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Primary olfactory cortical areas receive direct input from the olfactory bulb, but also
have extensive associational connections that have been mainly studied with classical
anatomical methods. Here, we shed light on the functional properties of associational
connections in the anterior and posterior piriform cortices (aPC and pPC) using
optophysiological methods. We found that the aPC receives dense functional connections
from the anterior olfactory nucleus (AON), a major hub in olfactory cortical circuits. The
local recurrent connectivity within the aPC, long invoked in cortical autoassociative models,
is sparse and weak. By contrast, the pPC receives negligible input from the AON, but has
dense connections from the aPC as well as more local recurrent connections than the
aPC. Finally, there are negligible functional connections from the pPC to aPC. Our study
provides a circuit basis for a more sensory role for the aPC in odor processing and an
associative role for the pPC.
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INTRODUCTION

The olfactory cortex is a collection of brain regions that receive
direct input from the olfactory bulb (OB), and includes the
anterior and posterior piriform cortices (aPC and pPC), ante-
rior olfactory nucleus (AON), olfactory tubercle, entorhinal cor-
tex, dorsal peduncular cortex, ventral tenia tecta, and cortical
areas associated with the amygdala (Luskin and Price, 1983b;
Haberly, 1998). Sensory information from the OB reaches the pri-
mary olfactory cortical areas through the lateral olfactory tract
(LOT), made up of mitral/tufted cell axons. In addition to direct
sensory input, olfactory cortical neurons also receive extensive
associational inputs arising from recurrent local connections as
well as connections from other regions of the olfactory areas
(Haberly, 1998; Isaacson, 2010). These associational connections
are thought to allow the integration of information from mul-
tiple odor cues, other sensory modalities, and past experience
(Haberly, 1998, 2001; Isaacson, 2010).

The AON, which has many features of a cortical area, is at
the hub of the inter-areal connection diagram, processing infor-
mation from both hemispheres (Brunjes et al., 2005). It receives
direct sensory inputs from the ipsilateral OB, and associational
inputs from other olfactory cortical areas, including the contralat-
eral AON and the PC of both hemispheres. The PC, a 3 layer
paleocortex, receives ipsilateral input directly from the OB, as
well as bilateral indirect input from the AON. These and other
extensive connections have been studied in classic tracer exper-
iments in many species (Haberly and Price, 1978; Luskin and

Price, 1983b; Piredda and Gale, 1985; Behan and Haberly, 1999;
Ekstrand et al., 2001; Neville and Haberly, 2004), but informa-
tion at the level of cellular connectivity remains scarce (Franks
and Isaacson, 2005; Wiegand et al., 2011). Modern molecular
biological and viral techniques promise to yield more informa-
tion on the identities of the originating and target cell types
(Yan et al., 2008).

Unraveling the detailed circuitry of these interconnections,
and their roles in odor-evoked responses, is vital for understand-
ing how odors are recognized and how they are used by the
animal to guide its behavior. However, the synaptic properties
of the different associational projections have not been charac-
terized, in part due to their extensive anatomic mixing and the
consequent difficulty in selectively activating the different axons.
Recent advances in optogenetics (Petreanu et al., 2007; Wang
et al., 2007; Zhang et al., 2007) allow us to selectively label spe-
cific groups of neurons and to activate only the synapses made
by those neurons. In addition, functional connectivity can also be
investigated efficiently using optophysiological methods involv-
ing calcium imaging (Kozloski et al., 2001; Sasaki et al., 2009;
Takahashi et al., 2010).

In this study, we applied a combination of optogenetics, cal-
cium imaging, and electrophysiology to examine the connections
between the AON and the PC, as well as within the PC. We have
uncovered striking differences in the afferent and intrinsic con-
nectivity between the two major subdivision of the PC—the aPC
and pPC.
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MATERIALS AND METHODS

All procedures were performed using approved protocols in
accordance with institutional (Harvard University Institutional
Animal Care and Use Committee) and national guidelines.

VIRUS INJECTIONS FOR ANATOMICAL STUDIES

For anatomical studies, adult C57BL/6 mice (Charles River) were
anesthetized with a Ketamine (130 mg/kg i.p.; Webster)/Xylazine
(13 mg/kg, i.p.; Webster) mixture and set on a mouse stereo-
tactic frame. A small craniotomy was made over the prefrontal
cortex with a dental drill. Adeno-associated virus (AAV2; 50 nl)
to express ChR2-EYFP (serotype 2/1 kindly provided by Karel
Svoboda and serotype 2/9 purchased from Penn Vector Core), was
stereotactically injected into the AON (stereotactic coordinates:
1.25mm to lateral, 3 mm to anterior from Bregma, and depth =
3.5mm) through a glass micropipette attached to a nanoinjector
(MO-10, Narishige).

Three to twelve weeks after the surgery, virus-injected mice
were deeply anesthetized again with a Ketamine (200 mg/kg
i.p.)/Xylazine (20 mg/kg, i.p.) mixture and perfused transcar-
dially with 20ml of PBS (pH 7.4) first, followed by 50 ml
of 4% paraformaldehyde and 10% picric acid in 0.1 M phos-
phate buffer (pH 7.4). Brains were removed and cut into
100 pm-thick sagittal sections. For immunohistochemistry, sec-
tions were permeabilized and blocked with a solution con-
taining 0.1% Triton X-100 (Tx, Fisher), 0.5% carrageenan
(Sigma), and 2.5% goat serum in PBS for 1h, and incubated
overnight with primary antibody against calretinin (CR, 1/2000;
SWANT) in blocking solution. Calretinin has been known as
a marker for mitral cell axons as well as inhibitory neurons,
both in the olfactory bulb and forebrain cortices (Wouterlood
and Hrtig, 1995). A secondary anti-mouse antibody conju-
gated with Alexa-568 (1/500; Invitrogen) was applied for 2h in
0.1% PBS-Tx. Sections were imaged with a confocal microscope
(LSM 510, Zeiss).

VIRUS INJECTIONS FOR ELECTROPHYSIOLOGY

For electrophysiology, AAV2 for expression of ChR2-EYFP was
injected into Sprague Dawley rat pups (P5-7). Pups were anes-
thetized with a Ketamine (35 mg/kg i.p.)/Xylazine (4 mg/kg, i.p.)
mixture and placed in a stereotactic apparatus. A small cran-
iotomy over the prefrontal cortex was made and viral solution
was injected into the AON (coordinates: 1.5mm to lateral, 3.8
and 4.2 mm to anterior from Bregma, and depth = 4 mm) or into
the aPC (coordinates: 2.5 mm to lateral, 2.6 mm to anterior from
Bregma, and depth = 4 mm). In the case of AON injections, we
injected 50 nl of AAV at two locations (total 100 nl) to span the
full extent of AON. For the injection into the aPC, we used 50
nl of AAV at a single position to facilitate the study of intrinsic
connections of the aPC.

Acute slices (300 wm) of the PC or AON were prepared from
control and virus-injected rats (P16-25) using standard proce-
dures (Franks and Isaacson, 2005; Tyler et al., 2007). Briefly,
parasagittal sections were cut along the LOT in ice-cold arti-
ficial CSF (ACSF) containing (in mM) 83 NaCl, 2.5 KCl, 3.3
MgSOy, 1 NaH;,POy, 26.2 NaHCOs3, 22 glucose, 72 sucrose, and
0.5 CaCl,, and equilibrated with 95% 0O,/5% CO,. Slices were

transferred to a recording chamber and continuously perfused
with normal ACSF containing (in mM) 119 NaCl, 2.5 KCl, 1.3
MgSQOy4, 1 NaH,;POy, 26.2 NaHCOs3, 22 glucose, and 2.5 CaCl,
equilibrated with 95% 0,/5% CO; at room temperature. Patch
electrodes (3—5MS2) contained (in mM) 130 D-gluconic acid,
130 CsOH, 5 NaCl, 10 HEPES, 12 phosphocreatine, 3 MgATP,
0.2 NaGTP, 1EGTA, and 5 mg/ml biocytin (Franks and Isaacson,
2005). For current clamp recordings, we used a KCl based internal
solution containing (in mM) 130 KCl, 10 HEPES, 10 phos-
phocreatine, 3 MgATP, 0.5 NaGTP, 0.2 EGTA, and 2.5 gluta-
mate. Responses were recorded with an Axopatch 200B amplifier
(Molecular Devices), filtered at 2kHz, and digitized at 10 kHz
using custom-written acquisition software in Igor (courtesy of
Bernardo Sabatini).

After recording, slices were fixed overnight in 4%
paraformaldehyde in PBS at 4°C. To identify the recorded
cells, biocytin was reacted to streptavidin conjugated with
Alexa-594 (Invitrogen) in 0.1% PBS-Tx overnight. Samples
were imaged with a Zeiss LSM 510 confocal microscope. The
fluorescence intensity of confocal images was analyzed by image
processing in Igor Pro. Normalized intensities were summarized
as mean & SEM from three different animals.

PHYSIOLOGICAL RECORDINGS WITH ELECTRICAL OR OPTICAL
STIMULATION
The two different projections into the PC, the afferent from
the LOT and associational fibers, were electrically (6-15V,
0.03 ms duration) stimulated using a concentric bipolar electrode
(CBAPCY75, FHC Inc.). To examine the input from the OB to PC,
the LOT was stimulated and recordings obtained in the presence
of the GABAg receptor agonist baclofen (50 uM, Tocris) to block
contamination from associational pathways (Tang and Hasselmo,
1994). The associational pathway was stimulated by positioning
the electrode in layer 3 of the PC. For the electrical stimulation
experiments, we added the GABA4 receptor blocker picrotoxin
(PTX, 0.1 mM, Tocris) in the ACSF to block inhibitory responses.
AMPA receptor-mediated EPSCs were recorded in layer 2 pyra-
midal cells by holding them at —70 mV, and mixed AMPA and
NMDA receptor-mediated EPSCs recorded at +40 mV.

ChR2 was activated in the entire optical field of view using
a custom-built LED-based illuminator (Albeanu et al., 2008;
Campagnola et al., 2008; Ghezzi et al., 2008; Sato and Murthy,
2010). A high-powered blue LED (CBT-120B, Luminus Devices
Inc.) was coupled to large diameter plastic fibers (NT53-833,
Edmund Optics Inc.) to transmit light to the rear lamp-housing of
an Olympus BX50WT upright microscope. The electronic control
circuitry consisted of a variable current source and a transis-
tor switch circuit to provide microsecond timing control. PTX
was used to block GABA-mediated currents for all experiments
reported here, except for those in Figures 1C and 2D. To iso-
late monosynaptic inputs from ChR2-expressing axons, we added
tetrodotoxin (TTX, 1 wM, Tocris) and 4-aminopyridine (4-AP,
100 wM, Tocris) with PTX to the ACSE.

CALCIUM IMAGING
Calcium imaging experiments were performed in combined
olfactory bulb—piriform cortex parasagittal brain slices of 3—4
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FIGURE 1 | ChR2 expression in AON neurons by virus injection. (A,B)
Adeno-associated virus (AAV) designed to express ChR2-EYFP was injected
into the rat AON. The strong EYFP signal in the dJAON and vVAON comes from
the expression of ChR2-EYFP in the soma and dendrites of neurons at the
injection site. Fluorescence signal was seen coursing into several cortical
areas, including the aPC (B). White arrowheads indicate 3 neurons filled with
biocytin during electrophysiological recordings. OB, olfactory bulb; dAON,
dorsal part of anterior olfactory nucleus; vVAON, ventral part of anterior
olfactory nucleus; ac, anterior commissure; aPC, anterior piriform cortex; LOT,
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lateral olfactory tract. (C) Patch-clamp recording from an AON neuron
showing a typical adapting ChR2 response to blue light stimulation.

The response was largely intact after application of TTX (middle). In current
clamp mode, repeated brief light stimulation can evoke multiple action
potentials (10 Hz, flash width 1 ms, right). (D) P21 rat brain section in the
same angle as that used in the physiological experiments, showing the
location of AON, aPC, and pPC. The boundary between aPC and pPC, where
the thickness of the LOT decreases dramatically, is indicated by an arrowhead
Str - striatum.

week old rats. Slices were prepared in ice-cold artificial CSF
(aCSF) containing (in mM) 83 NaCl, 2.5 KCl, 3.3 MgSOy, 1
NaH, POy, 26.2 NaHCOj3, 22 glucose, 72 sucrose, and 0.5 CaCly,
and equilibrated with 95% O,/5% CO,. Slices were allowed to
recover for 20 min at 37°C and at room temperature (21-23°C)
thereafter. Cells in the olfactory cortex were labeled with the AM
ester form of Oregon Green BAPTA-1 (OGB-1-AM, Invitrogen)
by ejecting a small volume of dye-containing solution (OGB-1-
AM in 0.02% Pluronic F-127, Invitrogen) from a glass pipette
(~2 pm tip) at the surface of the slice maintained at 34°C. Slices
were incubated for ~1h to allow de-esterification and label-
ing of cells. During recording, we increased the extracellular K*
concentration to 7.5mM to increase the excitability of neurons
and permit suprathreshold responses during single cell synap-
tic stimulation. Images were acquired with an Olympus BX51
microscope using a 40X lens and a high speed CCD camera
system (CCD-1300, Vosskiihler). A demagnifying lens was placed
between the objective and the camera to increase the field of

view to approximately 300 x 250 pm. Custom-written software
in Labview (National Instruments) allowed us to acquire images
at 20 Hz at a pixel resolution of ~0.5 wm (in the image plane).
Two seconds of data were acquired before and after stimula-
tion, totaling 80 frames. A single neuron was chosen for patching
in transmitted light imaging mode, and whole-cell patch-clamp
recordings were obtained using methods described above. During
imaging, five action potentials were elicited at 20Hz in the
recorded neuron. Online feedback was provided by displaying a
DEF/F image (10 frames immediately after stimulus —10 frames
immediately before stimulus, divided by prestimulus average).
Two trials were recorded for each neuron.

DATA ANALYSIS

Electrophysiology

The recorded data were analyzed using NeuroMatic in Igor Pro.
We used the peak amplitudes of synaptic currents recorded
at —70mV to characterize AMPA EPSCs, and the amplitude at
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FIGURE 2 | Light-evoked EPSCs at AON to aPC synapses. (A) ChR2-EYFP
expressing axon fibers from the AON projecting to the aPC with AAV injection
into the AON of a rat pup (P6). Fluorescence intensity was high in layer 1b
where most of the associational fibers are found, but there were also labeled
fibers in layer 2/3 and layer 1a. (B) A recorded pyramidal cell was visualized
using biocytin, with its soma in layer 2, and apical and basal dendrites in layer
1 and layer 3 respectively (left). The green signal is from ChR2-EYFP positive
axon fibers from the AON. Other red somata result from background staining
due to dye leakage from patch pipettes. Schematic of a pyramidal cell with
three different ways of stimulation and examples of synaptic responses. LOT
and associational fibers were electrically stimulated with a concentric bipolar
electrode placed in the LOT or layer 2/3 respectively. ChR2 positive axon
fibers from AON were activated by a 5 ms blue LED flash using a 40x
objective lens. Traces show examples of synaptic responses from the
different stimulation protocols (right): LOT electrode (black), associational
electrode (blue), and associational LED (red). EPSCs were detected as inward
currents at —70 mV and outward currents at +40 mV. Traces are the
superposition of five individual trials as well as the average response (thick
lines). ACSF contained picrotoxin (PTX) to block inhibitory currents. (C) Inward
current recordings from a pyramidal cell at —70 mV evoked with 5 ms blue
LED light stimulation without any drugs (black traces). Application of a
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sodium channel blocker (TTX) suppressed the current to 0.8% (top). Addition
of AMPA and NMDA receptor antagonists (CNQX and APV) blocked the
inward current to 3.6% (bottom). (D) Results of experiments with various
synaptic blockers, with the control responses for each set of experiments set
to 100%. PTX refers to picrotoxin. Error bars are SEM. (E) Schematic diagram
of the source of multisynaptic responses; AON projections to the PC are
indicated by green lines. The recorded pyramidal cell receives not only
light-evoked monosynaptic input but also intrinsic input from neighbor
pyramidal cells, which also receive ChR2-positive synaptic input. If expression
of ChR2 is high, neighboring pyramidal cells could fire action potentials and
give rise to disynaptic inputs to the recorded pyramidal cell (left). Typical
examples of multisynaptic responses (right, arrow). Three trials from one cell
are superimposed (gray) with the average trace (black). (F) Pharmacological
isolation of monosynaptic input from the AON to PC. Light-evoked EPSCs
with or without TTX and 4-AP show AMPA receptormediated inward current
at =70 mV, and AMPA and NMDA receptormediated outward current at

+40 mV. Application of TTX, 4-AP, and PTX reduced the peak amplitude to
50.6%. (G,H) Summary of the data with (+) and without (—) TTX and 4-AR
Rise time is the same, while latency is longer in the case of TTX and 4-AP
(**p < 0.01, G). The AMPA:NMDA ratios were not significantly

different (H).
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50 ms in currents recorded at +40 mV to estimate the contribu-
tion of NMDA to EPSCs (AMPA currents are negligible at this
time point). Summary data are reported as mean & SEM.

Imaging

Images were analyzed using custom-written routines in MATLAB
(Mathworks). Images were flattened first to ensure homoge-
neous illumination. In initial analysis, cell bodies were identi-
fied by automatic segmentation algorithms (built-in functions
in MATLAB or downloaded from online libraries). However,
since automated segmentation typically missed many fainter cell
bodies, we chose to identify cells by eye using just the resting
fluorescence. Fluorescence changes in regions of interest iden-
tified as cell bodies were calculated and responses analyzed as
follows. Responses were calculated as differences between average
fluorescence intensity in 10 frames following stimulation and 10
frames immediately before stimulation, divided by the standard
deviation of baseline fluorescence (Figure 7B). Control values for
each ROI were also calculated using baseline frames (Figure 7B).
For each experiment, the distribution of fluorescence changes for
>150 cells was obtained for responses and controls. The control
distribution could be fitted to a single Gaussian function, and
any cell whose fluorescence change exceeded 3 standard devia-
tions from the mean of the control Gaussian was deemed to be
responsive. The threshold for responsive cells was varied in some
experiments to ensure our conclusions were robust. This entire
procedure was automated in MATLAB.

RESULTS

CHR2 EXPRESSION IN AON NEURONS BY VIRUS INJECTION

We began by investigating the properties of associational connec-
tions between the AON and the PC. The AON receives direct
input from the OB and projects bilaterally to the PC (Haberly,
1998). We characterized expression of ChR2 a few weeks after
injection of adeno-associated virus (AAV2) carrying the gene for
ChR2-EYFP into the AON of postnatal 5-7 day old rats. Strong
expression of ChR2 in the soma and dendrites of AON neurons
was observed, as well as in axons leaving the area (Figure 1A).
Although retrograde axonal transport has been reported for cer-
tain types of AAV viruses (Mazarakis et al., 2001; Zheng et al.,
2010), we detected no labeled mitral cells in the OB with the
injection of AAV into the AON. Occasional accidental labeling
of migrating newborn neurons in the rostral migratory stream
(RMS), which is close to the AON, resulted in the labeling of a few
newborn granule and periglomerular cells in the OB. These cells
have only local inhibitory connections in the OB and no axonal
projections to the olfactory cortex (Haberly, 1998).

To confirm functional expression of ChR2, we obtained whole-
cell patch-clamp recordings from AON neurons in acute slices.
Neurons in the injected area showed characteristic inward cur-
rents when stimulated with blue light, with a rapid onset and par-
tial inactivation (Figure 1C) (Boyden et al., 2005; Ishizuka et al.,
2006; Wang et al., 2007; Zhang et al., 2007). In the recording illus-
trated in Figure 1C (middle), most of the current recorded under
voltage clamp at —70 mV was through ChR?2 itself, since addition
of TTX (to block evoked synaptic activity) diminished the peak
and steady state responses by less than 20% (Figure 1C, middle).

In current clamp, light stimulation induced action potentials in
ChR2-expressing cells, which could be reliably entrained at 10 Hz
(Figure 1C, right).

ANATOMY OF PROJECTIONS FROM THE AON TO THE PC

Axons of virally infected AON neurons could be visualized by
their EYFP fluorescence and were seen coursing into several corti-
cal areas, including the olfactory tubercle and the PC (Figure 1B).
Consistent with previous studies (Luskin and Price, 1983a,b),
ChR2-EYFP expressing axons were found in all layers of the
PC except the LOT, with notably higher density in layer 1b
(Figures 1B and 2A). Unexpectedly, some EYFP-positive fibers
were detected in layer 1a of the PC, which is thought to contain
only inputs from the OB (Haberly, 1998). These layer la fibers
could be mitral cell axons accidentally labeled during AAV injec-
tion into the AON, for example via retrograde labeling of mitral
cells. To test this possibility, we injected the same virus into the
OB. Despite very strong expression of ChR2-EYFP in the injec-
tion area, very few mitral cells could be labeled and only a few
fibers were detected in the LOT (Appendix Figure A1). This result
indicated that AAV2/9 infects mitral cells with a very low prob-
ability that is not enough to account for the labeling found in
layer la after AON injection. An additional point is that after
infection by direct OB injection, mitral cell axons were clearly
visible in the LOT and collaterals arose perpendicular to layer
la (Appendix Figure A1D). This is in contrast to the horizon-
tal pattern of axonal innervation in layer 1a after AON injection,
with no labeling in the LOT (Figure 2A). Since we detected no
ChR2-EYFP positive mitral cells and no axon fibers projecting in
the LOT after AAV injection into the AON, we concluded that
no retrograde labeling of mitral cells occurred in our study and
that the axons found in layer la were in fact from AON neu-
rons. Interestingly, the presence of putative associational fibers in
layer 1a has been noted in some early studies using classical Timm
staining methods (Friedman and Price, 1984).

PROPERTIES OF LIGHT-EVOKED EPSCs AT AON — PC SYNAPSES

We next characterized the functional properties of synapses made
by axons of AON neurons using whole-cell patch recording from
PC neurons (Figure 2). At —70 mV, whole-field light stimulation
evoked fast inward currents similar to those evoked by electri-
cal stimulation of the LOT or associational fibers (Franks and
Isaacson, 2005) (Figure 2B). At +40 mV, where the magnesium
block of NMDA receptors is relieved, outward currents had a
slower time course (Figure2B). Light-evoked responses were
completely blocked by the sodium channel blocker TTX (1 wM)
(Figures 2C,D), suggesting that the responses were synaptic.
This was confirmed by the application of AMPA and NMDA
receptor antagonists (10 M, CNQX, and 25uM, DL-AP5),
which reduced light-evoked inward currents to 3.60 £ 0.14%
(Figures 2C,D). These experiments indicate that light-evoked
synaptic responses of the AON to PC projections were mediated
by both AMPA and NMDA receptors.

Light-evoked responses of AON — aPC synapses had rise
times that were similar to EPSCs evoked by electrical stimulation
of associational fibers, but distinct from those of EPSCs evoked
by LOT stimulation (association LED, 6.69 £ 0.65ms, 1 = 8 vs.
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association electrode, 5.70 £ 0.47 ms, n = 8, p = 0.24. Student’s
t-test; LOT electrode, 8.21 £ 0.66ms, n =9, p < 0.01 for com-
parisons between association and LOT electrical stimulation by
t-test). The EPSC latency was longer with photostimulation than
with electrical stimulation (association LED, 5.28 + 0.36 ms,
n = 8; association electrode, 3.17 £ 0.18 ms, n = 8; p < 0.01, ¢-
test), presumably because of the time it takes to depolarize axons
to threshold by current through ChR2. Paired-pulse stimulation
of associational inputs with light revealed similar modulation as
that seen with electrical stimulation (association electrode paired-
pulse ratio, PPR = 0.85 £ 0.1, n = 8; association LED PPR =
0.97 £ 0.06, n = 8; 500 ms inter-stimulus interval). However, this
result should be interpreted with caution since paired responses
reflect ChR2 inactivation (Lin et al., 2009) in addition to synaptic
plasticity. Association inputs are known to be selectively sup-
pressed by GABAp receptor agonists (Tang and Hasselmo, 1994),
and accordingly we found that light evoked EPSCs were largely
blocked by baclofen (11.6 & 1.6%, Figure 2D).

Association inputs to pyramidal cells in the PC have a lower
AMPA:NMDA ratio than inputs from the LOT (Franks and
Isaacson, 2005). Neurons were held at —70 mV to measure the
contribution of AMPA current, and then at +40mV to mea-
sure the mixture of both AMPA and NMDA currents triggered
by electrical or light stimulation. The AMPA:NMDA ratio was
operationally calculated from the peak amplitude at —70 mV for
AMPA and the amplitude measured 50 ms after the response
at +40mV for NMDA, a time by which AMPA currents have
decayed to zero (Poncer and Malinow, 2001; Lee et al., 2010).
Consistent with previous reports (Franks and Isaacson, 2005), the
AMPA:NMDA ratio was significantly higher for synapses made by
LOT axons than for associational synapses when stimulation was
through electrodes (LOT electrode, 3.48 £ 0.69, n = 9 vs. associ-
ation electrode, 0.988 & 0.48, n = 4, p < 0.01, t-test). The ratio
with photostimulation was similar to that with electrical stimula-
tion of associational inputs (association LED, 0.987 £ 0.13,n = 6
vs. association electrode, p = 1.0, t-test).

Our results indicate that selective stimulation of AON inputs
by whole-field light stimulation evokes synaptic currents that
are very similar to those evoked by electrical stimulation of
associational inputs.

MONOSYNAPTIC INPUTS FROM THE AON TO THE PC

The activation of ChR2-expressing axons projecting from the
AON to PC often led to generation of action potentials in
monosynaptically connected pyramidal cells. Therefore, EPSCs
evoked by light stimulation may include not only monosynaptic
inputs from the AON, but also disynaptic recurrent inputs from
pyramidal cells in the PC, especially when picrotoxin was used to
remove potential contamination from GABAergic synaptic cur-
rents (Figure 2E). Although these multisynaptic inputs could be
prevented by the reduction of incident light intensity, a reduced
intensity also decreased the amplitude of monosynaptic inputs,
reducing the signal to noise ratio in the recordings. In addi-
tion, because of the variable shapes of the evoked events, we
could not preclude polysynaptic contamination in our recordings.
To overcome this uncertainty in isolating monosynaptic inputs,
we used a previously described technique (Petreanu et al., 2007;

Cruikshank et al., 2010) to depolarize ChR2-positive presynap-
tic terminals directly by blocking action potentials using TTX
and potassium channels using 4-aminopyridine (4-AP, 100 pM).
TTX prevents recurrent activity, and 4-AP is used to allow more
efficient depolarization of axonal and presynaptic membranes.

Light-evoked synaptic responses in the presence of TTX and
4-AP qualitatively resembled those obtained in their absence
(Figure 2F), with the peak amplitude of light-evoked EPSCs
reduced to 50.6 £ 3.8% with TTX and 4-AP (n = 3). The pharma-
cologicallyisolated monosynaptic input was blocked by AMPA and
NMDA receptor antagonists (CNQX and APV) to 5.84 £ 0.54%,
confirming that the AON projection to the PC was primarily
glutamatergic. Additionally, GABAg receptor agonists (baclofen)
also blocked the EPSC to 20.5 = 2.4% as expected from previous
experiments using electrical stimulation of associational fibers.
The synaptic response had longer latencies with TTX and 4-AP
than without these blockers (Figure 2G). This longer latency is
likely to be due to the fact that depolarization of the axons under
normal conditions is aided by sodium channels, which have a
much higher conductance than ChR2; the single channel con-
ductance of ChR2 is ~1 pS (Lin et al., 2009) while that of a
sodium channel is 10-20 pS (Hille, 2001). When sodium chan-
nels are blocked, it would take longer to depolarize the axonal
membrane to the threshold for activation of voltage-dependent
calcium channels. The AMPA:NMDA ratio of synaptic responses
in TTX and 4-AP was not significantly different from control
(0987 £ 0.13, n =16 vs. 1.20 = 0.12, n =17, p > 0.2, t-test,
Figure 2H).

We next used this method of isolating monosynaptic responses
to examine functional connectivity from the AON to PC.

AON CONNECTIONS ON PRINCIPAL NEURONS IN THE aPC

The PC is generally divided into anterior and posterior parts, with
potentially other subdivisions (Haberly, 1998) (Figure 1D). We
first examined connections from AON to the aPC. The principal
neurons in the aPC are heterogeneous in terms of their structural
and functional properties. Historically, they have been divided
into three classes: superficial pyramidal (SP) cells, deep pyrami-
dal (DP) cells, and semilunar (SL) cells (Haberly, 1998). Recent
studies have determined that the neuronal cell types may lie along
a continuum, with the most superficial cells belonging to the SL
class, but many properties gradually changing with depth (Suzuki
and Bekkers, 2011; Wiegand et al., 2011). These studies also noted
that SL and SP cells may differ in their synaptic inputs using elec-
trical stimuli that did not separate the different sources (Suzuki
and Bekkers, 2006, 2011). Here, we characterize specific synaptic
inputs from the AON to SP and SL cells.

We first recorded from putative superficial pyramidal cells,
based on their morphology and input resistance (129.5 =+
11.4MQ, n = 18) (Figure 3A). Pyramidal cells exhibited AMPA
and NMDA receptor mediated EPSCs with light stimula-
tion in the presence of TTX and 4-AP, indicating that they
receive monosynaptic input from AON neurons (Figure 3).
We next identified SL cells based on their location, morphol-
ogy, and higher input resistance (163.7 = 20.3MQ, n=7).
Morphologically, we chose to characterize cells as SL only if they
lacked basal dendrites (Figure 3A), even though some cells of
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and AMPA:NMDA ratios of SP and SL cells in the same slice. The AMPA
responses in the SL cells were significantly smaller than that in SP cells (top).
On the other hand, robust EPSCs were recorded at +40 mV in SL cells, even
though AMPA responses were weak. Therefore, the AMPA:NMDA ratio was
significantly smaller in SL cells (bottom). Each point represents a pair of SL
and SP cells recorded in the same slice.

this class can possess basal dendrites (Wiegand et al., 2011).
The use of TTX to obtain monosynaptic light-evoked responses
precluded the characterization of firing patterns. Light-evoked
EPSCs recorded in SL cells at —70 mV were very small and often
difficult to detect even when neighboring pyramidal cells exhib-
ited large amplitude EPSCs (Figure 3). The average amplitude
was 64.2 = 15 pA for SP cells (n = 18) and only 11.0 £ 3.0 pA
for SL cells (n =7, p < 0.01, t-test). To account for the vari-
ability across injections that could lead to different infection
rates and expression levels, we compared each of the 7 SL cells
with a corresponding SP cell that was recorded in the same slice
(Figure 3B; there are nine points since two SL cells were paired
with two SP cells each). This analysis confirmed that SL cells
receive significantly smaller AMPA inputs from AON than SP
cells. Interestingly, the average amplitude of light-evoked AMPA
EPSCs in DP cells was not significantly larger than that of SP
cells (DP, 136 4+ 86 pA, n =3 vs. SP, 64.2 &+ 15 pA, n =18,
p = 0.50, t-test), perhaps due to the small sample size for DP
cells. Unexpectedly, robust EPSCs could be recorded at +40 mV
in SL cells, even though AMPA responses at —70 mV were weak
(Figures 3A-B). Consequently, the AMPA:NMDA ratio was sig-
nificantly smaller in SL cells (0.447 &£ 0.15, n = 7) than in SP or
DP cells (SLvs. SP,1.28 +0.14,n = 18, p < 0.01, t-test, and SL vs.
DP, 1.18 £ 0.23, n = 3, p < 0.01, t-test). Pairwise comparison of
SP and SL cells from matched slices ruled out the possibility that
this difference was due to variability in expression of ChR2 across
experiments (Figure 3B). The lower AMPA:NMDA ratio may be
a general property of all associational synapses made on SL cells,

since this was also observed when using electrical stimulation to
activate associational fibers more indiscriminately (0.660 = 0.14).

These results indicate that AON projections make strong func-
tional synaptic contacts on pyramidal cells and weaker connec-
tions to SL cells. Interestingly, the NMDA component of AON
inputs to SL cells may become important when SL cells are depo-
larized by direct input from the OB. The AMPA:NMDA ratios are
also significantly different in the two classes of synapses.

CONNECTIONS FROM THE AON TO THE pPC

There is some uncertainty about the extent of AON projec-
tions to the pPC (Haberly and Price, 1978; Luskin and Price,
1983a; Brunjes et al., 2005). We could readily identify ChR2-EYFP
labeled axons in the ipsilateral pPC when virus particles were
injected into the AON (Figure 4A). The distribution of axons was
similar to that in the aPC, but the overall fluorescence intensity
in the pPC was less than 50% of that in the aPC (Figures 4A-C).
Since AON axons in the pPC are more distal than those in the
aPC, it is possible that the amount of ChR2-EYFP is substan-
tially reduced, accounting for the dimmer signals. Allowing more
time for transport of protein (3 months post injection) did not
lead to greater labeling in pPC. Distance alone is unlikely to
account for decreased intensity in pPC since AON projections
to the contralateral OB, which is at least as far (Haberly and
Price, 1978; Brunjes et al., 2005), had an intensity 63.4% of that
in ipsilateral aPC. This high fluorescence intensity was observed
even within two weeks of injection, indicating that this protein
is adequately transported to distal axons. Finally, we obtained
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Fluorescence intensity was high in layer 1b where most of associational Measurements of EYFP fluorescence in layer 1b in the aPC and pPC
fibers are found. The intensity was lower in the pPC, but the distribution of indicated that the single axon/varicosity fluorescence was not different.
projection was largely similar in both aPC and pPC except for layer 1a. However, whole-cell patch-clamp recordings in the pPC rarely revealed large
(C) Summary of fluorescence intensity. Fluorescence intensity of synaptic responses (E, top) and mostly very small or no current
ChR2-EYFP was measured in layers 1a, 1b, 2, and 3, and was normalized (E, bottom). The probability was reduced to 0.22 in pPC compared to
to that in layer 1b of the aPC (N = 3 rats). Fluorescence intensity was 0.84 in the aPC (F).

higher resolution images of the aPC and the pPC using confo-
cal microscopy under identical conditions. We then quantified the
fluorescence intensity of individual axons and varicosities in the
two regions. The average fluorescence intensity of EYFP (an indi-
cator of the amount of ChR2-EYFP in the axons) at the single
axon/varicosity level was not different in the aPC and pPC (100
=+ 2.9% vs. 95.2 & 3.3%, p > 0.2, t-test, n = 400 boutons each;
Figure 4D). We also measured the number of fluorescent pixels
that crossed an intensity threshold within standardized regions of
interest in the two regions, and found that this value is lower in
the pPC than in the aPC. These data indicate that the AON does
send projections to the pPC, but the density of projections is lower
than that in the aPC.

To characterize functional connections from the AON to the
pPC, we obtained whole-cell recordings from neurons in the pyra-
midal cell layer. Light-evoked synaptic currents were recorded
as before. Large synaptic currents were obtained only rarely
(Figure 4E, top), and most recordings yielded very small or no
currents (Figure 4E, bottom). The probability of recording func-
tional connections from the AON was 0.22 (two out of nine cells)
for pPC neurons, which is significantly (p < 0.001 Fisher’s exact
test) lower than that for aPC (0.84, 54 out of 64 cells) (Figure 4F).

These data indicate that although AON axons reach the pPC,
their projection density as well as their connection probability is
much lower than for the aPC.

INTERHEMISPHERIC ASSOCIATIONAL CONNECTIONS

Another set of associational connections whose functional prop-
erties have not been selectively studied are the interhemispheric
projections. Optogenetic methods offer an unprecedented ability
to examine functional connections made by such long-distance
projections from identified neurons (Petreanu et al., 2007). We
were able to visualize the projections from AON to the con-
tralateral olfactory cortical areas. Light-evoked synaptic currents
could be recorded from contralateral neurons (Figures5A,B),
but the probability of finding connections was much lower than
the ipsilateral connections from AON to aPC (0.38 vs. 0.84, p <
0.01 Fisher’s exact test, n = 11 out of 29 cells, and 54 out of
64 cells respectively). The average amplitude of AMPA currents
recorded in matched experiments was also significantly smaller
in contralateral AON compared to ipsilateral aPC (15.4 £ 4.06
PA, n =23 cells vs. 72.9 £ 16.7 pA, n = 14 cells, p < 0.001,
t-test). Ipsilateral AON to AON connections could not be stud-
ied in detail because of the significant contamination of ChR2
currents.

ChR2-EYFP positive fibers were mainly distributed in layer 1b
in the contralateral aPC, (Figure 5C), and the intensity was less
than 50% of that in layer 1b in the ipsilateral aPC. This reduction
was due to reduced density of labeled axons and not reduced levels
of ChR2-EYFP in single axons (contralateral axon intensity was
92 + 3.3% that of ipsilateral intensity, p > 0.2, t-test). Comparing
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the projection pattern from the AON to ipsilateral and contralat-
eral aPC revealed an interesting difference (Figure5C). While
AON axons were found in layer la in the ipsilateral aPC, there
were few fibers in contralateral aPC. Similarly the relative density
of AON axons in layer 2/3 (compared to density in layer 1b) was
lower in the contralateral side (Figure 5C). This resulted in a very
clear band of projection in layer 1b on the contralateral side.
Whole-cell recordings revealed low probability of finding
functional connections from the AON to contralateral aPC
(Figures 5D,E), with only 4 out of 11 cells showing responses
above noise. This proportion is significantly lower than that
for ipsilateral aPC cells in matched recordings (12 out of 14

connections, p < 0.02 Fisher’s exact test). Intriguingly, the
AMPA:NMDA ratio was larger for contralateral projections
(4.1 £ 0.68) than for ipsilateral ones (0.5 £ 0.09, p < 0.01, t-test).
The average amplitude of contralateral synaptic currents was also
lower than the ipsilateral ones (21.32 &£ 8.12 pA vs. 72.9 &£ 16.96
PA, p < 0.02, t-test).

These data suggest that ipsilateral and contralateral projections
from the AON have different connection properties in the aPC.

INTRINSIC CONNECTIONS WITHIN THE PC
We next examined the properties of recurrent connections within
the PC by injecting ChR2-EYFP virus into a single location within
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(E) In the aPC and pPC, a 5 ms LED flash induced synaptic EPSCs due to
activation of ChR2 in presynaptic terminals. Whole-cell patch-clamp
recording from neurons demonstrated AMPA receptormediated inward
current at —70 mV and outward current through the AMPA and NMDA
receptors at +40 mV. (F) Probability of synaptic responses was almost
100% in the aPC, and that in pPC was only reduced to 93.3%.
Amplitude of AMPA EPSCs was lower in pPC (69.3 £ 16 pA) than in aPC
(129 £ 20 pA).

the aPC (Figure 6A; see Methods). The axonal projections from
aPC neurons were distributed from layer 1 to layer 3 in both the
aPCand pPC, with the highest density in layer 1b (Figures 6B,C).
Notably, labeled fibers were observed in layer 1a (Figures 6B,C),
similar to what was found for AON fibers (Figures 2A,B). Labeled
fibers were also abundant in the pPC, although the fluorescence
intensity was lower than that in aPC (Figure 6B).

Whole-cell patch-clamp recordings from infected pyramidal
cells in the injected area of the aPC showed the typical adapting
ChR2 response in the presence of TTX. To examine synaptic
responses, we obtained recordings from non-infected pyramidal
cells in the aPC, and pyramidal cells in the pPC. Monosynaptic
currents were again isolated using TTX and 4-AP as before. Both
AMPA and NMDA currents could be recorded in target cells
in both regions (Figures 6D-F). The probability of obtaining
synaptic currents was almost 100% within the aPC, similar to

that reported recently (Franks et al., 2011), and that in the pPC
was 93.3% (14 out of 15 cells). AMPA:NMDA ratio was similar
for the two target regions (1.44 £ 0.19 vs. 1.22 £ 0.20, n = 18
and 14 respectively, p > 0.4, t-test). Matched recordings from
the same slices revealed that the average monosynaptic response
amplitudes were lower for aPC to pPC connection compared to
intrinsic connectivity within the aPC (69.3 & 16.9 pA vs. 129.3
£ 19.7 pA, p < 0.05, t-test).

CALCIUM IMAGING REVEALS DENSER LOCAL CONNECTIVITY IN

THE pPC THAN IN THE aPC

Experiments with ChR2 did not readily lend themselves to detect-
ing connections originating from single neurons. To examine the
functional connectivity of neurons within the aPC, we turned to
combined patch-clamp recordings and calcium imaging. Several
groups have developed methods to detect the functional targets
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FIGURE 7 | Local connectivity as revealed by calcium imaging.

(A) Image of a population of cells in aPC labeled with OGB-1. Fluorescence
changes from 64 responding cells to stimulation of LOT are shown in the
right panel (blue lines). Control fluorescence traces for trials with no
stimulation are shown in red for the bottom 16 cells. Note clear separation of
responses from baseline noise. Afu, arbitrary fluorescent units. (B) A
bonafide response and a control trace are shown to illustrate the method
used to calculate fluorescence response amplitudes. Responses were
calculated as difference in fluorescence in the two periods marked as F2 and

F3. Noise estimates were obtained from the difference in fluorescence
during periods F2 and F1. (C) A single neuron was stimulated to emit 5 action
potentials at 20 Hz under whole-cell patch mode, and calcium signals were
imaged in neighboring cells. Histogram of response amplitudes (blue)

for 150 cells from one such experiment revealed just one cell with a clear
response (arrow, and associated fluorescence trace). Noise distribution for
the same experiment is shown in red. (D) Distribution of the number of
responding cells from all experiments. Note that most experiments had 0
responding cells.

of single neurons by looking for changes in postsynaptic calcium
concentration when a single neuron is made to emit one or
more spikes. We labeled a population of cells in the aPC using
multicell bolus labeling of OGB-1 (Stosiek et al., 2003; Apicella
et al., 2010). Labeled cells were visualized with a CCD camera
and patch-clamp recording was obtained from a single neuron
within the aPC. In early experiments, we stimulated the LOT
at increasing intensities and observed that a large number of
labeled neurons in the field of view showed robust increase in
fluorescence intensity (Figure7A). In control experiments, we
used high-speed line scanning to confirm that clear fluorescence
intensity changes were invariably associated with action potentials
(Appendix Figure A2), in line with many previous studies. LOT
stimulation also allowed us to assess the health of slices, based
on robust responses in a large population of cells. Since intrin-
sic connections are likely to be weak, we raised the excitability
of neurons by increasing the extracellular potassium concentra-
tion to 7.5 mM, allowing even weaker synaptic inputs to generate
action potentials and the associated calcium signals.

When single neurons within the aPC were stimulated, changes
in calcium concentration could be detected in only a small num-
ber of cells in the field of view (Figures 7B-D). Responding
neurons were identified using a threshold of three standard
deviations above baseline fluctuations (see Methods; Figure 7B).
On average, we obtained responses in 0.4 £ 0.16 cells (n =
28 slices) out of an average of more than 200 cells in the field

of view, with the number of responding cells across experiments
following an exponential distribution (Figure 7D). This suggests
that the probability of functional connections within a local area
is very low in the aPC.

We next examined the intrinsic connectivity in the pPC using
calcium imaging. We found that a burst of five action potentials in
a single pPC neuron could activate several neighboring neurons
(Figure 8A). On average, the number of cells within the imaged
field that could be activated was 1.2 & 0.3 for pPC (n = 16lices),
significantly larger (p < 0.01 Fisher’s exact test) than the fraction
in aPC (0.4 £ 0.16, n = 28slices) (Figure 8B). The fraction cal-
culated includes experiments where no cells were activated, and
the entire distribution of number of activated cells is shown in
Figure 8B.

Our experiments with ChR2 above indicated that the aPC has
strong projections to pPC (Figure 6). We wondered whether the
activity of individual aPC cells could drive cells in pPC. After
labeling cells in the pPC with OGB1, we obtained whole-cell
patch-clamp recordings in the aPC. By moving the field of view
to the pPC after obtaining a patch recording in aPC, we were
able to determine if cells in the pPC could be activated by a burst
of spikes in a single aPC cell. To our surprise, more superficial
pPC cells (4.7 £ 0.74 cells, n = 9slices with at least one pPC
cell was active) could be activated by a single aPC neuron than
even local aPC cells (1.5 4= 0.46 cells, n = 9 slices with at least one
aPC cell active; p < 0.01 Fisher’s exact test; Figure 8C). This result
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FIGURE 8 | Connectivity in the pPC. (A) Example of a group of cells

in pPC labeled with OGB-1 (green), along with the response image

when a single neuron was stimulated (grayscale image). The response
image was obtained by taking the difference of 10 frames each after and
before stimulation. The bright cell to the top left of the image is the
stimulated neuron. The two images are superimposed at bottom left (with
response image colored red), and the fluorescence traces for the three
responding cells are shown at bottom right. (B) The distribution of the
number of responding cells from all the experiments is shown for pPC (red).
Similar data for the aPC (blue) are shown for comparison. (C) Experiments
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where a single aPC neuron was activated and calcium signals were
recorded in the aPC and pPC (on different trials). Two example images are
shown, with responding cells shown in red superimposed on resting
fluorescence images (green). At right are traces of the responding

cells from the pPC. Note that activation of a single aPC cell in these two
experiments causes just 1 cell to respond in aPC, but two or more in pPC.
One pPC “response” (blue trace) in top panels was rejected based on the
fact that fluorescence rise preceded stimulation (arrow). (D) Similar

experiments with activation of a single pPC neuron triggered no responses in
the aPC.

was obtained even though our ChR2 experiments indicated that
monosynaptic connections were stronger locally within aPC than
on pPC neurons. As we discuss below, this was likely due to the
denser local connectivity within the pPC which amplifies activa-
tion from the aPC. Interestingly, in more than 10 experiments, we
never obtained calcium responses in the aPC when stimulating
individual pPC cells (Figure 8D).

DISCUSSION

The key findings of our study are that: (1) the AON connects
densely to the ipsilateral aPC, but much more sparsely to ipsi-
lateral pPC as well as to contralateral PC, (2) there are target
cell-specific differences in the associational connectivity within
the aPC, and (3) the intrinsic projections within the aPC are
sparser than those within pPC. Our results offer a cellular basis
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FIGURE 9 | Summary of connections. Wiring diagram based on the
probability of finding functional connections in our experiments. The width
of the arrow is correlated with the probability, with the numbers appearing
next to the arrows. Connections from aPC to AON, and those within the
AON are from data not shown in the paper. Ac, anterior commissure.

for a sensory role of aPC and a more associative role for pPC. The
functional connectivity diagram informed by our studies, show-
ing the probability of connections between areas, is illustrated in
Figure 9.

ACKNOWLEDGING THE HETEROGENEITY OF ASSOCIATIONAL
SYNAPSES

The piriform cortex is often described as an associational cortex,
where multiple olfactory cues are combined with each other as
well as with non-sensory inputs (Haberly, 2001; Wilson et al.,
2004; Gottfried, 2010; Wilson and Sullivan, 2011). The input
from the olfactory bulb to the cortex is disperse and apparently
non-stereotyped (Haberly, 2001; Wilson et al., 2004; Gottfried,
2010; Ghosh et al., 2011; Miyamichi et al., 2011; Sosulski et al.,
2011). This implies that a given location in the PC can potentially
receive inputs from a wide area of the bulb (Davison and Ehlers,
2011), and therefore integrate multiple odor cues simply through
input diversity. In addition, the associational connections also
contribute significantly to odor responses in the anesthetized
animal (Rennaker et al., 2007; Poo and Isaacson, 2011; Chapuis
and Wilson, 2012).

The associational fiber system is an inclusive phrase for the
connections between subregions of the olfactory cortex (Haberly,
1998). Physiological studies have tended to underemphasize the
heterogeneity of associational connections. For example, when
associational synapses are suppressed using baclofen, inputs from
many different sources will be affected. It is unclear, however,
whether connections from different sources have different func-
tional roles—for instance, do inputs to the PC from AON play a
sensory or associational role? Our study suggests that caution is
required in interpreting experiments that indiscriminately acti-
vate associational fibers, since different sources have different

connection propensity. For example, associational synapses in the
pPC do not include significant contribution from the AON, but
include significant recurrent intrinsic connections.

THE OUTPUT OF AON

The AON is at the hub of ipsi- and contralateral connections and
may play a central role in olfaction (Haberly and Price, 1978;
Luskin and Price, 1983a,b; Reyher et al., 1988; Brunjes et al., 2005;
Yan et al., 2008; Illig and Eudy, 2009; Kikuta et al., 2010). Our
anatomical results confirm classical studies showing abundant
connections from the AON to PC. Although the AON has been
divided into multiple regions with distinct connectivity (Luskin
and Price, 1983a,b; Haberly, 1998; Brunjes et al., 2005; Matsutani,
2010), we chose not to distinguish among the different subre-
gions in these first set of studies because of the technical challenge
of injecting viral particles into small subregions without clear
boundaries.

Histological reconstructions demonstrated that the projec-
tions from the AON are denser in the aPC than in the pPC.
The decreased density of projections from the AON to pPC
was associated with a significantly lower probability of obtaining
light-evoked synaptic responses in the pPC. ChR2-labeled axons
in the aPC were mainly in layers 1b and 2/3, but some axons
were consistently present in layer 1a where only sensory projec-
tions from the OB were expected. These projections were not
due to accidental labeling of mitral/tufted cells because those cells
were highly resistant to infection even when AAV particles were
injected directly into the bulb (Appendix Figure A1). Association
fibers were also present in layer 1a when virus injection was done
in the aPC (Figures 6B,C). Interestingly, there was no labeling
in layer la of pPC from either AON or aPC injections. We note
that our data are from juvenile animals and these fibers may be
eliminated in adult tissue (Schwob et al., 1999). Although we
are unable to ascribe any functional role for these associational
fibers in layer la, our results suggest that some degree of caution
is warranted when electrically stimulating layer 1a, especially in
the minimal stimulation regime, since inadvertent activation of
ectopic associational fibers may lead to misleading results.

The different subregions of the AON and PC are connected
through complex reciprocal connections that often cross the mid-
line. Our histological analysis indicated that contralateral projec-
tions from the AON to the aPC were sparser than ipsilateral ones.
Accordingly, we were unable to detect synaptic responses reli-
ably in contralateral cortical areas in our experiments. The weaker
functional connectivity is not due to reduced ChR2 expression in
the distal parts of the AON axons, as judged by single bouton flu-
orescence. Our results indicate that the AON inputs to ipsilateral
pPC as well as contralateral aPC and pPC are fairly weak. Any
function of these crossed projections must involve subtle mod-
ulation of firing properties rather than driving activity on their
own (Wilson, 1997; Kikuta et al., 2008).

TARGET-DEPENDENT PROPERTIES OF AON SYNAPSES IN THE aPC

Recent studies of PC circuits have revealed heterogeneity in
synaptic inputs received by different principal cells (Suzuki and
Bekkers, 2011; Wiegand et al., 2011). In particular, SL cells located
superficially receive stronger synaptic inputs from mitral/tufted
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cells axons than deeper pyramidal cells, which seem to have
stronger associational connections (Suzuki and Bekkers, 2011;
Wiegand et al., 2011). Here, we report the relative poverty of
functional connections from the AON to SL cells. The weak con-
nectivity from the AON to SL cells cannot be simply due to
the absence of basal dendrites in these cells, since AON axons
have dense projections to layer 1b where the proximal dendrites
of SL cells can potentially receive inputs. In fact, experiments
with spatially localized stimulation using an optical fiber indi-
cated that both layer 1 and layer 3 synapses are functionally active
(Appendix Figure A3). Our studies add support to the view that
the aPC circuits are likely to be functionally segregated into sen-
sory and more associative components. We also speculate that
the lack of strong associational inputs may partly underlie the
selective vulnerability of SL cells, which die within 24 h follow-
ing removal of the OB (Heimer and Kalil, 1978). It is possible
that removal of the OB decreases synaptic inputs to SL cells
much more drastically than to pyramidal cells, which have strong
associational inputs, and this makes SL cells more vulnerable.

Our results suggest that odor-evoked responses of SL cells will
be dominated by sensory inputs from the OB, but those of SP
and DP cells influenced by recurrent cortico-cortical connections.
The responses of PC cells are thought to be sparse and distributed
(Rennaker et al., 2007; Poo and Isaacson, 2009; Stettler and Axel,
2009; Zhang et al., 2010; Poo and Isaacson, 2011), but whether
this applies to SL cells is not clear. The contribution of associa-
tional connections to odor responses in different cell types can
be dissected in future experiments using either pharmacological
(baclofen, for example) or optogenetic (inhibitory rhodopsins,
for example) manipulations.

We also discovered that synapses made by AON axons on
SL cells had a lower AMPA:NMDA ratio when compared to
pyramidal cells. In many regions of the brain, higher relative con-
tribution of NMDA currents has been associated with greater
synaptic plasticity (Smith and McMahon, 2005; Argilli et al,
2008). Association synapses to pyramidal cells can undergo long-
term potentiation and depression in vitro (Lebel et al.,, 2001;
Young and Sun, 2007), and it is possible that SL cell synapses are
more plastic.

RECURRENT CONNECTIVITY
Another novel finding of our study is that recurrent connections
within the aPC were functionally sparser than those in pPC. The
evidence to support this conclusion came from calcium imag-
ing experiments. Although this method is likely to be agnostic
about weak synapses, there was a clear difference in the num-
ber of follower cells triggered by a single neuron in aPC and
pPC. Our results point to a denser connectivity within the pPC.
The weak local connectivity in the aPC was also confirmed with
paired patch-clamp recordings. The low probability of connec-
tivity within the aPC is unlikely to be simply due to severing of
recurrent axons by slicing since the pPC had higher connectivity
under the same conditions, and even the aPC to pPC connectivity
was denser than the local connections (Figures 7 and 8).

Based on the estimates of the number of neurons in the
imaged region, we calculated a local connection probability of
~0.002 in the aPC. This value is consistent with an indirect

estimate of <0.01 obtained from optogenetic analysis in PC of
mice recently (Franks et al., 2011). In the pPC, the connection
probability, calculated again using the number of imaged neu-
rons in the field of view, was 0.006. Since the calcium imaging
method is likely to be less sensitive than electrophysiology, and
some connections are likely to be severed in the slice preparation,
our estimates might be low. We also note that there may be dif-
ferences within the aPC itself, for example the dorsal versus the
ventral parts (Illig, 2007), which future studies can address.

The higher intrinsic connection probability in the pPC was
also reinforced by experiments where activation of single aPC
neurons led to a greater number of activated pPC neurons than
aPC neurons in the vicinity of the trigger neuron. Interestingly,
our optogenetic experiments using ChR2 indicated that monosy-
naptic connections from the aPC to the pPC were not any more
frequent or stronger than local intrinsic aPC connections. The
two observations together suggest that activation of a single aPC
neuron monosynaptically activates a small number of neurons
in the pPC, which then recurrently activate more neurons in the
pPC. We were unable to test the role of local recurrent synapses
in pPC vs. synapses from aPC since baclofen would affect both
populations.

A recent study in the PC indicated that synaptic connection
probability as well as synaptic strength was distance independent
(Franks et al., 2011). However, that study did not include record-
ings from the pPC. We have found that the average amplitude of
light-evoked EPSCs was smaller from aPC to pPC compared to
local connections within the aPC, suggesting that the aPC to pPC
connections may have lower convergence or lower quantal ampli-
tudes. A final intriguing point is that there is a distinct lack of
functional projections from pPC to aPC. This is consistent with
anatomical evidence based on reconstructions of axon collaterals
of individual pPC neurons, as well as bulk tracer labeling (Datiche
et al., 1996; Johnson et al., 2000; Chen et al., 2003; ul Quraish
et al., 2004; Yang et al., 2004).

FUNCTIONAL CONNECTIVITY AND THE DIFFERING FUNCTIONAL

ROLES OF aPC AND pPC

Previous studies have promoted the notion that the aPC interacts
with AON (and OB) to produce a synthesized odor represen-
tation that is conveyed to a more associative cortical area, the
pPC. The pPC is thought to receive not only odor informa-
tion, but also information from other modalities (Schoenbaum
and Eichenbaum, 1995; Haberly, 2001). Therefore, the aPC may
be associative mainly within the context of a single modality
(olfaction), and the pPC may be associative in a multimodal
sense (Haberly, 2001). It has been noted that pPC neurons are
less responsive to odor stimulation than aPC neurons (Litaudon
et al.,, 2003), and that the activity in the aPC in behaving animals
largely reflects sensory information, whereas activity in the pPC
is modulated significantly by other contexts such as reward (Calu
et al., 2007). Studies in rodents (Kadohisa and Wilson, 2006; Calu
et al., 2007) as well as lower resolution human imaging studies
(Gottfried et al., 2006; Howard et al., 2009; Zelano et al., 2011)
have suggested that odor identity may be represented in the aPC
and odor quality in the pPC. Our findings are consistent with
the idea that the aPC receives more sensory information than the
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pPC. In addition, there is little feedback from the pPC to the aPC.
Our data, however, suggest that notions of intrinsic connectivity
in the two regions need to be revised.

There has been some uncertainty about the differences
between intrinsic connectivity in the aPC and the pPC. Some clas-
sical tracing studies (Haberly and Price, 1978; Luskin and Price,
1983a,b) have suggested that the pPC has weaker intrinsic con-
nectivity (Haberly, 2001). Bulk tracer methods are not ideal for
studying local connectivity because of the high background at
the site of injections. By contrast, single neuron injections, which
are technically more difficult, are better suited for detailed anal-
ysis of intrinsic connectivity. Indeed, single neuron fills clearly
reveal abundant local axonal arbors of pPC neurons (Johnson
et al., 2000; Chen et al., 2003; ul Quraish et al., 2004; Yang et al,,
2004). Taken together, anatomical studies note a caudal bias in the
associational projections from the pPC, but leave open the possi-
bility of strong local intrinsic connections. The only functional
study (Ketchum and Haberly, 1993) that compared the intrinsic
connectivity in the aPC and pPC suggested sparser intrinsic con-
nectivity in the pPC. This study used an indirect method (current
source density analysis) and relied on differences in the latency of
a current sink in layer 1b. However, our studies as well as others
clearly indicate that associational connections can also be found
in deeper layers in addition to layer 1b. Here, we have used a more
direct method combining electrophysiology and imaging to mea-
sure the functional strength of connections at the level of single
neurons. It is also possible that even if the pPC has anatomically
sparser intrinsic connectivity than the aPC, the synaptic strength
could be higher. This can be tested in future experiments with
targeted paired recordings from identified neurons.

IMPLICATIONS FOR PLASTICITY
The PC combines sensory information that arrives via LOT axons
with other information coming through associational inputs,

thus learning associations across odors and even modalities
(Haberly, 2001; Wilson et al., 2004; Calu et al., 2007). NMDA
receptor-dependent plasticity is more pronounced in the asso-
ciational inputs, especially after 3 weeks of age (Franks and
Isaacson, 2005; Poo and Isaacson, 2007; Johenning et al., 2009).
If the potential for plasticity is related to the AMPA:NMDA
ratio, our studies indicate that olfactory-related plasticity can
occur not just in the recurrent connections within the PC,
as often discussed (Haberly, 1998; Brosh and Barkai, 2004,
2009; Gottfried, 2010), but also in the feedforward projec-
tion from the AON. By contrast, the feedback projection from
the aPC to AON had a much higher AMPA:NMDA ratio
(1.79 £ 0.15; data not shown) than the feedforward projec-
tions (1.20 £ 0.12, p < 0.01), suggesting that these synapses
are less plastic. These predictions about plasticity can be
tested experimentally by inducing LTP or LTD using accepted
protocols.

CONCLUDING REMARKS

Our optophysiological experiments have revealed important
information about the organization of the cortico-cortical con-
nections in the olfactory cortex of rodents. We have found that
the functional synaptic circuits in the aPC and pPC are different,
establishing a cellular and circuit basis for systems-level findings
on odor processing in these areas.
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APPENDIX

FIGURE A1 | Mitral cell projection to the PC. Direct injection of AAV into
the OB induced expression of ChR2-EYFP mostly in periglomelular cells,
granule cells, and glial cells at the injection site, with almost no mitral cell
labeling (A). Only a few fibers can be recognized passing through the LOT
(B,C), and some branched fibers from the LOT innervate layer 1a in the aPC
(D).
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FIGURE A2 | Detection of single action potentials with calcium
imaging. After multicell bolus labeling aPC slices with OGB-1, cell attached
recordings were obtained from a single neuron. The LOT was stimulated at
low intensities to evoke a single spike in the recorded cell. Confocal
imaging (LSM510, Zeiss) was performed in the line scan mode and
fluorescence changes recorded (top). Single action potentials (bottom trace)
were associated with clear fluorescence increases (middle trace).
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FIGURE A3 | Local stimulation with multimode optic fiber. Focal
stimulation of ChR2-expressing axons was performed by coupling a blue
laser (GLG 3080B, NEC Inc., emitting approximately 5 mW) onto one end of a
50 wm core, 0.22 NA multimode optic fiber (M14L05, Thorlabs Inc.). The
other end was cleaved and threaded through a 25G stainless steel needle
(6937A28, McMaster-Carr Inc.) and epoxied to create a makeshift stimulating
optrode. Timing of stimulation was controlled by a shutter (Uniblitz
VS25S2ZM1, Vincent Associates Inc.) and shutter driver (Uniblitz T132,
Vincent Associates Inc.) in the light path between the laser and the fiber. We
isolated monosynaptic excitatory inputs from ChR2-expressing axons using
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tetrodotoxin (TTX, 1 wM, Tocris) and 4-aminopyridine (4-AP, 100 wM, Tocris),
and inhibitory currents were blocked by adding PTX in the ACSF. Neurons
were held at —70 mV for AMPA EPSC. (A) When the optic fiber was placed
parallel to the apical dendrites and moved tangentially along the pial surface,
the amplitude of AMPA EPSC decreased with distance from the recording
pyramidal cell (ex1 and 2). (B) With the optic fiber placed parallel to the
laminar structure, the EPSC amplitude was largest around layer 2. (C)
Synaptic currents evoked by stimulation of layer1 (black trace) and layer3 (red
trace) had slightly different kinetics, with layer 3 synapses showing longer
latency and shorter rise time.
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