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Abstract

Sensory information is transmitted to the brain where it must be processed to translate stimulus
features into appropriate behavioral output. In the olfactory system, distributed neural activity in
the nose is converted into a segregated map in the olfactory bulb. In this study we ask how this
ordered representation is transformed in higher olfactory centers. We have developed a tracing
strategy to define the neural circuits that convey information from individual glomeruli in the
olfactory bulb to the piriform cortex and the cortical amygdala. The spatial order in the bulb is
discarded in piriform cortex; axons from individual glomeruli project diffusely to the piriform
without apparent spatial preference. In the cortical amygdala, we observe broad patches of
projections that are spatially stereotyped for individual glomeruli. These projections to the
amygdala are overlapping and afford the opportunity for spatially localized integration of
information from multiple glomeruli. The identification of a distributive pattern of projections to
the piriform and stereotyped projections to the amygdala provides an anatomic context for the
generation of learned and innate behaviors.

In vision and touch, information central to perception is ordered in space in the external
world and this order is maintained from the peripheral sense organs to the cortex. Olfactory
information, however, does not exhibit a discernible spatial order in the physical world and
this poses the question of how odors are represented in the brain. In mammals, olfactory
perception is initiated by the recognition of odorant molecules by a large repertoire of
receptors in the olfactory sensory epithelium?. Individual olfactory sensory neurons express
one of approximately 1,000 receptors?=4, and each receptor interacts with multiple odorants.
Neurons expressing a given receptor, although randomly distributed within zones of the
olfactory epithelium, project with precision to two spatially invariant glomeruli in the
olfactory bulb®’. Thus, the randomly distributed population of neurons activated by an
odorant in the olfactory epithelium is consolidated into a discrete stereotyped map of
glomerular activity in the olfactory bulb8:*.
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How is this highly ordered map of spatially invariant glomeruli represented in the cortex?
The projection neurons of the olfactory bulb, mitral and tufted cells, extend an apical
dendrite into a single glomerulus and send axons to several telencephalic areas, including a
significant input to the piriform cortex and cortical amygdalal®-15, Electrophysiological
studies and optical imaging reveal that individual odorants activate subpopulations of
neurons distributed across the piriform without spatial preferencel®17. The piriform
therefore discards the spatial segregation of the bulb and returns to a highly dispersed
organization in which different odorants activate unique ensembles of cortical neurons.
However, the patterns of neural activity do not allow us to discern whether mitral and tufted
cell projections from a given glomerulus to cortical neurons are segregated or distributed,
and whether they are random or determined. Distinguishing between these possibilities is
important for understanding odor perception because a random representation of odor
identity could accommodate learned olfactory behaviors, but is unlikely to specify innate
behaviors. Rather, innate olfactory behaviors are likely to result from the activation of
genetically determined, stereotyped neural circuits. We have therefore developed a strategy
to trace the projections from identified glomeruli in the olfactory bulb to higher olfactory
cortical centers.

Mitral and tufted cells that innervate a single glomerulus were labeled by electroporation of
tetramethylrhodamine (TMR) dextran under the guidance of a two photon microscope. This
technique labels mitral and tufted cells that innervate a single glomerulus and is sufficiently
robust to allow the identification of axon termini within multiple higher order olfactory
centers (Figs. la—1c; Fig. 2; Suppl. Figs.1-4). Labeling of glomeruli in the olfactory bulbs of
mice that express GFP under the control of specific odorant receptor promoters permits us to
examine potential stereotypy of projections from identical glomeruli (MOR 28-IRES-GFP
(n = 8), MOR 1-3-IRES-GFP (n= 13), and MOR 174-9-IRES-GFP (n = 10))18. Labeling of
random unidentified glomeruli was performed in mice expressing synapto-pHIluorin (OMP-
IRES-spH), a fluorescent marker that allows us to visualize individual glomeruli®. This
permits us to sample the projection patterns from multiple different glomeruli (Fig. 1c).

Electroporation of a single glomerulus results in the labeling of 617 neurons in the mitral
cell layer (mean = 9.2 +/- 0.8; Figure 1e; Suppl. Fig. 1c, 2; see Methods). We have
demonstrated that all mitral and tufted cells labeled in this manner innervate a single
glomerulus by electroporating TMR dextran into one glomerulus and fluorescein (FITC)
dextran into a neighboring glomerulus (Fig. 1d). Examination of the mitral and tufted cells
following this two-color electroporation reveals either red or green mitral and tufted cells
with only a rare cell labeled simultaneously with the two dyes (1/60 cells, n= 4) (Figs. 1e,
1f). This labeling strategy therefore restricts incorporation of tracer to mitral and tufted cells
innervating only one glomerulus.

We observe that projections from individual glomeruli extend to all major olfactory cortical
regions including the accessory olfactory nucleus, piriform cortex, olfactory tubercle,
cortical amygdala and lateral entorhinal cortex (Fig. 2b, Suppl. Fig. 3). Visualization of the
extent of axonal projections was facilitated by the development of a flattened hemi-brain
preparation that enables high-resolution imaging of all olfactory centers except the anterior
olfactory nucleus, which is obscured by the overlying lateral olfactory tract. The glomeruli
we have examined project to all the major olfactory cortical regions independent of the
spatial location of the glomerulus within the olfactory bulb (n=21 different glomeruli in the
flattened preparation; see below). Each of the different higher olfactory centers receives a
qualitatively unique pattern of input from the olfactory bulb (Fig. 2b, Suppl. Fig. 3). In the
piriform cortex a distributive representation is observed, whereas in the amygdala mitral cell
projections are broad but spatially segregated.
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Mitral and tufted cell axons extend to the piriform cortex via the lateral olfactory tract
(LOT). We observe that axonal branches exit the LOT at right angles and extend upward to
densely and diffusely project to the piriform cortex along the entire anteroposterior axis
(Figs. 3a—3c), with no apparent spatial preference in any dimension. High resolution
multiphoton imaging reveals varicosities likely to be axonal boutons (Suppl. Fig. 4). The
spatial distribution of these varicosities is similar in every field imaged and is independent
of glomerular origin, suggesting that mitral and tufted cell synapses with piriform neurons
are distributed throughout the piriform cortex (Suppl. Fig. 5). The density of these
varicosities within the piriform cortex is also similar regardless of the identity of the
electroporated glomerulus, further suggesting that each glomerulus makes a similar number
of synapses (MOR1-3: 10.2 +/- 0.57 uM of axon per varicosity; M72 (1): 9.9 +/- 0.65 and
M72 (2): 10.1 +/- 0.36 pM of axon per varicosity; Suppl. Figs. 4-5). The highly dispersed
pattern of projection to the piriform cortex is observed from every glomerulus examined
independent of its identity or location within the olfactory bulb (n = 21; Suppl. Fig. 6). On
visual inspection, the patterns of projection from two identical glomeruli are no more similar
than the patterns of projection observed from two different glomeruli.

We performed hierarchical and k-means clustering to determine whether the observed
patterns of projections from different glomeruli are quantitatively distinguishable (see
Methods). We were unable to identify any parameters, including axon fiber positions,
density of TMR labeling, center of mass X and Y coordinates and centroid X and Y
coordinates, that reliably distinguish the projection patterns from different glomeruli (Suppl.
Table 1). All measured parameters were similar upon comparison of the projection patterns
from identical or different glomeruli (Suppl. Fig. 7).

Cross-correlation analysis was performed to compare the patterns of piriform projections
from different glomeruli (see Methods, Suppl. Fig. 8 for detailed explanation of method and
interpretation). The correlograms comparing identical and distinct glomeruli display an
extended region of moderate correlation (Figs. 3d-3f). These data suggest that the dispersed
pattern of projections is largely homogeneous in density over several spatial scales (Suppl.
Fig. 9) and indicate that the patterns are similar for each of the 24 glomeruli we have
examined. The similarity of correlograms from identical and different glomeruli provide
further evidence that the pattern of piriform projections does not differ for each of the
distinct glomerulus types. Thus, the mitral cells innervating an individual glomerulus discard
the insular and invariant spatial segregation of the bulb and project dense, dispersed axons to
the piriform cortex with no discernible spatial bias.

We next examined the patterns of projections of single glomeruli to the cortical amygdala.
The cortical amygdala consists of three nuclei: the anterior cortical, posterolateral cortical,
and posteromedial cortical nuclei. The posteromedial cortical nucleus, a major site of
innervation from the accessory olfactory bulb?, receives no discernible input from any of
the glomeruli of the main olfactory bulb we have examined (Figs. 4a—4c, n = 33 glomeruli in
the en face preparation, see Methods), and we observe relatively sparse projections anterior
to the posterolateral nucleus. We therefore restrict our analysis to the posterolateral cortical
nucleus. The patterns of projection from individual glomeruli in the posterolateral nucleus
reveal dense, patchy axonal projections that exhibit a focal nexus surrounded by a less dense
halo of fibers (Figs. 4a—4f). Despite the diffuse nature of projections, different glomeruli
appear to send fibers to anatomically distinct and spatially invariant regions of the
posterolateral cortical amygdala (Figs. 4a—4f). For example, projections from the MOR 1-3
glomerulus consistently occupy the most medial aspect of the posterolateral nucleus,
whereas projections from the MOR28 glomerulus terminate more laterally. These
conclusions are evident on visual inspection and are supported by more quantitative
analysis.

Nature. Author manuscript; available in PMC 2012 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sosulski et al.

Page 4

K-means clustering using relevant parameters extracted from the amygdala projection
patterns after image alignment (center of mass X coordinate, X position of medial-most
fiber, absolute medial fiber density, ratio of lateral/medial fiber density) was performed on
the projections from three identified glomeruli, MOR 1-3 (n=5), MOR 174-9 (n =5), and
MOR 28 (n=4). This cluster analysis correctly assigns glomerular identity for 79% of the
samples examined (one-way MANOVA, p = 0.0006, a = 0.05).

We have performed normalized cross-correlation analysis to further compare the projection
patterns from different glomeruli. Cross-correlation analysis reveals a single peak in the
correlogram that reflects the more focal nature of projections to this brain region than in the
piriform (Figs. 4h—4g). The correlograms between the projection patterns of identical
glomeruli reveal peaks that exhibit a small displacement from the center (Figs 4h, 4i; Suppl.
Figs. 10-11a—c, 12g-h, Suppl. Tables 2 and 3). Cross-correlation using images of projection
patterns from different glomeruli exhibit more varied and often very large displacements
(Fig. 4j; Suppl. Figs. 10-11d-j and 12i, Suppl. Tables 2 and 3). These data indicate that the
cortical amygdala receives spatially stereotyped projections from individual glomeruli.
Although individual glomeruli project to fixed positions, extensive overlap is observed for
the projections from different glomeruli. The apparently random pattern of projections in the
piriform and the determined pattern in the amygdala are likely to provide the anatomic
substrates for distinct olfactory-driven behaviors mediated by these two brain regions.

Insight into the logic of olfactory perception will depend upon an understanding of the how
the highly ordered glomerular map is represented in higher olfactory centers. Previous
experiments have employed the injection of tracer molecules into the bulb or cortex, to
relate the spatial position of projection neurons in the bulb with their targets in higher
olfactory centers®-15, These experiments predate the ability to identify specific glomeruli,
precluding a determination as to whether projections from a single mitral/tufted cell or a
single glomerulus are random or stereotyped.

We have defined a neural circuit that conveys olfactory information from specific glomeruli
in the olfactory bulb to the piriform cortex and the cortical amygdala. A distributive
representation of neurons in the sensory epithelium is converted into a topographic map in
the bulb upon the convergence of like axons onto spatially invariant glomeruli®. The
piriform discards this spatial order; axons from individual glomeruli project diffusely to the
piriform without apparent spatial preference. Neurons from every glomerulus elaborate
similar axonal arbors and quantitative analyses fail to identify features that may distinguish
the individual projection patterns. This data is in accord with retrograde tracings using rabies
virus that reveal the convergence of multiple, spatially distributed glomeruli on a small
number of piriform neurons (Miyamichi et al., this issue). A distributive representation of
glomerular projections in piriform is also observed upon anterograde tracing of individual
mitral cells following Sindbis virus infection (Ghosh et al., submitted).

Optical imaging and electrophysiological studies of neural responses to odors reflect these
anatomic transformations. Distributed neural activity in the sensory epithelium of the nose is
transformed in the bulb, with each odor eliciting distinct spatial patterns of glomerular
activity®9. A second transformation is apparent in the piriform cortex where individual
odorants activate unique ensembles of neurons that are distributed without discernible
spatial order®:17_ These neurons also exhibit discontinuous receptive fields; neurons within
an ensemble responsive to a given odor respond to multiple, structurally dissimilar
odors16:20, The dispersed projections to the piriform provide an anatomic substrate for the
generation of these patterns of neural activity.
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One model consistent with both the anatomy and physiology invokes the random
convergence of excitatory inputs from mitral cells onto piriform neurons such that each
piriform neuron would sample a random combination of glomerular inputs. If the
connections from bulb to cortex are indeed random, then the representation of the quality of
an odorant or its valence in the piriform must be imposed by experience. Odorants, however,
can elicit innate behavioral responses, suggesting that a second area of the brain must
receive determined inputs from the olfactory bulb. The pattern of projections to the
posterolateral amygdala implicate this structure in the generation of innate olfactory-driven
behaviors. This suggestion is in accord with the finding that disruption of the amygdala
abrogates innate, odor-driven behaviors but leaves learned olfactory responses intact?1:22,

The olfactory circuits we describe in the mouse are reminiscent of the architecture of the
olfactory system in Drosophil2?? despite the six hundred million years of evolution that
separate the two organisms. In Drosophila, neurons expressing a given odorant receptor are
distributed throughout the antenna and converge on spatially invariant glomeruli in the
antennal lobe. Information from the antennal lobe bifurcates with one branch exhibiting
spatially invariant projections to the lateral horn, a brain region mediating innate olfactory
behaviors. A second branch projects to the mushroom body, a structure required for learned
olfactory responses. This anatomic and functional bifurcation provides a context in which to
consider the generation of the various forms of olfactory-driven behavior in both flies and
mice. Our data suggest that innate olfactory behaviors derive from determined neural
circuits selected over evolutionary time, whereas learned behaviors may be mediated by the
selection and reinforcement of random ensembles of neurons over the life of an organism.

Methods Summary

Single glomeruli and their associated mitral and tufted cells were labeled in adult mice via
electroporation of 3kD tetramethylrhodamine dextran (Invitrogen) under a twophoton
microscope (Prairie Technologies). Glass electrodes were backfilled with dye and guided to
a glomerulus center, and current was applied to the back of the pipette (50V, 30msec pulses,
2Hz, 7-10 minutes, repeated 2—4 times, Grass Technologies). Afterwards, animals were
allowed to recover for 5 days before sacrifice. Excised brains were prepared for imaging
either by flattening the cortex of the right hemisphere or surgical excision of the cortical
amygdala. TMR dextran signal was amplified by antibody staining (Jackson
Immunoresearch), and samples were counterstained (NeuroTrace 435, Invitrogen). Images
were acquired using multiphoton excitation on a Zeiss 710 or a Prairie In Vivo microscope.
Image Z-stacks of the piriform cortex or cortical amygdala were aligned using SPM8 and
Photoshop, and then quantified using ImageJ and custom-written Matlab code (Mathworks,
Inc). Detailed descriptions of methods are available as supplementary methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Targeted electroporation of tetramethylrhodamine (TMR) dextran labels cells that
innervate a single glomerulusin the olfactory bulb

A mouse olfactory bulb in which MOR 174-9 is labeled with GFP, before (a) and after (b)
electroporation with TMR dextran (scale bar = 40 uM). (c) Image similar to (a) where
electroporation was performed in a mouse in which synaptopHIuorin is expressed in all
glomeruli (OMP-IRES-spH, green); note that labeling (red) is confined to a single
glomerulus (scale bar = 85 uM). (d) Control experiment in an OMP-IRES-spH mouse in
which neighboring glomeruli were electroporated with TMR dextran (red, left) and
fluorescein dextran (green, right, scale bar = 45 pM). (e) Labeling of mitral cells (red, green)
as a result of the experiment in (d). (f) Quantification of the overlap in mitral cell labeling in
experiments similar to (d) (n = 4).
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Figure 2. Mitral/tufted cells connected to a single glomer ulus exhibit distinct patter ns of
projectionsto several areas of the olfactory cortex

(a) A flattened hemi-brain preparation of the olfactory cortex with nuclei identified by
counterstain (blue, NeuroTrace 435) and relevant structures outlined in white (LOT = lateral
olfactory tract; AON = anterior olfactory nucleus; OT = olfactory tubercle; PIR = piriform
cortex; AMG = cortical amygdala; ENT = lateral entorhinal cortex). (b) A hemi-brain from
a mouse in which a single glomerulus was electroporated with TMR-dextran (red). Note the
unique pattern of projection in each of the olfactory areas (scale bar = 700 uM, see also
Suppl. Fig. 3).

Nature. Author manuscript; available in PMC 2012 May 17.



1duosnuey JoyIny vd-HIN

Sosulski et al. Page 10

MOR 1-3 MOR 174-9 Random spH

MOR 1-3x MOR 1-3 MOR 1-3 x MOR 174-9 Random A x Random B Autocorrela!lon

" " a ’— /‘ r‘

Figure 3. Projections from single glomer uli to piriform cortex are disper se, homogeneous and
indistinguishable

Images of axons innervating the piriform cortex (red) from mitral and tufted cells that
connect to the glomerulus corresponding to MOR 1-3 (scale bar = 500 uM) (a), MOR 174-9
(b) or a random selection of glomeruli labeled with TMR-dextran (c). Correlograms plotted
using the matrix of correlation coefficients generated by normalized cross-correlation of two
MOR 1-3 piriforms (d), a MOR 1-3 and a MOR 174-9 piriform (€), and two piriforms in
which random glomeruli were labeled (f). Cross-correlation is performed using aligned
images of projection patterns as seen in (a)—(c). (g) Autocorrelograms generated using
methods from (d) in which a labeled piriform is compared to itself. Note that correlograms
in () are essentially indistinguishable from the correlograms in (d)—f).
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Figure 4. Projections from single glomeruli to the cortical amygdala ar e broad, patchy and
stereotyped

Images of the cortical amygdala reveal similar projections from the mitral and tufted cells
that connect to the MOR 1-3 glomerulus in two different brains (circle = approximate
posterolateral cortical nucleus boundary; scale bar = 400 uM) (@), but projections that are
distinct from those of mitral/tufted cells connected to the MOR 28 glomerulus (b) or six
randomly selected glomeruli (c). “D” or “V” in the bottom right corner of the image
indicates whether the electroporated glomerulus was located dorsally or ventrally in the
bulb. (d)—(f) Counterstained images from a subregion of images in (a)—(c) displaying a
closer view of projection patterns (scale bar = 400 uM). Correlograms plotted using the
matrix of correlation coefficients generated by normalized cross-correlation of MOR 28 x
MOR 28 projection patterns within the cortical amygdala (h), MOR 1-3 x MOR 1-3
projection patterns (i), or projection patterns from glomeruli of different types (j). (k)
Autocorrelograms of the PLCo from two labeled glomeruli correlated with themselves. Note
that in the en bloc preparation shown here, the lateral/medial axis (indicated by the
orientation bars) is synonymous with the dorsal/ventral axis, as this region of brain is
curved.
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