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Abstract
Early olfactory experience with a specific odorant enhances the subsequent response of the
glomerular layer of the rat olfactory bulb to that same odorant. Because different odorants activate
different glomerular layer regions, it seemed plausible that experience with a large number of
odorants might result in enhanced glomerular activation during subsequent exposure to both the
previously experienced odorants, as well as to novel odorants evoking activity in regions that
overlapped with those previously stimulated by different odorants. To this end, seven odorants were
selected using our glomerular response data archive that together stimulated much of the glomerular
layer (alpha-phellandrene, benzaldehyde, L-carvone, decanal, pentanol, santalol, and valeric acid).
Young rats were exposed to a different odorant each day for seven days, and this cycle was repeated
three times from postnatal days 1-21. The [14C] 2-deoxyglucose technique was used to measure
neural activity in response to both previously experienced and novel odorants. The two novel odorants
(alpha-ionone and L-menthone) activate regions of the glomerular layer that overlap with those
stimulated by the seven enrichment odorants. Our results indicate that early experience with multiple
odorants results in increased responsiveness both to previously experienced odorants, and to novel
odorants that stimulate previously activated regions of the bulb.
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Introduction
Olfactory experiences during the early postnatal period can have a large impact on the
development of the olfactory system in rodents. For example, enriched odor experience during
the first three postnatal weeks with a specific odorant results in a significant increase in [14C]
2-deoxyglucose (2-DG) uptake in focal regions of the glomerular layer in response to that same
odorant (Coopersmith and Leon, 1989; Johnson et al., 1995; Johnson and Leon, 1996). In
another series of studies of glomerular responses, we have supported the idea of a combinatorial
code for olfactory processing, in which different odorants can share glomerular representations
by possessing common molecular features (Johnson et al., 1998; 1999; 2002; Johnson and
Leon, 2000a, b). It therefore seemed possible that if rats experienced a number of odorants that
together evoked responses over a wide area of the bulb, novel odorants may also be able to
evoke an enhanced response if they had overlapping responses with previously experienced
odorants.

To ensure that a sufficient portion of the glomerular layer was activated by our panel of
odorants, we selected seven odorants from our glomerular response data archive (http://
leonserver.bio.uci.edu) that we knew together would stimulate virtually the entire glomerular
layer: alpha-phellandrene, benzaldehyde, L-carvone, decanal, pentanol, santalol, and valeric
acid. Each of these enrichment exposure odorants stimulated a different region of the bulb, but
collectively the odorants stimulated the entire bulb (Johnson et al., 2002). Groups of young
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rats were exposed to different odorants over the first three postnatal weeks. A variety of
chemical classes were presented in this odorant series: alcohols, acids, ketones, and aldehydes.
Animals experienced three cycles of a seven-day rotation of odorants, with odorants changed
daily for postnatal days 1-21. Two alicyclic ketone test odorants (alpha-ionone and L-
menthone) were selected from the odorant archive that shared molecular features with some
of the enrichment odorants. These two odorants activated regions that overlapped with the
glomerular regions activated by the enrichment odorants and were used as novel test odorants
in the study. The 2-DG method was used to determine the bulbar neural response to both
previously experienced odorants and the two novel odorants.

Materials and methods
Odor enrichment for odor coding analysis

To ensure that a sufficient portion of the glomerular layer was activated by the odorants, we
used our glomerular response data archive to select seven odorants that together would activate
the vast majority of the glomerular layer. These seven odorants were alpha-phellandrene,
benzaldehyde, L-carvone, decanal, 1-pentanol, santalol, and valeric acid (Figure 1). Beginning
on postnatal day 1, 6-9 drops of undiluted odorant were applied on a clean cotton ball that was
put in a metal tea ball suspended from the top of the housing cage. Two such metal tea balls
were suspended in different areas of each cage. Litters in the enriched group (n=10) were
exposed to one odorant per day, and the odorant was different for each of seven days. This
odorant schedule was repeated over the course of three weeks. Control litters (n=10) were
exposed to two tea balls each containing a clean cotton ball that was changed daily. Control
and enriched litters were housed in separate rooms to avoid odor contamination. All procedures
used in this study were approved by the Irvine Animal Care and Use Committee.

[14C]2-deoxyglucose procedure
Odorants were volatilized by bubbling high-purity nitrogen gas through the liquid in a gas-
washing bottle. Volatilized odorants then were diluted by mixing the vapor with ultra-zero
grade air at a final flow rate of 2 L/min. Flow rates were regulated and measured with Gilmont
flow meters. On postnatal day 22, using our standard technique (Johnson et al., 1998), male
rats (n=9-10 per group in a split-litter design) were injected subcutaneously with [14C]-2-
deoxyglucose (0.2 mCi/kg; Sigma Chemicals) and immediately exposed to a previously
experienced odorant (L-carvone or valeric acid), or to a novel odorant (alpha-ionone or L-
menthone). Animals were freely breathing and remained in Mason jars during the 45-minute
odor exposure. Animals were decapitated, and brains were rapidly removed and frozen in −45°
isopentane. Frozen, coronal sections were cut at 20μm through the entire bulb, and every sixth
section was used for autoradiography.

Mapping procedure
The activity in the glomerular layer was mapped as previously described (Johnson et al.,
1999; 2002; 2004), using customized image analysis software. Briefly, the glomerular layer
was located in regularly spaced, coronal, autoradiographic images of 2-DG uptake by using
overlaid images of adjacent sections that had been stained with cresyl violet. Discrete
measurements of radioactivity were taken at intervals specified by the intersections of the
glomerular layer with standard grid lines chosen on the basis of each section's relative anterior-
posterior position between anatomical landmarks. The resulting data arrays were transformed
to correct for the different sizes of individual bulbs, and the matrices corresponding to left and
right bulbs for each animal were averaged to produce anatomically standardized matrices
corresponding to the entire extent of the glomerular layer. The average uptake array for animals
exposed to air vehicle was subtracted from each odorant-exposed animal's array. The
distribution of uptake across the layer was plotted as color-coded contour charts. To examine
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amounts of uptake, we expressed glomerular layer radioactivity as a ratio to that measured in
the subependymal zone of the same brain. Statistical analysis of these subependymal zone
values revealed no significant differences across experimental groups (F[1, 4] = 1.989; P =
0.162). To examine patterns of uptake independently of the amount of uptake, we expressed
individual measurements as z scores of relative activity across the same bulb.

Modules and quantitative comparisons of odorant-evoked activity
Statistical comparisons of the patterns and amounts of uptake across the bulb were made after
reducing the complexity of the data matrices. To accomplish this reduction, we obtained a
single mean value for each of 27 non-overlapping regions of the bulb that were determined in
previous studies to display common responses to particular odorant molecular features (Linster
et al., 2001; Johnson et al., 2002). For comparisons of uptake patterns, we used the maximum
z-score value within each of these response regions (Linster et al., 2001; Johnson et al.,
2004; 2005).

Results
Odor enrichment increases neural activity in the glomerular layer

Early olfactory enrichment using multiple odorants increased the uptake of 2-DG both to
previously experienced odorants and to novel odorants (Figure 2, top). Increased levels of
uptake were apparent across the entire layer encompassing most of the bulb, both within high-
uptake foci and across regions of the layer not displaying high levels of uptake (Figure 2,
bottom, yellow, orange, and red). Using a 3-way ANOVA, neural activity (average uptake
divided by subependymal zone) patterns were compared across group condition, odorants, and
27 glomerular response modules that we had identified previously. A statistically significant
increase in activity was observed across groups (F[1, 26] = 225.59; P < 0.0001), with enriched
animals exhibiting increased activity in response to the test odorants relative to controls for
both previously experienced (L-carvone and valeric acid) and novel odorants (alpha ionone
and L-menthone). In addition, statistically significant differences also were observed across
odorants (F[1,1890]=311.162; P < 0.0001), and across glomerular response modules (F
[26,1890]=35.230; P < 0.0001).

Odor enrichment does not change the normalized spatial pattern of activity in the glomerular
layer

The spatial pattern of activity evoked by the various odorants was examined separately, using
the calculated z-score values. Z-score analyses allow one to examine patterns of activity by
normalizing the data matrices thereby de-emphasizing absolute activity values. A 3-way
ANOVA of maximum z-score values across group condition, odorants, and glomerular
modules revealed no difference between enriched and control groups (F[1,1890]=2.731; P >
0.05), although the expected difference was observed across odorants (F[3,1890]=108.96; P <
0.0001), as well as the expected difference across the glomerular response modules (F[26,1890]
=73.976; P < 0.0001).

Discussion
Early olfactory enrichment using multiple odorants significantly increased the intensity of
neural activity in response to both familiar odorants and unfamiliar odorants that were
structurally similar. The spatial patterns of activity evoked by each of these odorants, however,
remained unchanged. It appears, therefore, that olfactory enrichment during the first three
postnatal weeks does not change the spatial representation of the odorants within the bulb, but
rather, affects the intensity of the response of the bulb to these odorants. The two novel odorants
stimulated regions of the bulb that overlapped with the previously experienced odorants used
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during the enrichment procedure, demonstrating that responses evoked by one odorant can lead
to enhanced responsiveness to other odorants that stimulate spatially similar regions of the
bulb.

One hypothesis for why pre-exposure to one odorant would increase the level of response to
another is that these odorants might stimulate the same receptors, sensory neurons, and
glomeruli. Individual odorants typically activate local clusters involving multiple glomeruli
(Johnson et al., 1998; 1999), suggesting that these glomeruli receive projections from sensory
neurons of similar specificity (Johnson et al., 1999; 2004). The particular combination of
glomeruli activated is thought to convey information about the distinctive odor of the stimulus
(Leon and Johnson, 2003). Repeated activation of a set of glomeruli by an odorant under
conditions related to those causing early odor preference learning (Coopersmith and Leon,
1984; Sullivan and Leon, 1986) appear to be effective in priming these glomeruli for responding
to other odorants bearing overlapping molecular features.

As can be seen in the z-score transformation of the glomerular activity arrays (Figure 1, top),
focal areas of peak activity as well as regions of lower activity can be observed across the bulb
for each of the seven enrichment exposure odorants. These odor-specific, global patterns of
activity may be used by the animal to represent the individual odorants experienced by the
animal (Cleland et al., 2005). From the relative 2-DG uptake arrays (Figure 1, bottom),
however, it is clear that each odorant individually stimulated a large proportion of the bulb,
and together, stimulated the entire bulb. Because the entire bulb was stimulated during the
enrichment procedure, we cannot determine precisely whether the subsequent enhanced
responsiveness to the novel odorants was related to the structural similarities of the novel
odorants to the enrichment odorants, or whether a global, generalized increase in bulb
responsiveness resulted from the enrichment procedure. Global brain or behavioral changes
following environmental enrichment have been observed elsewhere (van Praag et al.,
2000;Scotto Lomassese et al, 2000;Polley et al, 2004;Sandeman and Sandeman, 2000)
including increased levels of neurotrophins (Pham et al., 1999;Pinaud, 2004;Branchi et al.,
2004), increased expression of immediate early genes (Pinaud, 2004), and altered
responsiveness to stress (Mlynarik, et al., 2004; Benaroya-Mishtein, et al., 2004).

Sensory enrichment enhances neural activity and behavioral performance in other sensory
systems, including motor cortex in mice (Turner et al., 2002), the auditory system of adult rats
(Engineer et al., 2004), the visual system of mice (Cancedda et al., 2004), and the mushroom
body of the cricket (Scotto Lomassese et al., 2000). There are also reports of improved olfactory
performance in adult mice and rats following diverse early olfactory experiences (Rochefort
et al., 2002, Mandairon et al., 2006). The increase in glomerular activity following early
olfactory enrichment observed here with multiple odorants is also consistent with data showing
increased neural activity in the bulb following early olfactory training with a single odorant
(Coopersmith and Leon, 1984; Johnson et al., 1995; Johnson and Leon, 1996; Sullivan and
Leon, 1986; Yuan et al., 2003). Because experience with one odorant does not increase
responsiveness to another odorant with a very different pattern of spatial activity in the
glomerular layer (Coopersmith, et al., 1986), it will be interesting to determine exactly how
much overlap is required for one odorant to facilitate the subsequent response of another.
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Figure 1.
Averaged z-score normalized (top) and relative 2-DG uptake (bottom) contour charts for the
seven odorants used for early olfactory enrichment (alpha-phellandrene, benzaldehyde, L-
carvone, decanal, pentanol, santalol, and valeric acid). Data from the glomerular response
archive (http://leonserver.bio.uci.edu) were transformed to create relative 2-DG uptake charts.
An orientation schematic diagram (top, right) and a color key for relative uptake (top, left) are
included for reference. GL, glomerular layer; SEZ, subependymal zone.

Woo et al. Page 7

Chem Senses. Author manuscript; available in PMC 2008 January 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Olfactory responses following early olfactory enrichment. Normalized contour charts of
averaged glomerular responses from control and enriched animals to novel (alpha-ionone and
l-menthone) and familiar (l-carvone and valeric acid) odorants (top) and difference charts
showing Enriched minus Control values (bottom). For the latter, the colors yellow, orange, and
red are assigned difference values of 0.1 and greater. Note for each of the odorants, the very
similar patterns of activity for the control and enriched groups exposed to the same odorant,
with a statistically significant increase in activity present in the enriched group. GL, glomerular
layer; SEZ, subependymal zone.
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