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Abstract 32 

Odors activate distributed ensembles of neurons within piriform cortex, forming cortical representations 33 

of odor thought to be essential to olfactory learning and behaviors.   This odor response is driven by direct 34 

input from the olfactory bulb, but is also shaped by a dense network of associative or intracortical inputs 35 

to piriform, which may enhance or constrain the cortical odor representation.  With optogenetic 36 

techniques, it is possible to functionally isolate associative inputs to piriform cortex and assess their 37 

potential to activate or inhibit piriform pyramidal neurons.   The anterior olfactory nucleus (AON) 38 

receives direct input from the olfactory bulb and sends an associative projection to piriform cortex that 39 

has potential roles in the state-dependent processing of olfactory behaviors.  Here, we provide a detailed 40 

functional assessment of the AON afferents to piriform in male and female C57/Bl6 mice.  We confirm 41 

that the AON forms glutamatergic excitatory synapses onto piriform pyramidal neurons, and while these 42 

inputs are not as strong as piriform recurrent collaterals, they are less constrained by disynaptic inhibition.  43 

Moreover, AON-to-piriform synapses contain a substantial NMDA-receptor-mediated current that 44 

prolongs the synaptic response at depolarized potentials.  These properties of limited inhibition and slow 45 

NMDA-receptor-mediated currents result in strong temporal summation of AON inputs within piriform 46 

pyramidal neurons, and suggest that the AON could powerfully enhance activation of piriform neurons in 47 

response to odor. 48 

 49 

 50 

 51 

 52 

 53 
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 54 

Significance Statement 55 

Odor information is transmitted from olfactory receptors to olfactory bulb, and then to piriform cortex, 56 

where ensembles of activated neurons form neural representations of the odor.  While these ensembles are 57 

driven by primary bulbar afferents, and shaped by intracortical recurrent connections, the potential for 58 

another early olfactory area, the anterior olfactory nucleus (AON), to contribute to piriform activity is not 59 

known.   Here, we use optogenetic circuit-mapping methods to demonstrate that AON inputs can 60 

significantly activate piriform neurons, as they are coupled to NMDA-receptor currents and to relatively 61 

modest disynaptic inhibition.  The AON may enhance the piriform odor response, encouraging further 62 

study to determine the states or behaviors through which AON potentiates the cortical response to odor. 63 

 64 

 65 

 66 

 67 
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 72 
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 74 

Introduction 75 

The piriform cortex provides a simplified circuitry for studying cortical-sensory integration and the 76 

influences of intracortical information on cortical sensory representations.  Within the piriform, odors 77 

activate unique and sparsely distributed ensembles of neurons, forming a cortical representation of odor 78 

(Poo and Isaacson, 2009; Stettler and Axel, 2009; Roland et al., 2017).  These ensembles are formed in 79 

part by distributed inputs from the olfactory bulb, which drive powerful excitatory inputs onto piriform 80 

principal neurons (Franks and Isaacson, 2006; Suzuki and Bekkers, 2006, 2011; Davison and Ehlers, 81 

2011).  In addition, there is a significant contribution from intracortical or associative inputs to piriform 82 

(Poo and Isaacson, 2011).  Piriform receives extensive associative inputs from diverse areas, which 83 

include other olfactory areas, such as the anterior olfactory nucleus (AON) or olfactory tubercle, higher 84 

order areas such as frontal or entorhinal cortex, or from the piriform itself in the form of recurrent 85 

collateral connections (Datiche et al., 1996; Franks et al., 2011; Haberly and Price, 1978a; Johnson et al., 86 

2000).  Optogenetic methods allow functional isolation of these various classes of inputs to piriform 87 

cortex and assessment of their roles in cortical odor processing. 88 

The most comprehensively studied associative inputs to piriform cortex are the recurrent collateral 89 

synapses, which arise from other piriform pyramidal neurons and semilunar cells, and form a dense nexus 90 

of intracortical glutamatergic excitatory connectivity.  Although these recurrent connections are spatially 91 

extensive, their excitation is constrained by strong, locally mediated feedback inhibition whose strength 92 

directly scales with excitation (Franks et al., 2011).  This strong inhibition shapes the temporal integration 93 

of these associative inputs with the primary bulbar inputs.  Moreover, the extensive recurrent network, 94 

when coupled with disynaptic inhibition, has been shown to constrain the spatiotemporal odor response to 95 

strong olfactory input, and thus provides a circuit-level mechanism for concentration-invariance of the 96 

odor representation (Stern et al., 2018; Bolding and Franks, 2018).   97 
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Here, we focus on another important class of associative inputs to piriform with potential to shape the 98 

cortical odor representations – the inputs from the anterior olfactory nucleus (AON).  The AON is 99 

perhaps the earliest cortical olfactory area.  It receives direct olfactory bulb input from mitral and tufted 100 

cells.  AON neurons respond to multiple odors, and likely integrate convergent inputs from multiple 101 

olfactory bulb glomeruli (Lei et al., 2006).  From prior anatomical studies (Haberly and Price, 1978b) and 102 

more recent optogenetic assays (Hagiwara et al., 2012), it is known that the AON provides significant 103 

excitatory input to the piriform cortex.  Additionally, recent studies of the centrifugal projections from the 104 

AON to the olfactory bulb indicate that the AON preferentially synapses onto bulbar inhibitory neurons, 105 

and therefore drives significant inhibition onto mitral cells, which may dynamically filter signal-to-noise 106 

for odors according to cortical output (Boyd et al., 2012; Markopoulos et al., 2012).  Moreover, the AON 107 

is potentially an important area for behaviorally relevant top-down control by neuromodulators or limbic 108 

circuits, and may be a critical mediator of state-dependent olfactory behaviors (Aqrabawi et al., 2016; 109 

Oettl et al., 2016). 110 

We provide a functional isolation and quantitative characterization of AON projections to piriform, 111 

yielding insight into the potential influence of AON on piriform activity.  Utilizing viral vectors for focal 112 

and robust expression of channelrhodopsin-2 in the AON, we selectively activated AON afferents to 113 

piriform cortex (Boyden et al., 2005; Zhang et al., 2006; Yizhar et al., 2011).  Through in vitro patch 114 

clamp electrophysiology, we characterized the basic synaptic properties of AON synapses onto their 115 

piriform targets. 116 

 117 

 118 

 119 

 120 
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Materials & Methods 121 

All experiments followed approved national and institutional guidelines of the Columbia University 122 

Medical Center.  All animal experiments were conducted with male or female C57Bl/6J mice from 123 

Jackson Laboratories, and were reviewed and approved by the Institutional Animal Care and Use 124 

Committee (IACUC). 125 

Viral Vector Production and Stereotaxic Gene Delivery 126 

A Cre recombinase/GFP cassette (Le et al. 1999) was cloned into a lentivirus vector with expression 127 

driven by the humanized synapsin promoter (hSyn1).  High-titer lentivirus were produced commercially 128 

(System Biosciences, ~109 IFU/ml).  Adeno-associated virus (AAV) for channelrhodopsin expression was  129 

generated from a pAAV-EF1α-DIO-hChR2(H134R)-EYFP.WPRE.pA (gift from Karl Deisseroth) and 130 

produced commercially (UNC Vector; serotype 2/1).  The recombinant AAV2/9 CAG-DIO-GFP and 131 

AAV2/1 CAG-DIO-TdTomato used for characterization of infection site and expression, and the  132 

AAV2/9 CamKIIa.hChR2(H134R)-EYFP.WPRE.SV40 used for extensive channelrhodopsin expression 133 

in the AON were produced commercially and obtained from Penn Vector.  All viruses were separated into 134 

2.5-4 μl aliquots and stored at -80°C until just prior to injection. 135 

Young adult male or female C57Bl/6J mice (4-8 weeks old) were anaesthetized with ketamine/xylazine 136 

(100/10 mg/kg, respectively, intraperitoneal) and head-fixed in a stereotaxic device.  Virus was injected 137 

with a pulled glass pipette using standard procedures (see Cetin et al., 2006).  Briefly, an incision was 138 

made in the scalp and small craniotomy drilled above the anterior olfactory nucleus using stereotaxic 139 

coordinates 2.8 ± 0.17 mm anterior to bregma, 1.0 ± 0.2 mm lateral, and depth 3.5 ± 0.57 mm, or above 140 

anterior piriform cortex with coordinates 0.5 ± 0.6 mm anterior to bregma, 3.4 ± 0.2 mm lateral, and 141 

depth 5.3 ± 0.1 mm.  Individual aliquots of lentivirus and AAV were thawed, mixed (1:1 volume), and 142 

injected in ~20 nanoliter increments using a Nanoject II (Drummond Scientific, Broomall, PA) through a 143 

glass pipette (Drummond 3-000-203-G/X,  tip diameter ~20 μm).  Volume injected was 612 ± 246 nl 144 
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(range 200 - 760 nl, 19 animals) for the LV-AAV combination, and 52.7 ± 21.9 nl (range 27 - 83 nl, 12 145 

animals) for the non-conditional AAV2/9 CamKIIa.hChR2(H134R)-EYFP.WPRE.SV40.   Only a single 146 

hemisphere (left or right, chosen randomly) was injected.  The pipette was left in place for 5 minutes 147 

before slow retraction.  Off-target injections resulted in no expression or expression that was largely 148 

absent from the AON, and argue against spurious activation from other brain regions that were sometimes 149 

infected following virus injection.  Animals with off-target infection were not included in these 150 

experiments. 151 

Electrophysiology  152 

After sufficient time for gene expression (typically 21-28 days after injection: 23 ± 2.5 days for LV-AAV 153 

and 28 ± 4 days for AAV9), mice were anesthetized with isoflurane and decapitated.  The cortex was 154 

quickly removed in ice-cold artificial CSF (aCSF).  Horizontal brain slices (350 μm) were cut using a 155 

vibrating microtome (Leica) in a solution containing (in mM): 10 NaCl, 2.5 KCl, 0.5 CaCl2, 7 MgSO4, 156 

1.25 NaH2PO4, 25 NaHCO3, 10 glucose, and 195 sucrose, equilibrated with 95% O2 and 5% CO2.  Slices 157 

were incubated at 34°C for 30 min in aCSF containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4 , 25 158 

NaHCO3 , 25 glucose, 2 CaCl2 , 1 MgCl2 , 2 NaPyruvate.  Slices were then maintained at room 159 

temperature until they were transferred to a recording chamber on an upright microscope (Olympus 160 

Optical) equipped with a 40x objective (LUMPLFLN 40XW, 0.8 N.A.).  For voltage clamp recordings, 161 

patch electrodes (3-6 MΩ) contained: 130 D-Gluconic acid, 130 CsOH, 5 mM NaCl, 10 HEPES, 12 162 

phosphocreatine, 3 MgATP, 0.2 NaGTP, 10 EGTA, 0.05 Alexa Fluor 594 cadaverine, 0.15% biocytin.  163 

For current clamp recordings, electrodes contained: 130 K-Methylsulfonate, 5 mM NaCl, 10 HEPES, 12 164 

phosphocreatine, 3 MgATP, 0.2 NaGTP, 0.1 EGTA, 0.05 AlexaFluor 594 cadaverine, 0.15% biocytin.  165 

Voltage- and current-clamp responses were recorded with a Multiclamp 700A amplifier, filtered at 2-4 166 

kHz, and digitized at 10 kHz (Instrutech).  Series resistance was typically 8-12 MΩ, always <20 MΩ, and 167 

was compensated at 80%–95%.  The bridge was balanced using the automated Multiclamp function in 168 

current clamp recordings.  Short, collimated light pulses from a 470-nm LED (LEDC5, Thor Labs; 0-250 169 
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μW measured at sample) were delivered to the tissue through the objective every 10-15 seconds.  Most 170 

experiments used a 2-ms, 250-μW pulse.  We did not correct for liquid junction potentials.  All 171 

experiments were performed at 34°C. 172 

Pharmacological agonists/antagonists CNQX (10 μM), D-AP5 (50 μM), SR95531 (10 μM), CGP 55845 173 

(10 μM), TTX (1 μM) and 4-AP (100 μM) were all obtained from Tocris Bioscience (Bristol, U.K.).  174 

Identification of Layer 2 Pyramidal Neurons 175 

Neurons were patched in deep layer 2 under differential interference contrast (DIC) optics and visualized 176 

at 590 nm with a monochrometer and cooled CCD camera (TILL Photonics).  Pyramidal cells were 177 

identified based on morphological and electrophysiological indicators (Haberly, 2005; Suzuki & Bekkers, 178 

2009), i.e. one or two spiny apical dendrites that branched extensively and extended to layer 1a, basal 179 

dendrites that extended into layer 3, and input resistances of 100-200 MΩ.  Recordings from semilunar 180 

cells or high input resistance layer 2 interneurons could readily be distinguished from pyramidal cells and 181 

were not included in this analysis.  After recording, brain slices were fixed and viewed by fluorescence 182 

confocal microscopy to further confirm that patched cells were layer 2 pyramidal neurons. 183 

Laser-scanning Photostimulation and Synaptic Input Mapping 184 

Laser-scanning photostimulation was performed by scanning the slice surface with a pair of 185 

galvanometer-controlled scan mirrors (Till Photonics), controlled by custom software written in C and 186 

LabView (National Instruments).   The 470-nm laser (100 mW) was power modulated with an acoustic-187 

optical tuning filter (AA Optoelectronic) and fiber-coupled to the scan mirrors.  Planar deflection was 188 

achieved with a scan lens (Till Photonics) behind the objective.  The beam diameter (1/e2) of the 189 

illumination spot was either ~30 μm (20X objective) or ~15 μm (40X objective).  The order of site 190 

illumination was initially designed so as to maximize the time between illumination of neighboring sites, 191 

thus minimizing artifact from inactivation by neighboring illumination.  However, serial trials with 192 
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conventional illumination pattern (left-to-right, top-to-bottom) showed no such neighborhood effects, and 193 

these data were pooled.  194 

Comparisons with Piriform Recurrent Inputs 195 

Synaptic response data from our prior study of piriform recurrent collaterals was included only for 196 

comparison of AON responses within piriform (Figures 2 and 4).  These data were obtained identically to 197 

the methods outlined above, with the exception that dual viral vectors were injected into piriform cortex 198 

for expression in anterior piriform cortical neurons (see Franks et al. 2011). 199 

Data Analysis 200 

Data were collected and analyzed off-line using a combination of Axograph X (Axograph), IGOR Pro 201 

(Wavemetrics), MATLAB (Mathworks), and Prism (GraphPad).  Average responses were calculated from 202 

12-20 consecutive episodes.  Synaptic time constants were determined from a mono-exponential best fit 203 

when appropriate.  Half-width duration was used as a metric of synaptic time course when the response 204 

was only well fit by a multi-exponential process, as in the case of rapid attenuation of EPSPs by 205 

inhibition.  Synaptic conductance (Gexcitation or Ginhibition) was calculated from G = PSC / (Vhold - Erev) where 206 

reversal potentials E, rev were theoretical and calculated from the ionic compositions of the intracellular 207 

and extracellular solutions (Erev, excitation = Erev, NMDA  = +5 mV and Erev, inhibition = -92 mV).  Statistical tests 208 

were unpaired or paired two-sided t tests, as appropriate, except where data were clearly not normally 209 

distributed, as in EPSC amplitudes in across neurons, in which case Mann-Whitney U test (i.e. Wilcoxon 210 

rank sum test) was applied.  Each applied statistical test is indicated in the text and/or figure legends. 211 

 212 

 213 

 214 
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 215 

Results  216 

Robust, focal expression of channelrhodopsin-2 within the AON 217 

The anterior olfactory nucleus (AON) is within the olfactory peduncle, the thin stalk of tissue that joins 218 

the olfactory bulb to the forebrain.  It is nearly continuous with the olfactory bulb, the piriform cortex and 219 

the orbitofrontal cortical areas, and abuts the dense fasciculation of axons of the lateral olfactory tract that 220 

carries information from bulb to brain (Brunjes et al., 2011).  We used a previously established (Choi et 221 

al., 2011; Franks et al., 2011) dual viral vector approach to achieve strong expression of 222 

channelrhodopsin-2 (ChR2) in a spatially restricted subpopulation of AON neurons (Figure 1A).  223 

Simultaneous injection of a lentivirus (LV) vector expressing Cre recombinase (LV-Cre) and an adeno-224 

associated virus (AAV) vector containing a Cre-dependent ChR2 construct into the AON resulted in 225 

focal, sparse expression of ChR2 in the AON, as observed with previous experiments in piriform cortex 226 

(Figure 1B, and see Franks et al. 2011).    227 

Focal expression of ChR2-YFP in the AON revealed YFP-positive (YFP+) axons that coursed along the 228 

rostrocaudal extent of anterior piriform cortex (the portion of piriform directly bordered by the LOT), but 229 

their density tapered as they entered the posterior piriform (Figure 1C).  This is consistent with prior tract-230 

tracing studies that showed a similar sharp attenuation of labeled AON axons at the border of posterior 231 

piriform (Haberly and Price, 1978).  Additionally, YFP+ AON axons were consistently seen in the 232 

olfactory bulb, as well as the contralateral olfactory bulb, contralateral AON, and contralateral anterior 233 

piriform (not shown), also consistent with known projections (Illig and Eudy, 2009; Markopoulos et al., 234 

2012).  Within piriform, AON axons fasciculated within layer 1b, similarly to recurrent collateral axons 235 

from piriform pyramidal neurons (Figure 1D), and ramified throughout layer 3.  There were also a few 236 

YFP+ axons within layer 1a, where bulbar axons synapse onto distal dendrites of piriform pyramidal 237 

neurons and where interneurons are located that receive bulbar input and mediate feedforward inhibition 238 
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onto piriform neurons (Luna and Schoppa, 2008; Stokes and Isaacson, 2010; Suzuki and Bekkers, 2012). 239 

Though sparse, fibers within layer 1a were consistently seen when ChR2-YFP was expressed in the AON, 240 

and have also been observed using traditional tract-tracing techniques (Haberly and Price, 1978).  241 

Fluorescent fibers were not observed in the lateral olfactory tract.   242 

We recorded from YFP+ neurons in the AON to verify strong ChR2 expression.  In a cell-attached 243 

configuration, trains of blue light pulses reliably evoked action potential firing in YFP+ neurons, while 244 

whole-cell recordings revealed large, excitatory photocurrents (-1.81 ± 0.86 nA, mean ± sd, n = 7, not 245 

shown), with time course characteristic of ChR2-mediated inward currents (Hegemann et al., 2005; Zhang 246 

et al., 2006).      247 

We sought additional confirmation that we reliably and exclusively targeted the AON for exogenous 248 

protein expression with our methods by co-injecting LV-Cre and Cre-dependent AAVs driving 249 

fluorescent markers into the anterior olfactory nucleus and piriform cortex in the same animal (Figure 250 

1E).   We used expression of GFP or TdTomato to provide a strong cytosolic signal that more clearly 251 

indicates cell bodies and dendrites than was seen with ChR2-YFP expression due to its membrane-252 

targeting.  Injection of LV-Cre and AAV2/9-CAG-DIO-GFP into the AON and LV-Cre and AAV2/1-253 

CAG-DIO-TdTomato into the piriform produced spatially restricted expression of the appropriate 254 

fluorophores (Figure 1F, G).  While GFP+ and TdTomato+ axons were faintly visible in both areas, there 255 

was no overlap in the populations of GFP+ or TdTomato+ neurons (Figure 1H, I).  GFP+ axons had 256 

similar distribution to ChR2-YFP-expressing axons across piriform layers (Figure 1J).  We observed a 257 

similarly restricted expression pattern when the location of the fluorescent vector injection was reversed, 258 

with AAV2/1-CAG-DIO-TdTomato injected into AON and AAV2/9-CAG-DIO-GFP injected into 259 

piriform (not shown). 260 

Light-evoked synaptic responses from AON inputs to piriform  261 

With robust channelrhodopsin-2 expression restricted to the AON, we assessed the properties of AON 262 
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afferents to piriform cortex.  We stimulated with wide-field illumination, with the objective positioned 263 

over the soma of the patched neuron, to evoke maximal EPSC responses at a membrane voltage of -70 264 

mV.  Morphology and identity of recorded neurons were verified by direct visualization during recording 265 

and in post hoc confocal microscopy of fixed brain slices.  Brief (2 ms) light pulses evoked rapid inward 266 

currents in whole-cell recordings from piriform layer 2 pyramidal neurons with the membrane held at -70 267 

mV (Figure 2A, B), which were highly consistent from trial to trial.  Median latency and jitter for these 268 

responses were 3.0 ms and 0.16 ms, respectively, consistent with single-synapse transmission (Figure 2B, 269 

right).  Light-evoked responses were also consistently and reversibly abolished by blockade of fast 270 

glutamatergic transmission (Figure 2C).  NMDA-receptor-mediated synaptic currents were isolated and 271 

measured by blocking both inhibition and fast, AMPA-receptor-mediated currents, and by voltage 272 

clamping neurons at highly positive potentials (+40 to +50 mV) to relieve Mg2+ block.  We found that 273 

AON synapses onto piriform pyramidal neurons evoked a large NMDA-receptor-mediated synaptic 274 

current (Figure 2D, mean NMDA:AMPA conductance ratio was 7.5 ± 2.7 nS, mean ± sem, n = 16).  275 

These data indicate that the AON makes monosynaptic, glutamatergic synapses onto piriform pyramidal 276 

neurons, and that these synapses have significant NMDA-receptor-mediated current, consistent with prior 277 

physiological studies of AON-to-piriform afferents (Hagiwara et al. 2012; Kanter & Haberly, 1990).  278 

Moreover, the large NMDA receptor component of the EPSC is similar to that observed at piriform 279 

recurrent collateral synapses (Figure 2D, and see Franks and Isaacson, 2005).  280 

We quantified the range of AON synaptic responses by recording from 121 visually identified layer 2 281 

piriform pyramidal neurons from 16 animals in which ChR2 was expressed in the AON.  Although large 282 

EPSCs were observed on occasion (-786 pA in the example of Figure 2E, top trace), the responses were 283 

typically much smaller (-65.9 pA, Figure 2E, middle trace), and were often on the order of the unitary 284 

response to activation of a single AON fiber  (-11.2 pA, Figure 2E, bottom trace, and see Figure 2F).  The 285 

median response was -47.1 pA (range -4.5 pA to -786 pA) and the mean response was -96.2 ± 146 pA 286 

(mean ± sd, n = 66).  Of the 121 piriform neurons assessed, only 66 (55%) demonstrated a detectable 287 



 

 12 

response to light, in contrast to the 99% probability of observing a response due to excitation of the 288 

recurrent network under similar experimental conditions (Franks et al. 2011). 289 

In a limited number of recordings, we found that four out of four semilunar neurons and four out of six 290 

layer 3 pyramidal neurons that were examined received excitatory input from the AON.  However, we did 291 

not record from sufficient numbers to meaningfully assess the relative strength or frequency of AON 292 

inputs to these neuron types, and have focused our analysis on connections to piriform layer 2 pyramidal 293 

neurons.  Note, a prior study found that the AON makes excitatory connections onto both semilunar and 294 

layer 2 and 3 pyramidal neurons, but connections to semilunar neurons were relatively weak compared to 295 

those onto pyramidal neurons (Hagiwara et al., 2012).   296 

We next measured the unitary excitatory response amplitude (uEPSC) for AON-to-piriform afferent 297 

synapses to determine whether any clustering of synapses occurs and whether the AON is capable of 298 

producing strong, single fiber afferents onto piriform neurons, in a manner similar to primary bulbar 299 

afferents from the LOT (Franks & Isaacson, 2006).  Stimulation with minimal light power and spatially 300 

restricted illumination elicited discrete responses with alternating successes and failures (peri-threshold 301 

stimulation).  The uESPCs recorded with this method were -14.9 ± 1.7 pA (mean ± sem, n = 9, Figure 302 

2F).  This is on the order of the spontaneous miniature EPSC responses recorded in these cells, suggesting 303 

that a single AON afferent, makes only a single terminal or en passant synapse onto a piriform pyramidal 304 

neuron, similar to findings for piriform recurrent collaterals (Franks et al., 2011), although the response to 305 

a unitary AON input is somewhat weaker, and approximately 40% that of piriform recurrent synapses 306 

(Figure 2F, right, -36.2 ± 5.9 pA, see Franks et. al. 2011). 307 

The short-term dynamics of AON-to-piriform synapses were assessed by eliciting pairs of EPSCs at 308 

various time intervals and measuring the facilitation or depression of the second EPSC in the pair (Figure 309 

2G).  We found that AON afferent synapses were weakly facilitating at short intervals, with roughly 25% 310 

facilitation at 50-ms pairing (paired-pulse ratio, 2nd EPSC / 1st EPSC: 1.24 ± 0.10, mean ± sem, n = 6, p 311 
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= 0.07, not significant), indicating minor increase of release probability during the second pulse. 312 

We observed responses of varying amplitudes throughout the extent of anterior piriform cortex.  There 313 

was no increase in likelihood of observing larger responses within the rostral-most portions of anterior 314 

piriform.  In pooled data from 3 slices from 3 separate animals, large EPSCs were observed 1-2 mm into 315 

anterior piriform cortex (Figure 2H, zero corresponds to AON-piriform transition area).   We did not 316 

observe responses in any of 18 pyramidal neurons recorded in the posterior piriform (area of piriform 317 

caudal to the LOT termination).  318 

Functional topography of AON afferents to piriform cortex 319 

The topography of AON afferents to the piriform cortex was previously studied with classic tract-tracing 320 

methods (Haberly and Price, 1978), with results consistent with the pattern of YFP+ fluorescent axons 321 

that we observed (see Figure 1D).  We sought to determine whether this corresponds to a functional bias 322 

of AON synapses for the proximal apical dendritic domain of piriform pyramidal neurons, or whether 323 

significant activation may arise from AON fibers in layer 3, or even the sparse fibers observed in layer 1a 324 

(i.e. the distal dendritic domain).  We used an established method to precisely map single AON synaptic 325 

inputs onto piriform pyramidal neurons (Petreanu et al., 2009).  With a 470-nm laser directed by scanning 326 

mirrors, we illuminated highly focused areas within the brain slice along the somatodendritic axis of 327 

piriform pyramidal neurons (Figure 3A).  We included tetrodotoxin (TTX) in the bath to block action 328 

potentials to restrict photoactivation to synaptic terminals and included 4-aminopyridine (4-AP) to block 329 

potassium channels and enhance the local ChR2-mediated depolarization.  A grid pattern of illumination 330 

was chosen to completely sample the apical and basal fields, from the LOT to deep layer 3, of the 331 

recorded neuron at center (Figure 3A, right).  Stimulation points were horizontally and vertically 332 

separated by 80 μm.  An exemplary set of responses is shown in Figure 3B.   Here, synaptic responses (or 333 

absence of response) are plotted at the corresponding point in the stimulus grid that evoked the response.  334 

A spatial convolution of the response amplitudes is generated for visualization (Figure 3B, right).  335 
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We scanned the dendritic fields of 12 neurons, with measurements of EPSC amplitude at each site, and 336 

aligned these maps so that data from 12 neurons could be combined into an average intensity profile 337 

(actual scan area was larger than that shown here to allow alignment without artifact, and negative 338 

responses at the periphery were omitted).  Piriform neurons were most strongly activated by stimulation 339 

of AON inputs over the proximal apical dendritic field (Figure 3C).  The maximal response for each of 340 

the 12 neurons tested is indicated at its corresponding location in a single grid, which shows that most 341 

maximal responses occurred in the apical field of the neuron, and that these also tended to be much larger 342 

in EPSC amplitude than responses in the basal field (Figure 3D).  There are several neurons with 343 

responses in the basal field or layer 3, which though smaller, suggest some degree of input from the layer 344 

3 fibers seen in Figure 1D.  There were no responses observed with focal illumination over layer 1a, the 345 

bulbar input layer. 346 

Weak disynaptic inhibition driven by AON afferents 347 

The AON provides excitatory input to piriform that is relatively weak when compared to piriform 348 

recurrent collateral input.  However, though the piriform recurrent collaterals evoke a large EPSP, the 349 

excitation is normally constrained by an even larger disynaptic inhibitory postsynaptic potential (IPSP) 350 

(Franks et al., 2011).  To determine whether the AON also drives strong disynaptic feed-forward 351 

inhibition onto piriform neurons, we performed voltage-clamp recordings of piriform neurons while 352 

holding the membrane potential at -70 mV and at +5 to +10 mV to assess the relative strengths of 353 

excitatory and inhibitory responses to light activation, respectively (Figure 4A).  Brief light pulses evoked 354 

negative EPSCs at -70 mV, as expected.  While holding at +5 mV in the same neuron, we consistently 355 

observed a positive current in response to light, with delayed onset relative to the EPSC.  The median 356 

latency and jitter for these positive current responses were 4 ms and 0.25 ms, respectively, and suggest a 357 

polysynaptic process (Figure 4A, right).  Responses recorded at +5 mV were abolished by SR95331, an 358 

antagonist of GABAA receptors (reduced to 3.3 ± 8% of the control response, n = 5, not shown).  359 

Moreover, addition of blockers of fast excitatory synaptic transmission (CNQX and AP5) completely and 360 
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reversibly abolished these positive responses (Figure 4B), indicating that they correspond to disynaptic 361 

inhibition.  In contrast to results with stimulation of piriform collaterals, optogenetic activation of the 362 

AON inputs evoked an outward current at +5 mV that was consistently smaller than the inward EPSC 363 

response at -70 mV.  A plot of the inhibitory conductance (Ginhibitory) versus excitatory conductance 364 

(Gexcitatory) recorded from each cell in response to photoactivation of AON inputs revealed an inhibition-to-365 

excitation conductance ratio of 0.71 ± 0.24 (mean ± sem, n = 29, Figure 4C), indicating that excitation is 366 

larger than inhibition.  This differs markedly from synaptic responses to piriform collateral stimulation, 367 

where inhibition dominates.  368 

It is possible that the relatively small excitatory responses to AON photostimulation underestimate the 369 

true extent of disynaptic inhibition relative to monosynaptic excitation.  Because our experimental 370 

protocol involved expressing ChR2 in a relatively small subset of the AON population, this may have led 371 

to the inefficient excitation of local inhibitory neurons.  We therefore asked whether a more extensive 372 

activation of the AON afferents could produce a larger inhibitory-to-excitatory response ratio.  We 373 

expressed ChR2 in a larger fraction of AON neurons using a viral vector with wider tissue spread, non-374 

conditional AAV with serotype 2/9 (Figure 4D, E).  This method also produced larger photocurrents in 375 

AON neurons than with the focal method (3.04 ± 1.86 nA vs. 1.81 ± 0.86 nA, mean ± sd, n = 6, not 376 

shown), indicating higher efficiency of expression within a given cell.  As this serotype has limited or no 377 

tropism for olfactory bulb mitral cells (Hagiwara et al., 2012), contamination by any bulbar projections is 378 

unlikely (Figure 4F).  Importantly, the non-conditional vector injection into AON produced a similar 379 

pattern of fluorescent axons within piriform to that seen with the focal, dual vector method, suggesting 380 

that the two methods recruit qualitatively similar populations of AON neurons  (Figure 4G, and see 381 

Figure 1D). 382 

More extensive ChR2 expression in the AON led to larger light-evoked EPSCs in piriform pyramidal 383 

neurons voltage-clamped at -70 mV, as anticipated (Figure 4H).  The median EPSC amplitude increased 384 

to -139.9 pA from -47.1 pA measured with more focal expression (mean value increased to -260.8 ± 307 385 
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pA from 96.2 ± 146 pA, mean ± sd), with a similar distribution, indicating a uniform increase in 386 

excitatory inputs (Figure 4I).  The probability of recording an excitatory response of any amplitude also 387 

increased to 82% (58 total attempts, Figure 4J).  Thus, the more extensive ChR2 expression in the AON 388 

resulted in stronger AON-driven excitation in piriform.   389 

We then asked whether this increased excitation led to an even larger increase in disynaptic inhibition, to 390 

levels similar to that seen with excitation of the piriform collaterals.  Again, inhibitory conductance was 391 

determined as a function of excitatory conductance for each voltage-clamped neuron from which we 392 

recorded (Figure 4K).  In this set of experiments, there were several neurons with substantial excitation 393 

(~10 nS excitatory conductance) and one neuron with ~20 nS excitation.  However, the inhibition-to-394 

excitation ratio remained low (1.17 ± 0.33, mean ± sem, n = 19), similar to that noted above with more 395 

focal ChR2 expression (Figure 4L, p = 0.27 for comparison with focal I:E ratio; unpaired t test).  As 396 

further confirmation that we were maximally activating inhibition, we determined the stimulus-response 397 

relationships for both excitation and inhibition in individual neurons (Figure 4M).  Light intensity was 398 

logarithmically scaled until the peak amplitudes of both responses were consistently maximal.  From the 399 

resultant stimulus-response curves, we see that excitatory and inhibitory responses scaled proportionally, 400 

and that both saturated at similar light intensities.        401 

AON excitation of piriform neurons produces relatively weak disynaptic inhibition, which differentiates it 402 

from piriform-to-piriform recurrent collateral excitation, and which is invariably coupled to large, fast 403 

inhibition.  Because these two sets of results were obtained with identical methods of dual viral vectors 404 

for channelrhodopsin expression, we compared the relative inhibition to excitation ratio in AON and 405 

piriform (Figure 4N).  The inhibitory and excitatory conductances were calculated for light-evoked AON-406 

to-piriform and piriform-to-piriform responses (Figure 4O), with obvious bias of piriform responses 407 

toward large inhibition.  Note that even the largest AON-to-piriform excitatory conductance responses 408 

(>10 nS) failed to evoke strong levels of inhibitory conductance responses comparable to those elicited by 409 

piriform activation.  This difference is reflected in an inhibition-to-excitation ratio of 3.74 ± 0.47 for 410 
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piriform-to-piriform responses compared to 0.89 ± 0.20 for AON-to-piriform responses (Figure 4P, p < 411 

0.001, Franks et al., 2011). 412 

This suggests that even with maximal excitation, there was substantially less recruitment of inhibition 413 

than observed for the piriform recurrent network.  Disynaptic inhibition coupled to piriform recurrent 414 

excitation is thought to originate from layer 3 fast-spiking interneurons (Stokes and Isaacson, 2010).  415 

AON afferents, on the other hand, likely couple to a unique locus of inhibition or unique interneuron 416 

subtypes. 417 

Functional activation of piriform neurons by AON inputs 418 

We next examined the AON’s potential to drive piriform neurons to fire action potentials by performing 419 

current-clamp recordings of piriform pyramidal neurons in response to AON stimulation.  All current-420 

clamp experiments were performed in animals with extensive ChR2 expression in the AON to ensure 421 

strong excitation.  Trains of 5 light pulses at 40 Hz produced reliable summation of depolarizing 422 

excitatory post-synaptic potentials (EPSPs) in piriform neurons (Figure 5A).  The frequency of 423 

stimulation throughout our experiments ranged from 20-50 Hz, similar to the spike frequencies of AON 424 

neurons recorded in response to odors in anesthetized animals (Lei et al., 2006).  Temporal summation 425 

resulted in nearly a doubling of the depolarization from the beginning to end of the train (1st EPSP peak 426 

amplitude = 0.98 ± 0.64 mV; 5th
 
EPSP peak amplitude = 1.95 ± 1.0 mV; mean ± sem, n = 9 neurons).  427 

The effect of this summation was particularly notable in some piriform neurons in which the train of 428 

AON inputs was sufficient to drive action potential firing (Figure 5B).  Action potentials were more 429 

frequently evoked late in the train, indicating that temporal integration was required to reach threshold 430 

(Figure 5B, right). 431 

This strong temporal summation of AON inputs to piriform pyramidal neurons was in marked contrast to 432 

the response to similar trains of optogenetic stimuli of piriform recurrent collaterals, in which strong 433 

disynaptic inhibition suppressed temporal summation of the piriform EPSP (Franks et al., 2011). 434 
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Moreover, whereas the piriform recurrent EPSPs are truncated by short-latency, large-amplitude 435 

inhibition, AON EPSPs decay more slowly to baseline at the end of the train, reflecting the modest 436 

contribution of inhibition.   437 

We directly examined the differential role of inhibition in temporal integration by delivering stimuli trains 438 

in the presence of a GABAA receptor antagonist.   We recorded trains of light-evoked AON EPSPs, and 439 

for comparison, also recorded electrically evoked ‘associational’ or intracortical EPSPs with a stimulating 440 

electrode in layer 1b (as in the diagram in Figure 5A).   Electrical stimulation in layer 1b in this manner is 441 

known to trigger significant inhibition and should approximate the piriform recurrent collaterals 442 

(Ketchum and Haberly, 1993 and see Supplementary Figure 4 in Franks et al. 2011).  We thus refer to the 443 

responses evoked by electrical stimulation in layer 1b as piriform recurrent collateral (PIR) responses.    444 

Blockade of inhibition permits temporal summation of recurrent collateral EPSPs, but results in little 445 

change of summation of AON-evoked EPSPs (Figure 5C, D).  We therefore conclude that differential 446 

levels of inhibition do indeed contribute to the differences in extent of temporal integration of the two 447 

classes of inputs.  448 

As a further test of the effect of inhibition, we measured temporal summation for the AON-evoked EPSP 449 

at different initial holding potentials (Figure 5E).  The theoretical reversal potential for Cl- in our 450 

preparation is close to -80 mV.  Therefore, holding the neuron at -80 mV should reduce the Cl- driving 451 

force, and minimize any effects of inhibition, while holding at -60 mV, where there is a large 452 

hyperpolarizing Cl- current, should enhance the effects of inhibition.  Surprisingly, temporal summation 453 

was greatest at -60 mV and diminished at -80 mV, the opposite of what is expected if temporal integration 454 

were primarily regulated by inhibition. 455 

This voltage dependence was further assessed for single EPSPs in both pathways.  Consistent with the 456 

effect of depolarization to enhance temporal summation of the AON EPSP, the decay of the AON EPSP 457 

(indicated by half-width duration) was maximal at -60 mV and decreased at more negative voltages 458 
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(Figure 5F, top).  The AON EPSP amplitude did not appreciably decrease with depolarization, despite the 459 

decrease in driving force on the excitatory glutamatergic current and increase in driving force on the 460 

inhibitory GABAergic current (Figure 5F, bottom).  In contrast to the AON EPSP, the time course of 461 

decay of the piriform EPSP became more rapid with depolarization (decreased half-width) and the EPSP 462 

amplitude became smaller, as expected for the changes in excitatory and inhibitory driving forces.   463 

NMDA receptors facilitate temporal summation of AON inputs  464 

The prolongation in deactivation kinetics of the AON EPSP with depolarization suggests a voltage-465 

dependent biophysical mechanism in the pyramidal neuron dendrites.  We focused on NMDA receptors 466 

because of their voltage-dependent properties, ability to generate dendritic action potentials in piriform 467 

neuron dendrites (Kumar et al., 2018), and strong expression at AON inputs (see Figure 2D).  Blockade of 468 

NMDA receptors with AP5 decreased the amplitude of single AON EPSPs at -60 mV (Figure 6A), and 469 

caused a small but consistent reduction in the decay time constant and area under the EPSP measured for 470 

single stimuli (Figure 6B).  The role of NMDA receptors was dramatically evident in the effect of AP5 to 471 

significantly decrease temporal summation in a reversible manner during a 40-Hz train of photoactivation 472 

of AON inputs (Figure 6C).  This was quantified by the effect of AP5 to decrease the ratio of the EPSP 473 

amplitude of the fifth response in the train to the amplitude of the first pulse (control ratio: 1.74 ± 0.05; 474 

AP5 ratio: 1.50 ± 0.07; mean ± sd, p = 0.012, n = 4, paired t test).  Therefore, NMDA receptors prolong 475 

the time course of EPSPs at AON-to-piriform synapses, allowing for significant synaptic temporal 476 

integration of AON inputs at relative depolarization.  Combined with the limited activation of disynaptic 477 

inhibition, AON synapses have the potential to significantly depolarize and activate piriform principal 478 

neurons, especially during brief, physiologically relevant trains of synaptic input.  479 

 480 

 481 
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 482 

Discussion 483 

Our results demonstrate that AON sends strong glutamatergic excitatory inputs to the piriform cortex, 484 

providing a potentially important associative influence over the cortical odor response.  These afferents 485 

terminate within the anterior piriform without meaningful projections to the posterior piriform cortex.  486 

AON afferents densely innervate the proximal apical dendrites of piriform pyramidal neurons, consistent 487 

with the anatomic distribution of YFP-positive fluorescent fibers observed in layer 1b of piriform in this 488 

study and prior anatomical studies (Haberly and Price, 1978; Luskin and Price, 1983).  Considered 489 

together with the known proximal apical bias of piriform recurrent collaterals, the proximal apical 490 

dendritic field is a rich area of significant associative inputs and may serve as a site where piriform 491 

recurrent collaterals and AON afferents interact in functionally meaningful ways.   Of note, there was 492 

minimal excitation of layer 2 piriform pyramidal neurons in the basal dendritic field, in contrast to the 493 

dense AON afferents present in piriform layer 3.  This suggests other possible target neurons for these 494 

fibers, such as deep pyramidal neurons, or layer 3 interneurons that are distinct from the fast-spiking, 495 

parvalbumin-positive/calbindin-positive neurons, and which may include the somatostatin-positive 496 

interneurons, for instance (Suzuki and Bekkers, 2010a, 2010b). 497 

A major difference between AON projections to piriform and the recurrent collaterals within the piriform 498 

is the degree of disynaptic inhibition that these two sets of inputs recruit (Figure 4).  Piriform recurrent 499 

excitation recruits, and is dominated by, strong disynaptic inhibition, which is likely mediated by 500 

perisomatic GABAergic synapses formed by fast-spiking, parvalbumin-positive interneurons in layers 2/3 501 

(Stokes and Isaacson, 2010; Suzuki and Bekkers, 2010a).  In contrast, AON excitation within piriform 502 

evokes only weak disynaptic inhibition, which does not constrain excitation, even with increasing 503 

intensity of excitatory drive or increasing numbers of activated AON afferents.  This suggests that AON 504 

afferents to piriform cortex, while providing weaker excitation than recurrent collaterals, are less 505 
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constrained by inhibition.  Moreover, it indicates that AON afferents likely interact with a unique 506 

interneuron subtype within piriform cortex that mediates this weaker disynaptic inhibition, and may be a 507 

target for neuromodulation. 508 

We also found that synapses from AON afferents to piriform have high levels of NMDA receptors, whose 509 

voltage-dependent properties help amplify synaptic excitation to patterns of input that lead to significant 510 

postsynaptic depolarization (Kumar et al., 2018).  Because AON excitatory synapses are less subject to 511 

feedforward inhibition (as for piriform collaterals), synaptic depolarization during a brief train of AON 512 

synaptic input enhances the voltage-dependent activation of local NMDA receptors, resulting in further 513 

depolarization, prolongation of EPSPs, and enhanced temporal integration.  In some neurons, this 514 

temporal summation is sufficient to induce firing.  This unrestrained NMDA receptor activation has 515 

several important potential consequences: (1) the AON may directly evoke action potential firing in some 516 

piriform neurons; (2) it may directly integrate with LOT inputs without the strict timing dependence of 517 

piriform-LOT integration; (3) AON synapses may more easily undergo NMDA-receptor-dependent long-518 

term potentiation; and (4) given that they have similar synaptic loci, the AON may provide the 519 

depolarization and/or Ca2+ influx to facilitate plasticity at coincidentally active piriform recurrent 520 

synapses (or other associative synapses at the apical dendrite).  Thus, AON-to-piriform afferents have 521 

numerous potential mechanisms through which the AON may enhance or shape the piriform response to 522 

odor. 523 

We made considerable efforts to confirm that our focal viral injection methods produced 524 

channelrhodopsin-2 expression that was restricted to the AON.  Due to the proximity of the orbitofrontal 525 

areas and the known anatomical projections from orbitofrontal cortex (OFC) to piriform cortex (Illig, 526 

2005), we cannot exclude potential effects of OFC afferents to piriform, but the robust and consistent 527 

expression of ChR2 in the AON, verified by restricted fluorescence and measured photocurrents, make 528 

this unlikely.  Nevertheless, the orbitofrontal cortex is a potentially important contributor to the 529 

associative network of piriform, and these projections merit dedicated future study. 530 



 

 22 

Detailed anatomical studies have shown that the AON is not homogenous, but has important regional 531 

differences in cytoarchitecture, gene expression, and connectivity (Haberly, 2001; Meyer et al., 2006).  532 

For instance, a major distinction is made between the dorsal, lateral, and ventroposterior portions of the 533 

AON and its medial subdivision based on observation of distinct neuronal morphology and that the 534 

former areas receive the majority of bulbar afferents via the lateral olfactory tract (Haberly and Price, 535 

1978).  We did not systematically investigate regional differences in the AON projections to piriform 536 

cortex, and channelrhodopsin-2 expression was not restricted to singular subdivisions, but was expressed 537 

and activated as a collective projection from par principalis to piriform (pars externa was not targeted).  538 

Future systematic examination of the properties of afferents to piriform from distinct subdivisions of 539 

AON, and the contralateral AON, including complementary retrograde labeling of AON neurons 540 

projecting to piriform will be necessary for a precise understanding of the regional organization of AON-541 

piriform connectivity. 542 

The role of the AON in olfactory signaling remains enigmatic, but it is becoming clearer that it occupies a 543 

central position within the olfactory hierarchy.  The AON receives early convergent input from the 544 

olfactory bulb, and sends reciprocal connections back to the bulb.  It also projects bilaterally to nearly all 545 

olfactory areas.  These centrifugal bulbar projections contact numerous bulbar interneurons, which lead to 546 

a net inhibitory influence of the AON onto the olfactory bulb, and may provide a mechanism for 547 

selectively increasing the signal-to-noise of the bulbar response to behaviorally meaningful odors in a 548 

state-dependent manner.  Our results provide evidence that AON afferents to piriform, contrary to 549 

centrifugal afferents to the olfactory bulb, will have a net excitatory effect on higher order associational 550 

processing of olfactory information (Boyd et al., 2012; Markopoulos et al., 2012).  This is also distinct 551 

from the dense excitatory recurrent connections from piriform neurons, whose net effect is inhibitory, 552 

both in slice (Franks et al, 2011) and in vivo (Bolding & Franks, 2018). 553 

The AON may play an important behavioral role in olfactory processing based on studies of the action of 554 

the social neuropeptide oxytocin.  Induced oxytocin release in the AON enhances socially-motivated 555 
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behaviors, and oxytocin both increases excitability of AON neurons, and facilitates the inhibitory effects 556 

of feedback projections from the AON to the olfactory bulb (Oettl et al., 2016).  This raises the question 557 

as to how such neuromodulation alters the synaptic effects of AON projections to piriform and the 558 

associative circuitry within piriform.  Further evidence implicating AON in odor information processing 559 

is provided by the finding that activation of the AON (pars medialis) through projections from the ventral 560 

hippocampus results in impaired performance on olfactory-dependent behaviors (Aqrabawi et al., 2016).   561 

Our results provide strong motivation for systems-level studies into the functional roles in olfaction of the 562 

anterior olfactory nucleus/cortex and its projections to the piriform cortex.  A critical future experiment 563 

will be to functionally activate and inhibit the AON afferents to piriform cortex in the behaving animal, 564 

with experiments carefully designed to dissect the contributions of AON projections to piriform compared 565 

to AON projections to other olfactory areas and centrifugal projections to the olfactory bulb.  Such studies 566 

will eventually lead to a deeper understanding as to how the AON modifies and shapes the piriform odor 567 

response, how this is regulated by neuromodulatory inputs, and how the AON contributes to olfactory 568 

learning and behavior. 569 

 570 
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Figure Legends 656 

Figure 1.  Focal expression of channelrhodopsin-2 within the anterior olfactory nucleus.  657 

(A) Viral vectors and gene constructs used for strong, localized expression of ChR2 in the AON.  658 

Lentivirus for Cre recombinase expression in a sparse, focal set of neurons, and AAV for expression of 659 

Cre-dependent ChR2-YFP.  Right, these viral vectors were simultaneously injected into the central AON 660 

within the olfactory peduncle.  The lentivirus construct contains the humanized synapsin promoter 661 

(hSyn1) for pan-neuronal expression, and the AAV construct includes humanized elongation factor 1α 662 

(EF1α) for constitutive ChR2 expression.  LoxP and Lox2272 refer to independent pairs of site-specific 663 

Cre recombination sequences. 664 

(B) Parasagittal section of an injected mouse forebrain showing ChR2-YFP expression well localized to 665 

the AON (scale bar = 1 mm). 666 

(C) Visualization of AON projections to piriform cortex.   Medial-lateral series of parasagittal sections 667 

from an injected brain.  YFP+ axons course ventrolaterally from the AON to the piriform.  Axon density 668 

tapers sharply after anterior piriform, and axons do not densely innervate the posterior piriform (scale bar 669 

= 1 mm).   670 

(D) Laminar distribution of AON afferents to piriform.  Magnified view (rotated) of the boxed area in 671 

(C), showing YFP+ axons in the anterior piriform cortex (scale bar = 100 μm).  Fibers are densest in layer 672 

1b, less dense in in layer 3, and occasionally seen in layer 1a (but no fibers are seen within the lateral 673 

olfactory tract).  674 

(E) Verification that vector-mediated expression was restricted to subset of AON neurons.  Using a 675 

similar dual LV-AAV vector strategy, Cre-dependent GFP was expressed in the AON, while Cre-676 

dependent TdTomato was expressed in piriform in the same animal via two separate injections.  Identical 677 
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volumes and titers of LV-Cre vector were used as for channelrhodopsin experiments.   678 

(F) Horizontal section of forebrain showing ipsilateral injection sites with expression of GFP in a 679 

restricted area of AON, and similarly restricted expression of TdTomato in the piriform cortex (scale bar 680 

= 1 mm). 681 

(G) Enlarged view of lateral forebrain including both injection sites, showing GFP+ (green) and 682 

TdTomato+ (magenta) axons in both areas, but no overlap in green or red fluorescent somata (scale bar = 683 

200 μm).  Arrowhead roughly indicates AON-piriform transition area. 684 

(H and I) Enlarged views of the respective injection sites above, demonstrating sparse and focal 685 

expression of Cre-dependent fluorescent proteins in both the AON and piriform (scale bars = 50 μm). 686 

(J) Area of piriform cortex between injection sites.  GFP+ axons from AON neurons projecting through 687 

piriform layers with similar distribution to YFP+ axons of ChR2-expressing AON neurons in (D).  688 

TdTomato fluorescence not shown.  Lateral olfactory tract not visible in this section (scale bar = 100 μm). 689 

Figure 2.  Photoactivation of AON afferents to piriform reliably evokes excitatory responses in 690 

piriform pyramidal neurons. 691 

(A) Recording from layer 2 pyramidal neurons in piriform, while photoactivating afferents originating in 692 

AON.  Cells were targeted under DIC (middle), and morphology was visualized after filling with 693 

intracellular Alexa 594 fluorescent dye (right, scale bar = 50 μm).  L1-L3 indicate piriform layers 1-3, 694 

respectively. 695 

(B) Voltage-clamp recordings (holding at -70 mV) from a piriform pyramidal neuron and responses to 696 

brief (2-ms) light pulses, which are indicated by the blue bar.  Twelve consecutive stimulation trials are 697 

shown (gray traces) with the average response (black trace).  Right, plot of latency (left bar) and jitter 698 

(right bar, standard deviation of latency) for 7 responses.  For each, median (center line), 25-75 699 
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percentiles (box edges) and 10-90 percentiles are shown (whiskers) are shown.  Median latency: 3.0 ms 700 

(range 2.4 - 4.6 ms); median jitter: 0.16 ms (range 0.07 - 0.67 ms). 701 

(C) Responses to pairs of light pulses at -70 mV under control conditions and in the presence of blockers 702 

of glutamatergic synaptic transmission, CNQX and AP5.  Responses return after washout of drugs 703 

(bottom trace).  Right, EPSC amplitude of excitatory responses in absence (control) and presence of 704 

CNQX and AP5 (control: 150.3 ± 12.2 pA; CNQX+AP5: 5.2 ± 1.0 pA; mean ± sem, n = 5, *p < 0.001, 705 

paired t test). 706 

(D) NMDA-receptor current associated with AON afferents to piriform.  Left, EPSCs recorded at -70 mV, 707 

and at +40 mV to maximize NMDA-mediated currents (in presence of blockers of fast and slow 708 

GABAergic transmission, SR79331 and CGP55845, respectively).  Center, plot of NMDA conductance 709 

(GNMDA) vs. AMPA conductance (GAMPA) in each of 14 neurons.  Right, NMDA:AMPA conductance 710 

ratios (GNMDA/GAMPA) for AON-to-piriform afferents (7.5 ± 2.7 nS, mean ± sem, n = 14), with the 711 

NMDA:AMPA conductance ratio for piriform-to-piriform afferents (in gray) for comparison (5.6 ± 3.1 712 

nS, n = 10, p = 0.66, not significant, unpaired t test). 713 

(E) Distribution of maximal AON inputs to piriform neurons.  Left, synaptic responses within 3 different 714 

neurons to show range of total EPSC size in these neurons.  Peak (negative) amplitudes: bottom, 11.2 pA; 715 

middle, 65.9 pA; top, 788 pA.  Center, histogram of maximum EPSC responses recorded in 66 piriform 716 

neurons.  Right, bar plot indicating median response amplitude (center), 25-75 percentiles (box edges), 717 

and 10-90 percentiles (whiskers).  Median AON-to-piriform response: 47.1 pA (range 4.51 to 786 pA); 718 

mean response 96.2 ± 146 pA (mean ± sd).  Similar statistics are provided for piriform-to-piriform 719 

responses in 93 neurons: median piriform-to-piriform response was 305.0 pA (range 18.0 to 1688 pA); 720 

mean response 414 ± 335 pA (mean ± sd).   Median AON-to-piriform vs. piriform-to-piriform 47.1 vs. 721 

305.0 pA, *p < 0.0001, Mann-Whitney U test). 722 

(F) Unitary responses to AON inputs onto piriform cells.  Axons were stimulated with illumination at a 723 
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site distant (~400 μm) from recorded cells.  Left, representative overlay of 20 trials, in which response 724 

failures occurred on approximately 50% of the trials (peri-threshold).  Right, plot of unitary response 725 

amplitudes in 9 cells (-14.9 ± 1.7 pA, mean ± sem, n = 6).  The unitary response determined similarly for 726 

piriform recurrent collaterals is provided for comparison (36.2 ± 5.9 pA, mean ± sem, n = 12, *p = 727 

0.0003, Mann-Whitney U test). 728 

(G) Pairing of light stimuli at varying time intervals to assess short-term synaptic plasticity.  Left, overlay 729 

of pairs of EPSCs evoked by light stimuli separated by Δt = 50 ms, 100 ms, and 200 ms, and plot of 730 

paired-pulse ratio (2nd response /1st response) for various pairing intervals (non-significant trend toward 731 

facilitation at 50-ms pairing, ratio 1.24 ± 0.10, mean ± sem, n = 6, p = 0.07, paired t test). 732 

(H) EPSC amplitude plotted as function of distance within anterior piriform cortex, indicating no apparent 733 

distance dependence of responses (pooled data from 3 brain slices from 3 different animals).  Zero 734 

represents AON-piriform transition area.   735 

Figure 3.  Laminar organization of AON inputs to piriform pyramidal neurons. 736 

(A) Left, schematic of laser scanning activation of individual synaptic boutons.  Utilizing a scanning 737 

mirror and lens system, focal areas of the brain slice were activated in a grid pattern.  Blockers of action 738 

potential propagation (TTX and 4-AP) were included to limit activation to areas on or near synaptic 739 

boutons.  Middle, DIC image (10X) showing a typical laser-scanning activation preparation.  Stage 740 

position adjusted so that recorded cell is at center of the scan field.  The center of scan field (blue spots, 741 

overlay) is chosen so as to cover the major input layers to the piriform cell (8 x 10 positions, Δx = Δy = 742 

80 μm, scale bar = 100 μm).  Right, fluorescent image of dye-filled cell to confirm identity and soma 743 

position. 744 

(B) Representative spatial response profile for a piriform pyramidal neuron.  Left, single scan of the 745 

synaptic inputs to the cell in (A).  Response locations are indicated by their position in the grid.  Response 746 
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amplitude is indicated by color, according to the color bar at upper right.  Relative position of cell body is 747 

indicated by schematic pyramidal neuron in gray.  Right, interpolated intensity profile of the synaptic 748 

inputs for visualization.   749 

(C) Average of intensity profile for all neurons tested.  Each map was normalized to the maximal 750 

response for each neuron, aligned to somatic position, and these were averaged to produce the map shown 751 

(n = 12 neurons). 752 

(D) Locations and amplitudes of maximal responses during activation scans.   Each intersection in the 753 

grid corresponds to a point of activation as in (B), and each colored marker represents the point of 754 

maximal activation for each of 12 neurons (that is, each marker is separate scan experiment), with colors 755 

indicating relative EPSC amplitude.  Clustered markers indicate points that produced maximal activation 756 

in multiple experiments.  Black triangle indicates location of somata of recorded neurons in all 757 

experiments. 758 

Figure 4.  AON inputs activate weak disynaptic inhibition onto piriform neurons. 759 

(A) Voltage clamp recordings of piriform neurons at -70 mV (bottom) and +5 mV (top) in response to 760 

optical stimulation of AON afferents – overlay of 8 trials at each holding voltage.  Black traces are mean 761 

responses.  Inset, magnified timescale the responses at -70 mV and +5 mV.  Right, with plot of latency 762 

and jitter for responses recorded at +5 mV.  For each, median (center line), 25-75 percentiles (box edges) 763 

and 10-90 percentiles are shown (whiskers) are shown.  Median latency: 4.0 ms (range 2.1 - 7.3 ms); 764 

median jitter: 0.25 ms (range 0.07 - 0.89 ms). 765 

(B) Response to pair of light pulses under control conditions at +5 mV, and responses at +5 mV in the 766 

presence of pharmacologic blockers of AMPA- and NMDA-mediated excitatory synaptic transmission, 767 

CNQX and AP5, respectively.   Corresponding excitatory responses in control conditions at -70 mV are 768 

shown at bottom.  CNQX and AP5 reversibly abolish inhibitory responses, indicating their disynaptic 769 
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nature (IPSC amplitudes: control 201.8 ± 53.2, CNQX+AP5 18.6 ± 9.0; mean ± sem, n = 4, *p < 0.001, 770 

paired t test). 771 

(C) Left, maximal EPSCs and IPSCs in an example cell.  Right, total inhibitory conductance (Ginhibitory) 772 

versus excitatory conductance (Gexcitatory) plotted for each neuron (slope of linear fit is 0.16 ± 0.07, R2 = 773 

0.15, n = 29; dotted line of equality provided for reference).  Right, ratio of inhibitory to excitatory 774 

conductance (Ginhibitory/Gexcitatory, 0.71 ±  0.24, mean ± sem, n = 29). 775 

(D) Left, strategy for extensive expression of channelrhodopsin-2 in AON neurons.  Animals were 776 

injected with non-conditional AAV9 CaMKII-driven ChR2-GFP.  CaMKII is a strong promoter that 777 

limits expression to glutamatergic neurons.       778 

(E) Parasagittal section through AON injected with AAV9-CaMKII-ChR2-GFP vector.  ChR2 is 779 

expressed throughout a greater extent of AON than for the focal method (scale bar = 500 μm).  780 

Approximate border of AON is indicated by dotted line.  OB = olfactory bulb, G = glomerular layer, MC 781 

= mitral cell layer, VLO = ventral/lateral orbitofrontal cortex, str = striatum.       782 

(F) Section through the olfactory bulb adjacent to injected AON.  The AAV9 serotype has limited/no 783 

tropism for olfactory bulb projection neurons.  Only centrifugal fibers within the granule cell layer are 784 

visible – no YFP+ mitral or tufted cells were observed (scale bar = 100 μm).  OB = olfactory bulb, G = 785 

glomerular layer, EPL = external plexiform layer, MC = mitral cell layer, GCL = granule cell layer. 786 

(G) Pattern of AON axons in piriform cortex in animal injected in AON with AAV9 expressing ChR2 787 

(scale bar = 100 μm), which is similar to the pattern observed with ChR2-YFP in Figure 1D.           788 

(H) Extensive infection and ChR2-expression in the AON leads to larger recorded light-evoked EPSCs in 789 

piriform neurons.  Left, two examples of large (>500 pA) light-evoked EPSCs in piriform neurons.       790 

Right, histogram of maximal EPSCs recorded in piriform neurons after extensive AON infection.   791 
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(I) Right, box-and-whisker plot indicating median response amplitude (center), 25-75 percentiles (box 792 

edges), and 10-90 percentiles (whiskers).  Median EPSC with extensive expression 139.9 pA (range 4.5 to 793 

1505.8 pA) vs. focal expression 47.1 pA (range 4.51 to 786 pA; *p < 0.0001, Mann-Whitney U test).   794 

(J) Fraction of synaptic responses observed in piriform neurons with extensive (84%) vs. focal (55%) 795 

expression of ChR2 in AON.   796 

(K) Recording of EPSCs (-70 mV) and IPSCs (+5 mV) in piriform neurons in response to AON 797 

stimulation.  Recording from piriform neuron showing significant excitation, but modest inhibition.  798 

Excitatory (-70 mV) and disynaptic inhibitory (+5 mV) responses in each cell are plotted.  Graph shows 799 

peak conductance (solid line, slope 0.21 ± 0.14, R2 = 0.27, line of equality [dotted line]for reference).   800 

(L) Ratio of inhibitory conductance (Ginhibitory) to excitatory conductance (Gexcitatory) with enhanced 801 

activation of AON afferents to piriform (1.17 ± 0.33, mean ± sem, n = 19), was not significantly greater 802 

than for the focal method (0.71 ± 0.24, mean ± sem, n = 29; p = 0.27, unpaired t test). 803 

(M) EPSCs (-70 mV) and IPSCs (+5 or +10 mV) were evoked with increasing light intensities in single 804 

neurons (2.9-173 μW).  Right, excitatory (open circles) and inhibitory (closed circles) PSC amplitudes 805 

plotted against light stimulus intensity, normalized to the value measured at maximum light intensity. 806 

(N) Comparison of disynaptic inhibition evoked by optogenetic excitation of AON afferents to disynaptic 807 

inhibition evoked by optogenetic activation of piriform recurrent collaterals under similar experimental 808 

conditions (see Franks et al., 2011).  Traces show the inhibitory current (positive trace) evoked with 809 

excitatory current (negative trace) at either AON-to-piriform afferents (top) or piriform-to-piriform 810 

afferents (bottom). 811 

(O) Plot of inhibitory conductance vs. excitatory conductance for each recorded neuron for AON-to-812 

piriform (gray circles) or piriform-to-piriform synapses (white circles).  Responses measured after 813 

extensive ChR2 expression in the AON were included (LV-AAV1 and AAV9 data pooled).  Inset shows 814 
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smaller data points for easier visualization.  Piriform slope of linear fit 2.45 ± 0.21, R2 = 0.30, n = 63; 815 

AON slope 0.25 ± 0.05, R2 = 0.31, n = 48). 816 

(P) Comparison of ratios of inhibitory conductance to excitatory conductance for AON (gray bar, 0.89 ± 817 

0.20, mean ± sem, n = 48) and piriform (white bar, 3.74 ± 0.47, mean ± sem, n = 22).  Piriform-to-818 

piriform connections activate significantly larger disynaptic inhibition than AON-to-piriform afferents (*p 819 

< 0.0001, unpaired t test). 820 

Figure 5.  Functional significance of weak disynaptic inhibition. 821 

(A) Left, diagram of experiment to assess the activating potential of AON synapses onto piriform 822 

neurons.  AON synapses are activated with optical stimulation.  For comparison, the collective associative 823 

inputs to piriform in the same neuron, ‘associational’ inputs, were evoked by electrical stimulation in 824 

layer 1b.  Based on their properties, they are suspected to be largely represented by piriform recurrent 825 

collaterals, and are therefore labeled as piriform inputs (PIR).  Middle, current-clamp recordings of 826 

piriform pyramidal neurons in response to AON stimulation with a train of 5 light pulses (5 x 2 ms) at 40 827 

Hz.  Right, peak voltage amplitudes were measured for 5-pulse trains in 9 neurons (1st
 
EPSP peak 0.98 ± 828 

0.64 mV; 5th EPSP peak: 1.95 ± 1.0 mV; mean ± sd; n = 9).  829 

(B) AON EPSP summation can drive piriform neurons to fire action potentials.  Left, overlaid trials in 830 

which light trains (5 x 2 ms, 40 Hz) drove a piriform neuron to fire (APs in 9/20 trials).  Middle, raster 831 

plot of action potentials in this neuron.  Right, mean action potential probability within 25-ms time blocks 832 

within a 40-Hz stimulus train, showing increased likelihood of firing late in the train (error bars indicate 833 

sem).  Stimulus strength (light intensity) adjusted such that firing only occurred in 50% of trials for each 834 

of the 6 neurons. 835 

(C) Blockade of inhibition with SR95531 enhances piriform-to-piriform EPSP summation and 836 

depolarization, but has limited effect on AON EPSPs.  Left, response of piriform neuron to 837 
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photoactivation of AON afferents by 40-Hz stimulus train in the presence (purple trace) and absence 838 

(black trace) of the GABA(A)-receptor antagonist SR95531.  Middle, EPSP amplitudes at each pulse in 839 

the train for 6 neurons.  Right, quantification of summation as ratio of 5th EPSP amplitude in train to 1st 840 

EPSP in train in presence and absence of SR95531 (control: 1.78 ± 0.24; SR95531: 1.56 ± 0.24; mean ± 841 

sem, n = 6, p = 0.15, paired t test).   842 

(D) Train of EPSPs evoked by electrical stimulation of associational (piriform) inputs in presence and 843 

absence of GABAA blocker.  Middle, there is marked enhancement of the piriform-to-piriform response 844 

with blockade of inhibition.  Right, ratio of EPSP amplitude shows trend toward increased summation at 845 

piriform-to-piriform summation with inhibition blocked (control: 1.78 ± 0.28; SR95531: 2.47 ± 0.45; 846 

mean ± sem; n = 5, p = 0.32, paired t test). 847 

(E) Left, trains of EPSPs evoked by photoactivation of AON afferents (5 x 2ms, 50 Hz), while adjusting 848 

the pyramidal neuron membrane potential from -60 mV, -70 mV, and -80 mV with small current 849 

injections.  Note increased summation and depolarization at -60 mV.  Right, EPSP amplitude, normalized 850 

to the amplitude of the first response in the train, showing enhanced summation of EPSPs at -60 mV, but 851 

not at -80 mV.  Normalized amplitude at EPSP #5 is 1.20 ± 0.05 at -60 mV vs. 0.84 ± 0.04 at -80 mV 852 

(mean ± sem, n = 5, *p = 0.0008, t test).  Error bars at -70mV were omitted for easier visualization. 853 

(F) Single EPSPs at varying potentials.  Top left, single light pulses to evoke single AON EPSPs at 854 

different subthreshold voltages.  Bottom left, single pulses of electrical stimulation to evoke piriform 855 

recurrent collaterals.  Top right, quantification of the time course of single EPSPs evoked at different 856 

membrane potentials.  The time course for each pathway was measured as the EPSP half-width duration. 857 

Piriform (open circles) EPSP decay is attenuated at depolarized potentials, but AON responses (closed 858 

circles) are not attenuated, but prolonged.  At -60 mV, half-width for piriform is 15.5 ± 5.2 ms, while that 859 

for AON is 32.5 ± 4.8 ms (mean ± sem, n = 5, *p = 0.044, t test).  Bottom right, peak amplitudes of single 860 

EPSPs for each pathway at the corresponding starting voltages (mean ± sem, n = 5, *p = 0.014, t test).   861 
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Figure 6.  Enhancement of AON EPSP summation with depolarization is NMDA-receptor 862 

dependent. 863 

(A) AON EPSPs are sensitive to blockade of NMDA receptors.  Left, single AON EPSP in the absence 864 

(black trace) and presence (blue trace) of AP5, a selective NMDA-receptor antagonist, recorded at -60 865 

mV.  Right, EPSP amplitudes in the presence and absence of AP5 for 5 neurons (control: 4.6 ± 0.18 mV; 866 

AP5: 3.4 ± 0.48 mV, mean ± sem, n = 5; *p = 0.004, paired t test). 867 

(B) EPSP time course is sensitive to NMDA-receptor blockade.  Left, time constant of EPSP decay (τoff) 868 

determined from monoexponential best fit (control: 23.3 ± 3.63 ms; AP5: 17.2 ± 4.15 ms, n = 5, *p = 869 

0.005).  Right, area under the curve of EPSPs (control: 0.17 ± 0.05 mV·s, AP5: 0.10 ± 0.03 mV·s, mean ± 870 

sem, n =5; *p = 0.008, paired t test). 871 

(C) Effect of NMDA-receptor blockade on temporal summation of AON EPSPs.  Left, train of light 872 

pulses (5 x 2 ms, 40 Hz) under control (black trace) conditions and with AP5 (blue trace).  Summation 873 

returns with wash of AP5 from the bath (gray trace).   Right, average effects of AP5 on temporal 874 

integration, expressed as ratio of amplitude 5th EPSP peak to amplitude of 1st EPSP peak (control; 1.74 ± 875 

0.05 vs. AP5: 1.50 ± 0.07; mean ± sd, n = 4; *p = 0.012, paired t test).  876 
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