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Precision and diversity in an odor map on the

olfactory bulb
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We explored the map of odor space created by glomeruli on the olfactory bulb of both rat and mouse. Identified glomeruli could
be matched across animals by their response profile to hundreds of odors. Their layout in different individuals varied by only ~1
glomerular spacing, corresponding to a precision of 1 part in 1,000. Across species, mouse and rat share many glomeruli with
apparently identical odor tuning, arranged in a similar layout. In mapping the position of a glomerulus to its odor tuning, we
found only a coarse relationship with a precision of ~5 spacings. No chemotopic order was apparent on a finer scale and nearby
glomeruli were almost as diverse in their odor sensitivity as distant ones. This local diversity of sensory tuning stands in marked
distinction from other brain maps. Given the reliable placement of the glomeruli, it represents a feature, not a flaw, of the

olfactory bulb.

In many regions of the brain, neurons form an ordered representation
of the outside world, as exemplified by the ‘homunculus’ of the
somatosensory cortex, a point-to-point topographic map of the body
surface onto the brain surface. There has been great interest in such a
systematic relationship between the function of neurons and their
anatomical arrangement, as the map can suggest what processing the
circuit performs. Most brain computation is local, relying on
short connections between nearby cells®. This is a necessity, as the
connections between neurons occupy most of the volume available
to the brain, and long-distance connections require more volume.
Consequently, the arrangement of neurons in a given brain region
constrains which neuronal signals can be brought together in subse-
quent computations. Here we analyzed a sensory map in the olfactory
system, namely the two-dimensional arrangement of glomeruli on the
olfactory bulb.

Olfaction begins at the olfactory epithelium, which lines the upper
region of the nasal cavity, where millions of receptor cells transduce the
binding of odorous molecules into a neural signal. The genomes of the
rat and the mouse contain ~ 1,000 genes for odorant receptors, but
each sensory neuron is thought to express only one gene from this large
set!. This results in ~ 1,000 types of receptor neurons that are broadly
intermixed on the epithelium®. Receptor neurons send their axons to
the olfactory bulb, where they undergo a marked resorting. Axons from
a particular receptor neuron type converge onto a tight focus and their
terminals form a glomerulus. About 2,000 glomeruli line the outer shell
of the left and right olfactory bulbs; generally one finds two glomeruli
for each receptor type®’.

The positioning of glomeruli follows certain general rules. There is
approximate mirror symmetry between the left and right bulbs, in that
glomeruli innervated by the same receptor neuron type appear to be

reflected across the sagittal midplane of the brain®-10, Across animals,
the layout of glomeruli appears to be similar, but not identical'!=!4,
Furthermore, there is some relationship between the spatial position of
a glomerulus and its odor sensitivity. Certain domains of the bulb
respond preferentially to specific odor classes'>'7. There have been
suggestions of even more detailed structure: in a given odor class,
glomeruli that are responsive to structurally similar molecules have a
tendency to lie close to each other®!%!18-20_ This has been termed a
‘chemotopic map.

The goals of this study were twofold: to determine the precision of
the olfactory map on the bulb and to understand how the map relates
to odor processing. We began by identifying the functional properties
of each glomerulus, defined by its sensitivity spectrum to a large panel
of odors. We found that this functional identification alone allowed us
to uniquely tag many glomeruli in both rat and mouse. On that basis,
we asked how reproducible the two-dimensional arrangement of these
glomeruli is, which would reveal the accuracy with which Nature has
established this neuronal map. We then tested whether there was indeed
a systematic functional relationship among nearby glomeruli on the
olfactory bulb.

RESULTS

We measured neural activity in glomeruli of the olfactory bulb in
response to large panels of odors using two different optical reporters
(Fig. 1): the intrinsic signal and synaptopHluorin (SpH). Both techni-
ques allow for extended recordings without degradation of the signal, as
they require no exogenous indicators. The intrinsic signal can be used in
all species, whereas the SpH method relies on a genetic construct that is
currently restricted to mice. On the other hand, the SpH probe delivers
much stronger optical signals. Given these complementary benefits and
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Figure 1 SpH and intrinsic signal report the same
odor dependence. (a) Experimental setup. The
surface of the olfactory bulb was imaged with a
CCD camera. A dual beam illuminator allowed
interleaved illumination with blue or red light to
acquire both SpH and intrinsic optical signals
during the same odor response. (b) Maximum-
intensity projection images of odor responses on
the olfactory bulbs of a SpH-transgenic mouse,
probed by SpH fluorescence (left) and the intrinsic
signal (right). Each pixel was assigned the highest
signal amplitude elicited by any of 88 odor
stimuli. Approximately 70 glomeruli were
stimulated effectively in each bulb. The sign of
the intrinsic signals was inverted for ease of
comparison. Asterisks mark reference points in the
two images. (c) Comparison of responses from two
glomeruli (left and right) to 88 odors, measured by
the relative fluorescence change of SpH (dF/F)
and the relative reflectance change of intrinsic

0 20 40 60 80 0.0 0.4 0.8 12 %1073 signals (dR/R). For odor identities, see
Odor number Odor number IS (GR/R) Supplementary Tables 1 and 2. (d) Scattler P'Ot. of
the data shown in c. Note that SpH and intrinsic
e &7 f signal varied proportionally, but the slope is
124 different for the two glomeruli. The correlation
S 6 5 10+ coefficient (s) between the two signals is listed for
g g each glomerulus. (e) The ratio of SpH to intrinsic
) 3 8] signal, shown as a histogram for 51 glomeruli. For
s 47 S 6 each glomerulus, the ratio was determined from
é é 4 the slope in the plot of d. (f) Histogram of the
2 21 3 correlation coefficient (see d) for all 51 glomeruli.
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We tested whether this functional label for a

our desire to compare results from mice and rats, we used both
techniques. In early experiments, we applied both methods simulta-
neously to the same glomeruli and found that they reported the same
spectrum of odor responses (see Methods and Fig. 1).

Glomeruli can be identified reliably by their odor response

Given a large enough set of odorants, one expects that each glomer-
ulus will have a unique response spectrum, governed by the ligand-
binding affinities of the corresponding olfactory receptor protein,
with possible contributions from lateral signal flow in the bulb.
If so, one might be able to recognize a glomerulus with the same
receptor type purely by its odor responses. The bilateral symmetry of
receptor neuron projections to the two bulbs provides a test of this
proposition because one expects to find glomeruli with identical
odorant sensitivity at approximately mirror-symmetric locations across
the midplane.

We examined this matching process with a small patch of glomeruli
in the two olfactory bulbs of a mouse (Fig. 2a). All of these were
activated by the same odor, and from this stimulus alone, it was unclear
how glomeruli on the left bulb should be matched with those on the
right (Fig. 2b). Under stimulation with other odors, however, the
glomeruli in this patch differed greatly in their responses and each
had a unique odor spectrum. Moreover, each odor spectrum on the left
side had a near perfect match on the right side (Fig. 2c). On occasion,
we found several possible matches of equivalent quality (Fig. 2c),
perhaps resulting from duplicate glomeruli with the same odorant
receptor'2. We avoided such ambiguous assignments by requiring a
unique match (see Methods) and excluded the respective glomeruli
from further analysis.

glomerulus corresponds to the molecular label

provided by its olfactory receptor type. A
transgenic mouse line in which the M72 olfactory receptor is fluores-
cently tagged?! showed a single fluorescent glomerulus on the dorsal
side of each bulb (Fig. 3a). This glomerulus was strongly activated by
several tiglate odorants (Fig. 3b). Other glomeruli nearby shared some
sensitivity to tiglates, but differed in other parts of the odor spectrum
(Fig. 3b,c). We used the measured odor spectrum of M72 in one animal
as a template to search blindly for a match in other animals. For every
target glomerulus, we computed the correlation between its odor
spectrum and the template (equation (1)). The peak correlation
value reliably identified a single glomerulus in each animal (Fig. 3¢c)
and the fluorescence image revealed that this glomerulus was indeed
innervated by the M72 receptor (confirmed in 10 out of 10 pairs of
bulbs). We conclude that the odor spectrum is a reliable tag for the
molecular identity of glomeruli.

A precise layout of identified glomeruli in mouse and rat

We applied the above correlation method to match glomeruli in two
olfactory bulbs automatically by their odor spectra (see Methods). We
matched 25 glomeruli between the two bulbs of the same mouse
(Fig. 4a). Even though the method was entirely blind to the location of
glomeruli, the resulting layout of matched glomeruli showed approx-
imate mirror symmetry across the midline. To inspect the deviations
from mirror symmetry, we overlaid and aligned the two patterns
(Fig. 4b). This revealed that the shifts between the left and right
glomerular layouts were not isotropic (Fig. 4c). The displacements
of corresponding glomeruli were considerably larger in the antero-
posterior direction (r.m.s. displacement = 139 um, 141 pairs of
glomeruli) than in the medio-lateral direction (95 pm). For reference,
the average spacing between glomeruli in these animals was 108 um.
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We can conceive the actual layout of glomeruli in any given bulb as
resulting from the ‘prototype’ layout, modified by errors in positioning
that occur during development. When two such layouts are aligned,
each bulb is affected independently by the positioning error. Thus, the
displacement between matched glomeruli in the two layouts has a s.d.
that is v/2-fold larger than the error in each individual layout. From
this, we found that the developmental variability in glomerular posi-
tion relative to the prototype map was 98 pm (r.m.s.), or 0.9 spacings,
in the antero-posterior direction and 67 pum, or 0.6 spacings, in the
medio-lateral direction (Table 1). When comparing the bulbs of two
different animals, the displacements of matching glomeruli were almost
identical to those measured across bulbs in the same animal (Fig. 4d
and Table 1).

We applied the same analysis of developmental precision to the rat
(Supplementary Fig. 1 online). Again, the odor spectra of glomeruli
were quite diverse, but a glomerulus in one bulb often had a precisely
matching odor spectrum in the opposite bulb, allowing a reliable
assignment of corresponding glomeruli. The deviations from symme-
try were measured as before. As in the mouse, we found a clear
difference between the two anatomical axes, with ~ two-fold larger
displacements along the antero-posterior axis (Fig. 4e and Table 1).
Again, we converted the measured displacements to the developmental

Figure 3 A genetically labeled glomerulus validates the tagging procedure.
(a) Sensory axons with a fluorescent M72-GFP olfactory receptor identified a
glomerulus on the posterior dorsal olfactory bulb in two different mice (left
and right). (b) Intrinsic signal response to a single odor (isopropyl tiglate) in
the same regions shown in a (see asterisks for alignment). Several glomeruli
responded, including the M72 glomerulus (labeled 1 and 1°). (c) Response
spectra to 85 odors for the M72 glomerulus (1) and neighboring ones in the
same animal (2-5), as labeled in b. In another analysis, we selected an
M72 glomerulus (spectrum 17”) as a reference and found the glomeruli with
the best matching response spectra in four other olfactory bulbs (1, 17, 1”
and 1”7). All four of these glomeruli were positive for M72-GFP. For odor
identities, see Supplementary Table 1. A, anterior; L, lateral; M, medial;

P, posterior.

Figure 2 Glomeruli can be tagged by their odor responses. (a) The activation
pattern in both bulbs of one mouse, induced by the odor ethyl tiglate and
measured by SpH. (b) Overlay of the left bulb (green) and right bulb (red)
from a. The left bulb image was reflected about the midline and shifted to
align the glomeruli labeled 1. Arrows indicate pairs of glomeruli with
matching odor response spectra (see Methods). (c) Responses to 100 odors
for the six pairs of glomeruli labeled in b. The spectra for the right bulb
glomeruli are inverted on the ordinate to facilitate the comparison. Note the
assignment for glomeruli 5 and 6 was ambiguous, as all four members had
very similar odor spectra. These cases did not pass the criterion for a unique
match (see Methods) and were not used in further analysis (dashed arrows in
b). For odor identities, see Supplementary Table 1.

error around the presumed prototype layout. Across animals, this
scatter amounted to 1.6 glomerular spacings in the antero-posterior
direction and 1.0 spacings in the medio-lateral direction (Table 1). The
average spacing between rat glomeruli was 160 pm.

These measurements of map precision can provide constraints on
models of axon guidance in the olfactory bulb. For example, two
general scenarios could explain the variability in glomerular placement.
In one scenario, the global gradients of axon guidance cues in the bulb
vary from animal to animal, leading to slightly different layouts.
Alternatively, the gradients are very reproducible and the noise arises
when the receptor axons read those cues. The former hypothesis
predicts that nearby glomeruli should vary less in their relative
placement than distant glomeruli, as they target similar levels of the
guidance molecules. We tested this and found no evidence for such an
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Figure 4 Mouse and rat glomeruli are positioned
precisely. (a) Locations of odor-activated glomeruli
on the two olfactory bulbs in one mouse. Odor
spectra on the left bulb were matched with those
on the right bulb and the 25 best matches are
shown with colored circles. (b) To align the
glomerular layouts in the two bulbs, we mirrored
the left bulb onto the right, and rotated and
translated the left bulb to minimize the
displacement of matched pairs of glomeruli. Left,
arrows indicate the resulting displacement vectors
for all pairs of glomeruli from the location in the
right layout to that in the left layout. Right, the
same displacement vectors rooted on a common
origin. (c) Histogram of glomerular displacements
between left and right bulbs of the same mouse
(141 pairs in ten mice) measured separately along
the anterior-posterior (A-P) and the medial-lateral
(M-L) direction. Curves are Gaussian fits centered
on the origin, with s.d. as quoted. (d) A histogram
of glomerular displacements across bulbs of
different mice (412 pairs in five mice) is shown,
displayed as in c. (e) A histogram of glomerular
displacements between left and right bulbs of the
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effect (Fig. 4f). This result favors the latter hypothesis, which states
that the variability arises at the read-out stage. Recent studies have
provided evidence that two different mechanisms of axon guidance
determine the antero-posterior and the dorso-ventral coordinates
of a glomerulus®’. Our observations of anisotropic precision
suggest that the antero-posterior mechanism is less precise than the
orthogonal one.

Some glomeruli have identical odor responses across species
Given the observed precision of glomerular placement, we can specify
what the prototype map is for the identifiable glomeruli on the dorsal
bulb (Fig. 5). Some of these glomeruli were recognized in almost every
olfactory bulb that we inspected, whereas others were recognized in
only a fraction. These differences were partly a result of anatomical
variation in the dorsal viewing window and of imaging noise and a
conservative selection procedure (see Methods). For the glomeruli that
were encountered repeatedly, we determined the prototype layout in
the mouse (31 glomeruli; Fig. 5a) and the rat (34 glomeruli; Fig. 5b)
(the odor spectra that tag the identity of each of these canonical
glomeruli are provided in Supplementary Figs. 2 and 3 online).
Among the canonical glomeruli in the prototype maps for mouse
and rat, we encountered ten whose odor spectra matched very well
across species: to within the confidence limits developed for matches
within a species (Fig. 5¢). For almost all of these (9 out of 10 in mouse
and 10 out of 10 in rat), the match to a glomerulus in the other species
was better than to the most similar glomerulus in the same species. In a
less restrictive procedure, we began by matching individual bulbs across
species (see Methods). This method identified, in addition to the above

1,000 1,500 2,000 2,500
Pair separation (um)

ten, an additional six canonical glomeruli with near-identical spectra in
mouse and rat (Supplementary Fig. 4 online). These observations
suggest that rat and mouse share a substantial fraction of olfactory
receptors with very similar odor-binding sites.

Mouse and rat are separated by a large evolutionary distance, but
their olfactory receptor genes are unusually similar: About one third of
the receptor genes have an ortholog in the other species with >90%
protein sequence identity, closer than the nearest paralog in the same
species??. This suggests that there is some degree of selection pressure to
maintain those sequences. Whether the sequence similarity translates
to identical odor-binding spectra remains to be seen, but it is now
possible to connect the odor spectrum of a glomerulus to the molecular
identity of the underlying receptor!! and this should allow further
exploration of the conserved glomeruli and their ligands.

Notably, the matching glomeruli were also located at similar posi-
tions in the two species. To allow for the different anatomical size of the
bulbs, we normalized the two prototype layouts by the average
glomerular spacing (AGS) in each species. After this scaling, the layouts
of matched glomeruli in the mouse and rat differed by only ~1.0 AGS
in the medio-lateral direction and 3.9 AGS in the antero-posterior
direction (Fig. 5d and Table 1). For comparison, if we chose pairs of
glomeruli from the two maps at random, the scatter would be much
greater: 4.4 AGS in medio-lateral and 8.8 AGS in antero-posterior.
Clearly there is a strong correspondence between the respective map
positions of functionally related glomeruli in mouse and rat. This
comparison of functional anatomy in the bulb could be extended
readily to other species using the intrinsic signal method, which
requires no genetic modification.
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Table 1 Summary of precision in the glomerular layout on the olfactory bulb

Across hemispheres

Across animals

Number of pairs Precision (um)

Relative precision (AGS)

Number of pairs Precision (um) Relative precision (AGS)

Mouse A-P 141 98
M-L 141 67

Rat A-P 202 260
M-L 202 131

Mouse-rat prototype A-P - -
M-L - -

0.9 412 103 1.0
0.6 412 66 0.6
1.6 102 258 1.6
0.8 102 156 1.0
- 10 - 3.9
- 10 - 1.0

The precision of placement of glomeruli is measured as 1 s.d. of the scatter about the average position in the layout and reported in either absolute units (precision) or multiples of the average
glomerular spacing (relative precision). The results are reported separately by species (mouse versus rat), by condition (comparing two bulbs in the same animal or across animals), and by anatomical
direction (antero-posterior (A-P) versus medio-lateral (M-L)), and the number of glomerular pairs contributing is listed in each case (number of pairs). The precision of alignment of the mouse and rat

layouts is based on the ten canonical glomeruli in Figure 5.

A coarse-scale map from odor space onto the olfactory bulb
Above, we have discussed the developmental precision in the layout of
glomeruli; we move now to the functional logic of their arrangement.
Specifically, we would like to find a systematic relationship between the
chemical sensitivity of a glomerulus and its position on the olfactory
bulb. The prototype layouts described above (Fig. 5) provide a look-up
table between odor spectrum and spatial location, but convey no
understanding of the rules behind the layout.

Perhaps the simplest hypothesis for a mapping rule is a linear
relationship between odor responses and position (equation (2)). In
this map, each odor is assigned one location on the bulb. A hypothetical
glomerulus that responds exclusively to one odor would be mapped to
that odor’s location. A glomerulus that responds to several odors is
mapped to an intermediate position, determined by weighting each
single-odor location with the response to that odor. This type of
relationship between the responses and locations of neurons applies,
at least locally, in many somatotopic or visuotopic maps in the brain.

Given the measured odor spectra and locations for all glomeruli, we
derived the optimal linear map between the two (see Methods). To
explore its utility, we began by focusing on the rat, as the larger bulb
allows a more precise position measurement and prior work has
elaborated odor maps extensively in this species'”??, We found that
the linear map did provide some prediction as to where a glomerulus
lies on the basis of the odor spectrum alone, but it was incomplete and
coarse (Fig. 6a). Along the antero-posterior axis, the predicted position
was correlated with the true position, but the discrepancy had a s.d. of
~ 600 um, much greater than the inherent antero-posterior variability
in the layout of glomeruli (260 pum; Table 1). Thus, the linear map does
not account for the location of glomeruli to the accuracy with which

Figure 5 Prototype layout of glomeruli in mouse and rat. (a) Prototypical
glomerular layout for the mouse. Circles indicate the average location on the
bulb for 31 glomeruli that were reliably identified across experiments (based
on eight bulbs). Circle diameter is equal to the average glomerular diameter.
Ellipses indicate 1 s.d. of the scatter in position about the mean location.
Colored circles and numbers label glomeruli that had matching odor spectra
in mouse and rat (the odor spectra of these glomeruli are plotted in
Supplementary Fig. 2). (b) Prototypical glomerular layout for the rat,
identifying 34 glomeruli (based on four bulbs), displayed as in a, with the
spatial scale normalized to the AGS. The odor spectra of these glomeruli are
plotted in Supplementary Fig. 3. (c) Odor spectra of ten canonical glomeruli
(colored dots in a and b) whose responses are almost identical in the mouse
and rat. Glomerular activity was recorded using the SpH probe in the mouse
and intrinsic signals in the rat. For odor identities, see Supplementary
Table 1. (d) Displacement vectors between matched glomeruli in the mouse
and rat layouts, rooted to a common origin and scaled in terms of the AGS.

they are arranged. Along the medio-lateral axis, which has a much
shorter extent, the linear map was not useful at all: the errors in the
predicted positions were almost as large as the range of positions.
How is the prediction of antero-posterior locations achieved?
Inspection of the coefficients in the linear fit showed that only a
small number of odors contributed to this (Fig. 6b). Furthermore, the
subsets of odors that were assigned very anterior or very posterior
positions each shared strong structural similarity. Among the pure
compounds that predicted anterior placement of the glomerulus,
aliphatic aldehydes made up four of the seven odors. All were
straight-chain molecules containing a double-bonded oxygen species.

A-P 3.90
M-L 0.95
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Figure 6 A coarse map relates the location of a

a glomerulus to its odor spectrum. (a) The optimal
—1,000 linear odor map for the rat olfactory bulb. The
500 glomerular position as predicted by the optimal
'g 0 map (equation (2)) is plotted against the actual
‘g position. Solid line denotes the identity. Dotted
- 04 lines represent the scatter (+1 s.d.) expected from
2 1,000 the measured accuracy of glomerular placement,
i if the linear relationship accounted entirely for the
_2.000 4 chemotopic map. Note the actual scatter was
’ -500 4 .- ) .
much greater. Left, antero-posterior position; the
— ; ; fit has a correlation coefficient of r2 = 0.59.
2000 -1,000 O 1,000 ~500 0 500 Right, medio-lateral position; r2 = 0.42. Data are
Real A-P position (um) Real M-L position (um) from four bulbs in two rats. (b) The weighting
coefficient (A} in equation (2)) for each odor
b Mostanterior Most posterior response in fitting the antero-posterior position of
o 1.0
SIS | - the glomerulus. The odors are ordered by the
f 8 RV g strength of their coefficient. A few odors emerged
¢c—c—C—C—C—C—0—C—C ‘G (.5 /é’ \\C C_C,C—O—C\c ith I . .

0 £ N Ao TR, with unusually strong anterior (negative) or
¢=0=c=c=c 2 . FaT posterior (positive) weights (outside dotted lines).
C_C_C_C_ﬁ_o_c_c 5 o0 Cz?'“\é PN Their chemical structures are shown on the left

e e .CC.’ & eNs7 . c and right, respectively. For odor identities, see
0 8 05 [ Semy Supplementary Table 1.
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0 20 40 60 80 diversity of chemical spectra. For example, as
Odor rank

In contrast, the odors that predicted a posterior placement were, with a
single exception, thiazoles. Given that this odor set (Supplementary
Table 1 online) contained many other compounds, these structural
similarities clearly stand out. Moreover, a second odor set (Supple-
mentary Table 1) that did not contain these molecules allowed no
systematic prediction of antero-posterior position. Thus, among the
classes of odorants that we tested, the straight-chain hydrocarbons and
the thiazoles produced responses that were clearly localized to one
portion of the dorsal bulb.

We conclude that a linear map between odor spectrum and location
of a glomerulus can account for coarse positioning to within ~5
glomerular spacings, but not on the finer scale of the natural precision
of the layout. This analysis is consistent with previous reports that
responses to certain odors can be preferentially localized to a ‘domain’
or ‘module’ of the dorsal bulb, typically ~1 mm in size!®17:20:23,

Fine-scale diversity in the odor map
Closer inspection of the domains identified by the aldehydes or
thiazoles showed that they still contained glomeruli with a great

Figure 7 Local diversity in the map of glomeruli. a
(a) Detail of odor responses in a small region of
the rat olfactory bulb. In each pixel, the response
amplitudes to aliphatic aldehydes of three
different chain lengths (pentanal, hexanal and
heptanal) are encoded with the red, green and
blue color channels. The local clusters of
glomeruli that are each tuned sharply to adjacent
chain lengths should be noted. (b) Glomeruli on
one olfactory bulb of a rat. Sensitivity to aliphatic
aldehydes is marked in red (left) and sensitivity to
thiazoles in green (right). (c) Odor response
spectra of selected glomeruli labeled in b; note
the sensitivity to aldehydes in the anterior and to

Pentanal
Hexanal
Heptanal

100 um

in previous studies'®!° we encountered some

local clusters of glomeruli that were responsive
to aldehydes (Fig. 7a). However, two glomeruli with similar responses
over the aldehyde series often had very different responses to the
remainder of the odor set (Fig. 7b,c). Furthermore, interspersed among
the glomeruli responsive to aldehydes were glomeruli that were entirely
insensitive to this class of odors (Figs. 5 and 7b,c). Similar hetero-
geneity was found in the domain associated with thiazoles. Is there any
systematic odor dependence in these fine-scale arrangements?

The relationship between odor spectrum and the location of a
glomerulus may conceivably be very convoluted and nonlinear, in
which case a global linear fit to the map (Fig. 6a) will be only
moderately successful. To the extent that there is a systematic relation-
ship, however nonlinear, we still expect to find local order in the map:
nearby glomeruli should have similar odor sensitivity spectra. We
tested this prediction for the rat’s glomerular layout by analyzing the
relationship between physical distance and functional similarity among
pairs of glomeruli.

To measure the functional similarity of two glomeruli, we used the
same quantity that allowed their identification across animals, namely
the correlation coefficient of their response spectra to a large set of
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thiazoles in the posterior bulb. Adjacent glomeruli can have nonoverlapping odor spectra (for example, 4 and 6). The aldehyde ‘domain’ included glomeruli
with no sensitivity to those odors (for example, 3). Glomeruli with overlapping sensitivity to aldehydes may have entirely different responses to other odors

(for example, 1 and 2). For odor identities, see Supplementary Table 1.
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Figure 8 Lack of local chemotopy. a
(a) Relationship between the odor response
similarity (ordinate, equation (1)) of two glomeruli
and their spatial separation (abscissa) in the

rat. The analysis extended over 31,510 pairs

of glomeruli in 14 olfactory bulbs from

7 rats. Each pair of glomeruli contributed one
count in this histogram and the gray scale

reports the number of counts in each bin. Red
lines indicate mean (solid) and median (dashed)
similarity versus distance, obtained by binning
the distance. Blue lines indicate mean (solid)
and median (dashed) distance versus similarity, b

Similarity

1,000

2,000

>300
200
100

>150
100
50

3,000 4,000 1,000 1,500

obtained by binning the similarity. For odor
identities, see Supplementary Table 1.

(b) Under the null hypothesis in which there

is no chemotopy whatsoever, the response
similarity of a pair of glomeruli should have

the same probability distribution at all distances.
Therefore, the joint distribution of similarity

and distance should equal the product of the
two marginal distributions (see Methods).

This prediction is plotted here; note the close
resemblance to the measured distribution (a). 0
(c) Difference between the measured distribution

(a) and the distribution expected in the absence Cc
of any chemotopy (b), plotted on an expanded
grayscale. The region with the strongest deviation
from the null hypothesis included the pairs
separated by <1 mm (vertical line) with similarity
of >0.5 (horizontal line). (d) Distribution of
response similarity and spatial separation for
glomeruli in the mouse, presented as in a.

Data are from 33,169 pairs of glomeruli in

20 bulbs from 10 mice. For odor identities,

see Supplementary Table 1. (e) Distribution 0
expected under the null hypothesis of no

chemotopy, presented as in b. (f) Difference

Similarity

1,000

Similarity

1,000

2,000

2,000
Separation (um)

0.8

0.6
>150

3,000 4,000 0 500 1,000 1,500 2,000

3,000 4,000 0 500 1,000 1,500

Separation (um)
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between the measured distribution (d) and the distribution expected in absence of any chemotopy (e), presented as in c. The strongest deviation appeared for
pairs of glomeruli separated by <0.7 mm (vertical line) with similarity of >0.3 (horizontal line).

odors (equation (1)). This is a natural choice because it directly
measures the overlap between the molecular receptive ranges?* of the
two glomeruli; in turn, the receptive range overlap has been cited as a
criterion for chemotopic order on the olfactory bulb?®. Furthermore, a
very similar correlation coefficient has been in common use for
assessing the similarity of odor response patterns'®.

With this similarity measure in hand, we plotted similarity against
distance for more than 31,000 pairs of glomeruli in the rat (Fig. 8a). At
any given distance, we found about the same distribution of simila-
rities. Even at the smallest distances there was no shortage of nearby
glomeruli that had strongly differing or nonoverlapping response
properties (Figs. 5 and 7b,c). The average similarity had almost no
systematic dependence on distance (Fig. 8a).

If there were no chemotopic order on the bulb, then the distribution
of similarities should be strictly identical at all interglomerular dis-
tances (Fig. 8b). We compared the observed distribution to this null
hypothesis and resolved some small differences that reflected a weak
trace of chemotopy (Fig. 8c): At short interglomerular distances <1
mm, comparable to the size of coarse odor domains, we found an
excess of highly similar pairs and a dearth of dissimilar pairs. This
excess was a small effect: It amounted to only 3.7% of all pairs of
glomeruli separated by <1 mm and 1.7% of all glomerular pairs
inspected. A second series of experiments, using a different odor set,
reached the same conclusions (Supplementary Fig. 5 online).

We repeated this analysis in the mouse with more than 33,000 pairs
of glomeruli and it yielded very similar results (Fig. 8d—f). Again,
similarity and distance were nearly independent of each other, with a
small deviation at short distances; here, the excess amounted to 6.7% of
glomerular pairs separated by < 0.7 mm and 3% of all glomerular pairs
considered. We concluded that on balance there is very little systematic
mapping of glomeruli on a scale finer than the coarse domains.
Furthermore, even the coarse domains do not impose a strong
organization on the odor map. If one considers the response spectrum
to a broad panel of odors, two glomeruli from the same domain,
with <1 mm separation, are in most cases as dissimilar as those from
different domains (Fig. 8a,d).

DISCUSSION

Our study was concerned with the functional anatomy of the olfactory
bulb. We analyzed the spatial layout of glomeruli in relation to
their odor sensitivity and found that many glomeruli could be
identified uniquely and reliably by their odor sensitivity spectrum
alone (Figs. 3-5). In both mouse and rat, the layout of glomeruli was
notably precise, to within 0.6-1.6 glomerular spacings, and the varia-
tion was largest in the anterior-posterior direction (Fig. 4 and Table 1).
Some glomeruli appeared to be functionally identical in mouse and rat
and were even located at corresponding positions on the bulb in both
species (Fig. 5). There was only a coarse relationship between the odor
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sensitivity of a glomerulus and its location on the bulb (Fig. 6). Nearby
glomeruli tended to have very diverse odor sensitivities (Figs. 5, 7
and 8). Here, we briefly discuss the basis for these conclusions and
their implications.

Precision of the glomerular layout

By locating the corresponding glomeruli in different bulbs and super-
posing their layouts, we obtained both the mean location of each
glomerulus and the variation about the mean (Figs. 4 and 5, and
Table 1). We can picture this variation as arising from a developmental
process that places each glomerulus at its ‘intended’ location modified
by a random positioning error. In the mouse, that error region
corresponded to a 1-s.d. ellipse containing ~ 1.8 glomeruli (1 x 0.6
x 0.95; Table 1). Because the mouse bulb has ~ 1,800 glomeruli, this
amounts to an impressive targeting precision of 1 part in 1,000. For the
rat, the corresponding number was ~ 1 part in 500.

In contrast, several previous reports on this subject have emphasized
the high variability of the glomeruli placement”!12, This discrepancy
has two sources. First, some glomeruli seem to split into multiple copies
and one prominent study'? included the positions of several such
duplicates in its estimate of variability. Our analysis was restricted to
single glomeruli with a unique odor spectrum in the dorsal bulb.
Second, some prior studies measured the absolute position of glomer-
uli with respect to anatomical landmarks! 12, whereas we focused on
the relative placement of glomeruli on the bulb surface. Any inter-
individual variation in the global layout of the bulb, such as a slight
shift or rotation, will affect the absolute coordinates, but for the logic of
lateral interactions, only relative placement matters. A reanalysis of
published data'! confirms that the relative positions of glomeruli are in
fact reproduced with high fidelity: For example, the medio-lateral
displacement of two glomeruli (labeled Ea and Ma in Fig. S2 of ref. 11)
varied across animals with a s.d. of only 88 um, which compares well to
our value of 95 um (Fig. 4c). Another study'® directly inspected the
relative placement of two molecularly tagged glomeruli on the bulb and
found that shifts by 1 or 2 array positions are most common, consistent
with our results.

Coarse chemotopy and local diversity in the odor map
Chemotopy refers to the notion that chemically similar odors are
mapped to nearby locations on the olfactory bulb. This idea faces some
difficulty from the outset, as a single odor generally activates many
olfactory receptors’=2% and the glomeruli driven by those receptors
tend to be loosely dispersed!®141%2%, Our study confirmed this result.
On average, a single odor stimulated 17 glomeruli spread over a region
~15 glomeruli in diameter in the rat (11 in an area ~ 14 glomeruli in
diameter in the mouse; Supplementary Fig. 6 online). The size of these
regions of activation is much greater than the variability that we
measured in glomerular positioning (s.d. of 1.6 or less; Table 1).
Thus, the broad dispersion of glomeruli activated by a single odor
is not caused simply by developmental noise in the odor map, but
instead represents a reproducible feature of the map, and should not
be ignored.

On the large scale of these single-odor patterns, the olfactory bulb
does show a systematic chemotopic organization, in that certain
chemically related odors tend to activate glomeruli in the same coarse
domain of the bulb!”!820, Two such domains on the dorsal bulb were
apparent in our study: an anterior area responsive to aldehydes and a
posterior area responsive to thiazoles (Figs. 6b and 7b). These regions
probably correspond to clusters A and D identified in ref. 20 and the
domains for aldehydes and aromatic hydrocarbons in ref. 17. Notably,
these two odor classes emerged here from an unbiased analysis that
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simply looked for a systematic odor map on the bulb, entirely blind to
the identity of the odors (Fig. 6b). The map that we found was rather
coarse: Knowing the odor spectrum of a glomerulus determined its
position only to within + 600 pm, comparable to the ~ 1-mm size of the
reported odor domains. Again, the coarse resolution of the chemotopic
map cannot be ascribed to developmental noise because the positioning
of individual glomeruli was, in fact, much more precise (Table 1).

It has been suggested that there is local chemotopy on a fine scale in
the odor domains and that certain structural features of odorants are
mapped continuously across neighboring glomeruli'”»?%?%, We saw
some indications of this, such as local clusters of glomeruli tuned to
aliphatic aldehydes of different lengths (Fig. 7a). However, these
structures are apparent only if one focuses on a specific molecular
feature and ignores others. In general, glomeruli that are sensitive to
one odor class tended to be interspersed by glomeruli that responded to
entirely different odors (Figs. 5 and 7b), as seen in earlier stu-
dies!®1819:29 The question arises how prevalent such local chemotopy
really is and whether it can be assessed in an unbiased way that does not
adjust the criteria to each neighborhood of glomeruli. For this purpose,
we asked whether nearby glomeruli systematically have a similar odor
sensitivity spectrum (Fig. 8). We found that the chemical similarity of
two glomeruli was almost entirely independent of their proximity. A
small enhanced similarity among nearby glomeruli decayed with
distance on the scale of ~1 mm (Fig. 8a,d) and thus reflects the
organization of the coarse odor domains. This departure from inde-
pendence affected only a few glomerular pairs (rat, <4%; mouse,
<7%). Thus, the dominant characteristic of the olfactory map seems
to be local diversity: any mitral cell finds itself surrounded by glomeruli
with many different odor sensitivity spectra. Because glomerular
placement is so precise, this local diversity is a reliable feature rather
than a random flaw of the odor map.

What does the olfactory bulb compute?

The basic circuit of the olfactory bulb follows a simple scheme. Many
parallel excitatory pathways are linked by lateral inhibition®. In each
glomerulus, the sensory afferents make excitatory synapses onto 25—
50 mitral cells, which in turn send their axons to higher olfactory
centers. These through-pathways interact via two networks of inter-
neurons, in the glomerular layer®! and in the external plexiform layer®2,
Both networks are predominantly inhibitory, although there is evi-
dence for lateral excitation as well’>*3, Therefore, the individual mitral
cell receives excitation from receptor afferents in its primary glomer-
ulus and potential contributions from other glomeruli in a large region
extending to a 1-2-mm radius®?. Clearly the nature of a mitral cell’s
computation depends on which of the surrounding glomeruli con-
tribute and what odor signals they carry.

In one prominent proposal, the mitral cell collects inhibition from all
glomeruli in a broad surrounding region, leading to a center-surround
organization of sensitivity analogous to visual receptive fields in the
retina®, Given the local diversity of odor spectra documented here, the
glomeruli in such a broad surround region will collectively span a vast
range of odor stimuli. If so, then lateral inhibition might implement a
nonspecific gain control, such that any odor presented to the nose
transiently lowers the sensitivity of all mitral cells. This could well serve
for a rapid adaptation by which mitral cell processing becomes
independent of absolute odor concentrations®. In contrast, such a
nonspecific surround would not be useful for sharpening mitral cell
sensitivity along a specific chemical axis®>.

In a very different scenario, a mitral cell collects inputs from just a
small number of sparsely distributed glomeruli. In that case, the lateral
circuits serve to perform a specific comparison of a few components of
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the odor stimulus. Given the local diversity of odor spectra that we
found among glomeruli, every mitral cell could perform a unique
computation, even those neurons sharing the same principal glomer-
ulus. There are some strong indications in favor of this theory. Nearby
mitral cells do indeed have quite different odor sensitivity>®, especially
with regard to their inhibitory inputs®’. Anatomical tracing suggests
that the lateral networks leading to individual mitral cells are sparse?
and a comparison of mitral cell responses to those of surrounding
glomeruli directly showed that the mitral cell collects a sparse set of
inputs®. If each mitral cell indeed combines a different set of olfactory
signals from the local field of glomeruli, then the number of different
output channels of the bulb greatly exceeds the number of odorant
receptors. This amounts to a substantial revision of how the olfactory
bulb operates.

METHODS

Subjects. The animal subjects consisted of 11 adult rats (female Wistar or Long-
Evans, ~300 g) and 12 adult mice (males and females, Omp-SpH hetero-
zygous?®, >65 d old, 25-30 g). Fach animal was prepared for surgery with
atropine (25 pg per kg, intraperitoneal injection), anesthetized with urethane
(12.5% intraperitoneal injection, final dose ~1.5 g per kg) or a cocktail of
ketamine/xylazine (initial dose of either 100 or 10 mg per kg), and mounted in a
stereotaxic frame. The skull was thinned or removed completely to reveal the
dorsal surface of both olfactory bulbs. Low melting—point agarose (1.5%) was
poured over the thinned bone and topped with a cover slip. All animal
procedures conformed to US National Institutes of Health guidelines and were
approved by Harvard University’s Animal Care and Use Committee.

Stimulation. Odorants were delivered to the animal using either of two
automated olfactometers (described in the Supplementary Methods online).
For several odorants representing different chemical classes, we used a flame
ionization detector to measure the final vapor concentration: typically 0.1-1%
of the saturated vapor at 25 °C. These concentrations are low enough to avoid
saturation of most receptors!’. A list of all of the odors and the odor sets used
in each figure are provided in Supplementary Tables 1 and 2 online.

Imaging. An instrument was developed to measure intrinsic signals and SpH
signals in parallel*!. A dual illuminator, using bright light-emitting diodes,
delivered either blue light (~470 nm for SpH, Luxeon V LED, Lumileds) or
deep red light (~780 nm for intrinsic signal, Roithner Laser Technik) that was
switched rapidly under computer control (Fig. 1a). Images were acquired with
a CCD camera (Vosskiihler 1300-D) at 12-bit resolution, with a frame rate of
25 frames per s (intrinsic signal) or 4 frames per s (SpH). Two photo lenses
coupled front to front were used to image the olfactory bulb surface onto the
CCD array, with a pixel size of 16 pm (mouse) or 20 pm (rat). Some intrinsic
signal data were recorded in similar manner using an earlier acquisition system
(Imager 2001, Optical Imaging).

Image acquisition typically began 20 s before odor delivery and continued
for another 20 s during odor presentation. The interstimulus interval was 40—
60 s of fresh air. Each stimulus was presented four to ten times, interleaved with
other odor trials. For each odor, a ratio image was computed by dividing the
average image during odor exposure by the image during the preceding air
exposure. Signals were averaged further over trials with the same odor. For
intrinsic signals, the ratio image was filtered to remove contamination from a
large-scale hemodynamic signal'® by subtracting a copy convolved with a
Gaussian spatial kernel (s.d. = 330 pm).

Delivery of an odor often produced spots in the ratio image that corre-
sponded to the activation of individual glomeruli'®, For each distinct spot,
the intensity profile was approximated with a two-dimensional Gaussian. The
response strength of the glomerulus to any given odor was measured as the
best-fit amplitude of its Gaussian to that odor’s intrinsic image!?. For display,
we inverted the intrinsic signal images to show bright spots (Figs. 1 and 3b and
Supplementary Fig. 1).

Comparison of intrinsic signal and SpH. The two optical probes, intrinsic
signal and SpH, report neural activity via different mechanisms. By its design,

the SpH reporter is linked to presynaptic release of transmitter from receptor
neuron terminals*2. The cellular origin of the intrinsic signal is somewhat less
understood and there has been debate about whether its origins in the
glomerulus are presynaptic or postsynaptic*>*4, If there is a postsynaptic
component from mitral cells or periglomerular cells, then the odor response
recorded from a given glomerulus may include signals transmitted laterally from
other glomeruli, which could alter the odor sensitivity spectrum. Therefore, we
began by testing whether the two methods reported the same odor spectrum.

In recordings from mouse olfactory bulb, the illuminating light was switched
rapidly every 3.2 s between blue (SpH) and red (intrinsic signal), allowing for
interleaved measurement of both signals during the same odor response
(Fig. 1a). Across a panel of 88 odors, about 70 glomeruli per bulb could be
activated using SpH and a similar number could be activated using intrinsic
signal (Fig. 1b).

By graphing the intensity of a single glomerulus for all the odors, we
obtained a response spectrum. The spectra derived from SpH and intrinsic
signal were often very similar (Fig. 1c), except that the SpH response was much
larger than that of the intrinsic signal (Fig. 1d). Furthermore, this ratio between
SpH and intrinsic signals varied greatly among glomeruli (range = ~ 10-60;
Fig. 1e). After scaling the SpH and intrinsic signals of a given glomerulus for
this relative gain, the two odor response spectra became indistinguishable. We
measured their similarity by the correlation coefficient of the two signals
(equation (1)). These correlations were very high (mean across glomeruli,
0.89 + 0.01; Fig. 1f), indicating that, for the vast majority of glomeruli, the
scaled SpH and intrinsic signal signals varied proportionally, at least over the
odor conditions in our experiments.

The fact that SpH and intrinsic signals have different relative gain across
glomeruli probably results from their distinct biophysical origins. For example,
the SpH signal will be affected by the resting activity of receptor neurons, the
ratio of synaptic to other membranes in the glomerulus and the amount of
overlying nerve layer. Presumably such glomerulus-specific scaling of signals
would also be beneficial in comparing intrinsic signal to intracellular calcium
responses®’, The fact that the two signals have identical odor dependence is
consistent with prior suggestions that the intrinsic signal is strongly linked to
presynaptic glutamate release, perhaps via the effects on nearby astrocytes®3.
For the present purpose, we take advantage of the fact that the normalized odor
spectra are identical and use the two imaging methods interchangeably.

Matching glomerular response spectra. To formalize the matching of glomer-
uli that are driven by the same odorant receptor, we used a simple measure of
similarity between two odorant spectra: the uncentered correlation coefficient
among their two responses across the different odors,

n
s — similarity of glomeruli A and B = Il
SR ON RN ONC)
DO A RN
j=1 j=1
equation (1)
where r= response of glomerulus A to odor j, and n = number of odors.

Two glomeruli with the same odorant sensitivity have a similarity of 1, whereas
glomeruli that respond to nonoverlapping odor sets have a similarity of 0.

To match glomeruli in one bulb with those in another, we computed the
similarity for every inter-bulbar pair. The pair with the highest similarity was
accepted as being a match and was removed from consideration. This
process was repeated until all possible pairings occurred. We tested more
complex algorithms that optimize overall similarity over several simultaneous
matches, but they always yielded results that were comparable to this simple
serial method.

To reduce the effects of noise on this analysis, we set responses of very low
amplitude (<0.002 for SpH or <0.00015 for intrinsic signal) to 0 (Supple-
mentary Fig. 7 online). Furthermore, to accept a match, we generally imposed
two conditions: strong similarity (>0.75) and uniqueness (similarity > 0.05
for the next best match).

Alignment of maps. In comparing the layouts of glomeruli on two bulbs, we
started with the two sets of locations of matched glomeruli. We reflected left
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bulbs across the antero-posterior axis. We then shifted and rotated the first bulb
to align optimally with the second bulb. Specifically, we minimized the squared
distance between the locations of corresponding glomeruli, 3 (x — y(i>)2,
where m is the number of matched glomeruli in each bulb, x! is lthe location of
glomerulus i in the first bulb after rotation and translation, and y is the
location of glomerulus i in the other bulb. Subsequent analysis of this
alignment focused on the residual shift vectors x) — y) and their extent in
the antero-posterior and medio-lateral directions.

In Figure 4f, we compared the layout of two bulbs to test whether nearby
glomeruli suffered similar displacements. Consider an identified glomerulus 7,
with locations x( and y? in the two bulbs, and another glomerulus j, located
at x¥) and y(j). ‘We measured their separation vector in the first bulb, Ax) =
x@ — x0), and their separation vector in the other bulb, Ay =y — y0), The
graph shows the relative displacement of the two glomeruli }Ay@ — Ax(@ | asa
function of their separation |Ax(’j) |

Prototype maps and matches across species. To find a set of canonical
glomeruli in each species, we started with all glomeruli in eight mouse bulbs
and four rat bulbs. The analysis was restricted to glomeruli whose odor
spectrum could be matched to a glomerulus in another individual of the same
species. We required this match to be both reliable (similarity > 0.75) and
unique (> 0.05 difference from second best match). We then subjected this set
of glomeruli to a cluster analysis on the basis of the similarity between spectra
(average linkage clustering, cutoff at similarity = 0.75). Each cluster with three
or more members was taken to represent a canonical group of identical
glomeruli. We averaged the location and the odor spectrum across members
of the cluster (plotted in Fig. 5).

To identify functionally similar glomeruli across species, we paired the
canonical glomeruli in mouse and rat using the same matching algorithm
described for individual glomeruli. This strategy gave rise to ten pairs of
canonical glomeruli with near identical function in the mouse and rat (Fig. 5).
An alternate strategy revealed another six such shared glomeruli (Supplemen-
tary Fig. 4).

Linear map of spectrum to location. We performed a linear regression to find
the best linear map between the odor response vector r and the glomerular
position on the bulb x:

X~A-r

where

{xl } [ antero-posterior position}
X = =

x medio-lateral position
A ..o Al
= = matrix of map coefficients
Ap oo Ay equation (2)
n
r= | : | = spectrum of responses to n odors
er

We first normalized each response vector r so that its components summed
n
to unity, > r; =1. By doing this, two glomeruli with the same relative

j=1. . . . .
odorant sensitivity, but different overall response amplitude, will map to the
same location. We then determined the matrix A to minimize the squared error,

m - -
> (D —A- r(’))z, where m is the number of glomeruli. When n > m, the

lp;oblem is underdetermined, with more unknowns than measurements. Thus,
we began by reducing the dimensionality of the odor response spectra. From
the set of n-dimensional vectors r, we determined the first five principal
components, projected each r onto those directions and applied the fit to the
resulting five-dimensional response vectors. For the analysis in Figure 6, the
glomerular position in each bulb was measured relative to the average position
of all observed glomeruli.
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Similarity and distance for pairs of glomeruli. As a measure of functional
similarity of two glomeruli (Fig. 8), we chose again the correlation of the two
odor spectra sAB) (equation (1)). To retain maximal sensitivity to any local
chemotopic order, we analyzed only pairs of glomeruli in the same olfactory
bulb, which eliminates the effect of developmental variation across bulbs or
individuals. For each pair, we plotted similarity versus distance between the
centers of the two glomeruli and created a histogram of the result, yielding a
joint probability distribution (Fig. 8a). By projecting this graph onto either
axis, we obtained the marginal distributions of distance and of similarity. To
test whether similarity and distance are at all related, we computed the product
of the two marginal distributions (Fig. 8b). This product is the joint distribu-
tion expected under the null hypothesis that similarity and distance are
statistically independent. Finally, we subtracted this expectation from the
observed joint distribution (Fig. 8c) to highlight any deviations from inde-
pendence (Fig. 8c).

Note: Supplementary information is available on the Nature Neuroscience website.
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