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From amphibian data, two mechanisms that could underlie 
the encoding of odorants by the mucosal activity patterns 
they engender are as follows: (1) receptors with similar odor- 
ant selectivities could be aggregated spatially on the mucosa 
(inherent patterns); (2) in analogy to gas chromatography, as 
odorants are drawn along the surface of the mucosa the 
strongly sorbed ones could be deposited preferentially up- 
stream, whereas the weakly sorbed ones could be distrib- 
uted more evenly (imposed patterns). Do both of these pos- 
sible coding mechanisms operate in mammals and, if so, 
how do they interact in giving composite patterns (imposed 
+ inherent)? Fluorescence changes in di-4-ANEPPS applied 
to rat mucosas were monitored by a 10 X 10 pixel photo- 
diode array. To observe the inherent patterns, three odorants 
of varying sorbabilities first were puffed uniformly onto the 
entire mucosa mounted in a Delrin chamber. To bring out the 

imposed patterns, the chamber was then sealed to replicate 
anatomically the rat’s nasal cavity, and these same odorants 
were drawn at three flow rates along the mucosal flow path. 
The results demonstrated for the first time the existence of 
imposed patterns in a mammal. The strongly sorbed odor- 
ants, unlike the weakly sorbed one, showed marked imposed 
patterns. Within physiological limits, increasing the flow rate 
decreased the magnitude of the imposed patterns. One 
might consider strategies that the olfactory process could 
use either to negate or to take advantage of the chromato- 
graphic effect, because the lability of the composite patterns 
with changing stimulus conditions raises questions about 
their role in odorant encoding. 
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There is ample evidence from amphibia (Kauer and Moulton, 
1974; Moulton, 1976; Kubie et al., 1980; MacKay-Sim and Kubie, 
1981; MacKay-Sim et al., 1982; Cinelli et al., 1995) and rats 
(Thommesen and D’Oving, 1977; MacKay-Sim and Kesteven, 
1994; Ezeh et al., 1995) that different odorants produce different 
reproducible spatial patterns of activity with differing regions of 
greater and lesser response magnitudes across the mucosal sur- 
face. Most of these investigators puffed the odorant directly down 
onto the exposed olfactory mucosa and recorded individual 
electro-olfactograms (EOGs) in successive order from different 
mucosal positions. Responses to repeated presentations of the 
same and different odorants, often in different animals, were then 
combined into EOG spatial collages. These differential odorant 
spatial activity patterns also have been shown using voltage- 
sensitive dyes (Kent and Mozell, 1992; Youngentob and Kent, 
1995; Youngentob et al., 1995) which, unlike the EOG technique, 
record the activity from a large number of mucosal locations 
simultaneously, thus greatly increasing the resolution of the ac- 
tivity patterns and greatly reducing any confounding effects 
caused by repetitive stimulations over long periods of time. These 
differential regional activity patterns were termed “inherent” ac- 
tivity patterns by Moulton (1976), implying that they are caused by 
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receptors that, having similar inherent odorant sensitivities, are 
aggregated inherently into the same mucosal regions. 

On the other hand, when the odorants, rather than being puffed 
down, are drawn instead through the olfactory sac (approximating 
their normal flow along the mucosal surface), another type of 
activity pattern is observed. That is, different odorants produce 
differently sloped gradients of activity from the beginning to the 
end of the flow path (Mozell, 1966, 1970). In a series of electro- 
physiological (Mozell, 1966, 1970; Mozell et al., 1984, 1987), 
radioisotope (Hornung and Mozell, 1977; Hornung et al., 1981), 
and gas chromatographic (Mozell and Jagodowicz, 1973, 1974) 
studies, evidence has been presented showing that these differen- 
tial response gradients are attributable to a process analogous to 
gas chromatography whereby the greater an odorant’s sorption to 
the mucosa, the greater the percentage of its molecules sorbed at 
the beginning of the flow path and the fewer the number arriving 
downstream. Moulton called these activity patterns “imposed,” 
highlighting that they are not attributable to inherent biological 
factors but rather to physicochemical principles that impose dif- 
ferent mucosal distributions for the molecules of different odors. 

Because mucosal activity patterns have been proposed as un- 
derlying olfactory discrimination, the question arises as to how 
these two types of activity patterns, and the mechanisms thought 
to underlie them, interact. Note that although inherent patterns 
can be produced more or less uncomplicated with imposed pat- 
terns by puffing the odorants directly down onto the mucosa, the 
reverse is not true. That is, in drawing the odorants across the 
mucosa to set up the molecular gradients basic to imposed pat- 
terns, these gradients necessarily fall across regions of differing 
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Figure I. Schematic drawing of the chamber containing the mucosa lining the medial surface of the turbinates and the apparatus used to produce a more 
natural sniff. The square indicates the area from which the photodiodes record. The insets show the Delrin plugs fitted through the plastic plate into the 
external nares and the nasopharynx allowing the constant flow of either deodorized or odorized air across the mucosal lining. The ~YTOWS in the Delrin 
plugs show the flow of air. For the nasopharynx, the flow through the Delrin plug is drawn at different flow rates by negative pressure. For the external 
naris plug, a 600 cclmin flow under positive pressure can either bypass the nasal cavity altogether or be drawn into it by the negative pressure applied to 
the plug in the nasopharynx. All flows are controlled with mass flow controllers (Teledyne Hastings, Hampton, VA). EN, external naris; NP, nasopharynx; 
D, dorsal; CR, cribriform plate. 

selective sensitivities, thus interacting the imposed patterns with 
the inherent patterns to give “composite patterns.” Although 
these patterns were observed indirectly in an earlier study using 
frogs (Mozell et al., 1987), the techniques used did not allow the 
actual visualization of the imposed and inherent patterns or the 
effect each had on the other, i.e., the composite patterns. It 
remained, as done here, for the much greater spatial resolution of 
the voltage-sensitive dye technique to describe the point-by-point 
appearance of the imposed and inherent activity patterns. The 
imposed patterns were then extracted from the composite pat- 
terns by subtracting the inherent patterns from the composite 
patterns. In recording these patterns, the present study was the 
first to demonstrate that imposed patterns occur in mammals. 

MATERIALS AND METHODS 
The neurophysiological methods summarized below have been described 
in detail previously (Kent and Mozell, 1992; Youngentob and Kent, 1995; 
Youngentob et al., 1995). 

Mucosalpreparution. Eight male Long-Evans hooded rats (9 months of 
age) were housed individually and maintained in a temperature- and 
humidity-controlled environment. Before surgery the rats were anesthe- 
tized by CO, inhalation and then killed by decapitation. The right nasal 
cavity was split into halves along its longitudinal axis, exposing the medial 
turbinates en bloc for neurophysiological evaluation. The excised mucosa 
was soaked for 20 min in the fluorescent probe di-4-ANEPPS (Molecular 
Probes, Eugene, OR) at a concentration of 1 mg/lOO ml Ringer’s solution 
(in mM: 140.0 NaCl, 2.0 Na,HPO,, 5.6 KCl, 2.2 CaCI,, 1.0 MgCl,, 5.0 
HEPES, 10.0 glucose; pH adjusted to 7.3). After removal from the dye, 

the tissue was rinsed in Ringer’s solution for 20 min to remove any 
unbound dye. The preparation was then placed in a small Delrin mount- 
ing block and fixed into place using dental cement as shown in Figure 1. 

Optics. Using epi-illumination, a real fluorescence image of the object 
stained with di-4-ANEPPS was projected onto a 10 X 10 photodiode 
array (Centronics, Newbury Park, CA). Briefly, light from a 24 V 250 W 
tungsten-halogen lamp was collimated, and the infrared wavelengths 
were filtered out with a KG-3 Schott heat filter. The light was made 
quasimonochromatic with a 530 nm (65 nm half-bandwidth) excitation 
filter and focused onto the preparation with a 50 mm f1.4 Nikkor lens. 
The emitted fluorescence wavelengths from the preparation were then 
transmitted through a dichroic mirror and subsequent 650 nm (100 nm 
half-bandwidth) emission filter. An image was formed at the focal plane 
of an image lens (38 mm diameter, 125 mm focal length). With a 
magnification of 2.5~ and with each photodiode being 1.4 X 1.4 mm*, 
each photodiode received light from a 560 X 560 pm2 area of the mucosal 
object. The consistency of alignment between preparations has been 
described previously (Youngentob and Kent, 1995; Youngentob et al., 
1995). 

Electronics. In brief, the output of each photodiode was connected to a 
current-voltage converter (feedback resistance = 33 Man). After coupling 
(time constant = 10.3 set), the AC signals were amplified by a factor of 
1000, multiplexed, and digitized sequentially (12 bits, 9 ksec/conversion). 
This allowed all of the 100 channels to be sampled as quickly as once 
every millisecond. As described previously (Youngentob et al., 1995), the 
raw recorded response was corrected for both baseline drift caused by 
photobleaching and for background fluorescence, which differed from 
photodiode to photodiode. (See Fig. 2.) 

Odorants. The three odorants used in this study [propyl acetate, ethyl 
acetoacetate, and L-carvone (Aldrich Chemical, Milwaukee, WI)] were 
chosen because they represent a range of mucosal sorption strengths from 
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the weakly sorbed propyl acetate to the strongly sorbed L-carvone. As in 
earlier studies, a fourth odorant, amyl acetate (Aldrich), was used as a 
standard stimulus to adjust for any gradual changes in the response size 
that might occur over time. Amy1 acetate was chosen as the standard 
because it gives a relatively uniform and large response across the 
mucosa. The concentration (percentage vapor saturation at 23°C) for 
each odorant was chosen such that it fell within the dynamic range of an 
odorant’s concentration-response function. These concentrations were as 
follows: 2% propyl acetate, 30% ethyl acetoacetate, 30% L-carvone, and 
2% for the amyl acetate standard. These concentrations were controlled 
using a previously described flow dilution olfactometer (Mozell, 1970) 
now modified with mass flow controllers (Youngentob, 1991). 

Protocol. Each experimental session consisted of 17 odorant presenta- 
tions. The first five presentations, which began and ended with the amyl 
acetate standard, included the three odorant stimuli in random order. As 
described previously (Kent and Mozell, 1992), each odorant was puffed 
down uniformly onto the turbinates via a circular Teflon ring (1 cm 
diameter) positioned between the preparation and the optical system in 
such a way that light could pass to and from the mucosa without inter- 
ruption. The ring had a number of ports around its circumference to 
provide the tissue with both a uniform distribution of humidified air 
between trials and a uniform distribution of odorant molecules during 
stimulation. All stimuli in this section were presented at a total flow rate 
of 220 cc/min for 0.34 set (vol = 1.25 cc). 

After puffing down the first five odorants, a clear plastic plate was 
placed over the preparation to form a chamber. The smooth surface of 
the plastic plate replaced the relatively smooth surface of the septum and, 
with the aid of dental cement, was designed to replicate anatomically the 
rat’s nasal cavity (Fig. 1). Two holes were drilled into the plastic plate. 
They were positioned to represent the external naris and the nasopharynx 
so that, when fitted with the Delrin plugs shown in Figure 1, odorized air 
could be drawn through the nasal cavity across the mucosa lining the 
turbinates. As with the first five odorant presentations, the volume of the 
stimulus was 1.25 cc, which is in keeping with the dynamic range of the 
unilateral total inspiratory sniff volumes for a sniffing bout reported by 
Youngentob et al. (1987). To keep the total number of molecules con- 
stant for a given odorant at a given concentration for all flow rates, the 
required increments in flow rate were achieved by proportional decre- 
ments in stimulus presentation time (Maze11 et al., 1984). The flow rate of 
the stimulus was also in the dynamic range of the inspiratory flow rate 
reported by Youngentob et al. (1987), taking into consideration that only 
one side of the nose was sampled in the current study. These flow rates 
were 110, 220, and 440 cc/min, which required 0.68, 0.34, and 0.17 set 
presentation times, respectively. Before proceeding, nasal patency and 
the presence of an air-tight chamber were confirmed by determining 
whether the exiting airflow was the same as that entering. Under these 
conditions, the next 12 odorant presentations consisted of drawing each 

Figure 2. Schematic drawing of the apparatus used to 
record changes in fluorescence from the mucosa stained 
with the voltage-sensitive dye from all 100 photodiodes 
(Kent and Mozell, 1992). See Materials and Methods for 
details. 

of the three odorants across the mucosa at each of three flow rates in 
random order. Presentations of the standard amyl acetate stimulus were 
given at the beginning, midpoint, and end of this series of stimulations. 

RESULTS 
As an example of the raw responses developed on the olfactory 
mucosa, the responses from one rat to one of the three odorants, 
carvone, are shown in Figure 3. Two of these arrays show the 
responses when carvone was drawn across the mucosa at the low 
(A) and high (B) flow rates, both of which gave composite pat- 
terns. In the third array (C), carvone was puffed down onto the 
mucosa giving an inherent pattern. This latter array (C) depicting 
carvone’s inherent pattern shows a pixel-by-pixel distribution of 
response magnitudes that covers a broad swath across the mucosal 
sheet. In contrast, when drawn along the mucosal flow path at a 
low flow rate (A), this highly sorbed odorant produced in this 
animal a sharp gradient of activity beginning with the most 
marked responses at the point of entry onto the turbinates fol- 
lowed by progressively smaller responses toward the nasopharynx. 
However, when the flow rate was increased (B), several differ- 
ences were observed: (1) the absolute response magnitudes in- 
creased pixel-by-pixel over those at the low flow rate; (2) the 
gradient of activity along the mucosal flow path became greatly 
muted; and (3) the composite pattern of the relative responses 
began to resemble the inherent pattern [i.e., B looks more like C 
than A does]. The raw responses (not shown but represented in 
the averaged responses given in Fig. 4) to the other strongly 
sorbed odorant, ethyl acetoacetate, paralleled those of carvone. 
They also showed a distinct inherent pattern and a composite 
pattern that, at the low flow rate, displayed a steep gradient along 
the flow path. As with carvone, increasing the flow rate increased 
the pixel-by-pixel response magnitudes of the composite pattern 
and greatly muted the response gradient. This muting resulted in 
the composite pattern more closely resembling the inherent pat- 
tern. As for carvone and ethyl acetoacetate, the raw responses in 
this animal to the weakly sorbed odorant, propyl acetate, showed 
a distinctive inherent pattern. However, in contrast to the more 
strongly sorbed odorants, the responses to this weakly sorbed 
odorant displayed little gradient in response magnitude along the 
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F&WY 3. Fluorescent responses (di-4-ANEPPS) recorded from a 10 X 10 
photodiode array matrix of the mucosa lining the medial surface of the 
turbinates. The odorant was carvone at 30% of vapor saturation. Horizon- 
tal lines, 32.25 set; vertical lines, 1.0% change in fluorescence. One pixel 
(bottom right) is used to display a stimulus marker. A, Carvone drawn 
along the mucosa at a low flow rate 110 cc/min; B, carvone drawn along at 
high flow rate at 440 cc/min; C, carvone puffed down at 220 cc/min. EN, 
external naris; NP, nasophatynx; D, dorsal; CR, cribriform plate. 

how path at the low flow rate and little difference between the 
inherent and the composite patterns regardless of flow rate. 
Furthermore, as flow rate was increased, the pixel-by-pixel re- 
sponse magnitudes, in sharp contrast to those of the strongly 
sorbed odorants, decreased with the increasing flow rate. 

The effect of flow rate on response magnitude for each of the 
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Figure 4. Effect of flow rate on response magnitude. SE bars are shown. 
Response magnitude is in percentage change of fluorescence. See Results 
for further details. 

three odorants at each of the three flow rates across all eight rats 
is shown quantitatively in Figure 4. To generate this figure, the 
average response magnitude across all 100 pixels was calculated 
first for each of the 100 pixels given by a particular odorant at a 
particular flow rate for a particular animal. These average re- 
sponse magnitudes for each odorant at each flow rate were then 
averaged across all eight animals. It is clear from Figure 4 that 
what was seen in Figure 3 for one animal is true across animals. 
That is, for the strongly sorbed odorants, carvone and ethyl 
acetoacetate, there was an increase in response magnitude with 
increasing tlow rate. This effect was much more marked for 
carvone than for ethyl acetoacetate, which follows from the 
former’s greater sorption strength. On the other hand, for propyl 
acetate, which is sorbed only weakly to the mucosa, increasing the 
flow rate gave a decided decrease in response magnitude. These 
results are consistent with previous findings and explanations 
(Mozell et al., 1991). That is, these authors suggest that as flow 
rate increases, the dwell time of a sample of odorant molecules at 
any point above the mucosa is decreased so that for weakly sorbed 
odorants the response simply decreases. However, this effect is 
offset for strongly sorbed odorants because increasing the flow 
rate decreases previous absorption earlier in the flow path, allow- 
ing a greater number of molecules to reach the downstream sites. 

To quantify and thereby facilitate the further comparison of the 
activity patterns for different odorants at different flow rates 
across all eight animals, the response in each of the 100 pixels for 
each set of conditions was “equilibrated” in relation to the entire 
100 pixel array. That is, all 100 pixels in an array were “equili- 
brated” by dividing each of them by the average of all of them. 
This equilibration removed any differences in the absolute mag- 
nitudes of the responses within and among arrays, thereby keep- 
ing differences in absolute magnitude from being confused with 

Figure 5. Color-enhanced surface plots for the rat’s composite, inherent, and imposed activity patterns on the medial surface of the turbinates in response 
to carvone, ethyl acetoacetate, and propyl acetate when drawn through at either 440 cc/min (top) or 110 cc/min (bottom). The z-axis, which shows the 
relative response magnitudes, corresponds to the ratio of equilibrated responses for a given odorant compared with the standard amyl acetate response. 
See Results for details. The natural logarithm of the ratios varied from -1.0 to 0.5 as indicated by the color bar to the right. EN, external naris; NP, 
nasopharynx; D, dorsal; CR, cribriform plate. 
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the differences in relative magnitude that define the differential 
imposed, inherent, and composite activity patterns (Kent and 
Mozell, 1992). To highlight further the activity patterns given by 
each odorant independent of any spatial differences in responsiv- 
ity built in across the whole mucosa (such as variations in the total 
density of cells) that would affect the response to all odorants, an 
additional mathematical strategy was used. First, all of the data 
were transformed to natural logarithms, and then the response 
array produced by the standard odorant, amyl acetate, under the 
corresponding stimulus conditions was subtracted pixel-by-pixel 
from each response array produced by each experimental odorant. 
This strategy was used successfully in previous work (Mozell et al., 
1984) and conforms with the concept that the mechanisms basic to 
the inherent and imposed activity patterns likely interact in a 
multiplicative manner. 

With the data treated as discussed above, Figure 5 gives the 
composite activity patterns (odorants drawn along the mucosa), 
the inherent activity patterns (odorants puffed down), and the 
imposed activity patterns for the three odorants averaged across 
the eight animals. In Figure 5, the composite and imposed pat- 
terns are shown at the high flow rate (top) and at the low flow rate 
(bottom). Note that in accordance with the protocol of this study, 
the same arrays for the inherent patterns are shown for all three 
odorants in both panels. As seen in Figure 5 (top), each odorant 
gave a differential composite and inherent activity pattern. In this 
regard, the carvone and ethyl acetoacetate inherent patterns 
showed the largest relative responses toward the nasopharynx but 
differed from each other in the latter’s showing a relatively greater 
response along the dorsal edge and cribriform plate. Propyl ace- 
tate differed from the other two, with its largest response toward 
the dorsal edge. 

As far as the composite patterns at the high flow rate are 
concerned (Fig. 5, top), carvone gave, unlike its inherent pattern, 
the greatest response toward the external nares. Ethyl acetoace- 
tate, differing somewhat less from its inherent pattern, showed its 
greatest response along the dorsal edge. Propyl acetate, differing 
minimally from its inherent pattern, again showed its greatest 
response along the dorsal edge. 

To derive the imposed patterns, the inherent patterns expressed 
in logarithms were subtracted, as introduced above, pixel-by-pixel 
from the logged composite patterns, and these arrays are shown 
for the three odorants at the far right column. The highly sorbed 
odorants, carvone and ethyl acetoacetate, showed, as expected 
from chromatographic principles, pronounced gradients along the 
flow path giving the smallest response at the nasopharynx. A case 
can be made that the weakly sorbed odorant, propyl acetate, also 
showed a small gradient toward the nasopharynx but, compared 
with the strongly sorbed odorants, the gradient was muted. 

At the low flow rate (Fig. 5, bottom), different composite activity 
patterns again were seen for the different odorants, although the 
composite patterns for the two most strongly sorbed odorants, 
carvone and ethyl acetoacetate, were rather similar in showing 
very steep gradients along the flow path decreasing toward the 
nasopharynx. In contrast, for the composite activity pattern of the 
weakly sorbed odorant, propyl acetate, there was only a very 
gradual gradient in the same direction. In deriving the imposed 
patterns from the composite and inherent patterns, as described 
above, the gradients of activity for the strongly sorbed odorants 
again became even steeper (Fig. 5, bottom). 

In comparing the composite and imposed patterns for the high 
and low tlow rates (Fig. 5, top vs bottom), several points consistent 
with chromatographic principles emerge. First, the greater the 
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F@~re 6. Composite pattern’s change from inherent pattern as a function 
of flow rate. See Results for details. 

flow rate the less pronounced the gradient along the flow path 
became, and this was demonstrated especially by the more 
strongly sorbed odorants. Second, as the gradient of the imposed 
pattern became steeper with decreasing flow rate, its contribution 
to the composite pattern appeared to increase. That is, especially 
for the more strongly sorbed odorants, the composite patterns 
came to resemble the imposed patterns more closely as flow rates 
decreased. This same effect could also be stated in the reverse, i.e., 
as flow rate was increased the inherent patterns became more 
dominant in the appearance of the composite patterns. In con- 
trast, for the weakly sorbed odorant, propyl acetate, the imposed 
gradient was always small and the inherent pattern always 
dominated. 

The decreasing influence of the mechanisms underlying the 
imposed patterns in generating the composite patterns as flow 
rate was increased is represented quantitatively in Figure 6. This 
figure uses a ratio that mathematically compares, for each odorant 
at each flow rate, the similarity between the activity pattern 
developed when the odorant was drawn along the mucosa (com- 
posite pattern) and that developed when the odorant was puffed 
down onto the mucosa (inherent pattern). That is, for each set of 
conditions, 100 ratios (one for each pixel) were expressed. The 
numerator in each ratio was the response magnitude, averaged 
over the eight animals, for a given pixel in the composite pattern 
array; the denominator was the averaged response magnitude for 
the corresponding pixel in the inherent pattern array. By taking 
the natural log of each of these ratios and adding their absolute 
values together, a logarithmic index of the similarity between the 
composite and inherent patterns was generated. The closer this 
index is to zero, the greater the similarity between the two pat- 
terns. Therefore, Figure 6 quantitatively establishes that the com- 
posite patterns differed from the inherent patterns, but the more 
the flow rate was increased the more the composite patterns came 
to resemble the inherent patterns. It further quantitatively docu- 
ments that these effects were much more pronounced for the 
strongly sorbed odorants, carvone and ethyl acetoacetate, than for 
the weakly sorbed odorant, propyl acetate. Actually, for this 
weakly sorbed odorant the composite activity patterns differed 
only slightly from the inherent patterns regardless of the flow rate. 
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DISCUSSION 
Most of the reported work done at the mucosal level concerning 
the differential activity patterns produced by different odorants 
relates to the spatial aggregation of selectively sensitive receptors, 
i.e., the inherent activity patterns. However, these studies, with 
few exceptions, puff the odorant down onto the mucosa. This puff- 
down presentation bypasses any effect that drawing the odorant 
along the mucosa, as is the natural mode, may have in the 
differential access of the molecules of different odorants to dif- 
ferent regions having odorant-selective sensitivities. 

The current investigation studied the impact on the resulting 
activity patterns by drawing an odorant along the mucosa as 
opposed to puffing it down. The puff-down, inherent patterns were 
similar to those reported previously in the rat (Youngentob and 
Kent, 1995; Youngentob et al., 1995). However, the imposed 
patterns had not been demonstrated previously in mammals, and 
they were indeed robust. These imposed patterns were consistent 
with the results and the chromatographic explanation reported 
earlier, as listed above, in work with amphibia using techniques 
other than voltage-sensitive dyes. Namely, the imposed patterns 
showed a falling gradient of activity along the flow path that 
became steeper as the sorptive strengths of the odorants increased 
and/or odorant flow rate decreased. In addition, as seen earlier 
with summated multiunit recordings (Mozell et al., 1991, 1992), 
an increase in flow rate gave an increase in response magnitude 
for strongly sorbed odorants but a decrease for weakly sorbed 
odorants (see Results for explanation). These consistencies be- 
tween the imposed patterns in this study and those previously 
studied using other techniques argue against any concern that the 
voltage-sensitive dye application procedures could alter the mu- 
cosa’s sorption and, thus, the imposed patterns. 

As far as the impact of the imposed patterns on the inherent 
patterns is concerned, it is clear from the results of this study that 
drawing odorants along the mucosa can have a pronounced effect 
on the mucosal activity patterns. This effect, as might be expected 
from the chromatographic principles noted above, becomes more 
pronounced as the sorptive strengths of the odorants increase but 
less pronounced with increasing flow rate. That is, the relative 
contribution of the imposed and inherent patterns to the overall 
composite pattern depends on both the odorant’s sorptive 
strength and the flow rate at which the odorant is drawn along the 
mucosa. For example, the composite pattern for the highly sorbed 
odorants, ethyl acetoacetate and carvone, especially at lower flow 
rates, is dominated by the imposed pattern. However, the com- 
posite pattern for the weakly sorbed odorant, propyl acetate, is 
dominated more by its inherent pattern. 

Similar conclusions regarding the lability of these composite 
patterns with flow rate in rats can be interpreted from the work by 
Ezeh et al. (1995). These investigators demonstrated with EOGs 
that when an odorant is drawn through the intact rat nasal cavity, 
the activity patterns for the more strongly sorbed odorants (ani- 
sole and ethyl butyrate) became more muted with increasing flow 
rate, whereas relatively little change was observed for the more 
poorly sorbed odorants (hexane and limonene). 

It should be noted that the current study again brings into use 
the term composite patterns, previously introduced (Mozell et al., 
1987) in naming the types of odorant selective activity patterns 
recorded from the mucosa. In judging the need and appropriate- 
ness of this term, it should be taken into consideration that 
because odorants normally pass through the olfactory passage- 
ways, they are likely to produce neither pure inherent patterns nor 

pure imposed patterns, but rather some result of their interaction, 
namely, composite patterns. 

If, as is often assumed, mucosal activity patterns are basic to 
olfactory discrimination, the results of the present study raise 
questions about how the olfactory process deals with the lability of 
these patterns. There are a number of strategies that could be 
invoked in the olfactory process to regain confidence in mucosal 
patterns as encoding mechanisms. Some strategies, such as having 
the animal sniff at high flow rate, simply might negate the chro- 
matographic process. This study and previous studies (Mozell, 
1970; Mozell et al., 1987) have shown that increasing flow rate 
blunts the chromatographic effect and, thus, may highlight the 
inherent pattern. Another possible strategy is that the animal 
always takes a distinctive sniff with a similar flow profile, thereby 
maintaining the integrity of the composite pattern. [That flow rate 
may play a critical role in encoding of odorants is given some 
credibility from work with laryngectomized patients in whom 
increased sniff vigor increases olfactory discrimination (Schwartz 
et al., 1987).] Finally, processing at higher levels may obviate 
imposed patterns. For example, the system may attend only to 
those glomeruli that are excited and not to the relative gradation 
of their responses. 

Other strategies, instead of negating, actually might take ad- 
vantage of the chromatographic process to achieve additional 
discriminative permutations. Two such scenarios unfold in Figure 
7. This figure indicates the direction of the odorant’s movement 
across the mucosa-lined turbinates by plotting, as equal time 
contours (isochrones), the response times averaged across all 
eight animals to the low flow rate of propyl acetate. Similar 
isochrone maps were obtained for the medium and high flow 
rates, except that the times, as expected, were proportionally 
shorter. In the first scenario, these spatially distributed temporal 
patterns themselves may play a role in the encoding of odorants at 
the level of the olfactory bulb. That is, those mucosal regions that 
activate most rapidly may alter, through lateral inhibition, the 
spatial bulbar patterns of glomeruli activity. The second scenario 
begins by noting that the odorant-laden air may be inferred from 
Figure 7 to flow perpendicularly to the isochrone lines. If, as done 
in Figure 7, the three bands of different receptor types reported by 
Vassar et al. (1993) are added, it becomes clear that these bands 
are also perpendicular to the isochrones, i.e., they are parallel to 
the odorant flow. Therefore, if as Vassar et al. (1993) suggest, 
each band contains a particular family of receptors homoge- 
neously distributed throughout the band, the mucosa could do a 
dual encoding of the flowing odorants: (1) determine which com- 
bination of bands is responding, i.e., the inherent patterns; and (2) 
determine how far along each band the response extends, i.e., the 
imposed patterns. Take, as a purely hypothetical example, a 
homologous series of alcohols, all members of which with their 
similar chemical properties might excite the same combination of 
bands. However, as their chain lengths vary, and thereby their 
physicochemical sorption properties, the molecules of different 
members of the series might reach and excite different extents of 
the bands, thus producing different composite patterns. 

The system also could take advantage of the chromatographic 
process by separating the odorants in a mixture in space and time 
along the flow path before the olfactory mucosa. This separation 
could be enhanced further by the temporal differences in mucosal 
activation between different odorants. Future experiments will 
determine whether such scenarios are actually tenable. 

Recent anatomical work that detects odorant receptor 
mRNA in the axons of olfactory neurons has shown that 
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Figure 7. Isochrone map of start times (solid 
lines) for propyl acetate at 110 cc/min super- 
imposed on the olfactory mucosa lining the 
medial surface of the turbinates. The three 
bands of different receptor types reported by 
Vasser et al. (1993) also are superimposed 
(stippling and slanted lines) on the olfactory 
mucosa and appear to be perpendicular to the 
isochrone lines (i.e., parallel to flow of odorant 
laden air). EN, external naris; NP, nasophar- 
ynx; D, dorsal; CR, cribriform plate. (This map 
is corrected for the very small variations in the 
start times of the inherent patterns across the 
mucosa when the odorant is puffed down. This 
correction is identical to that described in 
Results for obtaining the imposed activity pat- 
terns from the composite patterns, except that 
timing rather than response magnitude is 
used. As in the patterns based on response 
magnitude, the start time differences of the 
inherent patterns were much smaller than 
those of the imposed patterns.) 

specific odorant receptor gene probes converge onto a very 
small number of glomeruli that are organized spatially on the 
olfactory bulb in a stereotypical manner from animal to animal 
(Ressler et al., 1994; Vassar et al., 1994). Further, the number 
of proposed odorant receptor genes across species seems to be 
consistent with the number of glomeruli present (Vassar et al., 
1994). These observations suggest that the quality of an odor- 
ant can be represented in the pattern of glomeruli that respond 
uniquely to a given odorant. The hypothesis that this putative 
code is represented on the mucosa is supported by the obser- 
vation that the odorant receptors are aggregated spatially in 
large, homogeneous, longitudinal zones (Vassar et al., 1993; 
Ressler et al., 1994) and clusters (Strotmann et al., 1994). 
These zones and clusters, which are consistent in position 
across animals, display symmetry from the right and left nasal 
cavities and on the medial surfaces of the septum and turbi- 
nate. In the current study, all odorants elicited responses at all 
positions on the epithelium, although at different relative mag- 
nitudes, implying that a given odorant interacts with many 
different receptor types. The puff-down, inherent patterns of 
odorant-elicited activity resemble a clustering more than a 
zonal pattern. This may reflect a number of possibilities: (1) the 
odorants chosen; (2) an inadequate resolution by the voltage- 
sensitive dye-recording technique; or (3) the differential access 
of odorants to receptors at different mucosal locations even 
during the puff-down procedure. 

In the meantime, it is clear that the differential activity patterns 
induced by different odorants across the olfactory mucosa are 
indeed labile to the stimulation conditions. This lability must be 

considered henceforth when assessing the putative role of muco- 
sal activity patterns in the coding of odorants. 
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