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Correction

NEUROSCIENCE. For the article ‘‘Odor maps of aldehydes and
esters revealed by functional MRI in the glomerular layer of the
mouse olfactory bulb,’’ by Fuqiang Xu, Nian Liu, Ikuhiro Kida,
Douglas L. Rothman, Fahmeed Hyder, and Gordon M. Shepherd,
which appeared in issue 19, September 16, 2003, of Proc. Natl.

Acad. Sci. USA (100, 11029–11034; first published September 8,
2003; 10.1073�pnas.1832864100), the authors note that Fig. 1 a
and c, the third and fourth panels of Fig. 3a, and the first panel
of Fig. 3b were printed incorrectly due to a printer’s error. The
corrected figures and their legends appear below.

Fig. 1. Illustration of method for constructing flat maps of fMRI signal in the glomerular layer by using the software program ODORMAPBUILDER. (a) Glomerular
layer outlined on the anatomical MRI image of the OB. (b) fMRI signal from a typical trial of odor stimulation (heptanal). (c) Superposition of b over a. (Scale
bar � 500 �m.) (d) Dorsal-centered map. (e) Ventral-centered map. A, anterior; P, posterior; D, dorsal; M, medial; V, ventral; L, lateral.

13734–13735 � PNAS � November 11, 2003 � vol. 100 � no. 23 www.pnas.org
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Fig. 3. Comparison of odor submaps defined by different activation levels. (a) The
butanal odor map (C4) was divided into lower (L50) and upper (H50) halves by
thresholding at the 50th intensity percentile. The H50 was then divided into three
levels: I1, 84–100% (highest intensity); I2, 67–83% (medial intensity); and I3, 50–66%
(low intensity). (b) Example to demonstrate the analysis of spatial correlation (SCC;
see Materials and Methods) between submaps for different odors: A is the I1 submap
for C4 and B is the I1 submap for C5. The SCC value is calculated from the total counts
of thefourdifferentpixel categories,N[1,1],N[1,0],N[0,1], andN[0,0], representedbyred,
black, green, and blue, respectively. (c) A detailed analysis using SCC with data in
Fig. 2a. C4�C5, the comparison between more similar butanal and pentanal maps;
Cn�Cn�1, averaged values for all comparisons between the maps of aldehydes with
onecarbondifference (n�4,5,6,and7);C4�C8, thecomparisonbetweenless similar
butanal and octanal maps; Cn�Cm, averaged values for all possible comparisons
between the maps of aldehydes shown in Fig. 2a (m, n � 4, 5, 6, 7, and 8; m � n). I1�I1
(black bars), I1�I2 (red bars), I1�I3 (green bars), and I1�L50 (blue bars) are for
comparisonsof I1 submapofoneodorantwiththe I1, I2, I3,andL50 submapofanother
odormap, respectively; I2�I2 (orangebars), thecomparisonsbetweenthe I2 submaps
of different odor maps; and I3�I3 (indigo bars), the comparisons between the I3
submaps of different odor maps. The dotted yellow lines around SCC values of �0.2
depict the significant correlation at P � 0.01. (d) Tests of reproducibility of activity
patterns for aldehydes using the SCC calculation. Reproducibility was assessed from
SCC values at three different thresholding levels: top 50% (H50�H50), top 33%
(H33�H33), and top 16.7% (I1�I1). The plotted values represent the averaged SCC
from pentanal to octanal.

www.pnas.org�cgi�doi�10.1073�pnas.2336144100
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Odor maps of aldehydes and esters revealed by
functional MRI in the glomerular layer of the
mouse olfactory bulb
Fuqiang Xu†‡§, Nian Liu‡, Ikuhiro Kida†, Douglas L. Rothman†, Fahmeed Hyder†, and Gordon M. Shepherd‡

Departments of †Diagnostic Radiology and ‡Neurobiology, Magnetic Resonance Research Center, Yale University, New Haven, CT 06510

Edited by Marcus E. Raichle, Washington University School of Medicine, St. Louis, MO, and approved July 16, 2003 (received for review May 13, 2003)

Odorant identity is believed to be encoded in the olfactory bulb
(OB) by glomerular activity patterns. It has not yet been possible to
visualize and compare entire patterns for different odorants in the
same animal because of technical limitations. For this purpose we
used high-resolution functional MRI at 7 T, combined with glomer-
ular-layer flat maps, to reveal responses to aliphatic homologues in
the mouse OB. These odorants elicited reproducible patterns in the
OB, with the medial and lateral regions containing the most
intense signals. Unexpectedly, in view of the symmetrical projec-
tions of olfactory receptor neurons to medial and lateral glomeruli,
the activity patterns in these regions were asymmetrical. The
highly activated medial and lateral areas were shared by homol-
ogous members, generating a conserved ‘‘family signature’’ for a
homologous series. The moderately active areas, including the
dorsal region that has been extensively studied by optical imaging,
were more sensitive to the length of the carbon chain, producing
more subtle features of individual members and different changing
trends among homologues. The global mapping with functional MRI
not only extended previous studies but also revealed additional rules
for representation of homologues in the OB. Insights into possible
relations between the functional patterns, molecular projections, and
odor perception may now be obtained based on the global from the
olfactory epithelium to the OB glomerular activity patterns.

Evidence is increasing that odors elicit specific spatial activity
patterns in the glomerular layer of the olfactory bulb (OB)

that encodes information of olfactory stimuli (1–15). A given
odor can activate many glomeruli, and a glomerulus can be
activated by many odorants, in agreement with molecular,
cellular, and physiological studies on the responses of olfactory
receptor neurons (16–20). Highly activated glomeruli frequently
cluster together, forming module, or focus, domains (10, 12, 21,
22). Mapping with 2-deoxyglucose (2DG) shows that the do-
mains tend to be paired in medial and lateral OB regions (8),
similar to the pairing of receptor projections to the glomeruli
(23–25).

The hypothesis that the patterns are involved in odor coding
(26) is supported by numerous studies showing that activated
glomeruli or glomerular regions shift with differences in chem-
ical structure (7, 8, 11, 12, 14, 15, 27). However, further analysis
is limited by the methods currently available. Global methods
(such as 2DG, which reveals patterns throughout the entire
glomerular layer) test single odors in terminal experiments,
preventing comparison of responses to different odors in the
same animal. Optical methods, involving recording individual
glomerular responses to different odors in the same animal, are
limited to observations on the accessible dorsal surface, a
fraction of the entire OB.

To overcome these limitations, we have developed functional
MRI (fMRI) with high spatial resolution, together with a
method for making flat maps of the glomerular layer. We focus
here on how molecules of different carbon chain lengths be-
longing to the same homologous series are encoded by using
aldehydes and esters as model odorants. The results extend
previous studies on aliphatic odorants by showing that the major

activity is in medial and lateral regions and that the patterns shift
with carbon chain length. Asymmetrical medial and lateral
activity contrasts with the symmetrical projection of olfactory
receptor neurons to the OB, indicating functional differences in
the two projection pathways. The results give insights into
possible relations between the functional patterns, molecular
projections to the OB, and odor perception.

Materials and Methods
Animal Preparation. Male CD-1 mice (30–40 g) were anesthetized
with 1–2% halothane, and the skin overlying the OB was
removed to expose the skull. Before the mouse was placed in the
magnet the anesthesia was switched to urethane (i.p. 1.0 mg�g�1

initial; 0.1 mg�g�1�h�1 supplemental). The surgical procedure
was approved by the Yale Animal Care and Use Committee
(YACUC no. 10004).

Odor Delivery. The odor-delivery system was made of Teflon and
glass with a dead volume of 5 ml. Mineral oil was used as the
solvent to prepare the odor solution. The flow rate of the
extra-pure air passing over the odorant solution was kept at 3
liters�min, generating odorized airf low at selected odor con-
centrations. The gas-phase concentrations were calculated from
the mass decrease of odorant over a period of 10 min under the
same conditions. The concentrations of the solutions were
adjusted so that the vapor concentrations of different odorants
were approximately the same. All chemicals were from Sigma.

Anatomical MRI and fMRI. Experiments were performed on a
horizontal-bore 7-T Bruker spectrometer (Bruker, Billerica,
MA). All image orientations were coronal, and contiguous slices
were obtained to cover the entire OB. The magnetic field
homogeneity was optimized by manual shimming. T1-weighted
fast low-angle single-shot (FLASH) anatomical images were
obtained (image dimension � 128 � 128 pixels; in-plane reso-
lution � 100 � 100 �m; slice thickness � 200 �m; repetition
delay � 5.0 s; echo time � 16 ms; flip angle � 90°) with variable
inversion recovery weighting per slice. Each multislice fMRI
experiment consisted of a series of 128 T*2-weighted FLASH
images (image dimension � 64 � 64 pixels; in-plane resolution �
200 � 200 �m; slice thickness � 200 �m; repetition delay � 400
ms for 16 slices; echo time � 16 ms; flip angle � 5–15°). In each
experiment, 16 dummy scans per slice were carried out before
data acquisition. The animals were rested at least 20 min
between successive experiments to avoid adaptation.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: 2DG, 2-deoxyglucose; fMRI, functional MRI; OB, olfactory bulb; SCC, spatial
correlation coefficient.

Data deposition: The fMRI data have been deposited in the fMRI Data Center, www.
fmridc.org (accession no. 2-2003-11499).
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Data Processing. Details of data processing have been described
(6). For each experiment, the mean image of the prestimulation
‘‘baseline’’ images was subtracted from the ‘‘stimulation’’ images
on a pixel-by-pixel basis to produce �S�S (fractional change in
fMRI signal) and student t maps. Usually, two to four frames in
the stimulation period were averaged to give a single functional
map. Each linearly interpolated �S�S map was overlaid onto the
corresponding anatomical image to reveal the location of activity
in the OB layers. Flat maps of the activity throughout the
glomerular layer were constructed similar to those used in 2DG
and c-fos studies (8, 13, 26). A software program called ODOR-
MAPBUILDER was specially designed for adapting this approach
to the anatomical MRI and fMRI data, as shown in Fig. 1. In
brief, for each slice, the fMRI signal was overlaid on the
anatomical MRI image, and the signals in the glomerular layer
were extracted and flattened. Every flattened glomerular layer
was then consecutively placed and linearly interpolated to create
the glomerular sheet. Detailed description of the method has
been presented elsewhere (28). With the spatial resolution in this
study, the major bulb layers could be readily separated. A given
pixel likely contained several glomeruli, and possibly, a small
amount of neighboring nonglomerular tissue. The columnar-like
arrangement of a glomerular unit across the OB layers, and the
tendency of neighboring glomeruli to receive input from similar
receptor neurons (29), make the activity in neighboring pixels
highly correlated (21). The fMRI patterns in this report should
therefore closely reflect the activity pattern in the glomerular
layer. More detailed correlations of the blood oxygenation
level-dependent signal with individual glomeruli remain to be
analyzed.

To determine the similarity between odor maps, a previously
described spatial correlation analysis was used (30). The method
takes all pixels within the OB into consideration, because even
the pixels not significantly activated affect the spatial feature of
a pattern. A pixel in an odor map has a value of either 1 (above
threshold) or 0 (below threshold). When two odor maps, A and
B, are compared (expressed as A�B), a given pixel must belong
to one of the four different categories, [1, 1], [1, 0], [0, 1], and
[0, 0], where the values in each square bracket represent inten-
sities of that pixel in odor maps A and B, respectively. N[1,1] ,
N[1,0], N[0,1], and N[0,0] are the total counts of the pixels in the
corresponding categories. The spatial correlation coefficient
(SCC) is defined by either

SCC �
N�1,1�N�0,0� � N�1,0�N�0,1�

�N�1,0� � N�1,1���N�1,0� � N�0,0��

when N[1,1]N[0,0] 	 N[1,0]N[0,1], or

SCC �
N�1,1�N�0,0� � N�1,0�N�0,1�

�N�1,0� � N�1,1���N�0,1� � N�1,1��

when N[1,1]N[0,0] 
 N[1,0]N[0,1] and N[1,1] 
 N[0,0]. If 0.2 
 SCC 

1.0, a significant degree of domain overlap occurs (P 
 0.01). If
�0.2 	 SCC 	 �1.0, a significant degree of domain segregation
or avoidance from each other occurs (P 
 0.01). If 0.2 	 SCC 	
�0.2, no significant correlation occurs, indicating a near random
relation. It has been shown that thresholding usually does not
significantly affect the SCC values (31). In most cases, odor maps
A and B were obtained with different odorants. However, for
tests of reproducibility, maps A and B were obtained with the
same odorant in different exposures.

Results
Construction of Odor Maps. The fMRI signal changes were corre-
lated with the specific layers of the OB by superimposing them
over the anatomical MRI image (Fig. 1 a–c). We focused on
activity in the glomerular layer (between the two dotted lines in
Fig. 1 a and c). The signals in the glomerular layer of each slice
were extracted, unfolded, and reconstructed from contiguous
coronal sections into a two-dimensional odor map of the glo-
merular sheet (Fig. 1 d and e). The odor map could be viewed
from different perspectives; for example, dorsal centered (Fig.
1d) or ventral centered (Fig. 1e). Dorsal-centered maps were
used in this report to facilitate comparisons with optical imaging
data in the dorsal OB.

Global Patterns of Aldehyde Homologues. General features. Aliphatic
homologues are compounds with the same functional groups but
different carbon chains. To reveal how they are represented in
the OB, the patterns elicited by aldehydes with a straight chain
of 4–8 carbon atoms (C4–C8) in the same mouse were mapped
with fMRI. Aldehydes are of particular interest because of
recent molecular and cellular imaging studies in the epithelium
and OB (9, 11, 14, 18, 19, 32–35) and the limited information
about their global patterns (8).

Comparisons of the activity maps in Fig. 2a demonstrate
several basic characteristics. All aldehydes activated significant
portions of the glomerular layer. The topography of the maps
evolved regularly with the carbon-chain length. The signal
increased both in area and in intensity with carbon number,
peaking at C7 (Fig. 2b). A striking feature was that the main
activity occurred in broad regions of the medial and lateral

Fig. 1. Illustration of method for constructing flat maps of fMRI signal in the glomerular layer by using the software program ODORMAPBUILDER. (a) Glomerular
layer outlined on the anatomical MRI image of the OB. (b) fMRI signal from a typical trial of odor stimulation (heptanal). (c) Superposition of b over a. (Scale
bar � 500 �m.) (d) Dorsal-centered map. (e) Ventral-centered map. A, anterior; P, posterior; D, dorsal; M, medial; V, ventral; L, lateral.

11030 � www.pnas.org�cgi�doi�10.1073�pnas.1832864100 Xu et al.
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regions. The anterior lateral surface (fine black arrow in Fig. 2a)
was highly activated by all tested aldehydes, whereas the inten-
sities in the medial and posterior lateral surface (thick black
arrow and arrowhead, respectively, in Fig. 2a) increased most
notably with carbon number. The difference in lateral and
medial responses was observed in all animals (data not shown).
In the dorsal region, shorter-chain aldehydes activated the
anterior part, whereas longer carbon chains activated the pos-
terior part (thick and fine white arrows, respectively, in Fig. 2a).
In all maps, the activity in the medial side was located at more
posterior regions than that in the lateral side.
Modular comparison. To compare the maps more closely, a modular
analysis was carried out, which was similar to the approach used
to characterize 2DG maps (8, 27). Modules were defined as local
areas activated by at least two members of the homologues,
within which the intensity averaged over all pixels shifted as
regularly as possible with carbon chain length. The results are
outlined in Fig. 2a Left, and overlaid on the C4–C8 activity
patterns as thin white lines. Comparisons of the intensity and size
of the modules in different maps are summarized in Fig. 2c. For
many of the modules, the relative activity elicited by the alde-
hydes evolved regularly with carbon chain length, whereas other
modules altered their activities irregularly with carbon number.
Within this framework, almost all possible activity-changing
trends were observed. In agreement with these visual observa-
tions, statistical analysis (see Fig. 3) showed that maps of
aldehydes with one carbon difference were highly similar and
that the similarity decreased as the difference in carbon number
increased.

Quantitative analysis. To supplement the modular analysis, quan-
titative SCC was used to assess the spatial correlations between
pairs of patterns (see Materials and Methods). We focused more
on areas with higher intensity activity, on the assumption that
they reflect the activation of receptors that are more sensitive to
a given odor and statistically contribute more to the pattern
topography. For this purpose, the odor maps were thresholded
at the 50th percentile of intensity to divide the map into two tiers,
lower and higher than 50%, L50 and H50. The H50 was further
divided into three submaps according to intensity (Fig. 3a: I1,
84–100%; I2, 68–83%; and I3, 51–67% of maximum intensity)
and compared. An example of the method for analyzing the
degree of spatial correlation between two maps is shown in Fig.
3b. Map A is the I1 submap for C4 (butanal) and map B is the
I1 submap for C5 (pentanal). The total numbers of the four
different categories of pixels, N[1,1], N[1,0], N[0,1], and N[0,0],
represented by red, black, green, and blue, respectively, in A�B
of Fig. 3b, were used to calculate the corresponding SCC.

Detailed analysis using SCC is presented in Fig. 3c for the
typical set of data shown in Fig. 2a. Six types of comparison
between submaps were carried out: I1 submap of one odorant
with the I1 (I1�I1, black bars), I2 (I1�I2, red bars), I3 (I1�I3,
green bars), and L50 submap of another odorant (I1�L50, blue
bars); I2 submap of one odorant with the I2 submap of another
odorant (I2�I2, orange bars); and I3 submap of one odorant with
the I3 submap of another odorant (I3�I3, indigo bars). To
examine the maps of aldehydes with the smallest difference, C4
and C5 were taken as an example. The areas with the highest
signal intensity were highly conserved between the two maps
(black bar in C4�C5). In agreement with this result, these areas

Fig. 2. Global activity patterns in the glomerular layer for aliphatic aldehydes in the same mouse. (a) Odor maps of aldehydes: C4 (butanal), C5 (pentanal), C6
(hexanal), C7 (heptanal), and C8 (octanal). Modules are identified (Left) and overlaid on the odor maps (as thin white lines). (b) Effects of carbon number on total
signal. (c) Modular comparison of odor maps. Exposure duration, 2 min; interexposure, �20 min.

Xu et al. PNAS � September 16, 2003 � vol. 100 � no. 19 � 11031
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were significantly segregated from the areas with low signal
intensities (I3 and L50, green and blue bars in C4�C5). All of the
other correlations involving submaps with moderate intensity (I2
and I3) were not significant, suggesting these areas are sensitive
to carbon chain length. The averaged values of all comparisons
for the maps with one carbon difference demonstrated identical
results (see Cn�1). On the other hand, C4 and C8 had the largest
carbon difference for the tested aldehydes. Accordingly, their
maps were less correlated (see C4�C8). The only statistical
significant conclusion was that the areas with the highest inten-
sity (I1) were segregated from the L50 of the other map,
indicating a degree of similarity between the C4 and C8 maps.

Finally, the analysis of these aldehydes as a family was
performed by averaging the SCC of all 10 possible pairwise
comparisons for each of the six types (Cm�Cn in Fig. 3c). The
areas with the highest intensity (I1) were significantly correlated
with each other, i.e., conserved among the homologous mem-
bers. The spatial correlation and conservation of the areas with
high intensity appear to underlie the patterns with family
features among homologous maps. The moderately activated
areas, on the other hand, have a near random correlation,
indicating that these areas are more affected by the length of
carbon chain and thus produce more subtle and specific char-
acteristics of each individual member in addition to the shared
family features.
Pattern reproducibility. fMRI mapping permitted us to assess
quantitatively the reproducibility of the global patterns in the
entire OB from the same animal. Fig. 3d shows the SCC
assessment of the spatial correlation at three different thresh-
olding levels: top 50% (H50�H50), top 33% (H33�H33), and top
16.7% (I1�I1). The spatial correlations between the maps of the
same odorants were relatively high (SCC 	 0.5), and indeed were
not significantly affected by thresholding, as reported in visual
cortex for activation with the same stimuli (31). Furthermore,
the averaged value for the correlations between the maps of the
same odorants was significantly higher than that for the most
similar maps of different odorants.

Local Patterns in the Dorsal Bulbar Region. Responses in the ante-
rior dorsal OB region have been extensively examined by optical
imaging methods (7, 9, 11, 12, 14, 15, 32), which have shown
differential responses of individual glomeruli to different alde-
hydes. As shown by Fig. 2a (indicated by a thick white arrow), the
signal in module l was maintained from C4 to C5, and then
decreased at longer chain lengths; by comparison, the signal in
module i, which is located more laterally, is weakest for shorter
chain lengths and highest for C7 and C8. Taking into account
different experimental conditions (odor concentration, etc.) in
these different studies, the fMRI patterns in the dorsal OB thus
showed systematic shifts with odorant chemical structure.

Global Patterns of Ethyl Acetate and Amyl Acetate. To test whether
the properties of the maps revealed above were specific to
aldehydes or common to different homologous series, the global
patterns for two esters with different carbon chains, ethyl acetate
and amyl acetate, were obtained (Fig. 4). Similar to aldehyde
homologues, the ester with the longer amyl group activated
larger areas with higher intensity levels and more symmetrical
signals in the medial and lateral regions (Fig. 4 a and c, with the
same threshold). By thresholding the ethyl acetate (Fig. 4b) and
amyl acetate (Fig. 4c) maps at the 50th percentile, significant
spatial correlations and overlap were noted (SCC � 0.44 and
72% overlap) between the two patterns (Fig. 4d). However, the
absolute size and intensity appeared to vary in the two maps (Fig.
4 b and c). It thus appeared that similar trends were found for
ester patterns as for aldehydes (Fig. 2).

Fig. 3. Comparison of odor submaps defined by different activation levels. (a)
The butanal odor map (C4) was divided into lower (L50) and upper (H50) halves by
thresholding at the 50th intensity percentile. The H50 was then divided into three
levels: I1, 84–100% (highest intensity); I2, 67–83% (medial intensity); and I3,
50–66% (low intensity). (b) Example to demonstrate the analysis of spatial
correlation (SCC; see Materials and Methods) between submaps for different
odors: A is the I1 submap for C4 and B is the I1 submap for C5. The SCC value is
calculatedfromthetotal countsof thefourdifferentpixel categories,N[1,1] ,N[1,0],
N[0,1], and N[0,0], represented by red, black, green, and blue, respectively. (c) A
detailed analysis using SCC with data in Fig. 2a. C4�C5, the comparison between
more similar butanal and pentanal maps; Cn�1, averaged values for all compar-
isons between the maps of aldehydes with one carbon difference (n � 4, 5, 6, and
7);C4�C8, thecomparisonbetweenless similarbutanalandoctanalmaps;Cn�Cm,
averaged values for all possible comparisons between the maps of aldehydes
shown in Fig. 2a (m, n � 4, 5, 6, 7, and 8; m  n). I1�I1 (black bars), I1�I2 (red bars),
I1�I3 (green bars), and I1�L50 (blue bars) are for comparisons of I1 submap of one
odorant with the I1, I2, I3, and L50 submap of another odor map, respectively; I2�I2
(orange bars), the comparisons between the I2 submaps of different odor maps;
andI3�I3 (indigobars), thecomparisonsbetweentheI3 submapsofdifferentodor
maps. The dotted yellow lines around SCC values of �0.2 depict the significant
correlation at P � 0.01. (d) Tests of reproducibility of activity patterns for alde-
hydes using the SCC calculation. Reproducibility was assessed from SCC values at
three different thresholding levels: top 50% (H50�H50), top 33% (H33�H33), and
top 16.7% (I1�I1). The plotted values represent the averaged SCC from pentanal
to octanal.

11032 � www.pnas.org�cgi�doi�10.1073�pnas.1832864100 Xu et al.
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Discussion
Homologues Are Represented by Pattern Similarities, and Their Car-
bon Numbers Are Represented by Subtle Differences. The patterns of
the aliphatic aldehydes tested (Fig. 2a) suggest several principles
involved in their representation within the entire glomerular
layer. Although different molecules produced different global
patterns, the patterns showed similarities when their most active
regions were compared (Fig. 3c). This finding suggests that the
most active regions together constitute a ‘‘family signature’’ for
a given odor type. The patterns tended to differ in their
moderately activated regions, suggesting that carbon number is
represented by these differences (Fig. 3c). These considerations
are consistent with the idea that the receptors with the highest
affinities for aldehydes give a family signature of activated
glomeruli, whereas receptors with lower affinities respond dif-
ferentially to varying carbon lengths, depending on the fit with
their binding pockets (19, 35). Other studies are necessary to
assess the degree to which other types of homologous series
produce family signatures that are distinct from these two series.

Activity Is Most Prominent in the Medial and Lateral OB Regions. The
results extend 2DG studies (8, 26) in showing that the main sites
of activity elicited by aliphatic homologues are distributed in the
medial and lateral regions of the glomerular layer (see Fig. 2a).
These regions are also favored by many other types of odors (8,
10). These medial and lateral areas of functional activity are
believed to be related to the medial and lateral projections of
olfactory receptors (but see below).

Medial-Lateral Activity Is Asymmetrical. This article has revealed a
functional asymmetry between the medial and lateral activity
domains in representing different homologues (see Figs. 2a and
4). With shorter chain lengths, anterolateral activity predomi-
nates; with longer chain lengths, medial activity emerges
strongly. This observation contrasts with the evidence that
receptor neurons expressing a given type of olfactory receptor
project in a stereotyped manner to glomeruli on the medial and
lateral sides of the OB (24, 25). Thus, the ability of fMRI to map
activity across the entire OB in the same animal for structurally
related odorants shows that the functional map is not stereo-
typed and restricted to reflecting simply the anatomical substrate
of projections, but is dynamic, reflecting, in addition, the phys-
iological properties of the responding elements.

An asymmetry has been suggested by other studies at different
levels of the system (36–38). In the epithelium, receptor neurons
projecting to the medial and lateral glomeruli are located in the
dorsomedial and ventrolateral parts of the olfactory epithelium,
respectively (39–41). The two different locations in the epithe-

lium have different airf low and odorant absorption rates (42–
45). Thus, neurons expressing the same olfactory receptor
protein may sense different concentrations of the same olfactory
stimulus, which is consistent with electrophysiological recordings
and optical imaging of the olfactory epithelium along the
rostrocaudal and dorsoventral axis (46–48). In the OB, regula-
tion mechanisms in the medial and lateral OB may be different.
Expression of tyrosine hydroxylase, the key regulator of cate-
cholamine synthesis, is suppressed by naris-occlusion, more in
the anteromedial than in the posterolateral region (49). These
factors could be part of the reason for the slight variability of
temporal response among glomeruli (14, 32) and the corre-
sponding pattern shift with time (32). The time-dependent shift
might be used to code temporal information of olfactory
stimulus.

Significance of Dorsal Region Activity. The fMRI results extend
2DG studies showing that, compared with the medial and lateral
regions of activity, much more limited activity is seen in the
dorsal glomerular regions, which presumably include those
observed with optical methods (7, 9, 11, 12). Those studies have
documented shifts in individual activated glomeruli with differ-
ent aldehydes (9, 11), which are consistent with the present fMRI
results. Statistical analysis demonstrated that the areas with
moderate signal in the aldehyde maps were sensitive to carbon
chain length (Figs. 2a and 3c). The associated systematic shifting
in the dorsal surface pattern would imply a fractal-like repre-
sentation of odor identity in different areas. In other words,
different areas shift similarly in relation to changes in given
molecular properties, reflecting a redundancy at different levels
of a global pattern. Future ultrahigh-spatial-resolution fMRI
data are needed to confirm this hypothesis at the glomerular
level.

Possible Correlations of Odor Maps with Behavior and Perception.
The results have shown an increase in total activity pattern with
increasing aldehyde chain length from C4 to C7. Evidence
reveals that the behavioral and psychophysical thresholds for
aldehyde detection decrease over this range (50, 51). Detailed
studies with threshold stimuli will be necessary to test this
correlation.

The fMRI results are relevant to the interpretation of effects
of ablation studies on odor perception. The fact that large
ablations of the OB have little effect on odor perception (52) may
be accounted for by the widespread nature of the medial and
lateral glomerular activity patterns and the redundancy built into
their odor representation. A similar explanation appears to
explain why ablations of the dorsal olfactory bulb have little
effect on aldehyde discrimination (53). As shown in this article,
the dorsal region has only weak to moderate activity, whereas the
major representation is in the lateral and medial regions. Ab-
lating the dorsal surface would not significantly affect the
general representation, thus the persistent discriminability of
these odors.

Advantages and Nature of fMRI Mapping. The present results
illustrate the ability of fMRI to test different odorants for their
odor maps in the same animal, as shown in the rat (6). They
demonstrate that the method can now be applied to the mouse
OB, a much smaller structure, but one nonetheless in which
resolution has been achieved at the laminar level (cf. ref. 22).
This finding opens the way to application of fMRI to gene-
targeted animals.

Like most other activity-mapping methods, the fMRI signal
does not discriminate possible cellular contributions to these
patterns (54), which is unlikely to affect the conclusions from the
analysis focusing on higher activity areas. The fMRI signal
reflects the total energy usage, thus a pixel of high intensity

Fig. 4. Global activity patterns of esters. (a) Map of ethyl acetate. (b) Map in
a thresholded at the 50th percentile. (c) Map of amyl acetate thresholded at
the 50th percentile, with the major foci of ethyl acetate in white contours. (d)
Overlapped areas between b and c. Exposure duration, 2 min; interexposure
period, �20 min. AA, amyl acetate; EA, ethyl acetate.
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represents a large change in energy consumption (55). Although
presynaptic inhibitory activities exist in the glomerular layer,
they consume a small portion of total energy (56). The glomer-
ular activity is dominated by the excitatory actions of the
converging sensory axons (57). If a glomerulus is not highly
activated by receptor neurons, but receives strong inhibition
from nearby glomeruli, it will have a detectable, but unlikely a
strong, fMRI signal.

Mapping with fMRI, as implemented by the present flat-map
program, can make possible visual and quantitative comparison
of global glomerular patterns elicited by different odorants or
concentrations in the same animal. Because the same set of
fMRI data contains the responses from the entire OB, these
methods can be easily applied to obtain the patterns in the other
OB layers for correlation with the glomerular patterns, although

we have focused here only on the glomerular layer. The results
reported here suggest that the global pattern revealed by fMRI
can shed light on the possible relations between the functional
patterns, molecular projections, and odor perception.
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