, or calculated by the method of G.
G. Nys and R. F. Rekker, The concept of hydrophobic fragmental constants (F-values). IT. Extension of its applicability to the calcula-
tion of lipophilicities of aromatic and heteroaromatic structures, Europ. J. Med. Chem., 9 (1974) 361-375.

A B C D E F G
Name MOL LEN RIF MV MR LP
Amyl acetate 2.35 11.0 0.242 148.6 85.9 2.12
Methyl acetate 94.04 6.5 0.219 79.8 17.47 0.18
Anisole (Methoxybenezene*) 1.59 9.5 0.302 108.6 32.79 2.11
(pL)Limonene 0.94 11.0 0.279 162.1 453 4.40
Butanol (1-Butanol*) 3.17 8.2 0.242 91.5 22.14 0.83
Pyridine (Azine*) 8.82 5.0 0.298 80.7 24.04 0.65
Octanol (1-Octanol*) 0.06 14.3 0.258 157.4 40.60 3.15
Methyl amyl ketone (2-Heptanone*) 0.70 11.4 0.246 139.3 34.26 1.82

* Name approved by the International Union of Chemists.

often smaller than those in control animals. EOG re-
covery with ciliary regrowth was not complete and
some animals died. The EOG in response to all odor-
ants was first measurable 18 h following treatment
(Fig. 1). EOG waveshapes appeared no different
from those recorded in a normal nose, but amplitudes
were much smaller. The mean EOG amplitude for all 801
8 odorants at 18 h was 6% of the control amplitude.
Butanol consistently elicited the smallest amplitude
EOGs at all times, while amyl acetate evoked the
largest. In one frog at 18 h, the butanol-evoked EOG
amplitude was 3% of control values, or 0.04 mV,
while amyl acetate evoked a 6% or 0.4 mV response.
The average ciliary length at 18 h was 20 um. As the
cilia lengthened, the EOG amplitude increased.
Twenty four h after treatment EOG amplitudes were
33% of the control values (Fig. 1). By 48 h after 20
treatment, the EOG response had attained 60% of

the control value and remained at that level for the

next 2 days, although some cilia continued to grow at | 1 1 L
arate of 20 um per day. o | 2 3 4

100

0.025%

60

40 0.05%

% EOG recovery

Treatment with 0.025% Triton resulted in ciliary
stumps 6—10 um long. DIC examination of the epi-
thelium immediately after treatment showed that the
treated side looked like the control side except for
the lack of cilia. In most animals all of the cilia were
cleaved. However the stumps were longer than with

Days after Triton X-100 treatment

Fig. 1. EOG recovery after deciliation with Triton X-100. Each
point is the mean of the sum of the normalized EOG responses
to all 8 odorants for all animals at the specified time. The error
bars represent the standard error. When more than one series
of measurements were performed on a frog, then the second se-
ries was generally used.
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the 0.05% treatment and EOG amplitudes immedi-
ately after treatment were not quite zero. EOGs
from the untreated side of the nose were indistin-
guishable from those in control animals. The re-
growth rate was the same as after 0.05% Triton treat-
ment. At 6 h after treatment, the mean EOG ampli-
tude was 11% of the control value (Fig. 1). The EOG
amplitude increased in a linear manner during the
subsequent 18 h. In frogs studied 24 h after treat-
ment, some cilia were about 30 um long and the
EOG amplitude averaged 67% of the control value.
On the second day, the averaged EOG amplitude
was 65% and on the third day it was 87% of control
values. By the fourth day, EOG amplitudes were the
same for treated and untreated epithelia. Some cilia
continued to lengthen during the next few days and
attained their final lengths 8 days or more after treat-
ment.

Resistance of the tissue measured as the square of
peak-to-peak voltage noise amplitude at any epithe-
lial depth in Triton-treated animals was the same as
that in control animals at 1 h after treatment and
thereafter. When the electrode touched mucus, it
looked like a 75 kQ resistance. There was a sharp dis-
continuity at a depth corresponding to the level of the
tight junctions between receptor cell and supporting
cell apices. The resistance increased by a factor of 4.
Deeper in the epithelium, in the region populated by
receptor somata, the resistance was typically 10
times that seen in mucus.

EOG responses recovered rapidly during the first
24 h after treatment. EOG responses measured dur-
ing this period after treatment showed a normal distri-
bution. The results of the analysis of covariance of
these EOG responses by stimulus physical parame-
ters, time and odor showed that the main effect of the
physical parameters showed a trend to significance
F(6,78) = 2.141, with P < 0.05. The main effect due
to time was significant F(2,78) = 52.298, P < 0.01,
and the main effect of odor name was not significant.

Recovery after ZnSQO, treatment

Physiological results. The EOG for all odorants
tested was first distinguishable from low frequency
noise 13 days after treatment (Fig. 2), the time at
which olfactory cilia were first seen. From the 13th
through 29th days following treatment, relative EOG
amplitudes appeared to increase linearly (Fig. 2).
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Fig. 2. EOG recovery for different stimulus substances during
regeneration following ZnSO, treatment. m, slope of the ‘best
fit’ line; r, regression coefficient; * represents a significance
level of P < 0.05. As expected, plotting the log of responses
yields a set of non-overlapping parallel lines for values through
the 29th day.

Regression analysis was used to determine the slopes
of the ‘best fit’ lines and to determine how well EOG
amplitudes could be predicted by time after treat-
ment. The slopes, or rates of return of EOG ampli-
tude, differed among odorants. There was a signifi-
cant (P < 0.01) correlation between percent of con-
trol EOG magnitude and time after treatment for 5 of
the 8 odorants. On the 28th day following zinc treat-
ment, the maximum amplitudes ranged from 10% of
control values for methyl amyl ketone to 40% for
amyl acetate.

Epithelial resistance in the early days after ZnSO,
lavage was between 75 and 150 kQ and showed no
sharp discontinuities as the electrode was advanced
through the tissue. From 13 days after ZnSO, treat-
ment onward, resistances seen by the extracellular
electrode were like those in control animals. The re-
sistance in mucus was about 75 kQ. It increased by a



factor of 4 when the electrode entered the receptor
dendrite region and by a factor of 10 in the receptor
somata region. The resistance of the basement mem-
brane boundary in ZnSO, treated epithelia after 13
days was the same as that of untreated animals.

EOG responses measured during the first 29 days
after treatment showed a skewed distribution. Trans-
forming the data by taking the log of the response
(Inresp) yielded a normal distribution of responses.
All further analyses used Inresp as the dependent
variable. Analysis of variance of Inresp by time and
odor showed that the main effects of time F(4,16) =
19.403, P < 0.01 and odor F(7,16) = 4.661,
P < 0.01 were significant, but the time-by-odor in-
teraction was not significant. To determine the effect
of the 6 chosen physical parameters of the odorants
on Inresp, an analysis of covariance of Inresp by time
with physical parameter as the covariate was per-
formed. Results of this analysis showed that the main
effects of the parameters F(6,21) = 10.011, P < 0.01
and time F(4,21) = 18.113, P < 0.01 were significant
but the interaction was not significant. To determine
whether odor had an effect on EOG responses be-
yond that accounted for by physical parameters and
time, analysis of covariance of Inresp as a function of
the parameters, time and odor was performed. Re-
sults of this analysis showed that the effects of the
physical parameters F(6,44) = 9.726, P < 0.01 and
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Fig. 3. Histological changes following ZnSO, treatment and
control. Mean epithelial height not corrected for shrinkage.
The error bars indicate the range of thicknesses observed.
Ranges are based on a minimum of 5 observations per cross-
section of olfactory epithelium on 17 frogs.
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time F(4,44) = 33.836, P < 0.01 were significant and
the effect due to odor was not significant. Addition-
ally, 4 of the 6 physical parameters, MOL, MR, MV
and LP, accounted for most of the variance of the
physical parameters (P < 0.01).

Days 27-41 following zinc sulfate treatment con-
stitute a transition period in EOG development.
EOG amplitudes depart from their linear increase
with time and rapidly attain assymptotic levels of
80% of control values (Fig. 2). Animal-to-animal
variation can be large during this period. The change
in slope for the recovery function is more variable for
methyl amyl ketone, anisole, pyridine and methyl
acetate than it is for the other stimulus substances.
The change in slope is most abrupt for those sub-
stances with lowest increase rates during the prece-
ding 14 days. These include methyl amyl ketone, oc-
tanol, butanol and pyridine. The rank order of the
slopes before day 29 is unrelated to the rank order of
the EOG amplitudes finally attained at the end of the
transition period.

Tissue resistances in these animals were the same
as those in control animals.

Morphological observations. Following lavage of
the olfactory cavity with ZnSO,, receptor neurons,
supporting cells, and basal cells sloughed from the ol-
factory area, but Bowman’s glands remained. The
region was repopulated by respiratory epithelial
cells. Cellular proliferation occurred slowly through
the 13th day. After the second week, there was an in-
crease in cell number and the tissue began to regain
its orderly structure. By the 55th day the olfactory
epithelium resembled that of the control. Measure-
ments of epithelial thickness at various times after
treatment showed that regeneration occurred in two
stages (Fig. 3). The first stage terminated after 2
weeks when the epithelium was 60 ym thick. After
this time, thickness increase rate slowed. The tissue
was 100 um thick on the 55th day after treatment.
Thickness of the control epithelium was 140 um.

DISCUSSION

The results reported here show for the first time
that: (a) the vast majority of odor receptors are lo-
cated on receptor cell cilia; (b) the proximal portion
of the ciliary membrane contributes more to the total
receptor current than does the distal portion; (c) dur-
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ing receptor cell development, receptors for different
odorous substances develop at different rates; and
(d) there is a transition in physiological response to
odors which co-occurs with transition of the receptor
neuron cilia to their mature immotile state. The va-
lidity of the results which locate receptors on the cil-
iary membrane is particularly convincing because we
found parallel effects using two very different experi-
mental procedures, and because we show that re-
duced EOG amplitudes were not caused by experi-
mentally-induced changes in epithelial resistivity.

EOGs and ciliary lengths

When cilia are removed from receptor cells, they
are rapidly replaced. Ciliary lengths increase from a
few um to 40 um in 2 days. When the olfactory epi-
thelium is removed, it is replaced. Following a reor-
ganization period, new receptor neurons develop.
When their dendrites grow to reach the mucosal sur-
face, cilia begin their growth processes, and odor-
evoked receptor currents can first be detected. Cil-
iary elongation proceeds slowly during this phase of
receptor generation, requiring about 18 days for
40 um of extension.

In the case of ciliary removal, cellular processes
mandate maximal ciliary regrowth. The growth rate
we found matches that found in the frog following
Triton-induced deciliation* and in the landstage newt
following deciliation induced by hypotonic shock?24.
In the case of epithelium regeneration, the rate of cil-
iary regrowth is determined by the developmental
state of the cell rather than those processes respond-
ing to damage repair. During regeneration ciliary ex-
tension is an order of magnitude slower than during
ciliary repair. In spite of this, the EOG-length rela-
tionship is found to be invariant. For the first 40 um
of ciliary extension, the magnitude of odor-evoked
receptor currents, as monitored by EOG amplitude,
is proportional to ciliary length, i.e. ciliary mem-
brane area. When cilia are shorter than about 4 um,
no EOG can be recorded. We do not know whether
this is because the dendrite terminal knob and that
portion of the ciliary membrane close to it contain no
odor receptor sites or whether there are sites but that
the evoked currents are masked by the noise level of
the recording methods.

It can be argued that receptor sites are primarily
on dendritic knobs and that the reduction in EOG

amplitude following Triton lavage is due to cell mem-
brane or cell-cell junction damage. When Triton is
used for deciliation, concentrations are critical. The
optimum varies somewhat from animal to animal.
Triton 0.013% had no effect on ciliary length or on
EOG amplitude. Triton 0.025% effectively cleaved
cilia with minimal systemic effects. It is possible that
Triton at the 0.025% level caused changes in cellular
adhesion not evident histologically but significant
enough to cause a low-resistance current path from
the mucosal surface to the basement membrane. This
would reduce EOG amplitudes independently of any
ciliary processes. Measurements of epithelial resistivi-
ties following Triton exposure show that this is not
the case. Epithelial resistances were like those of
control animals within 1 h after Triton lavage.

Triton can have other effects on cell membranes.
The reduced EOG amplitudes soon after treatment
could be due to disruption of processes responsible
for maintaining ionic gradients or receptor iono-
phores. We think this did not occur because sponta-
neous action potential activity in receptor cells fol-
lowing Triton treatment appeared normal. Cells
showed a brief period of abnormal spike firing, a re-
turn to normal resting firing rates and interval pat-
terns in less than 6 h, and a return of odor-evoked
changes in firing rate with further ciliary regrowth
(ref. 14 and unpublished observations).

In the zinc sulfate-treated frogs, no Triton was
used. Normal regrowth processes regenerated an ep-
ithelium with receptor neurons and cell-cell junc-
tions unexposed to any potentially damaging re-
agents. In these frogs, the same relation between cil-
iary length and EOG amplitude was found as was
found in the Triton experiments.

Extracellularly measured local tissue resistivities
13 days and later after treatment were the same as
control animals. The reduced EOG amplitudes dur-
ing regeneration are not due to tissue short circuits.

The central role of cilia in receptor current genera-
tion is confirmed by histological observations follow-
ing zinc treatment. EOG amplitudes are proportion-
al to mean ciliary length and not simply related to cell
density or cell number (deduced from the changes in
the total thickness of the regrowing epithelium
plotted in Fig. 3). Olfactory cilia are first seen 12—-14
days after zinc treatment. EOGs in response to odors
first appear at this time. Smith38 reported that ceflu-



lar proliferation occurs slowly before this time and
becomes more rapid between days 14 and 28, as we
have found (Fig. 3). On the other hand, there is a rap-
id increase in EOG amplitude between the 29th and
41st days after zinc treatment which is not related to
any change in epithelial thickness (Fig. 2). This acce-
leration in EOG amplitude increase co-occurs with
the transition of motile cilia to immotility23. It is pos-
sible that the appearance of immotile cilia signals the
conversion of the cilium from a propulsive element
into a transducing element. Olfactory cells bearing
immotile cilia would then resemble the sensory cells
of the acoustic, lateral-line and visual systems, all of
which bear a modified cilium3.

Localization of the EOG current

The EOG amplitude increases rapidly during the
first 2 days of ciliary regrowth, slows during the third
day, and remains constant after this time. (Fig. 1).
From Mair et al.23, we know the following. Ciliary
growth rate is constant, averaging 20 um per day.
Maximum lengths achieved depend upon the devel-
opmental state of the cell from which the cilium
grows. Cells which are developmentally younger
than 4 weeks have motile cilia which are an average
of 20 um long. Cells older than 4 weeks have immo-
tile cilia averaging 40 um in length in the 4th week,
60 um in the 5th week, and 80 um in the 6th week.
During ciliary regrowth following deciliation, there-
fore, all cilia grow at the same rate, but those on
some cells cease growth at different lengths than
those on others. Cilia on the most mature cells reach
lengths greater than 160 x#m in 8 days.

Either most of the current responsible for the
EOG is contributed by the proximal portions of the
cilia or the number of cells mature enough to grow
long cilia is so small a fraction of the total population
that their contribution to the EOG is negligible. We
think the former more likely. Observations of the liv-
ing epithelium with light microscopy indicates that
long, immotile cilia are not rare. Using Hopkins’
method® of scanning along the folded edge of pieces
of epithelium we find that long, immotile cilia are en-
countered as often as are short motile ones. Mair et
al.23, who examined hundreds of folds, also did not
find a predominance of one ciliary type. If the devel-
opmental process is linear cells with motile cilia and
cells with immotile cilia should be present in approxi-
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mately equal numbers. (Cell turnover time is 6-8
weeks and the transition from ciliary motility to im-
motility occurs at the end of 4 weeks.) The failure of
the EOG to increase after the third day of ciliary re-
growth is therefore probably not due to scarcity of
longer cilia.

There is other evidence that transduction occurs
primarily on the proximal portions of the cilia. Get-
chell et al.1> found that response latency correlated
with diffusion time through most of the mucus layer.
Furthermore, the internal resistance of the proximal
portion of the cilium is probably lower than the distal
portion. The proximal region has a conventional 9
peripheral plus 2 central tubule structure. The distal
portion is much reduced, consisting of a few singlet
tubules with very little cilia plasma. High internal re-
sistance of the distal portion would be expected to re-
duce contributions to the receptor current from
transduction sites located there. There has been no
measurement of the lengths of the two regions. It has
been stated that in long frog olfactory cilia, the re-
duced, distal portions are longer than the 9 + 2 proxi-
mal portions32.

We conclude that the receptors responsible for al-
most all of the EOG response are located on cilia
near to their base, probably on the proximal 40 um of
the cilium.

Differences among odorants

EOG amplitudes increase linearly during weeks 2,
3 and 4 of epithelial regeneration following zinc-in-
duced necrosis (Fig. 2). Receptor neurons are con-
tinuously being added to the population during this
period and all of these are in that state which we have
called immature. During regeneration following axo-
tomy, new axons re-establish contact with the bulb 30
-40 days after surgery in the frog5.16, and about 45
days after surgery in the salamander3. Thus, in our
preparation up to 28 days following zinc treatment,
none of the axons have reached the olfactory bulb to
make connections with the second order neurons and
all have motile cilia. The linear EOG amplitude in-
crease probably reflects the constant expansion rate
of the receptor cell population.

A somewhat surprising finding is that the rate of
the EOG increase for different odorous substances
during regeneration is different. The rate of receptor
molecule synthesis and membrane incorporation
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may be different for different receptors, ionophore
conductances for different receptors may differ in the
immature stage of development or subpopulations of
cells specific for particular odors may develop at dif-
ferent rates.

An analysis of variance of the data shows that
some inferences can be drawn about the causes of the
slope differences in Fig. 2. These are tentative be-
cause the number of animals was small.

The plots of Fig. 2 suggest that there are strong ef-
fects due to time (since the slopes are not zero) and
also to odor (since the slopes are unique). The statis-
tical analysis verified these observations. Odor was
significant in the first test. When the odorant param-
eters were covaried out, time and 4 physical parame-
ters, MOL, MR, MV and LP, were sufficient to ac-
count for the observed differences. Odor was not sig-
nificant. Thus, it is probably simple physical prop-
erties of the odorant that account for the observed
differences and not an effect of odor that would be re-
lated to a specific receptive membrane property.

This contrasts with the results of the same analysis
performed on EOG data collected during the first
24 h after deciliation. Here it was primarily time
which accounted for the increase in EOG ampli-
tudes. There is only a tendency toward significance
for the effect of the physical parameters. There are
two subpopulations of regrowing olfactory cilia, one
motile and one immotile. The tendency toward sig-
nificance may be related to the contribution of EOG
currents generated by the motile cilia.

Maturation

No sharp resistance discontinuity as the electrode
traversed the epithelial layer was evident during the
first 2 weeks after ZnSO, treatment; it was seen after
this time. In the normal mouse epithelium, the num-
ber of intramembranous particles increases greatly
when the developing olfactory knob appears above
the level of the junctional complex?. The reestab-
lishment of normal tissue resistivities, therefore, is
probably related to the appearance of the olfactory
knobs at about the 13th day after treatment.

It is clear that complex changes in receptor physi-
ology occur at about the half-way point in the cell life-
time, i.e. about 4 weeks. In a minority of the animals,
the maturation of the receptor property did not hap-
pen on schedule, although in most it did. Our experi-

ments do not indicate whether this maturation proc-
ess involves changes in receptor site specificity, in-
creased synthesis of new receptors, or changes in the
properties of the presumed ionophores to which the
receptor sites are coupled.

Implications

Our observations may also account for discrepan-
cies between recorded neural activity and EOG
measurements. The summated neural response
usually closely reproduces the EOG?2!, but under cer-
tain conditions, it can be demonstrated that the EOG
behaves differently28. This is also true of the slow bul-
bar potential3!. Since the EOG sums activity of both
mature and immature receptor cells, respornses to
which immature cells contribute much of the evoked
current may account for some of the differences.

Much of what Ottoson reported in his seminal pa-
per of 19563, in which he described the EOG record-
ed in the normal nose, has withstood the test of time.
Our conclusions confirm the hypotheses of earlier in-
vestigators, who, on the basis of morphological!934,
behavioral?4, and electrophysiological3® results spec-
ulated that odorant-receptor interaction occurs at the
olfactory cilium. We extend these results by showing
that the proximal portions of the cilia account for
most transduction current. Finally we show that the
EOG is more complex than had been expected. It is
composed of contributions from two subpopulations
of cells with different physiological properties and
that for different stimulus substances the two subpo-
pulations contribute differently to the total evoked
receptor current. Because axons of one subpopula-
tion have not extended to reach the olfactory bulb,
that portion of the EOG contributed by these cells
does not measure CNS input.
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