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In Brief

Boyd et al. show that olfactory cortical
feedback projections have brain-state-
dependent activity and diverse odor-
evoked responses and lack functional
topographic organization within the
olfactory bulb. This suggests that
corticobulbar feedback maintains the
distributed organization of the piriform
cortex and broadcasts odor information
diffusely across bulbar circuits.
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SUMMARY

Odor representations are initially formed in the olfac-
tory bulb, which contains a topographic glomerular
map of odor molecular features. The bulb transmits
sensory information directly to piriform cortex, where
it is encoded by distributed ensembles of pyramidal
cells without spatial order. Intriguingly, piriform cor-
tex pyramidal cells project back to the bulb, but the
information contained in this feedback projection is
unknown. Here, we use imaging in awake mice to
directly monitor activity in the presynaptic boutons
of cortical feedback fibers. We show that the cortex
provides the bulb with a rich array of information
for any individual odor and that cortical feedback
is dependent on brain state. In contrast to the
stereotyped, spatial arrangement of olfactory bulb
glomeruli, cortical inputs tuned to different odors
commingle and indiscriminately target individual
glomerular channels. Thus, the cortex modulates
early odor representations by broadcasting sensory
information diffusely onto spatially ordered bulbar
circuits.

INTRODUCTION

Sensory regions of the neocortex receive information from the
thalamus and make corticothalamic feedback projections that
serve to modify thalamic sensory processing (Briggs and Usrey,
2008). In the visual, auditory, and somatosensory systems, the
connectivity of feedback projections onto thalamic neurons is
linked to the tuning preferences of the cortical cells involved
and there is a high degree of reciprocity between topographically
aligned areas of cortex and thalamus (He, 2003; Murphy et al.,
1999; Temereanca and Simons, 2004). The olfactory system is
unique in that sensory information bypasses the thalamus such
that the primary olfactory (piriform) cortex receives sensory input
directly from the olfactory bulb, the first brain region in which
odor information is processed. Similar to corticothalamic path-
ways, olfactory cortex pyramidal cells send dense projections
back to the olfactory bulb (Luskin and Price, 1983). However,
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the information sent back to the bulb from the piriform cortex
(PCx) and the functional topography of feedback input has not
been established.

The olfactory bulb contains a highly ordered spatial map of
odorant molecular features. This reflects the fact that olfactory
sensory neurons (OSNs) expressing only one out of ~1,000
odorant receptors converge input onto two unique glomeruli
(out of ~2,000) in each olfactory bulb (Mombaerts et al., 1996).
Within each glomerulus, OSNs contact a unique set of principal
mitral cells that project sensory information to the PCx. Ulti-
mately, different odors activate distinct glomerular channels,
generating a stereotyped topographic map of odor space in
the olfactory bulb (Soucy et al., 2009). In contrast, studies of sen-
sory representations in the PCx reveal that odors are encoded
by dispersed and overlapping populations of pyramidal cells
without obvious spatial order (Stettler and Axel, 2009). Thus,
the initial stereotyped and topographic representation of olfac-
tory information in the bulb is discarded and replaced by a
distributed ensemble coding strategy in the cortex.

Mitral cell odor responses are not solely determined by the
excitatory input they receive from individual glomeruli. This re-
flects the fact that mitral cell activity is regulated by a variety of
local GABAergic interneurons, the most prominent of which are
periglomerular cells, which contact the apical dendritic tuft of
mitral cells, and granule cells that inhibit mitral cell lateral den-
drites (Shepherd et al., 2004). The axonal projections of PCx py-
ramidal cells are particularly dense in the granule cell layer and
also surround, but do not extend into, glomeruli (Matsutani,
2010), suggesting that bulbar interneurons are the major targets
of cortical feedback. Consistent with this idea, granule and peri-
glomerular cells are strongly excited by cortical feedback projec-
tions (Boyd et al., 2012; Markopoulos et al., 2012), and activation
of PCx amplifies odor-evoked mitral cell inhibition (Boyd et al.,
2012). Thus, PCx can effectively gate odor-evoked olfactory
bulb output and directly regulate the sensory input it receives.

Although cortical feedback has a strong impact on olfactory
bulb circuits, the nature of the information contained in feedback
projections is unclear. What is the olfactory cortex trying to “tell”
the olfactory bulb? To address this question, we express the ge-
netically encoded Ca?* indicator GCaMP6s (Chen et al., 2013) in
PCx and use two-photon imaging to study the activity of pyrami-
dal cell axonal boutons in the olfactory bulb of awake mice. We
determine the sensory information within long-range cortical
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Figure 1. Cortical Feedback Inputs Have Diverse Response Properties

(A4) Left: viral vectors expressing GCaMP6s and tdTomato are injected in piriform cortex (PCx) to label olfactory bulb projections. Right: schematic of two-photon
imaging via a cranial window over the ipsilateral olfactory bulb (OB) in awake, head-fixed mice.

(Ao) Left: tdTomato expression in PCx axons from a coronal OB slice. Axonal projections are most prevalent in the granule cell and glomerular layer. Right: in vivo
2-photon image of tdTomato (red) and GCaMP6s (green) expressing boutons from the OB glomerular layer of an awake mouse.

(B) Odor-evoked GCaMP6s activity in individual boutons reveals a wide range of response properties. (B1) Responses from a glomerular layer imaging field show
that boutons tuned to different odors are intermingled. Left: image of GCaMP6s expression (white) shows ROls (red outlines) drawn around individual boutons.
Right: responses of four boutons (rows) to four odors (columns). Gray lines are individual trails, and black lines show the average response to each odor. Filled
circles above each trace indicate a significant response (excitation, red; inhibition, blue), and the colored circles to the left of traces indicate ROls marked in the
GCaMP6s image. (B») Responses in the granule cell layer from the same animal.

(C) Dynamics of odor-evoked feedback activity. Top: heatmaps of the activity of all responsive bouton-odor pairs showing excitation (3855 bouton-odor pairs) or
suppression (1,907 bouton-odor pairs), sorted by their onset times (50% of peak). Bottom: histograms of the onset times of all responsive bouton-odor pairs show
that excitatory responses are temporally more diverse in the awake state, while inhibitory responses are more time locked to odor onset. Vertical lines indicate the
odor period.

(D4) Odor tuning curve for boutons responding with excitation (red) or suppression (blue). Inset: proportion of all boutons with no response (NR), excitation only (E),
suppression only (S), or both excitation and suppression (E&S).

(Do) All odors have an equal probability of eliciting excitatory responses (n = 13 imaging fields). Dashed line indicates expected value (14.3%) if each odor
randomly activates boutons with equal probability.

projections and show its modulation by brain state. In contrast to
corticothalamic pathways, we show that the targeting of feed-
back input ignores local topographic order, allowing the cortex
to broadcast sensory information widely across olfactory bulb
circuits.

RESULTS

We co-injected two different viral vectors to express GCaMP6s
(adeno-associated virus [AAV] 2/9-syn-GCaMP6s) and the activ-
ity-independent reporter tdTomato (AAV 2/9-syn-tdTomato) in
PCx pyramidal cells (Figures 1A; and S1). To visualize cortical
feedback inputs, we subsequently imaged the ipsilateral olfac-
tory bulb of awake, head-fixed mice through a chronically
implanted glass window ((Kato et al., 2012), Figure 1A4). The
tdTomato signal was used for registration of image time series
as well as estimation of residual movement-related artifacts

that we used to establish the GCaMP response threshold (Ex-
perimental Procedures; Figure S1). The labeling pattern in the
olfactory bulb was consistent with previous reports of cortical
projections (Boyd et al., 2012; Markopoulos et al., 2012): labeled
axons and boutons were densest in the granule cell layer and
prominent in the glomerular layer (Figure 1A,). We never ob-
served labeling in local bulbar neurons, indicating that signals
arise exclusively from long-range cortical projections.

We resolved individual micrometer-sized varicosities in vivo
(Figure 1Ay) and assume that each represents a single presynap-
tic bouton (Petreanu et al., 2012). Co-injection of tdTomato and
GCaMP led to co-expression of the two fluorescent proteins in
the same fibers and boutons as well as non-overlapping expres-
sion in separate populations of fibers. We first examined sen-
sory-evoked activity in the awake state by testing the responses
of individual boutons to a panel of seven structurally diverse,
monomolecular odorants (each at 100 ppm). Individual boutons
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within a single field of view (85 x 85 or 128 x 128 um) revealed
diverse responses (Movie S1). In both the granule cell and
glomerular layer, odor application (4 s) elicited increases in the
activity of single boutons (measured as dF/F). Individual boutons
showed a range of odor tuning, from being odor selective to re-
sponding to all tested odors. Furthermore, immediately adjacent
boutons could have divergent tuning properties (Figure 1B).
The time course of odor-evoked activity varied from phasic re-
sponses to long-lasting activity that persisted for many seconds
after odor delivery. We observed odor-evoked decreases in fluo-
rescence (negative dF/F responses), indicating that sensory
stimulation could also suppress the basal activity of feedback
projections. Pairwise correlation analysis of boutons indicated
that, on average, a minimum of 20.5 + 2 distinct axons (n = 23
fields) contributed to each imaging field (Figure S1). There
were no obvious differences between the properties of boutons
in the two bulb layers (total boutons = 4,948, n = 9 granule cell
layer fields, 18 glomerular layer fields, 16 mice), and results
were pooled for further analysis.

Excitatory and suppressive responses had different temporal
dynamics; while the onset time of excitation included both on
and off responses, suppressive activity was more time locked
to odor onset (Figure 1C). Boutons with odor-evoked increases
in activity (21.2% out of 5,353 total boutons) were more prevalent
than those showing suppression (11.5%), and boutons with both
excitatory and suppressive responses to different odors were
rare (2.4%; Figure 1D4). The fraction of odor-activated boutons
we observe (~24%) is consistent with a previous PCx imaging
study using five odors that found ~35% of layer 2 neurons are
odor responsive (Stettler and Axel, 2009). Since the optical
detection of odor-evoked suppression relies on substantial basal
activity, we are potentially underestimating decreases in feed-
back input. Nonetheless, the tuning properties of boutons in
which odors elicited increases or decreases in activity were
similar: ~50% of boutons responded with specificity (to two or
fewer of the seven odors). Although most boutons (~65%)
were unresponsive to the tested odors, virtually all boutons lack-
ing odor-evoked responses (>90%) displayed spontaneous
activity, indicating they were functional. Thus, the majority of
feedback inputs are likely to respond to odors more selectively.
We considered the possibility that some odors may be more rep-
resented by cortical feedback than others. However, across the
population of responsive boutons tested with the same panel
of odors (n = 554 boutons, 1,674 responses), each odor was
virtually identical in terms of its likelihood of eliciting excitatory
responses (Figure 1D,). Similar results were observed using a
larger panel of 14 odors (Figure S2). Together, these results indi-
cate that individual odors are represented equally by PCx feed-
back and that local regions of the bulb receive input from fibers
with diverse response properties.

Olfactory bulb activity is dependent on brain state (Rinberg
et al., 2006). Indeed, the transition from the awake to anesthe-
tized condition strongly reduces bulbar interneuron activity and
enhances odor-evoked mitral cell output (Cazakoff et al., 2014;
Kato et al., 2012; Wachowiak et al., 2013). How does cortical
feedback input respond to this change in brain state? To address
this, we imaged the same boutons in the awake and anesthe-
tized state. Anesthesia caused a marked decrease in both spon-

taneous and odor-evoked cortical feedback (Figures 2A and 2B).
Relative to the awake condition, anesthesia reduced the number
of boutons responding with odor-evoked excitation and sup-
pression by 39.6% and 48.8%, respectively (n = 6 imaging fields
from four mice). During anesthesia, the strength of excitatory
responses was reduced (p < 0.001, Kolmogorov-Smirnov [KS]
test; Figure 2C4) and excitation became more narrowly tuned
(Figure 2C,). These effects on odor-evoked responses were
indistinguishable with ketamine and urethane (Figure S2), two
chemically distinct anesthetics, suggesting that the differences
in bouton activity reflect changes in brain state rather than phar-
macological actions of the drugs. Furthermore, the duration of
odor-evoked excitatory activity became markedly briefer in the
anesthetized state (decay time awake = 4.2 + 0.2 s, anesthe-
tized=3.1+0.2 s, p<0.001, KS test; Figures 2D, and 2D,), while
the duration of suppressive responses was slightly enhanced
(decay time awake = 2.3 = 0.1 s, anesthetized = 2.6 + 0.1 s,
p = 0.001, KS test; Figures 2D3 and 2D,). Overall, these results
indicate that wakefulness enhances PCx feedback input to ol-
factory bulb circuits.

We next considered the functional organization of cortical pro-
jections within the olfactory bulb. Do feedback inputs adopt the
topographic organization of the bulb such that the tuning of
cortical inputs matches that of their target region? Or do they
retain the diffuse and overlapping nature of odor representations
found within the PCx itself? The observation that boutons with
different tuning properties closely intermingle (Figure 1B) sug-
gests that cortical inputs do not transmit sensory information in
a strict, spatially segregated manner. We tested this by exam-
ining whether boutons with the same odor preference are
spatially clustered within our imaging fields (85 x 85 or 128 x
128 um), each of which are on the scale of a radially oriented
glomerular column (~100 pm diameter; Willhite et al., 2006).
We made maps of bouton odor preference (the odor eliciting
the strongest excitatory response) within a field (Figure 3A4)
and measured the pairwise distance between all boutons with
the same (matched) or different (mismatched) odor preference.
If boutons with the same odor preference cluster, the distance
between boutons with matching preferences should be less
than those that are mismatched. However, for granule cell and
glomerular layer fields with at least 30 responsive boutons, the
average distance between matched or mismatched boutons
was nearly identical (Figures 3A, and 3B; matched = 55.0 +
1.5 pm, mismatched = 56.9 + 1.7 um, p = 0.26, Wilcoxon
signed-rank test, n = 22 fields). Similarly, we found no difference
when we compared the distance between boutons based on
the number of odors eliciting responses (tuning broadness;
matched = 55.5 + 1.9 um, mismatched = 56.6 + 1.4 ym, p =
0.91, Wilcoxon signed-rank test). Furthermore, there was no
relationship between distance and the tuning similarity (Soucy
et al., 2009) of boutons (Figure S3). Thus, for bulb domains on
the scale of individual glomeruli, cortical feedback does not
appear to provide input in a spatially segregated fashion.

Another simple test of spatial organization is to ask whether
boutons responsive to a particular odor are overrepresented
within our imaging fields. Therefore, for all excitation responsive
odor-bouton pairs in each imaging field (n = 22), we rank ordered
the seven odors by their probability of eliciting a response. On
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average, response probabilities within a field ranged from 20.0%
+ 0.5% (most preferred odor) to 7.6% + 0.6% (least preferred
odor, Figure 3C). If a field had an infinite number of odor-bouton
response pairs, each odor should have a 14.3% (1/7) probability
of contributing a response if odor responses are randomly
distributed. However, the number of odor responses per field
is limited, and some odors may be more represented than others
in each imaged field simply by chance. Indeed, given the number
of odor-bouton response pairs we measured per field (range, 23—
406 response pairs), our results are consistent with those ex-
pected due to random subsampling from a distribution of equal
response probabilities (Figure 3C). Thus, boutons activated by
specific odors are not overrepresented on a glomerular spatial
scale, suggesting that the targeting of feedback input lacks a
segregated spatial order.

We took advantage of feedback projections in the glomerular
layer to directly test if cortical boutons are co-tuned with the
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esthetized (right) state, aligned to their onset times
and ordered by duration. Numbers of responsive
bouton-odor pairs in each condition are in paren-
theses. (Do) Average time course of excitatory re-
sponses peak normalized and aligned by their rise
times for the awake (black) and anesthetized (red)
state. Shading, SEM. (D3 and D,) Results for bou-
ton-odor pairs showing odor-evoked suppression.

——Awake
—Ane

glomeruli they target. We first used

intrinsic signal optical imaging to map
5s glomerular activity (Rubin and Katz, 1999)
in response to three odors (Figures 4A
and 4B4) and then imaged bouton re-
sponses at the base of selected glomeruli.
Immediately before two-photon imaging,
the red fluorophore Texas red dextran
was injected intravenously (Figure 4A).
We visualized labeled blood vessels to
align imaging fields to the surface vas-
culature and glomeruli observed during
intrinsic signal imaging (Figures 4B and
4B,). If cortical projections are organized
based on the odor map inherent to the ol-
factory bulb, boutons should show a preference for the odors
activating their overlying glomeruli. However, beneath odor-spe-
cific glomeruli (n = 9), we found boutons activated by each of the
three of the odors (Figures 4B—4B,). Furthermore, the probabil-
ity of bouton responses to a given odor was similar whether the
two-photon imaging field was beneath the glomerulus activated
by that odor (“Field 1,” Figures 4Bz and 4B,) or beneath
glomeruli unresponsive to the odor (“Field 2,” Figures 4Bz and
4B,). Overall, for each of the three odors tested, odor-evoked
bouton activity was unrelated to the overlying glomerular odor
map (n = 9 fields beneath active glomeruli and n = 6 fields
beneath non-active glomeruli, n = 3 mice; Figure 4C). Similar re-
sults were obtained using seven odors and more imaging fields
tiling the dorsal olfactory bulb (Figure S4). Taken together, our re-
sults indicate that cortical fibers transmit odor-evoked feedback
input diffusely over the olfactory bulb without any obvious spatial
segregation.
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Figure 3. Cortical Feedback Inputs Repre-
senting Different Odors Are Diffusely Distrib-
uted at the Spatial Scale of Individual
Glomeruli

(A) Boutons responding to particular odors are not
spatially segregated. (A1) Results from one granule
cell layer imaging field showing all bouton ROls
(lefty and map of the preferred odor for each
responsive bouton (right). Color scale indicates
each of the seven tested odors (Cin, cineole; Cit,
ET citral; Hept, heptanal; BA, butyric acid; 4H, heptan-
4-on; 1A, isoamyl acetate; ET, ethyl tiglate). ROIs
are shown enlarged for clarity. (A;) Cumulative
frequency distribution of the pairwise distance be-
tween all boutons in A; with the same (matched, n=
296) or different (mismatched, n = 1,702) odor
preference. The two distributions are not signifi-
cantly different (p = 0.29, KS test).

(B) Summary data (gray, n = 22 fields) reveals no
significant difference in the mean distance between
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smallest (n = 23) number of responsive boutons per imaging field (dotted lines). Inset: response probability distribution for the most represented odor (odor #1)
derived from random subsampling using the sample sizes from 22 imaging fields. Experimentally measured probability (red line) falls within central 90% of the

distribution (dotted lines).

DISCUSSION

In this study, we use in vivo Ca®* imaging to reveal the informa-
tion contained within cortical feedback projections to the olfac-
tory bulb. We show that PCx provides the bulb with diverse input:
odors cause pyramidal cells to increase or decrease their feed-
back in a manner ranging from odor selective to apparently un-
tuned. Compared to the anesthetized condition, wakefulness
enhances both the magnitude and duration of excitatory cortical
feedback, indicating that the cortical control of olfactory bulb cir-
cuits is dependent on brain state. Furthermore, although olfac-
tory bulb circuits are spatially arranged to form a stereotyped
odor map, PCx projections provide feedback input in a diffuse,
intermingled fashion.

Cortical feedback inputs directly excite olfactory bulb inter-
neurons and facilitate mitral cell inhibition (Boyd et al., 2012;
Markopoulos et al., 2012). We found that odors elicit both in-
creases and decreases in cortical feedback activity and that
the PCx transmits a heterogeneous array of odor information
to the bulb. For example, although the majority of feedback pro-
jections show odor-specific changes in activity, others appear to
be “generalists” that simply signal the presence of any odor. Our
results are similar to those found using electrophysiological re-
cordings of layer 2/3 PCx cells in awake mice (Zhan and Luo,
2010). This suggests that cortical feedback does not arise from
a distinct subpopulation of pyramidal cells and that it may pro-
vide the bulb with a readout of overall PCx activity. In addition,
while PCx feedback can be time locked to odor onset, responses
can also be quite delayed and even persist long after the odor is
present. The wide variety in response features indicates that PCx

feedback exerts complex and non-uniform effects on the olfac-
tory bulb interneurons underlying mitral cell inhibition. Interest-
ingly, local inhibition is proposed to enhance odor discrimination
by decorrelating mitral cell activity patterns (Arevian et al., 2008;
Wiechert et al., 2010). Heterogeneous odor-evoked patterns of
feedback input could allow PCx to contribute to the decorrela-
tion of mitral cell activity and thus enhance the discriminability
of input it receives from the olfactory bulb.

Odor coding in the olfactory bulb differs between the awake
and anesthetized brain state, namely, mitral cell odor represen-
tations are sparser and more temporally dynamic during wake-
fulness (Kato et al.,, 2012; Rinberg et al., 2006; Wachowiak
et al., 2013). These changes lead to a marked improvement in
the discriminability of mitral cell odor representations (Kato
et al., 2012). Intriguingly, despite the fact that sensory input to
PCx is sparser, we find that wakefulness increases spontaneous
activity as well as the strength and duration of odor-evoked
excitatory cortical feedback. This suggests that cortical circuits
are flexible and that PCx output can adapt to brain-state-depen-
dent changes in sensory input. What can explain the opposing
changes in mitral cell activity and PCx feedback? Interestingly,
wakefulness strongly increases the activity of olfactory bulb in-
terneurons (Cazakoff et al., 2014; Kato et al., 2012; Wachowiak
et al., 2013). For example, granule cells are predominantly inac-
tive in the anesthetized state but have high amounts of sponta-
neous activity and more broadly tuned odor responses during
wakefulness (Cazakoff et al., 2014; Kato et al., 2012). One expla-
nation for the opposite changes in PCx and mitral cell activity
is that brain-state-dependent changes in interneuron activity
are directly inherited from their PCx feedback input. Indeed,
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(A) Schematic.

(B4) Intrinsic signal optical imaging from one mouse showing glomerular responses to three different odors (ethyl tiglate [ET], anisole [Ani], and 2-hexanone [Hex])
and the activity map superimposed on the olfactory bulb surface vasculature (bottom right). Colored circles highlight activated glomeruli; boxes represent fields
selected for bouton imaging. Field 1 is centered over a glomerulus responding to ethyl tiglate, and field 2 indicates a region without a response to the odors.
(B) Targeted 2-photon imaging beneath an identified glomerulus. Top: blow up of region around field 1 from B4 showing overlay of intrinsic optical signal (red,
ethyl tiglate) and surface vasculature. Bottom: two-photon image stack of Texas-red-dextran-filled vessels aligned with the vasculature in the image above.
(B3) Map of glomerular layer boutons responding with excitation within fields indicated in B4. Colors indicate boutons responding selectively to individual odors
(red, green, blue), boutons with overlapping responses to two odors (yellow, magenta, cyan), and boutons responsive to all three (white). ROls are shown enlarged
for clarity.

(B4) Numbers of excitatory responses to each odor for the fields in (Bg).

(C) Summary of results (mean + SEM) from all experiments using three odors indicates that individual odors were equally likely to activate boutons regardless of
the responses of the overlying glomerulus. We calculated a variation index for each odor ((observed fraction of responsive boutons / 0.33) — 1) for fields centered
on an odor-responsive glomerulus (white circles) and fields within regions that did not show a glomerular response to any of the three odors (black circles).
Variation index = 0 if each odor (one out of three) has an equal probability of eliciting bouton responses in an imaging field. Odors were grouped between those

that did (Glom+) or did not (Glom—) activate the odor-responsive glomerulus. In all cases, odors consistently had a variation index near zero.

increased PCx feedback, acting to enhance the activity of local
interneurons, could account for sparse mitral cell odor represen-
tations during wakefulness. Thus, modulation of PCx feedback
may be a major factor regulating the state dependence of mitral
and granule cell activity.

We show that PCx feedback inputs responding to different
odors are dispersed throughout the granule cell and glomerular
layer in a diffuse and overlapping fashion. Indeed, glomeruli
tuned to specific odors are surrounded by feedback projections
that transmit information regarding distinctly different odors.
Thus, on the spatial scale of individual glomeruli, we find no ev-
idence that feedback inputs and their olfactory bulb targets are
co-tuned or that feedback is targeted with odor selectivity. We

cannot exclude the possibility that a diffuse spatial organization
of feedback occurs on a much larger scale, for example be-
tween dorsal and ventral regions of the olfactory bulb. Our find-
ings differ from a recent imaging study using GCaMP to ex-
amine the properties of feedback projections from the anterior
olfactory nucleus (AON), an anterior subdivision of the olfactory
cortex (Rothermel and Wachowiak, 2014). Imaging of the dorsal
olfactory bulb suggested that individual odors could generate
odor-specific patterns of activity. Unlike PCx, the AON receives
olfactory bulb input that is topographically organized (Ghosh
et al,, 2011; Miyamichi et al., 2011), raising the possibility
that AON feedback is uniquely co-tuned with that of its target
region.
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Our results suggest that PCx feedback inputs broadcast odor
information diffusely onto spatially ordered bulbar circuits. Thus,
in contrast to the proposed “egocentric” enhancement of
thalamic activity generated by visual, auditory, and somatosen-
sory cortical feedback (Briggs and Usrey, 2008), PCx inputs are
unlikely to selectively amplify the activity of mitral cells sharing
the same tuning properties. Since PCx inputs target interneurons
and drive mitral cell inhibition (Boyd et al., 2012), cortical feed-
back may regulate olfactory bulb output on a more global scale.
Cortical feedback has been suggested to modulate the gain of
thalamic output during brain states associated with attention
(McAlonan et al., 2008) and the transition between sleep and
wakefulness (Steriade, 2005). Feedback projections from the
PCx may contribute a similar gain-control function for the initial
processing of odor representations in the olfactory bulb.

EXPERIMENTAL PROCEDURES

Animals

Experiments followed approved national and institutional guidelines for animal
use. We used either C57BL/6 wild-type or Ntsri-cre mice (Tg(Ntsri-cre)
209Gsat) that express Cre recombinase selectively in olfactory cortex pyrami-
dal cells (Boyd et al., 2012). For the majority of experiments, we injected AAV 2/
9-syn-GCaMP®6s into the PCx of adult (>40 days old) C57BL/6 mice at three
locations (100 nl/site). We used similar injections of AAV2/9-FLEX-syn-
GCaMP5G for conditional expression in a subset of Ntsri1-cre mice. AAV 2/
9-syn-tdTomato was co-injected (50 nl/site) in a subset of mice to determine
the effects of residual motion. Because results were similar using GCaMP6s
and GCaMP5G, all data were pooled. Coordinates of the injections sites,
measured from the intersection of the midline and bregma were (in mm: ante-
rior, lateral, depth): 2.6, 1.8, 4.2; 2.0, 2.0, 4.2; and 1.9, 2.8, 4.6. All viruses were
from the University of Pennsylvania Vector Core. Window implantations were
performed as described previously (Kato et al., 2012), and mice recovered for
>2 weeks before imaging.

Odor Stimulation and Two-Photon Imaging
Odors (Sigma) were diluted in mineral oil to a concentration of 200 ppm. An
olfactometer mixed saturated odor vapor with filtered air 1:1 for a final concen-
tration of 100 ppm. Each odor was applied (4 s duration, 1 min interval) for five
to ten trials. Every experiment included a mock trial of air application used for
receiver-operator characteristic analysis to establish the response threshold.
GCaMP and tdTomato were excited at 920 nm (Mai Tai, Newport), and
images (512 x 512 pixels) were acquired with a microscope (Thorlabs) and 16
X objective (Nikon) at ~15 Hz. Images were acquired from the glomerular
(50-150 um below the surface) or granule cell layer (300-400 um below the
surface). In a subset of experiments, mice were anesthetized with ketamine/
xylazine (100 mg/kg and 8 mg/kg, respectively) or urethane (1.5 g/kg). Tail
vein injections of Texas red dextran (70,000 MW, Invitrogen, 75-100 pl of a
5% v/v solution in PBS) were used to visualize vasculature.

Data Analysis

Lateral motion was corrected by cross-correlation-based image alignment
(Turboreg, ImageJ). We estimate the lateral motion, using frame-by-frame mo-
tion correction, to be <2.9 um in 90% of frames. Regions of interest (ROIs) cor-
responding to individual axonal boutons were manually drawn based on the
image obtained by averaging all frames collected during a 60-s trial for each
odor. The time-varying baseline fluorescence trace was estimated by smooth-
ing inactive portions of the trace as described previously (Peters et al., 2014).
For each odor response, the trace was smoothed (15-frame sliding window
average) and normalized by the baseline.

Using a response detection period of 10 s beginning with the onset of odor
application, ROIs were classified as having an excitatory response to an odor if
dF/F increased by 2.6 x SD of the baseline for ten continuous frames, both in
the average trace and in >50% of individual trials. This threshold was chosen

to yield a false-positive (FP) rate (estimated from air trials) of 9.5%. In addition,
all responses had to be > 20% dF/F, to avoid FPs caused by residual motion
(Figure S1). Two separate, independent criteria were used for detecting inhibi-
tion. The first was a >60% reduction in the SD relative to baseline. The second
was a >20% decrease in dF/F lasting >2 s (FP rate = 9.1%). Average
response time course was derived by aligning responses to their 50% rise
time, and decay time was calculated from the time to 0.37 of peak amplitude.
For analysis of response amplitude, the maximum dF/F value of the average
trace (five to ten trials) during the response detection window was used.

For analysis of boutons based on matched or mismatched response prop-
erties, we used correlation analysis to select one bouton from axons contrib-
uting multiple boutons. This is due to the fact that spacing between boutons
along the same fiber can be very small (<5 um), yielding a disproportionately
small distance between boutons with matching response properties. We per-
formed simulations to investigate whether the observed distribution of odor
response probabilities could be explained by subsampling from a distribution
in which each odor had an equal probability of eliciting a response. Simulations
were performed by subsampling from a random distribution of 10,000 values
(integers 1-7). We determined the distributions expected using the smallest
and largest numbers of observed odor-response pairs. We confirmed that
our measured value for the most preferred odor response probability could
be explained by random subsampling by using the sample size of the experi-
ments, determining the average probability for the preferred odor, and
repeating this 10,000 times.

Intrinsic Imaging

Intrinsic images were acquired using a tandem lens macroscope and 12 bit,
charge-coupled device camera (CCD-1300QF, VDS Vosskuhler) in keta-
mine-anesthetized animals. Images of surface vasculature were acquired us-
ing green LED illumination (540 nm), and intrinsic signals were recorded (27 Hz)
using red illumination (615 nm). Each trial consisted of a 1-s baseline followed
by a 2-s odor exposure (15-20 trials for each odor). Images (1,280 x 1,024) of
reflectance (R) from the baseline period were summed and subtracted from the
average image during the odor period. These images (dR/R) were Gaussian
blurred (100-pixel radius) to produce images for subtraction of diffuse odor-
evoked reflectance and subsequently median filtered (20-pixel radius).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and one movie and can be
found with this article online at http://dx.doi.org/10.1016/j.celrep.2015.01.047.
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