
© The Author(s) 2021. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/

licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.

For commercial re-use, please contact journals.permissions@oup.com

Cerebral Cortex, April 2022;32: 689–708

https://doi.org/10.1093/cercor/bhab226

Advance Access Publication Date: 11 August 2021

Original Article

OR IG INAL ART I C L E

Olfactory Information Storage Engages Subcortical

and Cortical Brain Regions That Support Valence

Determination

Christina Strauch1, Thu-Huong Hoang1, Frank Angenstein 2,3,4 and

Denise Manahan-Vaughan1

1Department of Neurophysiology, Medical Faculty, Ruhr University Bochum, 44780 Bochum, Germany,
2Functional Neuroimaging Group, Deutsches Zentrum für Neurodegenerative Erkrankungen (DZNE), 39118

Magdeburg, Germany, 3Leibniz Institute for Neurobiology, 39118 Magdeburg, Germany and 4Medical Faculty,

Otto-von Guericke University, 39118 Magdeburg, Germany

Address correspondence to Denise Manahan-Vaughan, Department of Neurophysiology, Medical Faculty, Ruhr University Bochum, MA 4/150,

Universitaetsstr. 150, 44780 Bochum, Germany. Email: dmv-igsn@rub.de

Abstract

The olfactory bulb (OB) delivers sensory information to the piriform cortex (PC) and other components of the olfactory

system. OB-PC synapses have been reported to express short-lasting forms of synaptic plasticity, whereas long-term

potentiation (LTP) of the anterior PC (aPC) occurs predominantly by activating inputs from the prefrontal cortex. This

suggests that brain regions outside the olfactory system may contribute to olfactory information processing and storage.

Here, we compared functional magnetic resonance imaging BOLD responses triggered during 20 or 100 Hz stimulation of

the OB. We detected BOLD signal increases in the anterior olfactory nucleus (AON), PC and entorhinal cortex, nucleus

accumbens, dorsal striatum, ventral diagonal band of Broca, prelimbic–infralimbic cortex (PrL-IL), dorsal medial prefrontal

cortex, and basolateral amygdala. Significantly stronger BOLD responses occurred in the PrL-IL, PC, and AON during 100 Hz

compared with 20 Hz OB stimulation. LTP in the aPC was concomitantly induced by 100 Hz stimulation. Furthermore, 100 Hz

stimulation triggered significant nuclear immediate early gene expression in aPC, AON, and PrL-IL. The involvement of the

PrL-IL in this process is consistent with its putative involvement in modulating behavioral responses to odor experience.

Furthermore, these results indicate that OB-mediated information storage by the aPC is embedded in a connectome that

supports valence evaluation.
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Introduction

During olfactory learning, rodents rapidly categorize odors into

appetitive or aversive stimuli (Schoenbaum et al. 1998, 1999;

Martin et al. 2004; Chapuis et al. 2009), a process that is under-

pinned by associative learning (Schoenbaum et al. 1998; Martin

et al. 2004; Calu et al. 2007; Roesch et al. 2007; Chapuis et al.

2009). Odor categorization is supported by the orbitofrontal cor-

tex (Schoenbaum and Eichenbaum 1995; Stalnaker et al. 2014;

Qu et al. 2016), but this structure, in turn, receives instruction

from subcortical and cortical structures that provide key infor-

mation about the precise nature of the odor. Here, systems

involved in reward and aversive information processing, as well

as the integration of sensory modalities, are likely to play a role

(Schoenbaum et al. 1999; Schoenbaum and Setlow 2003; Chapuis

et al. 2009).

A primary route for the delivery of olfactory information

from the olfactory bulb (OB) to the brain is the lateral olfactory

tract projection to the olfactory cortex, including the anterior
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olfactory nucleus (AON) and piriform cortex (PC) (White 1965;

Price 1973). Although David Marr postulated that the piriform

cortex shares properties with the hippocampus (Marr 1971), it

has recently emerged that, in contrast to the hippocampus, the

OB-anterior PC (aPC) pathway does not readily express synaptic

plasticity in freely behaving rodents (Strauch and Manahan–

Vaughan 2018). Rather, it may be the case that long-term infor-

mation encoding in the aPC is supported by brain structures

outside of the olfactory system. For example, stimulation of the

orbitofrontal cortex, a part of the prefrontal cortex that supports

information categorization, results in an increase in immediate

early gene expression, as well as in long-term potentiation (LTP)

in the aPC that lasts for over 4 h (Strauch andManahan-Vaughan

2018). There is no doubt that the piriform cortex engages in

olfactory learning (Roman et al. 1987; Saar et al. 1998; Chapuis

and Wilson 2011; Cohen et al. 2015) and that this is supported

by changes in excitability within structures of the olfactory

system (Cohen et al. 2015). The piriform cortex, in turn, can

instruct the hippocampus to store information generated by

the aPC by means of synaptic plasticity (Strauch and Mana-

han-Vaughan 2020). Thus, the question rises as to how robust

encoding of olfactory experience results from information trans-

mission from the OB to the brain.

Combining functional magnetic resonance imaging (fMRI)

with electrophysiology is a helpful tool to correlate changes

in neuronal activity with changes in blood oxygenation level–

dependent (BOLD) responses through combined fMRI and in vivo

electrophysiology in rodents (Angenstein et al. 2007, 2009, 2010;

Canals et al. 2009; Bovet-Carmona et al. 2019). Changes in BOLD

responses can be correlated to the neural input in combination

with the local processing in the target regions (Angenstein et al.

2007, 2010). So far, this type of experimental design has not

been used to study the olfactory system from the perspective of

information flow from the OB triggered by electrophysiological

stimulation. The majority of studies that used fMRI to examine

olfactory information processing examined effects of odor pre-

sentation. Here, several studies revealed changes in BOLD fMRI

in the OB and its layers during odorant stimulation (e.g., Yang

et al. 1998; Xu et al. 2000; Schafer et al. 2005; Martin et al. 2007;

Li et al. 2014). A few studies examined regions triggered by odor

perception using fMRI (Kulkarni et al. 2012; Lehallier et al. 2012;

Zhao et al. 2016, 2017; Han et al. 2019; Muir et al. 2019) and

some of these demonstrated that odor presentation changed

BOLD responses in the AON or PC (Zhao et al. 2016, 2017), while

other studies revealed odor- or task-specific changes in BOLD

responses during odor stimulation or learning in many regions

of the rodent brain (Kulkarni et al. 2012; Han et al. 2019; Muir

et al. 2019). Another study using fMRI compared changes in

BOLD responses to local field potentials recorded in the aPC

and revealed state-dependent functional connectivity in the

olfactory system (Wilson et al. 2011).

In this study, our aim was to investigate how electrophysio-

logical emulation of information transmission from the OB to

the aPC impacts on subcortical and cortical structures of the

brain. We used fMRI to detect cortical and subcortical struc-

tures that responded to OB stimulation and identified structures

that particularly respond to LTP induction in OB-aPC synapses.

These highly responsive structures were then scrutinized fur-

ther using fluorescence in situ hybridization analysis to deter-

mine if somatic immediate early gene expression occurred, indi-

cating that information encoding had been triggered. We report

that OB activity triggers conjunctive activation of olfactory struc-

tures and of brain structures involved in valence evaluation and

the associated encoding of aversive and appetitive experience.

This is likely to reflect processes engaged in the interpretation of

odor experience and the generation of odor response behaviors.

Material and Methods

Subjects

The study was carried out in accordance with the Euro-

pean Communities Council Directive of 22 September 2010

(2010/63/EU), for care of laboratory animals, and all experiments

were conducted according to the guidelines of the German

Animal Protection Law and were approved by the North Rhine-

Westphalia State authority (Bezirksamt, Arnsberg) and the State

authority of Saxony-Anhalt (Landesverwaltungsamt Halle/S.).

Adult male Wistar rats (7–8 weeks old at the time of surgery)

were used for the study. All efforts were made to minimise

the number of rats used. After surgery, animals were housed

individually, maintained on a 12 h light/12 h dark cycle, and had

ad libitum access to water and food.

Surgery

All rats underwent chronic implantation of electrodes in the

OB and aPC (Supplementary Fig. 1A) as described previously

(Strauch and Manahan-Vaughan 2018). For electrophysiological

experiments conducted in the absence of fMRI, electrodes were

made from polyurethane-coated stainless-steel wire (diameter:

127 µm, Biomedical Instruments, Zöllnitz, Germany). Screws

connected to silver-coated copper wire were used as ground

and reference electrodes. For electrophysiology during fMRI

experiments, recording and stimulating electrodes were made

from Teflon-coated wolfram wire (diameter: 114 µm). Silver

wires served as ground and reference electrodes, and plastic

screws were used to stabilize the whole assembly. All rats were

implanted under sodium pentobarbital anesthesia (Nembutal,

52 mg/kg; Narcoren, Boehringer Ingelheim Vetmedica GmbH,

Ingelheim/Rhein, Germany). A monopolar recording electrode

was placed in the lower layer I of the aPC (+3.2 mm anterior to

bregma, 3.3 mm lateral from midline) and a bipolar stimulation

electrode was positioned in the OB (+7.9 mm anterior to

bregma, 1.1 mm lateral from midline). After the final evoked

response remained stable, the electrode assembly was sealed

and fixed to the skull with dental acrylic (Paladur, Heraeus

Kulzer GmbH, Hanau, Germany). Pre- and postsurgery analgesia

was implemented using Meloxicam subcutaneously (s.c.,

0.2 mg/kg; Metacam, Boehringer Ingelheim Vetmedica GmbH,

Ingelheim/Rhein, Germany).

Seven to ten days after surgery, the first experiments were

conducted. During experiments, field excitatory postsynaptic

potentials (fEPSPs) in the aPCwere evoked by applying test–pulse

stimulation or electrical patterned stimulation in the OB.

aPC Responses during and after Electrical OB
Stimulation

Electrophysiological responses in the aPC were evoked by test

pulses applied at a low frequency (one pulse every 60 s) with

single biphasic square wave pulses (0.2 ms duration per half

wave) by stimulating the OB as described before (Strauch and

Manahan-Vaughan 2018). The fEPSP was measured as the max-

imum slope from the onset of the fEPSP to the trough of the

first negative deflection of the evoked response. First, one con-

trol experiment was performed to examine the stability of the
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evoked response in behaving animals (Fig. 1A), and then all other

experiments were performed (Fig. 1A,B).

Behaving Rats

During the first control experiment (Fig. 1A) that served to ver-

ify that the rats responded to OB stimulation, animals could

move freely within the recording chamber (40×40×50 cm) and

disturbances of the animals were kept to an absolute mini-

mum. The maximum fEPSP response was determined by means

of an input/output (I/O) curve: Stimuli in the range of 100 to

900 µA were applied in 100 µA steps at 5 min intervals (three

evoked responses were averaged per stimulus intensity). A stim-

ulus intensity that produced 40–50% of the maximum response,

determined by the I/O curve,was used to evoke responses during

the remainder of the experiments. Here, five evoked responses

were averaged for each time-point. The first six time-points

recorded at 5 min intervals served as reference and all data

points were calculated as a percentage of themean of these first

six time-points. After three more time-points were recorded at

5min intervals, the interval between recordingswas extended to

15 min, whereupon 15 time-points were subsequently recorded.

On the morning following the experiment, another hour of

recordings was conducted. Only rats exhibiting a stable record-

ing during this first control experiment (Fig. 1A, Supplementary

Fig. 2) were used for further experiments in the awake or sedated

state (Fig. 1A,B).

In further experiments in awake, behaving animals, two dif-

ferent patterned afferent stimulation protocols were tested (100

and 20 Hz). Patterned afferent stimulation was applied after

recording the first six reference time-points (Fig. 1A). Both stim-

ulation protocols consisted of 20 trains, with each train being

applied for 5 s with an interval of 55 s between trains. The

pattern and frequency of the trains differed between the pro-

tocols (Fig. 1C). For the 100 Hz high-frequency stimulation (HFS)

protocol, each train consisted of five bursts given at a frequency

of 1 Hz. Each burst, in turn, contained 20 pulses applied at 100Hz.

This protocol is similar to protocols tested before in fMRI exper-

iments examining the perforant path—dentate gyrus pathway

(Angenstein et al. 2007, 2009, 2010). For the 20 Hz stimulation

protocol, each train consisted of 100 consecutive pulses applied

at 20 Hz. We chose the frequency of the second protocol to be

in the range of beta oscillations (15–40 Hz), which are critically

involved in olfactory information processing and memory (Kay

et al. 1996; Ravel et al. 2003; Martin et al. 2004, 2006; Martin and

Ravel 2014).

Sedated Rats

Experiments under medetomidine sedation (Fig. 1B) were

performed in the same recording chamber as described for

behaving rats so that animals could move freely after waking

up. The experimental procedure was shortened compared

with experiments in behaving animals to keep the time under

sedation as short as possible. First, animals were anesthetized

with isoflurane, a bolus of medetomidine (0.05 mg/kg; s.c.)

was applied, and ca. 10 min later infusion of medetomidine

(s.c.; 0.1 mg/kg per h) was started. Twenty to thirty min after

bolus injection, a shortened I/O curve was recorded (100–

700 µA in 200 µA steps). The first four time-points recorded

at 5 min intervals served as reference for the calculation of the

percentage of all time-points. The same electrical stimulation

protocol (100 Hz; Fig. 1C), as used in the behaving animals,

was applied afterwards, followed by recording of six more

time-points at 5 min intervals. Before the recording interval

was extended to 15 min, sedated animals were treated with

atipamezole (s.c., 0.1 mg/kg, Antisedan, Elanco Germany GmbH,

Bad Homburg, Germany) as an antidote and then six more time-

points were recorded in the now awake animals. A separate set

of experiments was conducted without application of electrical

stimulation (Fig. 1B). Here, instead of the stimulation protocol

test-pulses were applied during a similar total duration of

sedation as described above.These experimentswere performed

to control the stability of responses evoked by test pulses

under sedation and to examine effects, on basal responses,

of antidote treatment. One animal showed movements during

these experiments; therefore, it was excluded from further

analysis in the sedated group. In another animal, the evoked OB-

aPC response was lost before the experiments under sedation,

so that the total number of data sets analyzed was smaller (n=7)

in the sedated groups (Fig. 1).

Electrical OB Stimulation during Functional Magnetic
Resonance Imaging

All animals (n=9) were tested in two separate fMRI experiments,

separated by an interval of at least 1week.Two different patterns

of 20 trains (55 s intertrain intervals) with each consisting of 100

pulses (applied within 5 s) were tested at a stimulation intensity

of 400 µA. Both protocols were the same as the ones used in

electrophysiological experiments in the absence of fMRI (100 Hz

protocol and 20 Hz protocol). To rule out that the stimulation

protocol applied first has a subsequent impact on the second

protocol, we randomized the order in which the animals were

tested with the two stimulation protocols. Thus, in some of the

animals, the 100 Hz protocol was tested first and 1week later the

20 Hz protocol was tested. For the other animals, the stimulation

protocols were tested in the opposite order.

Functional MRI (fMRI)

The procedure for MRI imaging with electrical stimulation fol-

lowed established methods (Angenstein et al. 2007, 2009). All

fMRI measurements were performed on a 4.7T Bruker Biospec

47/20 animal scanner (free bore of 20 cm) equipped with BGA09

(400 mT/m) gradient system (Bruker BioSpin GmbH, Ettlingen,

Germany). For the radio frequency (RF) signal reception, a 50mm

“litzcage” small animal coil (Doty Scientific Inc.) was used. This

is a circularly polarized form of volume coil that incorporates

paralleled conductor elements with integrated crossovers, akin

to linear litz coils, and capacitively segmented phase shifts that

are a feature of small animal MRI birdcages (Doty et al. 2007).

The litzcage coil is characterized by a high homogeneity; thus,

no centering of the coil was necessary to maximize contrast-to-

noise ratio.

Animals were initially anesthetized with isoflurane (1.5–

1.8%; in 50:50 N2:O2; v:v), and the anesthesia was switched to

deep sedation by application of medetomidine (Dorbene, Pfizer

GmbH; bolus: 50 µg/kg s.c. and after 15 min 100 µg/kg per h s.c.)

after animals were fixed into the head holder and connected to

recording and stimulation electrodes. Breathing, heart rate, and

oxygen saturation were monitored throughout the experiment

by an MRI-compatible pulse oximeter (MouseOX; Starr Life

Sciences Corp.) and heating was provided from the ventral site.

For anatomical images, 10 horizontal T2-weighted spin-

echo images were obtained with a rapid acquisition relaxation

enhanced (RARE) sequence (Hennig et al. 1986) with the

following parameters: TR 4000 ms, TE 15 ms, slice thickness
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Figure 1. Long-term potentiation in the piriform cortex induced by prolonged electrical stimulation of the olfactory bulb in sedated and awake behaving rats. (A)

Experimental procedure for testing prolonged patterned stimulation of the olfactory bulb, while recording in the anterior piriform cortex in awake behaving animals.

During the control experiment, the stability of the evoked responses was confirmed. Only animals exhibiting stable evoked responses over the 25 h monitoring period

were tested with prolonged patterned stimulation (20 and 100 Hz protocols). (B) Experimental procedure during fMRI-like conditions under medetomidine sedation.

The total duration of medetomidine sedation was similar during control and stimulation (100 Hz protocol) experiments. (C) Scheme depicting the patterns of the

20 Hz (left) and 100 Hz (right) stimulation protocols. Both protocols consist of 20 trains with 100 pulses applied during each train. In the 20 Hz protocol, the 100 pulses

of each train are applied consecutively at 20 Hz. Ten evoked responses to pulses 1, 20, 21, 40, 41, 60, 61, 80, 81, and 100 (marked in orange) were analyzed for each train

during 20 Hz stimulation in behaving rats. In the 100 Hz protocol, each train contains five bursts and each burst contains 20 pulses applied at 100 Hz. For the analysis

during 100 Hz stimulation, the responses (marked in orange) evoked by the 1st and 20th pulse of each burst were analyzed. (D, F) Patterned stimulation of the olfactory

bulb at 100 Hz applied under medetomidine sedation (n=7, black squares) induces long-term potentiation (LTP) lasting at least 2 h in the anterior piriform cortex.

(Arrow indicates the start of 100 Hz stimulation). Where only test pulses were applied to the olfactory bulb (white squares), evoked potentials recorded in the piriform

cortex decrease inmagnitude during sedation and increase after the animals are awake. (F) Representative evoked responses recorded (1) 5min before, (2) 5min after, (3)
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0.8 mm, FOV 37×37 mm, matrix 256×256, RARE factor

8, number of averages four. The total scanning time was

8 min 32 s.

fMRI was performed with a gradient EPI (echo planar

imaging) sequence with the following parameters: TR 2000 ms,

TE 24 ms, slice thickness 0.8 mm, FOV 37×37 mm, matrix

92×92, total scanning time per frame 2 s. The geometry used for

anatomical images and functional images was identical, except

the matrix that was 256×256 for anatomical and 92×92 for

functional images. After an initial period of 2 min, electrical

stimulation was applied every minute for 5 s, and thus, the total

time for 20 stimulation trains was 22 min (corresponds to 660

frames). We did not use an EPI distortion correction algorithm

because the distortions were slightly different in each individual

measurement. For this reason, we choose to identify only major

(significant) effects in the absence of EPI distortion correction.

Although an EPI distortion correction algorithm would have

allowed us to detect even larger activated regions than those

that were found, we used the more conservative approach to be

certain of the specificity of effects.

BOLD responses in the OB could not be analyzed due to its

location at the anterior part of our region of interest. Responses

in this area are subjected to a much stronger influence of

artifacts, as can be seen in the examples of T2∗-EPI images

(Supplementary Fig. 1B).

We recorded evoked potentials in the aPC during fMRI, but

due to the small size of evoked responses that were disturbed

by 50 Hz noise and occasionally by gradient artifacts, these

could not be analyzed consistently (Supplementary Fig. 1C,D).

Thus, the fEPSP responses evoked by patterned stimulation with

the 100 Hz protocol were assessed in medetomidine sedated

rats, whereas fEPSP responses evoked by both protocols were

assessed in awake behaving rats.

Temporally Compartmentalized Fluorescence In Situ
Hybridization

Homer1a mRNA expression in the piriform cortex has been

demonstrated to significantly increase after substance-induced,

or electrically induced status epilepticus, as well as after sleep

deprivation (Potschka et al. 2002; Cavarsan et al. 2012; Zhu et al.

2020). An increase in Homer1a mRNA expression in cell nuclei

is detectable in the hippocampus and cortex ca. 25–40 min after

the start of maximal electroconvulsive shock treatment, or after

the start of spatial learning (Bottai et al. 2002; Vazdarjanova et al.

2002; Hoang et al. 2018, 2021). We used somatically expressed

Homer1a mRNA as biomarker for somatic activation induced by

HFS of the OB.

All animals were handled and evoked responses were tested

on several days before the test day. On the test day, animals were

habituated to the chamber and the I/O relationship (in 100 µA

steps ranging from 100 to 900 µA) was recorded to determine

the stimulus intensity for each animal that evokes 40–50% of the

maximum evoked response in the aPC. This stimulus intensity

was then used for HFS in test animals and test–pulse stimulation

in control animals. Test animals received HFS (100 Hz protocol)

and control animals received test–pulse stimulation (1 pulse

every 60 s) of the OB both lasting for 20 min. Brains of test and

control animals were removed quickly 35–40 min after the start

of HFS or test–pulse stimulation. For the aPC analysis, we added

an additional naive (unstimulated) group to clarify whether OB

stimulation changes Homer1a expression. The naive animals

were handled and habituated to the chamber on several consec-

utive days for at least 1 h per day. On the test day, brains were

quickly removed after the habituation period.

After removal, each brain was quickly shock-frozen in 2-

methyl butane held in a metal container surrounded by liquid

nitrogen. Coronal sections (20 µm thick) were cut on a cryostat

(Leica CM 3050S) and mounted on glass slides (SuperFrost Plus,

GerhardMenzel GmbH). For further processing, slides containing

either the AON (ca. +5.0 mm to +5.5 mm anterior to bregma)

or the prelimbic–infralimbic cortex (PrL-IL) and aPC (ca. +3.0 to

+3.5 mm anterior to Bregma) were chosen according to a rat

brain atlas (Paxinos and Watson 2014).

Homer1a cDNA plasmids were prepared by Genscript Biotech

using a 1.2 kb Homer1a transcript according to the sequence

(Genebank U92079_1) of Brakeman et al. (1997). The plasmids

were linearized (NewEngland Biolabs GmbH) and purified

with QIAprep Miniprep Kit (#27104; Qiagen N.V.). Homer1a

cRNA probes were generated using an in vitro transcription

kit (MaxiScript Kit T7; Invitrogen) and premixed RNA labeling

nucleotides containing Digoxigenin-11-UTP (#10451422; Roche

Diagnostics). Yield and integrity of the purified RNA probes were

verified using gel electrophoresis, and the concentration was

measured using Quantus Fluorometer (Promega).

Fluorescence in situ hybridization for digoxigenin-labeled

probes was adapted from Guzowski and Worley (2001) and

performed in a similar manner as described previously

(Sethumadhavan et al. 2020). To confirm the specificity of the

labeling for each staining procedure, one slide per sample

set served as a negative control and underwent all staining

procedures except for the addition of RNA. Slides were fixed in

polyoxymethylene in phosphate-buffered saline (PBS), washed

in 2-fold concentrated saline-sodium citrate (SSC), and left

in acetic anhydride solution. Then, they were washed in 2-

fold concentrated (2×) SSC. Slides were incubated at 37 ◦C in

prehybridization buffer (1:1; 4× SSC: formamide) for 10 min

and rinsed afterwards in 2× SSC. A humidity chamber was

prepared with soaked filter paper (1:1; 2× SSC: 50% deionized

formamide). The digoxigenin-labeled RNA probe was diluted in

1× hybridization buffer (1 ng/1 µL; Sigma-Aldrich), heated to

90 ◦C, and distributed on each slide. Then slides were covered

with laboratory film (Parafilm, Bemis) and cover glass, and

afterwards hybridized for ca. 17 h in the humidity chamber

at 56 ◦C. The following stringent washing steps were then

conducted: Slides were washed in 2× SSC at 56 ◦C and left

30 min after, and (4) 2 h after the end of patterned stimulation. (E, G) Comparison of input–output relationship for fEPSP responses recorded in the piriform cortex of

sedated (n=7) and awake (n=9) rats evoked by test pulses applied to the olfactory bulb. All values shown in these graphs were recorded at the start of the experiments

where the 100 Hz protocol was applied. (G) Representative evoked responses recorded during the evaluation of the input–output relationship at a stimulus intensity

of (1) 100 µA, (2) 300 µA, (3) 500 µA, (4) 700 µA, and additionally in awake animals (5) 900 µA. (H, I) Patterned stimulation at 100 Hz, applied to the olfactory bulb in

awake behaving rats (n=9), induces LTP lasting for at least 4 h in the anterior piriform cortex. In contrast, 20 Hz stimulation (n=8) does not change synaptic strength.

Arrow indicates application time of patterned stimulation at 20 Hz, or 100 Hz. Graphs comparing 20 and 100 Hz stimulation to test–pulse stimulation are provided

in Supplementary Fig. 2. (I) Representative evoked responses recorded (1) 5 min before, (2) 5 min after, (3) 4 h after, and (4) 24 h after patterned stimulation. F, G, I

calibration: vertical bar: 1 mV, horizontal bar: 5 ms. D, E, H mean±SEM.
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in RNase A (Merck KGaA, Darmstadt, Germany) in 2× SSC.

Subsequently, slides were washed in 2× SSC at 37 ◦C, 0.5×

SSC at 56 ◦C, 0.5× SSC at 56 ◦C, 0.5× SSC at room temperature

(RT), 1× SSC at RT, and rinsed in Tris-buffered saline (TBS)

at RT. Signals were detected using immunohistochemistry.

After H2O2 pretreatment and blocking, Homer1a-digoxigenin

was detected by anti–digoxigenin–peroxidase (1:2000; Roche

Holding AG) in 1× animal-free blocker (Vector Labs) and TBS-

Tween (Sigma-Aldrich). Then slides were rinsed and the signals

were enhanced using biotinylated tyramine (Adams 1992). After

rinsing, Homer1a mRNA was detected using Streptavidin Cy5

(Dianova GmbH). Slides were rinsed, washed in distilled water,

dipped in 70% ethanol, and stained using 1% Sudan black B

(Merck KGaA) in 70% ethanol (Oliveira et al. 2010). Then they

were washed in distilled water and air-dried overnight. Nuclei

were visualized using 4′,6-diamidino-2-phenylindole (DAPI) in

mounting medium (SCR-038448, Dianova GmbH).

Verification of Electrode Positions

In fMRI experiments, anatomical scans were examined to iden-

tify the location of the stimulation electrode in the OB (Sup-

plementary Fig. 1A). For the other experiments, brains were

removed at the end of the study for histological verification of

the electrode position in the OB and aPC. Sections were stained

in 0.1% cresyl violet following a procedure described previously

(Hansen andManahan-Vaughan 2015). Animals with incorrectly

implanted electrodes were excluded from further analysis.

Data Processing and Analysis

Electrophysiology

All data from electrophysiological experiments were expressed

as a mean percentage ±SEM of the average reference value

and were visualized using GraphPad Prism software (GraphPad

Software. Inc.). For analysis of the evoked responses during

HFS (Fig. 2, Supplementary Fig. 3), the fEPSP slopes of the first

and the 20th response of each burst of each train were cal-

culated. For 20 Hz stimulation the fEPSP slopes of 10 pulses

of each train were obtained (Supplementary Fig. 3). All abso-

lute values ±SEM were then determined. Using Statistica soft-

ware (StatSoft. Inc.), analysis of variance with repeated mea-

sures (rmANOVA)was conducted to analyze differences between

patterned stimulation and test–pulse stimulation. To examine

changes in evoked responses during prolonged electrical stim-

ulation, one-way ANOVA was performed for fEPSP slopes of

the sedated group. In the awake group, 10 evoked responses of

the 100 Hz protocol could not be analyzed due to movements

affecting the recordings. In three of the rats, only intermittent

data were obtained during application of the 100 Hz protocol

in the electrophysiological experiments. For this reason, these

rats were not included in the statistical analysis of electro-

physiological responses. For 20 Hz stimulation, one animal was

excluded from the analysis during application of the stimulation

protocol due to problems with the recorded signals. The level of

significancewas set to P< 0.05 and n corresponds to the number

of animals.

Functional Magnetic Resonance Imaging Data

The fMRI data were converted to BrainVoyager data format. A

standard sequence of preprocessing steps was applied to each

data set by means of BrainVoyager QX 2.8.0 software (Brain

Innovation), including slice scan time correction, 3D motion

correction (trilinear interpolation and reduced data using the

first volume as a reference), and temporal filtering (FWHM3data

points). Because the reconstruction of the fMRI images resulted

in a 128×128 matrix (instead of a 92×92 imaging matrix),

spatial smoothing (Gaussian filter of 1.4 voxel) was applied.

General linear model analysis. Each individual functional data

set was used for multiple-subject general linear model (GLM)

analysis implemented in BrainVoyager QX 2.8.0 software. Func-

tional activation was analyzed by using the correlation of the

observed BOLD signal intensity changes in each voxel with

a predictor (hemodynamic response function) generated from

the respective stimulus protocol (see above). Based on this, the

appropriate 3D activation map could be generated. To calculate

the predictor, the square wave representing stimulus-on and

stimulus-off conditions was convolved with a double gamma

hemodynamic response function (onset 0 s, time to response

peak 5 s, time to undershoot peak 15 s). To exclude false-positive

voxels, a correction for serial correlation (csc) was performed

(implemented in the BrainVoyager QX 2.8.0 software), and we

considered only those with a significance level (P) above the

threshold set by calculating the false discovery rate (FDR) with

a q-value of 0.001 (which corresponds to a t-value greater than

4.29 or P< 1.8×10−5).

Second-level group analysis. To visualize significant differences

in BOLD responses between the two stimulation conditions,

a fixed-effect analysis with a GLM, including z-transformed

functional data of all animals, was performed using the 2-

gamma response function implemented in BrainVoyagerQX. All

significantly activated voxels (threshold FDR q-value of 0.05,

Bonferroni correction) were converted into volumes of interest

(VOI), from which surface clusters were created and visualized

with the BrainVoyager VOI analysis tool.

VOI analysis. Each individual functional imaging data set was

aligned to a 3D standard rat brain using the 3D volume tool

implemented in BrainVoyager QX 2.8.0 software. Using estab-

lished methods (Bovet-Carmona et al. 2019; Helbing and Angen-

stein 2020), the following VOIs were marked individually in a 3D

standard rat brain that was generated from a rat of the same

age and strain: right/left hippocampus (HC), right/left entorhinal

cortex (EC), right/left nucleus accumbens, right/left striatum,

right/left basolateral amygdala (BLA), right/left piriform cortex,

right/left AON, dorsal medial prefrontal cortex (mPFC), PrL-IL,

nucleus of the vertical limb of the diagonal band (VDB), septum,

and ventral tegmental area–substantia nigra (VTA-SN). With

regard to the VOIs locatedmoremedially in the brain, the spatial

resolution of fMRI recordings did not permit an unambiguous

distinction of left and right hemispheres. Thus, for analysis,

each was considered as a single midline structure. The averaged

BOLD time series of all voxels located in one VOI was calculated

for each individual animal using the volume-of-interest anal-

ysis tool implemented in the BrainVoyager QX 2.8.0 software.

Each individual BOLD time series was normalized using the

averaged BOLD signal intensity of 100%. All normalized BOLD

time series were averaged and depicted as mean BOLD time

series ±SD. Based on the calculated BOLD time series, event-

related BOLD responses were calculated bymeasuring the signal

intensities starting six frames before stimulus onset (−12 s until

0 s), during stimulus presentation (between 0 s and 4 s, which

corresponds to two frames), and the following 15 frames (8–

38 s) after the end of the stimulus. To avoid the confounding

effect of putative variations in baseline BOLD signal intensities

on the calculated BOLD response (i.e., BOLD signalstimulus/BOLD
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signalbaseline
∗ 100%), each BOLD response was related to BOLD

signal intensities of the stimulus over the preceding 12 s.

Fluorescence In Situ Hybridization Data

Nuclear Homer1a mRNA expression was examined in sections

of the left (unstimulated) and right (stimulated) hemispheres

of control (test–pulse stimulation; n=7) and test (100 Hz; n=6)

animals for the following regions: dorsal part of the anterior

olfactory nucleus (AOD), lateral part of the anterior olfactory

nucleus (AOL), infralimbic (IL) and prelimbic cortex (PrL), and

lower layer 2 of the anterior piriform cortex (aPC).With regard to

the left and right aPC, an additional naïve (nonstimulated) group

(n=6) was additionally analyzed. Images of slices containing the

regions of interest (ROIs) were obtained using a slide scanner

microscope (20× magnification; AxioScan.Z1, Zeiss). For each

region, ROIs were defined in the left and right hemispheres

in three slices of an animal. Thus, three ROIs were analyzed

for each animal of a group. DAPI-stained nuclei were identified

using ImageJ software (Schindelin et al. 2012). Nuclei containing

Homer1a mRNA were counted during experimenter-blind anal-

ysis. The percentage of Homer1a-positive nuclei was calculated

from all nuclei of each ROI. The mean percentage of positive

nuclei of three ROIs was calculated for each region of each ani-

mal. Themean percentage±SEMof positive Homer1a nuclei was

calculated for all animals of a group. In one control animal, AOD

and AOL could not be analyzed, because these sections were not

collected during cutting; thus, animal numbers are smaller for

these regions (control and 100 Hz, n=6, each). The results were

examined for outliers and normal distribution (Kolmogorov–

Smirnov test). Two outliers, one in the AOD and one in the

AOL, tested with the extreme studentized deviate (ESD) method,

were removed from the control group of the right hemisphere

(indicated in Supplementary Fig. 4). For subsequent statistical

analysis of each region, amultifactorial ANOVAwith subsequent

post hoc analysis (Fisher’s LSD test) was performed. Hemisphere

(left; right) and treatment (control; 100 Hz; naive only for aPC)

were used as factors. The level of significance was set to P <0.05

and n corresponds to the number of animals.

Results

Patterned Stimulation of the Olfactory Bulb at 100 Hz
Triggers LTP in the Anterior Piriform Cortex

To induce LTP in the aPC, the OB received HFS at 100 Hz. In

medetomidine-treated animals (n=7), this resulted in a signifi-

cant potentiation of evoked responses (Fig. 1D,F) compared with

medetomidine-treated animals serving as control-stimulated

controls (n=7) (rmANOVA: F1,12 =20.526, P < 0.001). Recordings

were obtained for 60 min, after which time the animals were

roused from sedation, at which point an increase in the magni-

tude of evoked responses was detected in both control and test

animals. The potentiation was nonetheless sustained in HFS-

stimulated animals compared with control animals (rmANOVA:

F1,12 =6.991, P < 0.05). Overall, a significant potentiation was evi-

dent throughout the entire post-HFS recording period in animals

that received HFS (rmANOVA: F1,12 =13.080, P < 0.01).

To assess the stability and persistency of LTP induced by

HFS at 100 Hz of the OB, we repeated the experiment in freely

behaving rats (Fig. 1, Supplementary Fig. 2A). In addition, we

assessed the effect of 20 Hz stimulation containing the same

total number of pulses (Fig. 1, Supplementary Fig. 2B). Both pro-

tocols were later tested and compared during fMRI recordings.

The I/O relationship of sedated and awake rats was similar

(Fig. 1E,G; sedation: n=7, awake: n=9) suggesting that medeto-

midine had only minor effects on synaptic transmission in the

aPC during the initial phase of sedation.

In awake animals, HFS at 100 Hz resulted in stable LTP

(rmANOVA: F1,16 =8.665, P <0.01) that persisted for at least 4 h

but had declined to baseline values by 24 h post-HFS (post hoc

Fisher’s LSD), compared with control animals that received test

pulses only (n=9, each). In contrast, the 20 Hz protocol did not

affect synaptic transmission in comparison to test–pulse stim-

ulation (n=8, each; rmANOVA: F1,14 =0.05, P=0.824282). A com-

parison of the effects of both stimulation protocols on evoked

responses in the aPC revealed that they are significantly differ-

ent (rmANOVA: F1,15 =10.678, P< 0.01).

Synaptic Transmission in the Anterior Piriform Cortex
Changes Dramatically during HFS at 100 Hz of the
Olfactory Bulb

To elucidate the immediate impact of HFS on the evoked

responses in the aPC, we examined how evoked responses

change over the course of patterned stimulation of the OB

with both the patterned stimulation protocols. Therefore, in

the 100 Hz protocol, we analyzed two evoked responses (1st

and 20th) in each burst of each train (Fig. 1C). For the 20 Hz

protocol, we analyzed 10 pulses of each train (Fig. 1C). Thus, for

both protocols we analyzed a total of 200 of all 2000 evoked

responses in all 20 trains (Fig. 2, Supplementary Fig. 3). Under

medetomidine sedation, fEPSPs changed significantly over

the course of patterned stimulation at 100 Hz (n=7; one-way

ANOVA: F199,1200 =12.72, P <0.0001). In awake animals, fEPSPs

evoked with 100 Hz stimulation changed in a similar manner

over time (Supplementary Fig. 3A–C; n=6; one-way ANOVA:

F199,990 =2.125, P<0.0001). In contrast to patterned stimulation

at 100 Hz, during 20 Hz stimulation (Supplementary Fig. 3D,E), no

significant change was detected over the course of stimulation

(n=7; one-way ANOVA: F199,1200 =0.218, P=1.000) in behaving

rats. For the 100 Hz protocol, in particular under sedation, it

was apparent that the first evoked responses of this protocol

were larger than the 20th evoked responses for every burst

and every train (Fig. 2A–C). These short-term depression effects

during each burst of stimulation are likely the result of less

neurotransmitter being released presynaptically during the

course of each burst (Zucker and Regehr 2002).

Patterned Stimulation of the Olfactory Bulb Changes
BOLD Response in Olfactory Cortex Regions

Having observed that OB-aPC synapses respond to 100 Hz stimu-

lation with LTP, we used fMRI imaging (n=9), to examine if BOLD

responses are changed over the time course of patterned stim-

ulation (Fig. 3). We compared BOLD responses to 100 Hz (that

induces aPC-LTP) and to 20 Hz stimulation (that has no effect on

evoked responses in the aPC). Volume of interest (VOI) analysis

revealed that over the time course of patterned stimulation both

protocols induce pronounced changes in BOLD signals in several

of the analyzed brain regions (Fig. 3).

For olfactory cortex regions, BOLD signals changed in the

anterior olfactory nucleus (AON) and piriform cortex (Figs 3 and

4). A higher amount of significant change in BOLD signals was

detected in the right (stimulated) hemisphere compared with

the left (unstimulated) hemisphere (Fig. 3). For the right piriform

cortex, 100 Hz stimulation of the OB resulted in significantly
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Figure 2. Patterned stimulation of the olfactory bulb changes synaptic responses in the anterior piriform cortex in a distinct manner. (A) Analysis of every 1st and 20th

evoked response of each burst during patterned stimulation at 100 Hz (n=7) revealed that the fEPSP changes under medetomidine sedation (mean±SEM is shown).

The 100 Hz stimulation consisted of 20 trains, each train contained five bursts, and every burst consisted of 20 pulses applied at 100 Hz (see Fig. 1C). Evoked responses

of pulse 1 and pulse 20 of every burst are displayed (the two analyzed responses of burst 1 in train 3 are marked with a box with a solid line). Thus, for every train (train

2 is marked as example with a box with a dashed line), a total of 10 responses were analyzed (five 1st responses and five 20th responses, example in circle with dotted

outline). (B, C) Representative examples of evoked responses of train 1 and train 20 recorded during prolonged patterned stimulation. Every 1st (response 1) and every

20th (response 20) evoked response of each burst was analyzed for (A) and are marked with an outline. The trace of each subsequent burst is plotted with an offset of

−1 mV to the previous burst. (B) Evoked responses of train 1 during each of the five bursts of patterned stimulation (burst 1–5: top to bottom, black to light gray). (C)

Evoked responses of train 20 during each of five bursts of stimulation (burst 1–5: top to bottom, black to light gray).

stronger BOLD responses over the course of patterned stim-

ulation, compared with 20 Hz stimulation, and, similarly, in

the left piriform cortex, significant BOLD responses were only

detectable during 100 Hz stimulation (Figs 3 and 4A–F).

By contrast, BOLD responses in the right AON were similarly

elevated during the two stimulation conditions (Figs 3 and 4G–

I). However, BOLD responses in the left AON were significantly

stronger during 100 Hz stimulation, compared with 20 Hz stimu-

lation (Figs 3 and 4J–L).A drift in BOLDbaseline over the course of

fMRI imagingwas detected in the right AON for both stimulation

protocols starting directly after the first train of stimulation

(Figs 3 and 4G).

An elevation in the BOLD response was detected in the

right entorhinal cortex during both 20 and 100 Hz HFS (Fig. 5).

Using a second-level analysis to compare the difference between

both stimulation protocols for only significantly activated voxels

(GLM analysis) reveals that mainly the left AON and parts of the

right piriform cortex were more strongly activated by the 100 Hz

protocol compared with 20 Hz stimulation (Fig. 7), consistent

with the results of the VOI analysis.

BOLD Responses in Regions outside of the Olfactory
Cortex Are Changed by Patterned Olfactory Bulb
Stimulation

OB stimulation also triggered BOLD responses in structures

that are not ostensibly part of the olfactory system (Figs 3, 5–

7). We detected significant BOLD responses in the right nucleus

accumbens and the right basolateral amygdala (BLA; Figs 3 and

5), as well as the dorsal medial prefrontal cortex, the prelimbic–

infralimbic cortex (PrL-IL), and the ventral diagonal band of

Broca (VDB) (Figs 3 and 6). A significant shift in BOLD baseline of

the BLA is detectable during the last trains of 100 Hz stimulation

(Fig. 3). For the PrL-IL, 100 Hz stimulation was significantly more

effective in changing BOLD signals compared with 20 Hz OB

stimulation.

An Increase in BOLD Response Induced by HFS Is
Accompanied by a Change in Nuclear Expression of
Immediate Early Gene mRNA in Olfactory and
Prelimbic/Infralimbic Cortices

Homer1a mRNA expression can be used as a precise biomarker

of neuronal activity (Brakeman et al. 1997). Both behavioral

experience, or afferent stimulation results in a temporally con-

fined increase in somatic Homer1a mRNA expression in the

hippocampus and cortex that can be used as an accurate read-

out for experience-dependent information encoding (Vazdar-

janova et al. 2002; Hoang et al. 2018; Strauch and Manahan–

Vaughan 2020). Thus, using fluorescence in situ hybridization,

we assessed if brain regions that exhibited higher changes in

BOLD responses following 100 Hz OB stimulation (compared

with 20 Hz stimulation) also exhibit somatic expression of the

immediate early gene Homer1a, reflecting information encod-

ing (Fig. 8, Supplementary Figs 4–7). We distinguished between

unstimulated (left) and stimulated (right) hemispheres in the
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Figure 3. Summary of BOLD responses for VOI analysis over the course of patterned stimulation of the olfactory bulb. The brain schemata shown in the central section

are lateral views from the left (unstimulated) hemisphere as well as a top view of a 3D standard rat brain containing all analyzed brain regions in different colors. The

upper lateral brain diagram highlights all medial brain regions analyzed. The brain diagram below it shows a lateral view of other brain regions that were analyzed.

These are also highlighted in the bottom “top view” brain diagram. The graphs represent volume of interest (VOI) analysis for BOLD time series in individual brain

regions. BOLD time series for medial brain regions are shown in the graphs in the top and bottom central sections. Graphs depicting results from lateral brain regions

are separated into right (stimulated) and left (unstimulated) hemispheres, for the recording time of 22 min during 20 trains of patterned stimulation at 100 Hz (red

curves, n=9) or at 20 Hz (blue curves, n=9) of the olfactory bulb. Every significant change in BOLD signals is marked above each graph (red line: 100 Hz stimulation,

blue line: 20 Hz stimulation). Significant BOLD responses from baseline are detectable in the anterior olfactory nucleus (AON), right/left piriform cortex, right nucleus

accumbens, right basolateral amygdala, right dorsal striatum, the prelimbic–infralimbic cortex (PrL-IL), and ventral diagonal band of Broca. Significant shifts (decrease

or increase) of baseline BOLD signals aremarked below the graph (red line: 100 Hz stimulation; blue line: 20 Hz stimulation). A significant shift in baseline BOLD signals

is visible for the right AON and right basolateral amygdala. VTA/SN: ventral tegmental area/substantia nigra, mPFC: dorsal medial prefrontal cortex. Mean BOLD time

series ±SD.
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Figure 4. Patterned stimulation of the olfactory bulb induces a change in BOLD responses in the piriform cortex and anterior olfactory nucleus. VOI analysis of BOLD

responses in the piriform cortex and anterior olfactory nucleus (AON) for the right (stimulated) and left (unstimulated) hemisphere during 100 Hz (red curve) and 20 Hz

stimulation (blue curve) of the olfactory bulb (OB). (A, D, G, J): Enlarged image of piriform cortex and AON from Fig. 2. (A–F): BOLD time series of the (A) right and (D)

left piriform cortex showing changes in BOLD signals over the time course of fMRI imaging. A significant BOLD response can be detected for train 1 and train 4–20 in

the right piriform cortex and for trains 4–20 for 100 Hz stimulation in the left piriform cortex. No significant difference in evoked BOLD response between stimulation

protocols can be detected for the first train (train 1) in the (B) right and (E) left piriform cortex. Themean of BOLD responses for trains 4–20 reveal a significantly stronger

effect of 100 Hz stimulation on BOLD signals in the (C) right piriform cortex when compared with 20 Hz stimulation of the OB. (G–L): BOLD time series for the (G) right

and (J) left AON depicting strong changes in BOLD responses as well as a decrease in baseline BOLD responses in the right AON. A significant BOLD response for both

protocols (train 1 and trains 4–20) can be detected in the left and right AON. No significant difference in evoked BOLD response between stimulation protocols can be

detected for train 1 in the (H) right and (K) left AON. For trains 4–20,mean BOLD responses in the (I) right AON do not differ between both stimulation protocols,whereas

in the (L) left AON, trains 4–20 show a significant stronger BOLD response for 100 Hz stimulation compared with 20 Hz stimulation of the OB. Significant difference

between stimulation protocols are marked with a black asterisk (∗), whereas significant BOLD responses induced by 100 Hz or 20 Hz stimulations are indicated with a

red or blue asterisk, respectively. The gray box indicates the stimulation period.

following brain regions: aPC,dorsal part of theAON (AOD), lateral

part of the AON (AOL), PrL, and IL.

As described above, the aPC expressed LTP in response to

100 Hz OB stimulation. With regard to nuclear Homer1a expres-

sion (Fig. 8C), a significant difference between the three groups

(naive: n=6, control: n=7, 100 Hz: n=6) was detectable (multifac-

torial ANOVA: F2,32 =6.96286, P < 0.01). Naive animals (no stimu-

lation) expressed low levels of Homer1a mRNA in the nuclei of

the aPC: In the right (stimulated) hemisphere, a significant dif-

ferencewas visible for naïve, in comparison to 100 Hz stimulated

(post hoc: P < 0.001), and in comparison with test–pulse stimu-

lated control animals (post hoc: P < 0.05). This suggests that not

only 100 Hz HFS but also test–pulse stimulation of the OB affects

neuronal gene encoding in the stimulated hemisphere to a small

extent. No changes in basal synaptic transmission were caused

by test–pulse stimulation, indicating that the Homer1a mRNA
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Figure 5. Patterned stimulation of the olfactory bulb results in strong changes in BOLD signals in brain regions of the right (stimulated) and less pronounced changes in

the left hemisphere. Summary of mean (±SD) BOLD responses of trains 4–20 determined by volume of interest (VOI) analysis for patterned stimulation of the olfactory

bulb at 100 Hz (red curve) and at 20 Hz (blue curve). A significant BOLD response was detected in (B), the right nucleus accumbens, (D), the right entorhinal cortex, and

(F), the right basolateral amygdala. The corresponding left hemispheres of (A) the nucleus accumbens, (C) entorhinal cortex, and (E) amygdala were unaffected. No

change in BOLD responseswas detected in either the left (G) or right (H) hippocampus. BOLD responses for each trainwere normalized to exclude effects due to baseline

shifts. Gray boxes indicate the stimulation periods. Significant BOLD responses induced by 100 Hz or 20 Hz are indicated with a red or blue asterisk, respectively.

increases detected in layer 2 of the aPC following test–pulse

stimulation were not sufficient to induce significant changes in

basal synaptic transmission recorded in layer 1 (Supplementary

Fig. 2).

Consistent with the signal increases detected in the AON

using BOLD fMRI, nuclear Homer1a mRNA expression was

significantly increased in both the AOD (Fig. 8D) and the AOL

(Fig. 8E) after 100 Hz stimulation (n=6) compared with controls

(n=5/6 right/left hemisphere) (multifactorial ANOVA: AOD:

F1,19 =22.56057, P <0.001; AOL: F1,19 =14.85758, P <0.01). For both

areas of the AON, 100 Hz HFS significantly elevated Homer1a

mRNA expression levels in the right (stimulated) hemisphere

compared with test–pulse stimulated controls (left and right

hemisphere) and the area of the left hemisphere after 100 Hz

HFS (Fig. 8, see caption for all post hoc results).

Examination of Homer1a mRNA expression in PrL (Fig. 8F)

in test–pulse stimulated controls (n=7) and 100 Hz-stimulated

animals (n=6) revealed a significant increase in immediate

early gene (IEG) expression induced by 100 Hz stimulation

(F1,22 =13.45290, P< 0.01) detectable in the unstimulated hemi-

sphere (post hoc: P<0.01), whereas a trend toward an increase

in IEG expression in the stimulated hemisphere was not

significant. In the IL (Fig. 8G), 100 Hz stimulation of the OB

resulted in a significant increase in somatic IEG expression

(multifactorial ANOVA; F1,22 =7.60369, P< 0.05) that is visible in

the stimulated hemisphere compared with controls (post hoc:

P< 0.05).

These findings support that information encoding is

triggered in olfactory cortex regions, and in the infralim-

bic and prelimbic cortices, following plasticity-related OB

stimulation. The finding that the IL and PrL engage in gene

encoding in response to the activation of the OB is particularly

striking.

Discussion

In this study, we describe elements of an olfactory connectome

that is activated when the OB drives information storage in the

form of LTP in the aPC. Using fMRI, we identified subcortical

and cortical brain regions that are activated during informa-

tion transmission from the OB. In addition, using temporally

compartmentalized fluorescence in situ hybridization we iden-

tified which of those regions engage in somatic gene encod-

ing in response to OB-aPC information storage. Many of the

structures that we identified as responders to OB information

transmission have already been described as playing a role

in odor processing, discrimination, and valence interpretation

(anterior olfactory nucleus, piriform cortex, entorhinal cortex,

basolateral amygdala, dorsal striatum, and nucleus accumbens).

But the present study supports that the infralimbic and the

prelimbic cortices also play a role in odor information encoding.

Our study reveals an olfactory connectome that spans cortical

and subcortical structures, which engages in odor processing

and evaluation per se, of which only a select few members (PC,

AON, PrL, and IL) engage in de facto information storage and/or

encoding.

Frequency-Dependent Induction of LTP in Olfactory
Bulb–Anterior Piriform Cortex Synapses

HFS of the OB applied at 100 Hz, but not 20 Hz, resulted in LTP in

the aPC. We previously reported that stimulation of the OB with
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Figure 6. BOLD signals in the prelimbic–infralimbic cortex and ventral diagonal

band of Broca increase during patterned stimulation of the olfactory bulb.

Summary of mean (±SD) BOLD responses for trains 4–20, as determined by

volume of interest (VOI) analysis for medial brain regions: (A) Septum, (B) dorsal

medial prefrontal cortex (mPFC), (C) prelimbic–infralimbic cortex (PrL-IL), (D)

ventral diagonal band of Broca (VDB), and (E) ventral tegmental area–substantia

nigra (VTA/SN). Patterned stimulation of the olfactory bulb was applied at 100 Hz

(red curve) and at 20 Hz (blue curve). BOLD signals increased in the mPFC, PrL-

IL, and VDB. BOLD responses for each train were normalized to exclude effects

due to baseline shifts. Gray boxes indicate the stimulation period. A significant

difference between stimulation protocols is marked with a black asterisk (∗) and

significant BOLD responses with a red (100 Hz protocol) or blue (20 Hz protocol)

asterisk.

a broad range of patterned stimulation protocols, including HFS,

all of which lead to synaptic plasticity of different magnitudes,

durations, and directions in the hippocampus, do not generate

synaptic plasticity in the aPC of freely behaving rats (Strauch and

Manahan-Vaughan 2018). By contrast, we found that the more

complex and prolonged HFS protocol, used in the current study,

triggers OB-aPC LTP that lasts for over 4 h. This 100 Hz protocol

consisted of a total of 2000 pulses that were applied in a pattern

over a 20-min time-period and resulted successfully in LTP. In

contrast, in our previous study, HFS failed to induce synaptic

plasticity with a protocol consisting of 100 Hz applied as 400

pulses in four trains of each 100 pulses, and an intertrain interval

of 5 min (Strauch and Manahan-Vaughan 2018). Several studies

in vitro and in vivo support that the degree and duration of

synaptic potentiation or depression is dependent not only on the

afferent frequency used but also on the number of pulses and

the stimulation pattern (Manahan-Vaughan 2000; Hernandez

et al. 2005; Buschler et al. 2012). The duration and complexity of

the 100HzHFS protocol used in the present studymay have been

decisive for LTP induction, comparedwith the lack of complexity

of our previously tested 100 Hz protocol and/or lower frequency

of the 20 Hz protocol used in the present study, which failed

to induce LTP. In line with this, others have shown that very

prolonged stimulation of the lateral olfactory tract results in LTP

in the aPC (Racine et al. 1983).

Detection of Odor Processing in Rodent Brain Using
fMRI

We did not explore the direct effect of odor presentation in our

study, on the one hand, because others have reported that odor

stimuli only elicit minor BOLD signal changes (Poplawsky and

Kim 2014) and on the other hand, because detection of signals

typically requires a much higher field strength than could be

generated by the 4.7 Tesla magnet used in our study (Han

et al. 2019; Muir et al. 2019). In general, cerebral blood volume–

weighted fMRI appears to be more sensitive to odor exposure

than BOLD fMRI for the detection of signal changes in the OB

(Poplawsky and Kim 2014). Although stimulation of the lateral

olfactory tract changes BOLD responses in the OB, it is more

difficult to ascribe signals precisely to OB layers, compared with

cerebral blood volume–weighted fMRI (Poplawsky et al. 2015).

Only a few studies examined regions beyond the OB and rostral

olfactory cortex regions in rodents (Kulkarni et al. 2012; Han

et al. 2019; Muir et al. 2019). In awake rats, odor presentation

results in changes in BOLD responses in several brain regions,

whereby the hippocampus, limbic cortex, AON, and tenia tecta

are activated in an odor-specific manner (Kulkarni et al. 2012). In

anesthetized mice, blood volume–weighted fMRI also revealed

a differentiated response of brain regions to the presentation

of a monomolecular, compared with a conspecific, odor (Muir

et al. 2019). Here, the IL-PrL reacted strongest to the conspecific

odor, whereas the piriform cortex reacted more strongly to the

monomolecular odor (Muir et al. 2019). For our study, we com-

bined electrical stimulation with fMRI,which is well-established

for the hippocampus (Angenstein et al. 2007, 2009, 2010; Canals

et al. 2009; Krautwald and Angenstein 2012). These studies sup-

port that changes in BOLD response are dependent on the input

activity, but also depend on processing in the neuronal circuitry

that is examined (Angenstein et al. 2010). Interpreted in light of

the findings of the odor studies mentioned above, it is tempting

to speculate that the HFS protocol used in our study emu-

lated complex (conspecific), rather than monomolecular, odor

processing.

Influence of Sedation on Neurotransmission

Medetomidine mildly suppressed basal synaptic transmission

without hindering the induction of synaptic plasticity in our

study. The magnitude of change in the evoked responses gen-

erated by LTP induction, 1) in the presence of medetomidine, 2)

after the animal subsequently recovered from sedation, and 3) in

an experiment where the animals could freely move, was equiv-

alent in all cases. Medetomidine is a selective α2-adrenergic

receptor agonist (Stenberg et al. 1987). These receptors are

presynaptic and act by inhibiting adenylyl cyclase, suppressing

Ca2+ entry into presynaptic terminals and by increasing K+-

mediated hyperpolarization (Hayashi and Maze 1993). As a

result, neurotransmission is bridled without being completely

suppressed. In line with this, at the dosage used in our study,

we saw no strong effects of medetomidine on basal synaptic

transmission.
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Figure 7.GLM and second-level analysis showing activated voxels during patterned stimulation of the olfactory bulb that correspond to regions of the olfactory system

and associated brain regions. (A–C) The 3D activation map depicts results of general linear model (GLM) analysis to detect all significantly activated voxels (increase in

activation: orange; decrease in activation: blue) during application of (A) 20 Hz and (B) 100 Hz stimulation to the olfactory bulb. (C) A second-level analysis (difference)

was performed tomap significantly different BOLD responses between the two stimulation protocols (orange: significantly stronger activationwith 100 Hz stimulation;

blue: significantly stronger activation with 20 Hz stimulation). BOLD responses of the left AON and areas of the right piriform cortex are significantly stronger during

100 Hz, comparedwith 20 Hz, stimulation applied to the olfactory bulb. VOIs that showed a significant difference between stimulation protocols in the VOI analysis (see

Figs 3–6) are labeled and marked by an outline to depict an overlap between VOI analysis and the second-level analysis. All other analyzed VOIs (volumes of interest)

are displayed in a transparent manner.

Relationship of Electrophysiological Stimulation of the
Olfactory Bulb to Olfactory Information Processing

The duration and pattern of stimulation used in our study

raise the question as to what extent this kind of activity can

be expected to occur under physiological conditions. In anes-

thetizedmice, themembrane potential ofmitral cells, the output

of the OB, changes with the respiration rate and, upon odor

presentation, bursts of action potentials are elicited during each

breathing cycle (Margrie and Schaefer 2003; Schaefer and Mar-

grie 2007). In awake rats, the respiration rate, at rest, has a

frequency of 1–2Hz (similar to the 1Hz frequency in each train of

our 100Hz protocol),whereas active sniffing, for example,during

odor sampling occurs at rates above 4 Hz up to 12 Hz (Welker

1964; Wachowiak 2011). An amplification in the amplitude of

oscillations in the beta frequency range (15–40 Hz) occurs in

trained animals, indicating that this frequencymay occur during

recognition memory (Ravel et al. 2003; Martin et al. 2004; Martin

et al. 2006). The 20 Hz stimulation pattern that we used, and

which did not trigger synaptic plasticity in the aPC, lies within

the range of frequencies recorded from the OB when it samples

an odor (15–30 Hz) (Kay et al. 1996). We previously reported that

stimulation of the OB with a similar frequency (25 Hz) does

not affect basal evoked responses and does not trigger synaptic

plasticity (Strauch and Manahan-Vaughan 2018). In agreement

with our previous result, we could not induce synaptic plasticity

in the aPC with 20 Hz stimulation of the OB. This would suggest

that frequencies in the range of odor sampling applied (in a

simple pattern) only to the OB do not typically result in synaptic

information encoding. However, the lack of complexity of the

20 Hz stimulation protocol used may have contributed to the

failure of induction of synaptic plasticity in the aPC. Earlier

studies described the ability of rats to discriminate unilateral

stimulation at different sites within the OB, or along the lateral

olfactory tract, as well as following multisite OB stimulation

(Mouly et al. 1985; Mouly and Holley 1986; Roman et al. 1987).

Furthermore, olfactory discrimination learning can be enhanced

by OB stimulation (Cohen et al. 2015), and learning enhances

evoked responses in the piriform cortex (Roman et al. 1987,

1993; Cohen et al. 2015). These reports raise the possibility

that stimulation at multiple sites in the OB, or the application

of a more complex pattern of 20 Hz stimulation, may change

synaptic efficacy in the aPC.

A study by Carey and Wachowiak (2011) examined effects of

a sniff playback combined with odor presentation on OB output

neurons. That study detected peak firing rates between 40 and

200 Hz (mean: 115 and 103 Hz for different anesthetics) and a

duration of spiking activity of either ca. 66 ms or ca. 175 ms

(Laing 1986; Carey andWachowiak 2011;Wachowiak 2011). Thus,

the frequency of 100 Hz, as well as the duration of each burst

(200 ms), we applied here to trigger aPC LTP is likely to be

generated physiologically in the OB. It has been shown that

rodents and humans are able to discriminate odors already after

a single sniff (Uchida and Mainen 2003) and a go/no-go training

task can be learned in ca. 120 trials that includes learning of

odor sampling (Martin et al. 2004). Acquisition of a simple odor

discrimination task can be achieved as early as within 10–20

trials that requires sniffing at two different wells (Linster and

Hasselmo 1999; Cleland et al. 2002). This corresponds to a time-

span of less than 20 min (Linster and Hasselmo 1999). These

results suggest that the more complex and longer stimulation

pattern (100 Hz) we applied here could be similar to activity

induced in the OB over the time course of the learning of an

odor discrimination task. This experience may thus be stored

by means of synaptic plasticity in the aPC.
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Figure 8.100Hz stimulation of the olfactory bulb results in an increase in nuclear

Homer1a mRNA expression in olfactory cortex and associated brain regions. (A,

B) DAPI-stained coronal sections of a rat brain showing regions of interest (white

rectangles) in one of the analyzed hemispheres. (A) Sections for prelimbic cortex

(PrL), infralimbic cortex (IL), and anterior piriform cortex (aPC) were obtained

between +3.0 and +3.5 mm anterior to bregma. (B) For the dorsal (AOD) and

lateral (AOL) anterior olfactory nucleus, sections between +5.0 and +5.5 mm

anterior to bregma were analyzed. (C–G) Plots showing the relative percentage

of nuclear Homer1a (H1a) mRNA expression in (C) aPC, (D) AOD, (E) AOL, (F) PrL,

and (G) IL in the left (unstimulated) and right (stimulated) hemispheres of naive

(only aPC; white bars), test–pulse stimulated control (gray bars), and 100 Hz

stimulated animals (red bars). (C) In the aPC, 100 Hz stimulation of the right OB

results in an increase in Homer1a expression in the right aPC compared with the

left aPC of all three groups (post hoc test: right 100 Hz: vs. left naive P<0.01; vs.

left control P<0.01; vs. left 100 Hz P<0.05) and the right aPC of the naive group

(post hoc test: P<0.001). Test–pulse stimulation of the right OB resulted in an

increase in Homer1a mRNA expression in the right aPC (control) compared with

the left and right hemisphere of the naive animals (post hoc test: right control:

vs. left naive P<0.05; vs. right naive P<0.05). (D, E) In AOD and AOL, the right

AOD and AOL exhibit a significant elevation of Homer1a expression following

100 Hz stimulation compared with the left AOD and AOL of the same group

(post hoc test: AOD: P<0.01; AOL: P<0.05), as well as left and right AOD and

AOL of the control group (AOD right 100 Hz: vs. right control P< 0.0001; vs. left

control: P<0.0001; AOL right 100 Hz: vs. right control P< 0.001; vs. left control:

P<0.01). (F) In the PrL, 100 Hz stimulation increases Homer1a mRNA expression

A Putative Connectome for Odor Information Processing

During 20 Hz stimulation of the OB, we detected significant

changes in BOLD signals in the AON, piriform cortex, PrL, IL, dor-

sal medial prefrontal cortex, VDB, nucleus accumbens, BLA, and

entorhinal cortex. This finding is in agreement with anatomical

studies of OB projections (White 1965; Price 1973). The AON

sends feedback and centrifugal projections to the ipsilateral

and contralateral OB and sends afferents to the piriform and

orbitofrontal cortices (Haberly and Price 1978; Illig and Eudy

2009; Cleland and Linster 2019). It receives inputs from the OB,

piriform, and entorhinal cortices (Cleland and Linster 2019). The

AON may be involved in the bilateral integration of odor infor-

mation and serve as a relay for neuromodulatory information to

the OB (Rothermel and Wachowiak 2014).

We detected significant Homer1a elevations in the ipsilateral

IL, but not ipsilateral PrL after HFS of the OB. The PrL and IL

receive olfactory information via olfactory cortex regions such

as AON, tenia tecta, and piriform cortex (Luskin and Price 1983;

Conde et al. 1995; Hoover and Vertes 2007; Diodato et al. 2016;

Moberly et al. 2018). Interesting in this regard is the fact that the

PrL, but not the IL, receives inputs from the entorhinal cortex and

orbitofrontal cortices (Hoover and Vertes 2007). Taken together,

different olfactory input weights from these regions to PrL and

IL may be the reason for the different IEG expression patterns

detected in these structures in our study. Although a tendency

toward significant Homer1a expression was detected in the PrL

ipsilateral to HFS (compared with test–pulse stimulated con-

trols), effectswere significant in the contralateral PrL.This opens

up the interesting possibility of bilateral olfactory information

processing by the PrL. Anatomically, this may be enabled by

contralateral projections between the anterior olfactory nuclei

(Illig and Eudy 2009) and their respective direct afferent pro-

jections to the PrL (Ahmed et al. 1995; Moberly et al. 2018).

Contralateral communication between the prelimbic cortices

may also facilitate this process (Gemmell and O’Mara 2000;

Vertes 2004).

The entorhinal cortex is another known element of the olfac-

tory system (Price 1973; Haberly and Price 1978; Luskin and

Price 1983). It plays a role in sensory information processing

(Knierim et al. 2014; Li et al. 2017) and in odor working mem-

ory, and activity in single neurons reflects different phases

of a trial in a delayed nonmatching to sample task (Young

et al. 1997; Egorov et al. 2002). Cholinergic inputs from the

basal forebrain that project via the VDB (de Olmos et al. 1978;

Diodato et al. 2016; Mazo et al. 2017) alter odor coding in the

OB (Rothermel et al. 2014), whereas the nucleus accumbens,

dorsal striatum, dorsomedial prefrontal cortex, and the BLA

are involved in context-dependent processing of aversive or

pleasant outcomes related to odor experience (Rolls et al. 2003;

Schoenbaum and Setlow 2003; Walker et al. 2005; Grabenhorst

et al. 2007; Atallah et al. 2008; Prehn-Kristensen et al. 2009;

in both hemispheres compared with the left PrL of control animals (post hoc

test left control: vs. right 100 Hz P<0.05; vs. left 100 Hz P<0.01), and, also in the

left hemisphere of stimulated animals compared with the right PrL of controls

(post hoc test: P<0.05). (G) By contrast, only the right IL shows a significantly

higher percentage of Homer1a mRNA-positive neurons after 100 Hz stimulation

in comparison to the left and right IL of the control group (post hoc test right

100 Hz: vs. left control P<0.05; vs. right control P<0.05). C–G: mean+SEM.

Significant differences between naive, control, and test groups within either

left or right hemisphere, revealed by post hoc analysis (Fisher’s LSD test), are

marked with asterisks: ∗P<0.05, ∗∗P<0.01; ∗∗∗P<0.001.
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Cousens et al. 2011; Kim et al. 2014; Floresco 2015; Davies et al.

2017). These regions also exhibit increases in beta frequency

oscillatory activity during odor processing and recognition (Mar-

tin et al. 2006; Chapuis et al. 2009). Our fMRI results show that

when the OB is activated, all of these structures are active,

suggesting their concomitant involvement in odor experience

evaluation.

In addition to the identification of structures that are acti-

vated by information transmission from the OB, we also iden-

tified structures that are specifically activated when the OB

triggers LTP in the aPC. Here, we first identified these struc-

tures using fMRI and then their role in somatic gene encod-

ing was subsequently assessed using a fluorescence in situ

hybridization approach that is temporally constrained (Bottai

et al. 2002; Vazdarjanova et al. 2002; Hoang et al. 2018). This latter

approach allows us to specifically identify those neurons that

engaged in information encoding, presumably to enable long-

term retention of the experience (Hoang et al. 2018). Using the

samemethod, regions of the olfactory cortex have been reported

to exhibit odor-specific changes in the expression of various

immediate early genes (Bepari et al. 2012). The stimulation

frequency (100 Hz) used to trigger LTP in our study is in the range

of frequencies detected in the OB during odor association and

learning (65–100 Hz) (Kay et al. 1996; Ravel et al. 2003; Beshel

et al. 2007).We detected significantly higher BOLD activity in the

IL, PrL, PC, and AON as a result of 100 Hz compared with 20 Hz

stimulation. All of these structures also exhibited significant

elevations in somatic immediate early gene expression as a

result of 100 Hz stimulation.

Interestingly, both test–pulse and 100 Hz stimulation of the

OB enhanced immediate early gene expression in the aPC of

the stimulated hemisphere, when compared with Homer1a

expression in naive animals. For the OB, an increase in c-Fos

and Arg3.1 mRNA expression upon novel odor presentation

has been described, whereas exposure to a familiar odor

results in lower levels of mRNA expression (Montag-Sallaz and

Buonviso 2002). Moreover, repetitive odor stimulation results in

a habituation of neuronal responses in OB and aPC (Wilson

1998). Given that monomolecular odor processing triggers

significant signal processing in the pirifom cortex (Muir et al.

2019), one possible explanation is that test–pulse stimulation

emulated novel monomolecular information processing in this

structure and thus triggered immediate early gene expression.

By contrast, 100 Hz HFS might emulate more complex odor

processing that is associated with information encoding by

means of synaptic plasticity. But there is a caveat in attempting

to make a direct comparison between our immediate early gene

and electrophysiological results: Evoked responses, including

LTP, were recorded in (dendritic) layer 1 of the aPC, whereas

immediate early gene expression was analyzed in semilunar

and superficial pyramidal cells of layer 2, where cell soma are

located. Semilunar cells receive their main input from the OB,

whereas the OB input to superficial pyramidal cells is much

weaker (Franks and Isaacson 2006; Bathellier et al. 2009; Suzuki

and Bekkers 2011). Thus, it is likely that semilunar cells were

the main instigator of LTP in the aPC in our study. In our

immediate early gene analysis, a selective increase in activity

in semilunar cells (triggered by HFS) might have been masked

to some extent by the inevitable inclusion of both principal cell

types in layer 2.Conversely, associative inputs or selective inputs

to superficial pyramidal cells of layer 2 may have supported

IEG expression in response to test–pulse stimulation in the

absence of a corresponding change in synaptic strength in

layer 1. In line with this possibility, it has been reported that

the AON only poorly innervates semilunar cells (Hagiwara

et al. 2012). Furthermore, whereas responses in semilunar cells

are predominantly driven by information flow from the OB,

activity in superficial pyramidal cells is modulated by recurrent

corticocortical inputs (Hagiwara et al. 2012).

The possibility also exists that antidromic relay could have

contributed to the response changes that we detected following

OB stimulation. Antidromic relay from the piriform cortex to

the LOT and OB has been described in different experimental,

preparations (Willey et al. 1975; Uva et al. 2006) and might

serve to transiently amplify signal transmission from the

LOT to the aPC. Stimulation of the PC can trigger antidromic

responses in the orbitofrontal cortex (Cinelli et al. 1987) that

could also serve to reinforce aPC responses and information

encoding. This might explain why the relatively weak test–

pulse stimulation of the OB resulted in gene encoding in

the aPC.

Involvement of Prelimbic and Infralimbic Cortices in
Odor Information Processing

Our finding that the IL and PrL exhibit enhanced immediate

early gene expression levels upon HFS of the OB, consistent with

experience encoding, was unexpected. The IL and PrL are best

known for their contributions to the encoding, regulation, and

suppression of aversive experience, particularly in the context

of extinction learning (Giustino and Maren 2015; Izquierdo et al.

2016; Lingawi et al. 2019). But the PrL has also been impli-

cated in goal-directed behavior and the coupling of context with

action (Hok et al. 2005; Rich and Shapiro 2009; Mukherjee and

Caroni 2018; Woon et al. 2020). It also supports cue attention

(Sharpe and Killcross 2014). The IL enables both flexibility in,

and habitual, behavior (Barker et al. 2014) and may be involved

in visceromotor control (Vertes 2006).

Very few studies have addressed the role of the PrL or IL in

odor information processing: Roullet and colleagues reported

increases in Fos immunoreactivity in rats that were either

trained in an odor-association task or were simply exposed to

unreinforced odor cues (Roullet et al. 2005). Beside other regions,

they revealed the increase in Fos immunoreactivity in the IL but

they did not scrutinize the PrL.However, a reaction of the PrL and

IL to conspecific odors has been reported (Muir et al. 2019) and

Nikaido and Nakashima reported distinct single-unit activity

patterns in the IL and PrL of freely behaving rats in response

to anxiolytic and anxiogenic odors (Nikaido and Nakashima

2011). This suggests that these structures may modulate odor-

response behaviors in a valence-based manner. In line with

this possibility, it has been shown that blockade of N-methyl-D-

aspartate receptors in the PrL prevents odor-reward associative

learning (Tronel and Sara 2003) and the PrL has been implicated

in avoidance behavior linked to predator odors (Hwa et al. 2019).

Our findings offer novel insights into the involvement of the PrL

and IL in odor information processing: We not only see strong

BOLD responses during activation of the OB but triggering of

OB-aPC LTP also results in somatic gene encoding in the PrL

and IL. This indicates that these structures play an intrinsic

role in odor-experience encoding. Viewed from the perspective

of the above-mentioned findings and the anatomical wiring

of the PrL and IL with motor, reward-modulating, and limbic

structures (Shipman et al. 2019; Wood et al. 2019), this role may

comprise the determination of behavioral responses to odor

experience.
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Conclusions

In this study, we describe a subcortical and cortical infor-

mation processing and encoding system that engages during

information transmission from the OB. The portfolio of struc-

tures that were identified as being part of this system suggests

that odor detection by the OB is typically accompanied by odor

valence evaluation.Thus, in addition to olfactory structures such

as the AON, PC, and entorhinal cortex, the nucleus accumbens,

dorsal striatum, medial prefrontal cortex, PrL, IL, VDB, and

BLA were all activated during OB information processing. The

nucleus accumbens is involved in the processing of motivation,

aversion, reward, and reinforcement learning (Floresco 2015).

The BLA, IL, and PrL are involved in the encoding and the

modification of responses to context-dependent experience.

Given that both the IL (Sesack et al. 1989; Hurley et al. 1991;

Vertes 2004) and the PC send afferents to the nucleus accumbens

(Wright et al. 1996; Schwabe et al. 2004), the medial prefrontal

cortex instructs the dorsal striatum (Davies et al. 2017) and

the PrL and IL influence information processing in the BLA, we

propose that the connectome we identified in our study may

contribute to odor valence evaluation. Furthermore, finding

that induction of LTP in OB-aPC synapses results in somatic

gene encoding in the PrL, IL, and AON raises the possibility that

patterns of activity in the OB can generate neural signatures

that target, via the aPC, structures that engage in valence-

specific information processing. The aPC projects back to the

OB (Diodato et al. 2016; Mazo et al. 2017) thus, also creating

the possibility that under specific conditions dialog between

these two structures reinforces, or indeed alters, information

processing.

Taken together, the findings of our study support that the

olfactory system works in close conjunction with reward and

aversion-encoding systems of the brain in the rapid process-

ing and long-term encoding of OB stimuli. The recruitment of

these nonolfactory structures is likely to play a key role in the

evaluation of the valence of odor experience.
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Supplementary material can be found at Cerebral Cortex online.
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