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The piriform cortex (PCX) is the largest component of the olfactory
cortex and is hypothesized to be the locus of odor object
formation. The distributed odorant representation found in PCX
contrasts sharply with the topographical representation seen in
other primary sensory cortices, making it difficult to test this view.
Recent work in PCX has focused on functional characteristics of
these distributed afferent and association fiber systems. However,
information regarding the efferent projections of PCX and how
those may be involved in odor representation and object recog-
nition has been largely ignored. To investigate this aspect of PCX,
we have used the efferent pathway from mouse PCX to the
orbitofrontal cortex (OFC). Using double fluorescent retrograde
tracing, we identified the output neurons (OPNs) of the PCX that
project to two subdivisions of the OFC, the agranular insula and
the lateral orbitofrontal cortex (AI-OPNs and LO-OPNs, respec-
tively). We found that both AI-OPNs and LO-OPNs showed
a distinct spatial topography within the PCX and fewer than 10%
projected to both the Al and the LO as judged by double-labeling.
These data revealed that the efferent component of the PCX may
be topographically organized. Further, these data suggest a
model for functional organization of the PCX in which the OPNs
are grouped into parallel output circuits that provide olfactory
information to different higher centers. The distributed afferent
input from the olfactory bulb and the local PCX association circuits
would then ensure a complete olfactory representation, pattern
recognition capability, and neuroplasticity in each efferent circuit.
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he olfactory system creates perceptual odor objects from

often complex mixtures of diverse airborne chemicals (1, 2).
This formidable job is mainly accomplished by a surprisingly
“shallow” three-level pathway, comprising the olfactory epithe-
lium, olfactory bulb, and olfactory cortex (3). The olfactory ep-
ithelium accommodates millions of olfactory sensory neurons
(OSNs), each of which can be defined by the particular receptor
protein selected for expression from the ~1,000 odor receptor
genes in the typical mammalian genome (4, 5). Axons from all
OSNs expressing the same odor receptor coalesce into a few
glomeruli on the surface of the olfactory bulb (6-8). Each glo-
merulus is therefore dedicated to a particular receptor. The
position of each glomerulus appears to vary only slightly from
animal to animal, giving rise to speculation that the glomeruli
form a spatial map of odor sensitivities.

Within the glomeruli, the incoming OSN axons form synapses
with the apical dendrites of second-order neurons and the mitral
and tufted cells, providing what would seem to be an anatomical
basis for topographical odorant representation (9-11). Each of
about a dozen mitral or tufted cells innervating only a single
glomerulus send their axons to targets in a number of ventral
forebrain areas, collectively termed the olfactory cortex (12).

However, this seemingly orderly topography of odorant rep-
resentation is not maintained in the olfactory cortex. Especially
in the largest olfactory area—the piriform cortex (PCX)—
odorants are represented by sparse, distributed, and spatially
overlapping neural ensembles across the cortex (13-18). This
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nontopographical representation stems largely from the archi-
tecture of the PCX, including distributed afferent inputs (19-21),
and a similarly distributed intracortical association fiber system,
which links single cortical neurons (pyramidal and semilunar
cells) with neighboring and distant neurons (22-25). Furthermore,
each cortical neuron receives an apparently random collection of
glomerular inputs (26, 27). Therefore, a spatial location of the
cortex is not predictive of odorant tuning as neighboring neurons
may exhibit distinct receptive ranges (14, 18, 27).

Compared with existing data on the afferent and association
connections, data on the efferent aspects of PCX are limited.
Although previous studies have identified a number of higher
centers that are targeted by the PCX output neurons (OPNs),
including the orbitofrontal cortex (OFC), hippocampus, hypo-
thalamus, and thalamic nuclei (28-31), information regarding
organization and spatial distribution of these neurons (pyramidal
and semilunar cells) is lacking. Questions such as how the OPNs
projecting to different targets are distributed within PCX and
whether that may imply any intrinsic or functional organization
of the PCX remain unanswered. Given the complexity of the
distributed afferent and association fiber system, data from
the efferent system may help to discern organizing principles
in the PCX and lend some understanding as to how it processes
incoming sensory information.

To reach this goal, we focused on the projection from the PCX
to the OFC, an important center for odor-guided behaviors (19,
30, 32). We injected different cholera toxin B (CTB) subunit
fluorescent conjugates into two subdivisions of the OFC, the
agranular insular (AI) and the lateral OFC (LO), in mice and
examined the PCX for retrograde labeling (33). We found that
the OPNs projecting to the Al and the LO are differentially

Significance

The mammalian olfactory system is capable of detecting and
discriminating a vast and diverse array of small organic mole-
cules or odorants. Complex blends of these chemicals are fi-
nally perceived as a unified odor object—for example, a rose
contains dozens of active compounds. The piriform cortex
(PCX) is the largest component of the olfactory cortex and has
been hypothesized to be the locus of odor object formation.
However, the PCX shows a distributed odorant representation
that contrasts sharply with the topographical representation
typically seen in the other primary sensory cortices. In this ar-
ticle, we explore an alternative organizational principle for the
PCX based on where neurons are sending their output, rather
than where these neurons are receiving their input.

Author contributions: C.-F.F.C. and S.J.F. designed research; C.-F.F.C, D.-J.Z., and L.X. per-
formed research; C.-F.F.C,, D.-J.Z, C.G.A, LX, and C.A.G. analyzed data; and C.-F.F.C, D.-J.Z,,
C.A.G., and S.J.F. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
"To whom correspondence should be addressed. Email: sjf24@columbia.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1411266111/-/DCSupplemental.

PNAS | November 25,2014 | vol. 111 | no.47 | 16931-16936



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1411266111&domain=pdf
mailto:sjf24@columbia.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1411266111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1411266111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1411266111

distributed. Interestingly, both OPNs to the Al and LO exhibited
topographically specific distributions in the PCX. In addition,
they showed distinct distribution patterns along the anterior—
posterior axis of the PCX. These two OPN populations had
limited overlap within the anterior PCX (aPCX), as double-
labeled neurons were extremely rare. These data suggest that
the functional organization of PCX may be better understood
through its output circuits, shedding new light on the role of
olfactory cortex in central odor processing.

Results

CTB Retrograde Tracing Confirmed Neural Connectivity of the OFC.
To examine the quality of the CTB injections, we checked
locations of the injection sites, along with the CTB labeling in
areas that project directly to the OFC, including the mediodorsal
(MD) and the submedius (Sub) thalamic nuclei, the lateral and
the basolateral amygdaloid nuclei, the endopiriform nucleus, and
the PCX (30, 34, 35). We first confirmed that the injection sites
of all five animals were confined in the Al and/or the LO (Fig. 1
A and D). In each animal, the CTB-positive cells were identified
in the MD and the Sub thalamic nuclei, although some Al
projecting neurons were also found in the ventromedial thalamic
nucleus (Fig. 1B). CTB-positive cells in the ventral forebrain
areas included the lateral and the basolateral amygdaloid nuclei
(Fig. 1C), the endopiriform nucleus (Fig. 2 4, B, E, and F), and
the PCX (Fig. 2). Together, these data confirmed the previous
findings on the neural connectivity of the OFC and suggested the
injections were in the correct locations.

OPNs of the PCX Showed Topographical Distributions. We examined
the CTB-positive cells through a series of coronal sections within
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Fig. 1. CTB retrograde tracing in the mice. (4) The injection sites of mouse
020713. Al, CTB-555 (green); LO, CTB-647 (pink); background, NeuroTrace
Blue. Both Al (green) and LO (pink) projecting neurons are located in the
thalamic nuclei (B) and the amygdaloid nuclei (C). (D) Injection sites of all
five animals drawn on a coronal section 2.68 mm anterior to the bregma.
Outlines were reproduced from ref. 46. Al, agranular insular; BLA, baso-
lateral amygdaloid nucleus; LA, lateral amygdaloid nucleus; LO, lateral OFC;
MD, mediodorsal thalamic nucleus; PV, paraventricular thalamic nucleus;
Sub, submedius thalamic nucleus; VM, ventromedial thalamic nucleus; VO,
ventral OFC. (Scale bar, 200 um.)
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three PCX subdivisions, from anterior to posterior: rostral
aPCX, middle/caudal aPCX, and posterior PCX (pPCX). LO-
OPNs (the OPNs projecting to the LO) were labeled by either
CTB-647 or CTB-555 (Materials and Methods), and the distri-
bution patterns appeared to be independent of the two tracer
conjugates (Fig. 2D). The data showed that LO-OPNs were not
evenly distributed but concentrated in specific compartments in
all three subdivisions of the PCX (Fig. 2 A-C and Table 1). The
rostral aPCX is characterized by a dense layer II, which includes
a dorsal (regions 3 and 4) and a ventral band (regions 1 and 2)
(Materials and Methods and Fig. 2A4). Following the LO injec-
tions, 62 + 4% (mean = SEM) of the labeled LO-OPNs were
found in region 1 and 27 + 4% in region 4 of the rostral aPCX.
Only 8 + 1% and 3 + 0% of the cells were in regions 2 and 3,
respectively (Fig. 2D, Left). In the middle/caudal aPCX, where
the layer II dorsal band is not present, LO-OPNs were distrib-
uted similarly; 78 + 3% of the cells were in region 1 and 22 + 3%
in region 2 (Fig. 2D, Center). The pPCX of the mouse begins
when the myelinated M/T-cell axons (the lateral olfactory tract,
or LOT) are no longer well delineated. Very few LO-OPNs were
identified in the pPCX (Table 1), suggesting a very weak pro-
jection from the pPCX to the LO. In this population, 79 + 12%
of the cells were in region 1 and 21 + 12% in region 2 (Fig. 2D,
Right). Together, the nonrandom or compartmental distribution
derived from these data indicates that a topographically orga-
nized efferent system may exist in the PCX. AI-OPNs (the OPNs
projecting to the AI) also showed a topographical distribution
(Fig. 2 E-H and Table 2). Similar to LO-OPNs, AI-OPNs in the
rostral aPCX were located largely in regions 1 (39 + 4%) and 4
(44 + 4%), with only 13 + 2% and 4 + 1% of the cells in regions
2 and 3, respectively (Fig. 2 E and H, Left). Distribution patterns
of AI-OPNs were similar in the middle/caudal aPCX and pPCX,
where the cells were mainly located in region 1 (69 + 2% and 82 +
3%, respectively) (Fig. 2H, Center and Right). Collectively, these
data demonstrate that although the afferent projections from the
olfactory bulb to PCX appear to lack a topographical foundation
(20), the efferent output from PCX OPNs has a segregated con-
nectivity correlated with subdivisions of the OFC.

Target-Dependent OPN Patterns on the Anterior-Posterior Axis of the
PCX. We next studied the distributions of OPNs targeting the
OFC along the anterior—posterior axis of the PCX. Data from
LO-OPNs and AI-OPNs in each animal were smoothed and
normalized to assess the anterior—posterior distributions (Mate-
rials and Methods). LO-OPNs were predominately located in the
aPCX (pink line in Fig. 34). The cell numbers abruptly decreased at
the border of the middle/caudal aPCX. In contrast with LO-OPNs,
the distribution of AI-OPNs fluctuated across the aPCX and
gradually decreased in the pPCX (green line in Fig. 3B).

To assess this further, the CTB-positive cells of the mouse
020713 were plotted on the flattened PCX (Fig. 3C). In this
presentation, two obvious LO-OPN clusters were located in the
medial aspect of the dorsal layer II band (region 4) and the
ventral portion of the ventral band (region 1) of the rostral
aPCX. AI-OPNs interdigitated with LO-OPNs in the rostral
aPCX and the initial third of the middle/caudal aPCX. Posteri-
orly, the PCX was predominately occupied by AI-OPNs, as is
particularly evident in the ventral PCX. Consistent patterns of
both AI-OPNs and LO-OPNs were observed in other animals
(Fig. S1). Together, these data showed distinct OPN patterns
that were dependent on the cells’ targets.

LO- and AI-OPNs Belong to Different Output Circuits. We then asked
whether OPNs had overlapping projections to the Al and the LO
such that single cells may project to both areas. To answer this
question, we examined the percentage of the cells that were
colabeled with CTB-555 and CTB-647 following injections into
the Al and the LO. In addition, we determined quantitatively the
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Fig. 2. Distributions of LO- and AI-OPNs in coronal sections of the PCX. (A) An example of LO-OPNs (pink, CTB-647) in the rostral aPCX. The ventral band of
the aPCX is divided into regions 1 and 2. The dorsal band of the aPCX comprises regions 3 and 4 (Materials and Methods). (B and C) The cell distributions in the
middle/caudal aPCX where B is anterior to C. (D) Regional distributions of LO-OPNs in the rostral aPCX (Left), the middle/caudal aPCX (Center), and the pPCX
(Right). Data of individual animals were shown in the lines of different colors. (E-G) Examples of AI-OPN (green, CTB-555) distribution in the rostral aPCX, the
middle/caudal aPCX, and the pPCX, respectively. (H) Regional distributions of AI-OPNs in the rostral aPCX (Left), the middle/caudal aPCX (Center), and the
pPCX (Right). The thin white dashed lines mark the regional boundaries, and the thick white dashed lines mark the boundaries of the PCX. /, /I, and /I,
lamination of the PCX. EN, endopiriform nucleus; LOT, lateral olfactory track. (Scale bar, 200 pm.)

spatial or topographical overlap of LO-OPNs and AI-OPNs in
the PCX. Cells of the two populations that located in the same
100 pm X 100 pm squares were defined as within an overlapping
domain (Fig. 3D). We found that only 12 + 2% of labeled
neurons in the rostral aPCX were double-labeled with both CTB
conjugates, indicating that they sent efferent axon collateral to
both OFC subdivisions (Fig. 3E). The average colabeling per-
centages dropped to 7 + 3% and 1 + 1% in the middle/caudal
aPCX and the pPCX, respectively. Overall, only 8 + 2% of the
CTB-positive cells were double-labeled following the LO and the
Al injections. This low percentage of double-labeled cells was
unlikely due to the low labeling efficiency of either tracer. When
a mixture of CTB555 and CTB647 (in equal amounts) was si-
multaneously injected in the OFC, CTB-positive cells in the PCX
were 99% double-labeled by both tracers (Fig. S2).

Chen et al.

In contrast to the paucity of double-labeled cells, 59 + 8% of
the labeled LO-OPNs and AI-OPNs in the rostral aPCX were
found within the overlapping domains defined by the 100-pm
grids (Fig. 3E). These two OPN populations also intermingled
(48 + 7%) in the middle/caudal aPCX. In the pPCX, the fre-
quency of overlapping within a domain dropped to 7 + 4%, per-
haps in part because of the infrequent distribution of LO-OPNs in
the pPCX (Fig. 34). Overall, the frequency of overlap within
domains was 48 + 7%, indicating that the two OPN populations
were not spatially discrete in the PCX. Despite that intermingling,
individual cells were rarely double-labeled. The data suggest
strongly that the PCX neurons that receive nontopographically
defined and overlapping afferent inputs from the olfactory bulb
segregate into a minimum of two parallel output circuits that in-
dependently provided olfactory input to subdivisions of the OFC.
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Table 1. Distribution of LO-OPN in the PCX
Rostral aPCX Middle/caudal aPCX pPCX

Animal Region 1 Region 2 Region 3 Region 4 Region 1 Region 2 Region 1 Region 2
020713 397 (62%) 43 (7%) 26 (4%) 171 27%) 154 (73%) 56 (27%) 15 (58%) 11 (42%)
021213 163 (51%) 27 (8%) 5 (2%) 123 (39%) 336 (72%) 131 (28%) 26 (59%) 18 (41%)
050713 102 (54%) 21 (11%) 4 (2%) 62 (33%) 125 (73%) 47 (27%) 1 (100%) 0 (0%)
052113 226 (70%) 17 (5%) 22 (7%) 57 (18%) 202 (82%) 43 (18%) 0 (0%) 0 (0%)
053113 229 (73%) 22 (7%) 5 (2%) 56 (18%) 129 (88%) 18 (12%) 1 (100%) 0 (0%)
Discussion collections are likely representing similar odor stimuli and gener-

A major aim of research in central odor processing is to un-
derstand the principles regarding odor coding in PCX, a region
lacking an apparent afferent spatial topography, as is found in
other primary sensory cortices (36, 37). Although there is precise
laminar organization (38), a topographical organization in both
afferent and association fiber targeting within the PCX has never
been established (12, 20-22). Odor stimuli are represented in the
PCX by sparse, spatially overlapping, and distributed activity
patterns (13-15). However, the results presented here dem-
onstrate that although the afferent input is nontopographically
organized, a spatial organization emerges from examination of
the efferent circuits of the PCX. The pyramidal cells projecting
to a specific cortical target are not evenly distributed, but rather
are compartmentally distributed in the dorsal-ventral region
of the PCX (Fig. 2). The neurons projecting to the LO are
strongly localized to the most rostral subdivision of the PCX,
whereas the neurons projecting to the neighboring Al are more
broadly distributed throughout the anterior—posterior region
of the PCX (Fig. 3 A-C). The evidence that double-labeling
from the LO and the Al injections was sparse suggests that the
target-dependent output circuits are target-specific as well
(Fig. 3 D and E).

Data regarding efferent topography of the PCX has been
shown in rats (30, 31). Although not highly specified, the pat-
terns of the retrogradely labeled cells presented in the PCX
showed both a bimodal distribution (regions 1 and 4 preference
of the rostral aPCX) and a ventral domination (region 1 preference
of the remaining PCX) (Fig. 2 D and H) following wheat germ
agglutinin-horseradish peroxidase injections into the OFC sub-
divisions (30). A specific subdivision in the ventral aPCX (com-
parable to region 1 of the present study) has also been identified by
Ekstrand et al. for its strong neuronal projection to the OFC (31).
These studies together suggest a location-based efferent system in
the PCX. Our data confirm and extend these previous findings.
Furthermore, the evidence that a large portion of LO- and Al-
OPNs intermingled within the same cortical domains provides an
unexpected insight into this location-based efferent system: Spatial
segregation between OPN populations is not required.

The disparity in anterior—posterior distributions of LO- and
AI-OPNs suggests that the PCX output to each of its targeting
areas may be unique and target-specific. Given the distributed
divergent and convergent afferent projections onto individual
PCX neurons, two output circuits containing random OPN

Table 2. Distribution of AI-OPN in the PCX

ating similar olfactory output. However, data from recent studies
indicated that odors are differentially encoded within the two
PCX subdivisions (39-42), with neurons of aPCX encoding more
analytical odor features such as structure-based odor identity and
pPCX neurons encoding more associational information such as
odor similarity and categories. Therefore, neuronal populations
with different aPCX/pPCX ratios could potentially generate
outputs with unique qualities. In the present study, for example,
output from LO-OPNs may contain preferentially odor identity
information, whereas the olfactory percept generated by Al-
OPNs may be more “balanced.” With this hypothesis in mind, it
is possible that the differential olfactory outputs may reflect the
roles of the LO and the AI in odor-guided behaviors and ol-
factory associative learning. More data from neural track tracing,
functional imaging, and animal behavioral studies will be needed
to test these hypotheses.

The efferent PCX topography matches strikingly well with
patterns of OFC-to-PCX (top—down) projection. aPCX receives
projections from cells of both LO and Al, whereas pPCX
receives projections largely from Al (43, 44). In addition, labeled
axons from subdivisions of OFC show similar bimodal distribu-
tion and ventral domination within the aPCX (44). Therefore,
the reciprocal connections between subdivisions of PCX and
OFC appear to be precise and specific.

The extreme organization of the peripheral olfactory system,
in which particular odorant receptors appear to direct the forma-
tion of a segregated map of function in the glomeruli on the surface
of the olfactory bulb, has given rise to numerous models of to-
pographical odor representations. Piriform cortex would seem to
be the natural location for the processing of this topographical
olfactory map to form odor objects, except that anatomical and
physiological features of both afferent and associational fiber
systems indicate a highly distributed organization (15, 20-22, 25,
26). The results presented here suggest that PCX does have
a topographic organization but that it is more clearly understood
through output rather than input. That is, populations of PCX
neurons are segregated depending on where their axons are
projecting and not on the input they are receiving.

Indeed it would appear that most pyramidal and semilunar
cells, the OPNs of the PCX, may get very similar input from the
periphery and that a relatively small number of them sampling
this input is sufficient to produce a coherent projection to higher
centers for further processing. As few as 500 PCX neurons are
sufficient to encode odor identity (45), yet a given odor may

Rostral aPCX Middle/caudal aPCX pPCX
Animal Region 1 Region 2 Region 3 Region 4 Region 1 Region 2 Region 1 Region 2
020713 62 (33%) 21 (11%) 9 (5%) 95 (51%) 360 (72%) 141 (28%) 327 (77%) 96 (23%)
021213 86 (36%) 32 (13%) 7 (3%) 113 (47%) 427 (67%) 208 (33%) 179 (78%) 50 (22%)
050713 44 (33%) 24 (18%) 8 (6%) 56 (42%) 193 (65%) 104 (35%) 23 (92%) 2 (8%)
053113 135 (52%) 33 (13%) 5 (2%) 87 (33%) 321 (72%) 125 (28%) 143 (79%) 37 (21%)
16934 | www.pnas.org/cgi/doi/10.1073/pnas.1411266111 Chen et al.


www.pnas.org/cgi/doi/10.1073/pnas.1411266111

L T

z

1\

=y

LO projecting neurons

1.001 ; : . 020713
5 * 021213
+ thealn ' * 050713
5 0.80 Ik ' * 053113
8 A :
— 1
v 0.601 :
i :
N 0.401 !
© ]
E n
S 0.204 il
Z -'n
0.004 - -
31 36 41 46 51 56 61 66 71
Rostral  Middle/caudal Posterior
aPCX aPCX PCX

<

-

Rostral ' Middle/Caudal

aPCX

uy)

Al projecting neurons

1.001 * 020713
- P . 021213
— o4 1 H = 050713
5 0.804 ! i, * 053113
o L} LY
v ]
- i
‘v 0.60+ "
(v
?
N 0.401
]
g 0.20+4
=
0.004 T T T — —r . * '
31 36 41 46 51 56 61 66 71
Rostral ~ Middle/caudal Posterior
aPCX aPCX PCX
E =0
070 [ Double-labeled
- ¥
+ [ Overlapping
< 60 domains
"
T 50
%5 40
&30
g
= 20
]
o 10
£ B
0

Rostral M/C  Posterior Total
aPCX aPCX PCX PCX

Rhinal Sulcus

Posterior
PCX

« 1-3cells
® 4-7cells
@ 8+ cells

Fig. 3. The OPN distributions on the anterior—posterior axis of the PCX. (A and B) Cell-count data of the coronal sections were normalized and plotted for
each animal and presented by dots of different colors. The smoothed distribution patterns (gray lines) of each animal were also normalized (Materials and
Methods). The thick pink and green lines represent the average LO-OPN and AI-OPN distributions on the anterior—posterior axis. The dashed lines separate
subdivisions of the PCX. (C) Distribution patterns of the LO-OPNs (pink) and the AI-OPNs (green) from mouse 020713, presented by three dot sizes. The dashed
vertical lines mark the boundaries between the rostral aPCX, the middle/caudal aPCX, and the pPCX. Regions 1-4 are separated by thin dashed lines. (D) An
example of the Al (green, CTB-555) and LO (pink, CTB-647) projecting neurons that are within overlapping domains (white boxes) of the PCX. Neurons
projecting to both OFC areas are labeled by both CTB-555 and CTB-647 (marked by the yellow arrows). (E) Average percentages of the OPNs that are double-
labeled (white bars) and within overlapping domains (gray bars) in the three PCX subdivisions. Error bars, standard error.

activate thousands of PCX neurons (13, 15). It may be that
specific features of the odor input are extracted by these dif-
ferent populations such that higher cortices receive slightly dif-
ferent versions of the odor input and that an integration stage,
where the final percept is delivered to consciousness, must be
imagined beyond the PCX. Whatever or wherever that mechanism
may turn out to be, it now seems clear that the odor “map” sug-
gested for the olfactory bulb is not required or used for perception.
The transformation of a chemical or set of chemicals into an odor
percept may be widely distributed in multiple brain areas.

Materials and Methods

CTB Injection. We used adult C57BL/6)J male mice (4-10 wk old) bred in the
animal facility of Columbia University and housed on a 12-h light/dark cycle,
with food and water available ad libitum. Animal care protocols and all

Chen et al.

experiments were approved by the Columbia University Institutional Animal
Care and Use Committee and were in accordance with National Institutes of
Health guidelines.

The animal was anesthetized by injecting ketamine/xylazine (initial dose,
90 mg/10 mg/kg) intraperitoneally. A deeply anesthetized animal was placed
into the stereotaxic device with a heating unit underneath its abdomen. One
burr hole (~3 mm x 2 mm) on the dorsal surface of the skull was created by
a craniotomy. Dura mater was carefully removed using a new 19 G needle.
The ketamine/xylazine boosters (20% initial dose) were provided to the
animal during the surgery as needed.

For the retrograde tracing, two CTB fluorescent conjugates, Alexa Fluor
555 and 647 (Life Technologies), were dissolved with phosphate buffer saline
(pH 7.4) to make 0.5% solutions. The injection micropipettes were pulled
from borosilicate glasses (OD, 1.2 mm; ID, 0.6 mm), and their tips were broken
to generate an opening ~20 pm in diameter. The CTB loaded micropipette
was positioned to either coordinates (for the Al, 2.46 mm anterior and 2.10
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mm lateral to the bregma; for the LO, 2.46 mm anterior and 1.50 mm lateral
to the bregma) and lowered 2.00 mm (LO) or 2.15 mm (Al) from the surface.
The CTB conjugates were injected by iontophoresis (33) by pulses (+4 pA)
with a 7 s on/off cycle for 30-45 min to create an injection site <200 pm in
diameter (Fig. 1A). After injection, the micropipette stayed in the same
position for 1 min. During micropipette extraction, a constant negative
current (0.5 pA) was provided to minimize tracer leakage in the track. We
used bone wax (World Precision Instruments) to seal the burr hole and
Vetbond (3M) to close the wound.

A total of 18 male mice were used in this study, and five of them were
selected for further examination based on location and precision of label
injections. Three mice (020713, 021213, and 053113) had CTB-555 in the Al
and CTB-647 in the LO. To ensure each dye does not preferentially label one
population of OPNs, one mouse (050713) had CTB-555 in the LO and CTB-647
in the Al. One mouse (052113) had CTB-555 in the LO and no tracer in the Al.
To test the efficacy of colabeling, one mouse was simultaneously injected
with a mixture of both tracers in equal amounts.

Data Acquisition and Analysis. The mice were perfused intracardially with
4% (wt/ivol) paraformaldehyde 7 d after tracer injections. Coronal brain cryo-
sections (25 pm thick) were mounted on the gelatin-coated slides into three
series and stained with NeuroTrace 435/455 Blue fluorescent Nissil stain (1:150
dilution) (Life Technologies). For each animal, only one series of the brain
sections was imaged with a Zeiss LSM 700 confocal microscope. All images
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were acquired using Zen 2010 (Carl Zeiss Inc.), which combined multiple
scanned images (319.8 um x 319.8 ym each) with 3~4 focal planes and
superimposed them into one composite image. The PCX images were first
registered on an anterior-posterior axis using the Allen mouse brain atlas
(46). The PCX was divided into three subdivisions: the rostral aPCX (position
31-39), the middle/caudal aPCX (position 40-54), and the pPCX (position 55—
74). A CTB-positive cell was confirmed by seeing the colabeling of the CTB
and NeuroTrace Blue that labeled Nissl bodies in the cytoplasm of a cell.
Using this method, we manually counted the CTB-positive cells in layers II/1lI
of the PCX. The cells in the endopiriform nucleus were not included in
the analysis.

To generate an anterior-posterior distribution pattern of the OPNs in
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tered on the anterior—posterior axis. A smoothed line that connects each
data point was generated using spline algorism in Matlab (MathWorks).
Because each animal had a unique retrograde tracing condition, to compare
the patterns of individual animals, both the data points and the smoothed
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value of the datasets.
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