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Takahashi, Yuji X., Masahide Kurosakl, Shuichi Hirono, and
Kensaku Mori. Topographic representation of odorant molecular
features in the rat olfactory bulb. J Neurophysiol 92: 2413-2427,
2004. First published May 19, 2004; 10.1152/jn.00236.2004. Individ-
ual glomeruli in the mammalian olfactory bulb (OB) most probably
represent a single odorant receptor (OR). The assembly of glomeruli
thus forms the maps of ORs. How is the approximately 1,000 ORs
represented spatially in the glomerular map? Using the method of
optical imaging of intrinsic signals and systematic panels of stimulus
odorants, we recorded odorant-induced glomerular activity from the
dorsal and dorsclateral areas of the rat OB, and examined the molec-
ular receptive range (MRR) of individual glomeruli, We then deduced
the characteristic molecular features that were shared by odorants
effective in activating individual glomeruli. Analysis of the spatial
representation of the MRR showed that glomeruli with similar MRRs
gathered in close proximity and formed molecular feature clusters and
subclusters. Although the shape of the clusters varied among different
OBs, the clusters were amranged at stereotypical positions in relation
1o the zonal organization of the OB. Examination of the spatial
representation of the characteristic molecular features of odorants
using structurally semirigid aromatic compounds suggest a systematic
and gradual change in the characteristic molecular features according
to the position of subclusters in the map. The topographic map of the
characteristic molecular features may reflect a systematic spatial
representation of the ORs and may patticipate in the neural bases for
the odorant structure-odor quality relationship.

INTRODUCTION

Mammalian olfactory bulb (OB) has a cortical structure and
contains a few thousand glomerular modules (Mori et al. 1999;
Shepherd and Greer 1998). Individual glomeruli most probably
represent a single odorant receptor {(OR; Mombaerts et al
1996; Ressler et al. 1994; Vassar et al. 1994). Thus the
glomerular sheet of the mouse OB forms the maps of approx-
imately 1,000 ORs. How are the numerous ORs represented
spatially in the glomerular maps?

Spatial atrangement of OR-representing glomeruli is a cru-
cial determinant for the map of odorant-evoked activity in the
OB {Johnson et al. 1998; Leon and Johnson 2003; Meister and
Bonhoeffer 2001; Rubin and Katz 1999; Uchida et al. 2000; Xu
et al. 2003). The spatial pattern of the odorant-evoked glomer-
ular aclivity in the mammalian OB has been analyzed with
several different methods including 2-deoxyglucose uptake
(Coopersmith et al. 1986; Johnson et al. 1998; Royet et al.
1987; Stewart et al. 1979), optical imaging of intrinsic signals

Address for reprint requests and other correspondence: K. Mori, Department
of Physiology, Graduate School of Medicine, University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan (E.mail; moriken@m.u-
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{Meister and Bonhoeffer 2001; Rubin and Katz 1999; Uchida
et al. 2000), Ca®* imaging (Fried et al. 2002; Wachowiak and
Cohen 2001), voltage-sensitive dye imaging (Spors and Grin-
vald 2002}, and functional magnetic resonance imaging (fMRI;
Xu et al. 2003; Yang et al. 1998).

These studies began to reveal the basic plan for the spatial
organization of the OR maps. For example, glomeruli respon-
sive to structurally similar odorants are clustered in specific
regions of the OB (Imamura et al. 1992; Inaki et al. 2002; Leon
and Johnson 2003; Meister and Bonhoeffer 2001; Uchida et al.
2000}, However, it is not well understood how the represented
ORs are spatially arranged in the glomerular maps of the OB.

To further analyze the spatial organization of the glomerular
OR maps, we used the method of optical imaging of intrinsic
signals that allowed us to measure the response to many (~70)
different odorants in a single rat OB and thus to examine the
range of odorants that activated individual glomeruli. For the
initial mapping study, we used a large panel of odorants (72
different odorants) with a systematic variation of their molec-
ular structure. By comparing the molecular structure of odor-
ants that were effective in activating individual glomeruli, we
deduced the characteristic molecular features that the effective
odorants shared, We then mapped the characteristic molecular
features on the glomerular sheet of the OB.

Because aromatic compounds such as phenols have semi-
rigid molecular conformations, they are more suitable for the
estimation of the characteristic molecular features than the
open-chain aliphatic compounds, which can have various fiex-
ible conformations. In the latter part, we thus focused on the
glomeruli in the cluster responsive to phenols and neighboring
subclusters, and estimated the spatial representation of the
characteristic molecular features. The results suggest the pres-
ence of a systematic topographical map of the characteristic
molecular features in the dorsal zone of the OB.

METHODS
Animal preparation

Seventeen male Sprague-Dawley rats (200-300 g) were anesthe-
tized with medetomidine [0.5 mg/kg, intraperitoneally (ip)], ketamine
(67.5 mg/kg, ip), and pentothal sodium (25 mg/kg, ip). Tn addition,
lactated Ringer solution (0.3 mMh), containing glucose (25 mg/),
dexamethason (0.02 mg/h), and riboflavine phosphate (0.05 mg/h),
was intravenously injected through the tail vein, Rats were mounted in
a handmade stereotaxic apparatus that enables us to fix the animal's
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odorants and the limited time for the successful recording of glomey-
ular responses (typically 6-8 h), we did not examine the effects of
odorant concentration in the present experiments.

Estimation of the characteristic molecular features

In the third series of the experiments, we used for stimulus odorants
a panel of aromatic compounds (having a benzene ring), including

AR
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phenol and its derivatives (Fig. 5). Using Chem3D Ultra (version 7.0,
CambridgeSoft, Cambridge, MA), we obtained the 3D structures of
the aromatic compounds that were effective in activating individual
glomeruli. We then estimated the characteristic molecular features of
odorants by superimposing the 3D structures of the effective odorants,
Because these compounds have semirigid structures, the most stable
conformations were used for the molecular superposition. The super-
position of the 3D structure of the compounds was performed by

Dorsomedial
Posterior

Ventrolateral
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least-square fitting (SYBYL version 6.9 software, Tripos, St. Louis,
MQ). Because of the flat-sheet structure of the benzene ring, the
superimposed 3D structures were represented in 2-dimensional (2D)
models (see Fig. 6).

RESULTS

To deduce the characteristic molecular features that are shared
by odorants effective in activating individual glomeruli, it is
necessary to determine the molecular receptive range (MRR; Mori
and Yoshihara 1995) of individual glomeruli. Using a CCD
camera that was positioned to image a wide arca covering the
dorsal and dorsolateral parts of the OB, we recorded glomerular
responses to & large and systematic panel of odorants and deter-
mined the MRR of individual glomeruli. Figure 1 shows the panel
of 72 odorants that were uscd in the first series of optical imaging
experiments (5 rats). The panel consists of 12 structural classes of
odorants: 6 aliphatic acids (shown red), 4 aldehydes (pink), 9
aliphatic alcohols (6 primary alcohols and 3 secondary alcohols,
yellow), 3 cyclic alcohols (light brown), 7 phenols (green), 5

phenyl ethers (yellow green), 2 diketones (dark brown), 15 ali--

phatic ketones (blue), 3 aliphatic-aromatic ketones (dark blue), 10
cyclic ketones (pale blue), 3 ethers (purple), and 5 hydrocarbons
(gray).

Figure 2, A~/ show examples of optical images of intrinsic
signals that were induced by the stimulation of olfactory
epithelium with heptanoic acid (4, 7COCQH), heptanol (B,
70H), phenol (C, Phe), o-cresol (D, o-Cre), phenetole {E,
Phele), buty! ethy! ketone (F, K4-2), menthone (G, Mtn), butyl
methyl ether (H, 4-1Eth), and toluene (/. Tln), They were
recorded from the OB of the same rat (Rat#]). Odorant-
induced intrinsic signals consisted of either isolated spots or
larger arcas with relatively diffuse darkening. Within the large
area, multiple peaks of darkening signal were usually observed.
In the present study, we assumed that each isolated spot or each
isolated peak in the larger area corresponded to the activity of
a single glomerulus (Belluscio and Katz 2001). These records
exemplify that each odorant activated a specific combination of
glomerali that were typically clustered in particular regions of
the OB. Figure 2, C and D exemplify that structurally similar
odorants activated a largely overlapping but slightly different
combination of glomeruli. Figure 27 shows the position of 119
glomeruli {numbered from 1 to 119) that responded to at least
one of the 72 odorants in the OB of another rat {Rat#2).

Clusters and subclusters of glomeruli

The MRRs of individval glomeruli in the OB of Rat#2 are
listed in Figs. 3 and 4. These figures show that individual glo-
meruli typically respond to a range of odorants having similar
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molecular structures. Examination of the relationship between the
spatial position and the MRRs of these glomeruli in the first series
of experiments (5 rats) clearly indicated that glomeruli with
similar MRR tended to gather in close proximity (Figs. 2/, 3, and
4). To facilitate the analysis of the spatial representation of the
glomerular MRR properties, we tentatively grouped the activated
glomenuli into 7 clusters (clusters A-G., Fig. 2/} based on the
similarity of the MRR and the spatial proximity of their position.
We further grouped glomeruli within each cluster into several
subclusters based on the detailed comparison of molecular struc-
tures of effective odorants.

CLUSTER A. Glomeruli in the cluster A (glom#1-18 in Raw#2)
were located at the most anteromedial part of the exposed surface
{Fig. . Consistent with previous studies (Meister and Bonhoef-
fer 2001; Uchida et al. 2000), these glomeruli responded to
aliphatic acids (red in Fig. 3) and aldehydes (pink). They also
responded to a subset of esters (data not shown; cf. Uchida et al.
2000). Glomeruli in the most posterior part of the cluster A also
responded to diketones (Fig. 3). Thus the characteristic molecular
features of odorants effective in activating the cluster A glomeruli
are a carboxyl group (-COQH), a diketone group [(COXCO)-),
or an ester group [-(CO)0-), functional groups having 2 oxygens
in a neighborhood. In addition, odorants having a single carbony]
group (—CO) at the end of the molecule were effective in activat-
ing the cluster A glomeruli,

Molecular features other than the functional groups are also
important determinants for the activation of individual glomer-
uli in the cluster A. Based on the carbon chain length of the
effective aliphatic acids, we tentatively classified the cluster A
glomeruli into 3 subclusters: A-7, A-2, and A-3 (Figs. 2/ and 3).
Glomeruli in A-7 responded selectively to aliphatic acids with
a long carbon chain (§COOH-8COOH in Fig. 3), those in A-2
to middle size acids, and those in A-3 selectively to short
aliphatic acids (3COOH-6CQOH). A majority of subcluster
A-3 glomeruli also responded to diketones,

CLUSTER 8. Cluster 8 (glomi#20-37 in Rat#2) was located in the
most anterior region of the latera! part of the dorsal OB (Fig. 20).
Glomeruli in cluster B selectively responded to aliphatic alcohols
with a long carbon chain (60H-80H) and to a wide range of
aliphatic ketones (Fig. 3). Additional experiments showed that a
majority of cluster B glomeruli also responded to anisole deriva-
tives that have a methoxy group (~-O-CH,) and a carbon side
chain arranged at the para-position of the benzene ring (data not
shown; cf. Figs. 5, 6, and 7). Thos the characteristic molecular
features of odorants effective in activating the cluster B glomeruli
are elongated carbon chain structures with a hydroxyl group
(-OH), an alkoxyl group (-O-R), or a carbonyl group (~CO)
attached at one side of the molecule.

FiG. 2. Relationship between the position of glomeruli and their odorant-response specificity, A-: optical images of inmtrinsic
signuls in response to heptanoic acid (4), heptanol (8), phenol (C), o-cresol (D), phenetole (E), buiyl ethyl ketone (F), menthone
{G), butyl methy! ether (K}, and tolucne (f). Molecular formula of the odorant is shown at the botrom of each figure. A-/ were
recorded from the same animal (Rat#l). J: spatial position of glomeruli that were activated by al least one of the 72 odorants in
the panel, Imaged region covers the dorsal snd dorsolateral surfuces of the olfactory bulb (OB) (Rat#2). Glomeruli were numbered
from ! to 11%. Glomeruli with similar molecular receptive range (MRR) property were in close proximity and grouped together.
MRR of cach glomerulus in J is shown in Fig. 3 and Fig. 4. Cluster A (pink) was located in the most dorsal part of the imaged
region. Cluster 8 (yellow and blue), cluster C (green), and cluster D (blue and pale blue) were arranged from anterfor o posterior
in the dorsolateral OB. Cluster £ (white), cluster F (blue and gray), and cluster G (white and gray) were located in the dorsal part
of the lateral surface of the OB. X: spatial arrangement of clusters of glomeruli in the dorsal and dorsolateral surfuces of another
rat OB (Ra#5). Jn J and K, presumable responses of glomeruli near the large blood vessels were not included in the map because
of the noises from the vessels. Large indentations of the boundary of the imaged region (thick line). for example, illusirate the

position of large vessels, Scate bars: 500 um,

J Nearophysiol « YOL 97 » OCTOBER 2004 - Www.jn.org



T ]

e k. T T e I

2418 ‘-{ K. TAKAHASHI, M. KUROSAKI, 5. HIRONO, AND K. MORI

Cluster 8 c
1) () \ a0 f Load) ' ) oy e 3 tes)
u--lsaan||ln'-unu'uunuu nnlaguu‘[ﬂ_:‘&nnn!_uii 33&\0uamnannmununsnu--ucnu
sle '7-.0
2lBly ]  ole]
L o] o%_‘.‘.q [ i
n [ ] 2l@le ] [ slslelele
11 sl
ARD_.N .
.
DNOROOCOC AR . sle
A slale : alelslols
LJol.l [ o Jelels
Iy
[:% 1 L
S el L
o
- :
alule L] slaluinls - [ *
- L3 L] [11] [SLIKI L] - -
L] 1"4- ' ats L3 aldle ]
ale L) siw L3
'l sle « JIM|@ [] slelatuly
ol Velalale slalele . .
alaleiafs nle . sis
L 1. 1;
il . . q- £
e -
b N
il -5 =
L] ] [10] L] L]
[ - [ ] [ . »
falafolefof.] | olr )
elafel To] |o . |® 3 oleled 1o].
alefabplofetalonal 1ok Jafuia]s ale
21 1. sfsfs]sto]0l.].
ARDNAANC o Tol .]° A . .
slelafalal | |
ol . B s 19|e 9.
el slefe s9ale|®] s * . N
ARCAA spe] @)@},
1 . .
AALA oo (@ . 1-1-
=1 |- HNHEBAAR
* L] *qsfe +
L ] L1k} L} slelvinly =l OI. L}
11
sls - [
o 1. .
= slalinlelals
s wle .
-
ble
1 1 slsle s
]
o | s|® .
ANEN s . ARABD AN s
.
. . .
. BN " -
(Ratn2) @ wrysrong, Oairang. ®modest, ®weak

FG. 3. MRRs of glomeruli within clusters A, B, and C. Glomerular number corresponds to that shown in Fig. 2J. Left column:
stimulus odorants. Top row: glomerular number (Rat#2). Cluster A was further parceled into 3 subclusters (A-7 to A-3) uccording
to the detailed comparison of their MRR properties. Cluster 8 was further divided into 2 subclusters (B-1 and 8-2), cluster C into
4 subclusters (C-1, C-2, C-3, and C-4). Responses were classified into 4 types: very strong (the largest circle), strong (a large circle),
moderate (a small circle), and weak (the smallest circle). Open box indicates no response,

The glomeruli in the posterolateral part of the cluster B
responded to a wider range of aliphatic ketones and aliphatic
alcohols compared with those in the anteromedial part (Figs. 27
and 3). We thus tentatively classified cluster B glomeruli into
2 subclusters: B-1 (the anteromedial glomeruli) and B-2 (the
posterolateral glomeruli) (Fig. 2.J).

CLUSTER €. Cluster C (glom#38-64 in Rat#2) was located at
the central region of the laterzl part of the dorsal OB (Fig. 2.).
Glomeruli in cluster C characteristically responded to phenol
family odorants (green in Fig. 3; an exception is glom#62),
Many of them also responded to pheny! ethers (yellow green).
Thus odorants effective in activating cluster C glomeruli have
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70, 4. MRRs of glomeruli within clusters D, £, F, and &. Glomerular number comesponds to that shown in Fig. 2J, Lef
column: stimulus odorants. Top row: glomerular number (Rat#2). Cluster D was parceled into 2 subclusters (D-7 and £2-2); F-1 and
F-2, subclusters in cluster F; G-1 and G-2, subclusters in cluster G, Responses were classified into 4 types: very strong (the largest
¢circle), strong (a large circle), moderate (a small circle), and weak {the smallest circle). Open box indicates no response.
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Fia. 5. Panel of aromatic compounds used in the 3rd series of experiments (A) and exemples of the MRR of individual
glomeruli in the panel of aromatic compounds (8). Odorants enclused by each line indicate the MRR of an individual glomerulus.
Bluish lines indicate the MRRs of representative glomeruli in cluster B (glom#9, #11, #19, and #20) (Ratk5), Reddist. lines indicate
the MRRs of representative glomeruli within the C-2 subclusier (glom#40, #46, #47, and #55) (Rat#6). Gray Yines indicate the
MRRs of representative glomeruli in D-J subcluster (glom#92, #99, und #104) (Rat#6). Black dots, red dots, green dots, and blue
dots indicate carbon, oxygen, chlorine, and nitrogen atoms, respectively. Hydrogen atom is omitted except for that in the hydroxyl

group. Hydrogen atoms are shown by white circles,

a benzene ring with a hydroxyl group, a methoxy group, or an
ethoxy group (—O-CH,—CH,). Thus the characteristic molec-
ular features include the combination of the benzene ring-like
hydrocarbon structure and the functional groups,

Based on the detailed MRR properties and the positions of
glomeruli, we tentatively divided the cluster € into 4 subclus-
ters: C-J, C-2, C-3, and C-4 (Fig. 2J), In addition to phenol
farnily odorants, C-1 glomeruli responded to aliphatic alcohels
with a relatively short carbon chain (40H-60H). C-2 glomer-
uli invariably responded to salicyl aldehyde (Slc-CHO in Fig.
5; data not shown), a phenol derivative with a carbonyl group
attached to the ortho-position. Glomeruli in subcluster C-3
responded relatively selectively to phenols and phenyl ethers.
Glomeruli in subcluster C-4 also responded to short aliphatic
ketones (blue) and aliphatic ethers (purple).

CLUSTER 0. Cluster D glomeruli (glom#65-73 in Rat#2) were
located at the caudal region of the lateral part of the dorsal OB
(Fig. 2J). Although these glomeruli tended to respond to wide
structural classes of odorants, odorants effective in activating
them were mainly ketones: cyclic ketones, aliphatic—aromatic-

ketones, diketones, and a subset of aliphatic ketones with
relatively shon side chains (Fig. 4). Cluster D glomervhi were
classified into 2 subclusters: medially Jocated D-1 and laterally
located D-2 (Fig. 2J). Many glomeruli in the D-1 subcluster
responded to creosol (Creo in Fig. 1) and eugenol (Eug in Fig.
1; data not shown), phenol derivatives with a methoxy group
attached at the ortho-position and a carbon side chain at the
para-position, Because of the presence of a large blood vessel,
only one D-I glomerulus (glom#65 of Rat#2) was detected in
the OB shown in Fig. 2J.

Subeluster D-2 glomeruli tended to respond to aldehydes,
alcohols, and ethers in addition to a wide range of ketones,
Thus odorants effective in activating the D-2 glomeruli have a
carbonyl group or a hydroxyl group attached to a bulky carbon
chain structure.

CLUSTER £ Cluster £ (glom#75-83 in Rat#2) was located at
the dorsalmost part of the lateral surface of the OB (Fig. 2J),
We could not characterize the odorant-response specificity of
the cluster E glomeruli because they did not respond system-
atically to any class of the 72 odorants examined (Fig. 4).
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cLUSTER F. Cluster F was located at the rostroventral part of
the exposed bulbar surface (Fig. 2J7). Cluster F glomeruli
(glom#90-103 in Rat#2) invariably responded to aliphatic
ketones and hydrocarbons (Fig. 4). A subset of them also
responded to secondary alcohols, pheny! ethers, diketones, and
cyclic ketones. Thus odorants effective in activating the cluster
F glomeruli include not only those with an oxygen-containing
group but also hydrocarbon odorants that do not have any polar
group. Among the hydrocarbon odorants, cluster F glomeruli
preferentially responded to terpene hydrocarbons. We tenta-
tively divided cluster F glomeruli into 2 subclusters: anteriorly
located F-1 and posteriorly located F-2 (Fig. 2J). Compared
with F.I glomeruli, those in F-2 characteristically responded to
a wider range of aliphatic and cyclic ketones including terpene
ketones. The results suggest that the terpen¢ hydrocarbon
structure is one of the main determinants for the activation of
F-2 glomenuli.

CLUSTER G. Cluster G glomeruli (glom#]04-118 in Rat#2)
were located at the ventrocaudal part of the imaged region (Fig.
2.5). Glomeruli in cluster G responded to hydrocarbons (Fig. 4).
They preferentially responded to benzene family hydrocarbons
rather than to terpene hydrocarbons. Many glomeruli in cluster
G also responded to phenyl ethers, diketones, small aliphatic
ketones, aliphatic-aromatic ketones, cyclic ketones, and ethers.
Cluster G glomeruli were tentatively divided into 2 subclusters:
ventrally located G-1 and dorsally located G-2 (Fig. 2J). G-1
glomeruti responded to aliphatic alcohols, whereas G-2 glo-
meruli did not respond to them.

Using the panel of stimulus odorants in Fig. 1, we
examined in detail the MRR properties of clusters A-D in 10
rats (first and second series of experiments), and those of
clusters E, F, and G int 5 rats (first series of experiment).
Figure 2K indicates spatial arrangement of the clusters A-G
in another rat OB (Rat#5). We consistently observed the
characteristic odorant-class specificity of each cluster in all
the OBs examined. Figure 2, J and X illustrate an example
of interindividual comparison of the spatial arrangement of
the clusters A-G. Although the shape and the tentative
boundary of each cluster varied among different OBs, the
glomerular clusters were always located at stereotypical
positions and the spatial arrangement of the 7 clusters was
conserved in all the OBs examined,

We also noted that some glomeruli at the boundary region
between 2 neighboring clusters tended to show MRR proper-
ties that are intermediate between those of the 2 clusters. For
example, glomeruli #38-43 in cluster C responded not only to
phenols but also to aliphatic alcohols. In addition, the results in
Figs. 3 and 4 suggest that the MRR properties of glomeruli
within a given clusters resemble in part those of neighboring
glomeruli in adjacent clusters.

A map of characteristic molecular features of odorants

The results shown in Figs. 2, 3, and 4 suggest that ORs
represented by glomeruli in a same cluster respond to odorants
that have similar molecular features, To examine this possibil-
ity, we need to know in detail the characteristic molecular
features of odorants that were effective in activating individual
glomeruli and to compare the characteristic molecular features
among glomeruli in the same cluster and in the neighboring

2421

clusters. One possible method to estimate the characteristic
molecuiar features is to characterize and superimpose the 3D
structures of odorants effective in activating individual glomer-
uli. For this purpose, we made a third series of optical imaging
experiments (7 rats) using a new panel of odorants that in-
cludes a wide variety of aromatic compounds (Fig. 54), the
structures of which are semirigid, Because of the limitation of
the maximal number of odorants that can be examined in a
single rat, however, we omitted many aliphatic compounds,
which can have a variety of conformations. Using the new
panel of stimulus odorants (see METHODS), we examined in
detail the MRR propertics of individual glomeruli in clusters B,
C, and D.

Figure 58 shows examples of the MRR of individual glo-
meruli in the panel of aromatic compounds. We confirmed that
individual glomeruli responded to a range of odorants with
similar molecular structure. We also confirmed that glomeruli
in a same subcluster showed similar MRR properties. For
example, the MRRs of cluster B glomeruli (glom#9, #11, #19,
and #20 in Rat#6} invariably and selectively covered the series
of phenyl ethers that has a carbon chain attached at the
para-position (surrounded by the bluish lines in Fig. 58). The
MRRs of glomeruli in subcluster C-2 (glom#40, #46, #47, and
#55 in Rat#6) always covered a subset of phenols, a subset of
methoxyphenols, and salicy! aldehyde (Slc~-CHO) (surrounded
by the reddish lines in Fig. 5B). The MRRs of subcloster D-/
glomeruli {glom#92, #99, and #104 in Rat#6) invariably cov-
ered eugencl family odorants (surrounded by the gray lines in
Fig. 5B).

The characteristic molecular features of individual glomeruli
were estimated by superimposing the 3D structure of the
effective aromatic compounds. For example, glomerulus #46 in
subcluster C-2 of Rat#6 responded strongly to guaiacol (Gua)
and salicyl aldehyde (Sle~-CHO); moderately to phenol (Phe),
o-creso! (o-Cre), and o-chloropheno! (o-Chp); and weakly to
m-cresol (m-Cre) and creosol (Creo) (Fig. 6A4). Because these
compounds have semirigid structures, the most stable confor-
mations of the compounds were used for the molecular super-
position. The superposition of the 3D structures of the com-
pounds was performed by least-square fitting using the atoms
numbered 1-7 in Fig. 64. Superimposed 3D structures are
shown in Fig. 68. A total van der Waals (VDW) volume of the
superimposed structures is also shown in Fig. 6C. It is likely
that the superimposed 30D structures and their VDW volume
give the information about the shape and physicochemical
properties of the characteristic molecular features of the eftec-
tive odorants. To make it clear, a 2D representation of the
VDW volume is shown in Fig. 6D.

Figure 6, E-H show another example of the molecular
superimposition. This glomerulus (#4 in cluster B of Rat#6)
responded weakly to 4-ethyl anisole (4-Eanle) and 4-allyl
anisole (4-Aanle). In addition, it responded to aliphatic com-
pounds, octyl alcohol (8OH), butyl methyl ketone (K4-1),
pentyl ethyl ketone (K5-2), hexyl methy] ketone (K6-1), and
heptyl propyl ketone (K7-3). The characteristic molecular
features were estimated based on the conformations of the 3D
structure of the 2 aromatic compounds (4-Eanle and 4-Aanle).
Then, to ascertain whether the 3D structures of the aliphatic
compounds overlap well with the aromatic compounds, a set of
energy-minimized conformers for each aliphatic compound
was calculated and was superimposed on 4-cthyl anisole used
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A The MRR of Glom#46 In subcluster C-2
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E The MRR of Glom#4 in cluster B
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A0, 6, Schematic diagrams illustraling the method for the superimposition of the 3D structures of the odoraats effective in
activating individual glomeruli. A and E: abbreviated name and molecular formula of odorants that activated glomit6 in subcluster
C-2 (A) or plom#¥4 in cluster B (£) of RatW6, respectively, Magnitude of the glomerutar response to each odorant is shown by
symbols: the Jargest circle {(very strong), a large circle {strong), & small circle (moderate), and the smallest circle (weak).
Superposition of the 3D structures of the compounds was performed by Yeast-square fitting using the stoms, sumsered 1-7 in A
or 1-6 in E, respectively. Superimposed 3D structures sre shown in B and F. A total van der Waals (VDW) volume or the
superimposed structures is shown in € and G. 2D represeniation of the VDW volume is shown in D and .

as a template molecule. As shown in Fig. 6F, & conformer that
overlaps well could be extracted for each aliphatic compound.
A total YDW volume of the superimposed structures and its 2D
representation are also shown in Fig. 6, G and H, respectively.
A similar superposition based on the 3D structures of the
effective odorants was carried out for the other glomeruli.
Figure 7 shows a map of the 2D structures of the charactet-
istic molecular features in the OB of a rat (Rat#6). To facilitate
the analysis, we labeled the presumed critical parts of the
characteristic molecular features. The molecular features com-
posed of a single methoxy or a single ethoxy group are
indicated by blue shadows, those of a single hydroxy! group by
yellow shadows. The molecular features that were composed
of & combination of a single hydroxyl group and a single
atkoxyl group arranged at the ortho-position are indicated by

red surroundings, and those of a single hydroxyl group and a
single carbonyl group urranged at the ortho-position by pink
surroundings.

Interestingly, the map of characteristic molecular features
(Fig. 7) showed a systematic and gradual change in the features
according to the position of subclusters along the OB axes. For
exarmple, subcluster C-2 glomeruli typically responded 1o sali-
cyl aldehyde (Slc-CHO in Fig. 5) that has a hydroxy! group
and an aldehyde group (~CHO) arranged at the ortho-position
(indicated by pink surroundings in Fig. 7). The characteristic
molecular features of glomeruli in the C-2 subcluster thus
include 2 oxygens in a neighborhood. Because the glomeruli in
cluster A (glom#12, #51-53, #65, and #76) can respond tc
aliphatic acids, diketones, and esters that have 2 oxygens in 2
neighborhood, the results suggest that the characterisiic mo-
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{Rat#6)

FiG. 7. Map of the characteristic molecular features, Positions of individual glomeruli are shown by gray interrupted circles with
glomerular number (of Rat#6), Presumed critical parts of the characteristic molecular features are labeled by colors. Blue shadows
indicate the molecular features composed of a methoxy or an ethoxy group. If a glomerulus responded to a benzene derivative with
only a single methoxy or a single ethoxy group, the group was shadowed by blue, Yellow shadows indicate the molecular features
that are composed of a single hydroxyl group. Red surroundings indicate the molecular features composed of a combination of a
hydroxyl group and an alkoxyl group arranged at ortho-position, Pink surroundings indicate the molecular features composed of
a combination of a hydroxy] group and a carbonyl group armnged ai the ortho-position. Scale bar: 200 pum.

lecular features of €-2 glomeruli partially resemble those of
neighboring cluster A glomeruli.

When we consider overall molecular structure and the func-
tional groups, salicyl aldehyde closely resembles benzoic acid
and benzaldehyde (Bz—CHO in Fig. 5). In accord with this,
additional experiments showed that benzoic acid and benzal-
dehyde activated several glomenuli in subclusters 4-2 and A-3
(glom#12, #21, #30, and #51-53 in Fig. 7) that directly appose
to subcluster C-2. This suggests that characteristic molecular
features of the C-2 subcluster closely resemble those of the A-2
and A-3 subclusters,

Subcluster C-2 glomeruli also responded to methoxyphenols
(indicated by red surroundings in Fig. 7) that have a hydroxyl
group and a methoxy group arranged at the ortho-position
around a benzene ring. The area occupied by the methoxyphe-
nol-responsive glomeruli extended anterolaterally from sub-
cluster C-2 to the medial part of subcluster C-3 and even to a
part of subcluster C-J. This suggests that the subset of me-
thoxyphenol-responsive glomeruli resembles each other in
terms of the characteristic molecular features of the effective
odorants,

Subcluster C-7 glomeruli characteristically responded to
short aliphatic alcohols (4OH-60H) in addition to phenols. A
few C-7 glomeruli also responded to phenyl ethers having a

methoxy group and a carbon side chain attached at the para-
position (shown by blue shadows, glom#24 and #49 in Fig. 7).
The glomeruli in the neighboring cluster B invariably re-
sponded to long aliphatic alcohols (6§OH-80H) and a majority
of them also responded to phenyl ethers with a carbon chain
attached at the pare-position (blue shadows, glom#2, #4, #3,
#8-11, #18-20, #25-27, and #35 in Fig. 7). The observation
suggests that the characteristic molecular features of C-/ glo-
meruli partially resemble those of the neighboring cluster B.

Thus by the stepwise comparison of the characteristic
molecular features of glomeruli in the chains of subclusters
A-2, C-2, the medial part of C-3, C-I, and cluster B, we
noted a systematic and gradual change in the characteristic
molecular features. Another example is the characteristic
molecular features of glomeruli in the neighboring subelus-
ters C-4, D-1, and D-2. Glomeruli in subcluster C-4 char-
acteristically responded to aliphatic and cyclic ketones in
addition to phenols. Glomeruli in subcluster -2 typically
responded to the aliphatic and cyclic ketones, suggesting the
similarity in the characteristic molecular features between
the 2 neighboring subclusters.

The C-4 subcluster characteristically responded to phenols
with a hydroxyl group and phenyl ethers with a methoxy
group. The glomeruli in subcluster D-I characteristically re-
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spended to eugenol family odorants, methoxyphenols that have
2 hydroxyl group and a methoxy group. This suggests that the
charactenistic molecular features of D-! glomeruli partially
resemble those of C-4 glomeruli.

Thus the similarity in the characteristic molecular features
was noted not only between 2 neighboring subclusters in a
same cluster but also between 2 neighboring subclusters each
belonging to a different cluster, We also noted that clusters
A-D partially overlapped and were not completely segregated
from each other. For example, we observed in many OBs that
cluster A partially overlapped with cluster 8 so that a few
glomeruli in the overlapped part responded to aliphatic acids
and aliphatic alcohols (shown by AB in Figs. 2K and 7). These
results suggest a gradual change in the characteristic molecular
features according to the position of glomeruli within clusters
A-D,

Bulbar zones and clusters

Glomeruli in the OB can be classified into zonal subsets
(Mori and Yoshihara 1995; Mori et al. 1999; Schwob et al.
1986}. To examine the spatial arrangement of clusters A-G
relative to the bulbar zones, we dye-marked several points after
the optical imaging of these clusters in 3 rats, The sections of
the OB containing the marked points were labeled by anti-
OCAM antibody to distinguish glomeruli in zone 1 (QCAM-

Medial map

Lateral map

A

Vi !) M
}
P
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negative) and those in zones 2-4 (OCAM-positive) (Fig. 8, A
and B) (Yoshihara et al. 1997). From a series of the labeled
sections, we made a flattened unrolled map of glomeruli
(Nagao et al. 2000). Based on the positions of the dye-marked
points, we then superimposed clusters A—G on the flattened
glomerular map (Fig. 8C). The results showed that most
glomeruli in clusters A-D were in the OCAM-negative zone 1,
whereas those in clusters F and G were in the OQCAM-positive
zones 2-4, The boundary line between OCAM-negative and
OCAM-positive zones was located near the lateral margin of
clusters B, C, and D and presumably in cluster E. In a clear
correspondence with the zonal classification of the clusters,
clusters A-D glomeruli in zone 1 responded to odorants with
polar functiona] group(s), whereas clusters F and G glomeruli
(in zones 2-4) can respond to hydrocarbon odorants in addi-
tion to those having pelar group(s). '

DISCUSSION
Glomerular clusters and subclusters

Present results indicate that similar characteristic molecular
features map to neighboring glomeruli (Fig. 7). Thus one of the
distinct properties of the OR map is the local clustering of
glomeruli that represent similar characteristic molecular fea-
tures. Such clustering of glomeruli is not evident in the anten-

PG, 8. Position of clusters A~G in the Aattened un-
rofled map of glomenili in the OB. A and B: coronul
sections of the OB labeled with anti- olfactory cell adhe-
sion molecule (OCAM) antibody (black). Boundaries be-
tween OCAM-positive and -negative zones are indicated
withy asterisks, Elack arrow, black arrowhead, and white
arrowhend indicute dye-marked points. € unrolled map of
the glomerular tayer of the OB. OCAM-positive zones
(zones 2-4) are indicated by gray shading. White aren
indicates OCAM-neputive zone {zone 1), Thick dotted line
indicates presumed boundary between the medial map and
the lateral map. Inaged region is shown by gray line. Black
dots indicate dyc-marked points. Black arrow, black arrow-
head, and white arrowhead correspond to the dye-marked
points shown in A and B. Positions of clusters A-G are
indicated by characters A-G, respectively, A, anterivr; D,
dorsal; L, lateral: M. medial: VL, ventrolateral; VM, ven-
tromedial. Scale bar: 500 pm,
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NEURAL MAFPING OF CHARACTERISTIC MOLECULAR FEATURES

nal lobe of the fly brain (Wang et al. 2003), and thus may be
the characteristic of the vertebrate OB. In the present study, we
tentatively classified 7 clusters and 15 subclusters of glomeruli
in the dorsal and dorsolateral surfaces of the OB. Because ORs
having similar MRR propertics may be highly homelogous in
amino acid sequence, the clustering of glomeruli with similar
MRRs in the map is in good agreement with previous reports
that olfactory sensory neurons expressing highly related ORs
appear to project their axons to glomeruli that are in close
proximity (Strotmann et al. 2000; Tsuboi et al. 1999).

Based on the amino acid sequences, numerous types of
mouse ORs are classified into 228 families (Zhang and Fire-
stein 2002). This raises a possibility that ORs represented in a
same cluster or a same subcluster might belong to a specific
OR family or a combination of OR families, which were
presumably evolved by gene duplication and gene mutation.
The clustering of glomeruli representing like ORs suggests that
the gene duplication involves both the OR gene and the loci
controlling the olfactory axon projection to the target glomer-
uli.

The imaged region covers a large part of the OCAM-
negative zone (zone 1) and a small part of OCAM-positive
zones (zones 2-4) of the lateral map (Fig. 8). Except for the
characterless cluster E, the imaged region is covered by the
clusters and subclusters that can be defined by the character-
istic molecular features of effective odorants. Glomerular clus-
ters with similar MRR properties are also present in the lateral
and lateroventral surfaces of the OB (K, Igarashi and K. Mori,
unpublished observations). These results suggest that the clus-
tering of glomeruli having similar MRRs is present throughout
the OR map, and is one of the basic plans for the spatial
arrangement of glomeruli, The clustering of glomeruli han-
dling similar but slightly different molecular structures may
help to sharpea the discrimination of subtle difference in
odorant structure (Imamura et al. 1992; Katoh et al. 1993; Mori
et al. 1999; Yokoi et al. 1995).

The clusters and subclusters classified thus far were stereo-
typically arranged in the glomerular sheet and were conserved
among different rats. Odorants that activate glomeruli in a
specific cluster or subcluster in the rat OB tend to contain
similar “odor " to human nose. For example, the anisole family
odorants (Anle, p-Manle, 4-Eanle, and 4-Aanle in Fig. 5) that
activate glomeruli in cluster B have an “aniseed odor “ in
common. Cluster C glomeruli were activated by phenols,
which have a “phenolic odor. " Salicyl aldehyde, benzalde-
hyde, and benzoic acid activate glomeruli in subcluster C-2 and
neighboring subcluster A-2. These odorants have an “almond-
like odor, * Eugenol family odorants (Gua, Creo, 4-Egua, Eug,
Ieug, and Dheug in Fig. 5) activated glomeruli in the medial
part of cluster C and in subcluster D-/. These odorants contain
a *“clove oil odor ” in common. We previously noted the
correlation of the glomeruli in cluster A to the “pungent, sour,
fatty, and rancid odor * (Uchida et al. 2000). Thesc results thus
corroborate the hypothesis that the clustering of glomeruli
having similar MRRs might participate in the neuronal mech-
anisms responsive for odor guality perception. The map of the
characteristic molecular features might provide the neuronal
basis for the relationship between the odorant molecular struc-
ture and the subjectively perceived “odor quality ” (Moncrieff
1967).
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Topographical map of the characteristic molecular features

By superimposing the 3D structures of effective aromatic
compounds, we deduced the characteristic molecular features
of glomeruli in cluster C and neighboring subclusters. Al-
though the estimation of the characteristic molecular features is
incomplete and the range of subclusters explored with this
method were very limited, the map (Fig. 7) showed a system-
atic and gradual change in the characteristic molecular features
according to the position of subclusters along the axes in zone
1 of the lateral map. This sugpests the presence of the topo-
graphic map of the characteristic molecular features in zone 1
of the OB.

Although we tentatively grouped glomeruli into clusters and
subclusters, the continual representation of the characteristic
molecular features suggests that the glomerular map is not
composed of mosaics of discrete clusters (and subclusters),
cach with completely different characteristic molecular fea-
tures. Instead, 2 neighboring clusters show similarity in the
characteristic molecular features, and in many cases partially
overlap each other. Two neighboring subclusters, either in a
same cluster or each in a different cluster, typically show
similar characteristic molecular features. We propose that the
glomerular map in zone 1 represents the characteristic molec-
ular features in a systematic and continual way such that the
characteristic molecular features gradually change along the
axes in the map. We thus used the term “clusters” instead of the
previously used term “domains” (Uchida et al. 2000).

ORs are 7-transmembrane G protein—coupled receptors
(Buck and Axel 1991), Knowledge of the 3D structure of other
G protein—coupled receptors such as rhodopsin (Okada et al.
2002; Palczewski et al. 2000) suggests that each OR might
have a specific ligand-binding-site (odorant-receptive-site)
structure formed by the bundle of transmembrane segments
(Singer et al. 1995; Vaidehi et al. 2002). The distinct edorant-
receptive-site structure of each OR might determine the odor-
ant-response specificity of the OR, If this is the case and if the
characteristic molecular features of individual glomeruli
strongly reflect the odorant-response specificity of the repre-
sented ORs, present results imply that odorant-receptive-site
structures of ORs might be gradually and systematically rep-
resented in the glomerular sensory map of the OB.

Previous and present studies of activily mapping showed
that carbon chain length of aliphatic acids and aldehydes was
systematically represented with a gradual shift of the position
of activated glomeruli within cluster A (Inaki et al. 2002;
Johnson et al. 1999; Meister and Bonhoeffer 2001; Rubin and
Katz 1999; Uchida et al. 2000). From short to long, the chain
length is represented by overlapping glomeruli whose position
shifts gradually from subcluster A-3 through subclusters A-2 to
A-]. Similarly, the chain length of aliphatic alcohols was
represented by overlapping glomeruli whose position shifts
from subcluster C-J to cluster B. The systematic representation
of the carbon chain length thus refiects the gradual change in
the characteristic molecular features along consecutive series
of subclusters in the OR map.

The systematic and continual representation of stimulus or
receptor attributes is a common feature of mammalian primary
sensory cortices. However, the map of the characteristic mo-
lecular features in the OB is unique among sensory maps in the
brain. The presence of nearly 1,000 types of ORs might
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necessitate the central olfactory system to map the numerous
characteristic molecular features of odorants to a large space of
the glomerular sheet,

What is the functional significance of the systematic spatial
map of the characteristic molecular features? Mitral cells in the
OB read the glomerular map and then send their output to the
olfactory cortex (Shepherd and Greer 1998). Individual mitral
cells project a single primary dendrite to a single glomerulus
and receive olfactory axon input within the glomerulus. In
addition, individual mitral cells emit several secondary den-
drites tangentially and receive inhibitory inputs by local inter-
necurons from neighboring fmitral cells that innervate reighbor-
ing glomeruli. Thus the output of a mitral cell is the conse-
quence of the integration of the direct input from its own
glomerulus and the indirect inputs from many neighboring
glomeruli. Because individual mitral cells emit long (~1 mm)
secondary dendrites to a variety of directions (Orona et al.
1984), a mitral cell may integrate signals not only from
glomeruli in the same subcluster and the same cluster, but also
from those in neighboring clusters. In accordance with this, we
observed that the activities of mitral cells are strongly influ-
enced by the odorants that activated neighboring glomeruli
(Nagayama et al. 2004). The integration of signals from its own
glomerulus and surrounding glomeruli seems to be especially
important for the processing of signals evoked by a complex
mixture of odorants that occur in the patural environment.
Spatia] arrangement of the OR-representing glomeruli is thus a
key factor to the manner of the olfactory signal processing in
the neuronal circuit of the OB.
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The transcription factor activator protein-1 (AP-1) is an attractive target for the treatment of
immunoinflammatory diseases, such as rheumatoid arthritis. Using the three-dimensional (3D)
X-ray crystallographic structure of the DNA-bound basic region leucine zipper (bZIP) domains
of AP-1, new cytlic disulfide decapeptides were designed and synthesized that demonstrated
AP-1 inhibitory activities. The most potent inhibition was exhibited by Ac-c[Cys-Gly-Gln-Leu-
Asp-Leu-Ala-Asp-Gly-Cys]-NH; (peptide 2) (ICs; = 8 #M), which was largely due to the side
chains of residues 3—6 and B of the peptide, as shown by an alanine scan, To provide structural
information about the biologically active conformation of peptide 2, the structures of peptide
2 derived from molecular dynamics simulation of the bZIP~peptide 2 complex with explicit
water molecules were superimposed on the solution structures derived from NMR measure-
ments of peptide 2 in water. These showed a strong structural similarity in the backbones of
residues 3—7 and enabled the construction of a 3D pharmacophore model of AP-1 binding
compounds, based on the chemical and structural features of the amino acid side chains of

residues 3—7 in peptide 2.

Introduction

Activator protein-1 (AP-1) is an important transcrip-
tion factor for genes involved in immune and inflam-
matory responses, such as cytokines and collagenase.1-3
Varipus inflammatory and mitogenic stimulations lead
to AP-1 activation, and it probably plays a role in
rheumatoid arthritis, transplant rejection, and tumor
growth, so it is an attractive therapeutie target for the
treatment of such disorders.* Indeed, systematic ad-
ministration of an AP-1 decoy oligodecxynucleotide
containing the AP-1 binding site was found to inhibit
arthritic joint destruction in mice with collagen-induced
arthritis.5 AP-1 is composed of members of the Fos and
Jun families.? Fos and Jun proteins dimerize through
a leucine zipper motif at their carboxyl terminals and
bind DNA through a basic region that is located im-
mediately upstream of the leucine zipper.1€ The three-
dimensional (3D) X-ray crystallographic structure” of
the basic region leucine zipper (bZIP} domains of e-Fos
and c-Jun bound te a 20 nucleotide DNA duplex con-
taining the AP-1 binding site revealed single a-helices
and showed that the heterodimer grips the major groove
of the DNA like a pair of forceps. Although the solution
structure of the bZIP domains of AP-1 in the absence
of DNA. is unclear, the effect of dimerization and DNA
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1 Kitasato University,

binding on ¢ircular dichroism (CD) spectra of the bZIP
domains suggested that the basic regions of the domains
take on an o-helical conformation only in the presence
of DNA.? In support of this, the solution structure of
the yeast transcriptional factor GCN4 bZIP domain, as
determined by NMR, revealed that the leucine zipper
region forms a long uninterrupted o-helix and the basic
region is flexible but structured, fluctuating around a
helical conformation in the absence of DNA.2
Structure-based drug design methods have strongly
enhanced the lead discovery and optimization process
using the 3D structures of target proteins, which are
important for understanding the interaction between
the ligand and the target protein.*®1! Recently, natural
products such as curcumin, 1212 dihydroguaiaretic acid, 14
momordin,!® and a new anthraquinone derivativel® were
reported to inhibit the binding of AP-1 to the AP-1
binding site. However, 3D structural information about
the AP-1 binding of these inhibitors is not yet available.
We therefore carried out the de novo design of cyclic
peptides exhibiting AP-1 inhibitory activity using the
3D structure of the bZIP domains from the X-ray crystal
structure of the AP-1-DNA complex.” Qur aim was to
construct a2 hypothetical 3D pharmacophore model] for
generating new AP-1 inhibiters. A pharmacophore
model is defined as the 3D arrangement of the struc-
tural and physicochemical features that are relevant to
biological activity and is a versatile tool to aid in the
discovery and development of new lead compounds.!”
Cyclization of a flexible linear peptide is known to
reduce the conformational freedom of the peptide and
restrict its possible conformations, often resulting in
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