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Abstract

The hippocampus utilizes olfactospatial information to encode sensory experience by means of synaptic plasticity. Odor
exposure is also a potent impetus for hippocampus-dependent memory retrieval. Here, we explored to what extent the
piriform cortex directly impacts upon hippocampal information processing and storage. In behaving rats, test-pulse
stimulation of the anterior piriform cortex (aPC) evoked field potentials in the dentate gyrus (DG). Patterned stimulation of
the aPC triggered both long-term potentiation (LTP > 24 h) and short-term depression (STD), in a frequency-dependent
manner. Dual stimulation of the aPC and perforant path demonstrated subordination of the aPC response, which was
nonetheless completely distinct in profile to perforant path-induced DG plasticity. Correspondingly, patterned aPC
stimulation resulted in somatic immediate early gene expression in the DG that did not overlap with responses elicited by
perforant path stimulation. Our results support that the piriform cortex engages in specific control of hippocampal
information processing and encoding. This process may underlie the unique role of olfactory cues in information encoding

and retrieval of hippocampus-dependent associative memories.
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Introduction

The hippocampus integrates information derived from multiple
sensory and cognitive sources to enable generation of associa-
tive and explicit memory (Squire 1992; Squire et al. 2004; Bird and
Burgess 2008; Neves et al. 2008). In rodents, encoding of this kind
is enabled by synaptic plasticity, whereby spatial experience in
the visual (Kemp and Manahan-Vaughan 2004), auditory (Dietz
and Manahan-Vaughan 2017), and olfactory modalities (André
and Manahan-Vaughan 2013) facilitate the expression of very
long-term forms of hippocampal synaptic plasticity that persist
for days and weeks.

The novelist Marcel Proust (11922) was one of the first to
draw attention to the potency of olfactory cues as instigators of
the retrieval of complex (and believed to be forgotten) explicit

memories. This observation was subsequently scrutinized in
detail by cognitive scientists (Eichenbaum and Robitsek 2009;
Jacobs 2012; Jacobs et al. 2015). On the empirical level, it has been
shown that odor codes may support episodic memory in rodents
(Manns et al. 2007) as well as social memory (Petrulis et al.
2005). Additionally, olfactospatial navigation in the absence of
reliable allothetic or idiothetic cues, derived from other sen-
sory modalities, supports the generation and stabilization of
place fields (Zhang and Manahan-Vaughan 2015). Furthermore,
the effectivity of odor-reward learning can be discriminated on
the basis of neuronal oscillation patterns in the hippocampus
(Rangel et al. 2016), indicating that odor processingis an intrinsic
part of hippocampal information encoding.

The primary afferent input to the hippocampus comprises
the perforant path that originates in the entorhinal cortex
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(Andersen et al. 1971; Amaral and Witter 1989). The lateral
entorhinal cortex receives sparse but nonetheless direct input
from the lateral olfactory tract (Price 1973; Sosulski et al.
2011) and has strong connections with subcortical olfactory
regions (Burwell and Amaral 1998; Kerr et al. 2007; Agster
and Burwell 2009). One important route through which the
olfactory bulb (OB) sends olfactory information to the olfactory
system is via the lateral olfactory tract that projects to the
piriform cortex, whereby a predominant portion of the tract
terminates in the anterior piriform cortex (aPC) (Price 1973;
Haberly 1985). The piriform cortex as a whole comprises the
largest domain of the olfactory cortex and is particularly
important for olfactory information processing because it is
reciprocally connected to all parts of the entorhinal cortex,
and especially with the lateral entorhinal cortex (Haberly
and Price 1978; Burwell and Amaral 1998; Kerr et al. 2007;
Agster and Burwell 2009). Whereas the medial entorhinal
cortex is believed to serve as a spatial and visual processing
domain and transfers associations from posterior brain
regions to the hippocampus (Burwell 2000; Knierim et al.
2014; Witter et al. 2017), the lateral entorhinal cortex may
convey unimodal sensory information and associations from
more anterior brain regions, as well as attentional and
motivational information aspects to the hippocampus (Burwell
2000; Knierim et al. 2014; Witter et al. 2017). The dentate
gyrus (DG) appears to be exquisitely sensitive to olfactory
experience: olfactory discrimination learning results in changes
in evoked responses in the DG during and after learning
(Chaillan et al. 1996; Chaillan et al. 1999; Truchet et al
2002).

To what extent the potency of olfactory cues for both learning
and memory retrieval relates to functional control by the olfac-
tory cortex of the hippocampus is unknown. For this reason, in
the present study, we set about to clarify 1) if stimulation of the
aPC can evoke field potentials in the DG, 2) whether the aPC can
trigger synaptic plasticity in the DG, 3) to what extent informa-
tion transfer to the DG from the aPC is modulated by information
transfer from the entorhinal cortex, and 4) where exactly in the
DG information from the aPC is encoded. Our results provide
the first evidence of specific control by the piriform cortex of
hippocampal information encoding.

Materials and Methods

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. They were approved in advance by the
North Rhine-Westphalia (NRW) State Authority (Landesamt fir
Arbeitsschutz, Naturschutz, Umweltschutz und Verbraucher-
schutz, NRW). All efforts were made to reduce the number of
animals used.

Surgery

Under sodium pentobarbital anesthesia (Nembutal, 52 mg/kg,
intraperitoneal), male Wistar rats (9-10 weeks old, Charles River,
Sulzfeld, Germany) were implanted chronically with electrodes
(diameter: 0.1 mm, polyurethane-coated stainless-steel wire,
Biomedical Instruments, Z6llnitz, Germany). Two screws served
as reference or ground electrodes.

A monopolar recording electrode was positioned in the gran-
ule cell layer of the DG and a bipolar stimulation electrode in
the perforant path (Fig. 1A), as described previously (Manahan-
Vaughan and Reymann 1995). The final coordinates for the DG
comprised —3.1 mm posterior to bregma (AP) and 1.9 mm lateral
from midline (LAT) and for the perforant path: —6.9 mm AP
and 4.1 mm LAT. The electrode positions and potentials evoked
after recovery from surgery were consistent with a predominant
stimulation of the medial perforant path (Manahan-Vaughan
2018).

In a second step, a bipolar electrode was implanted into
the aPC. Depth profile responses (Manahan-Vaughan 2018) were
obtained by recording from this electrode while stimulating the
OB with a bipolar stimulation electrode (Fig. 1A). The coordinates
used for the OB (+7.9 mm AP, 1.1-1.3 mm LAT) and aPC (+3.2-
3.7 mm AP, 3.0-3.3 mm LAT) as described previously (Strauch
and Manahan-Vaughan 2018) are based on coordinates used by
Cohen and colleagues (Cohen et al., 2008). Following confirma-
tion that the electrode was correctly placed in the aPC, this elec-
trode was subsequently used as a stimulation electrode to evoke
field potentials in the DG. To study the impact of the aPC on
hippocampal information processing, stimulation was applied
to the aPC only. Stimulation of the OB or the lateral olfactory
tract would have complicated data interpretation, due to their
additional activation of structures outside the aPC (Heimer 1968;
Price 1973). For analgesia, animals were treated subcutaneously
with Meloxicam (0.2 mg/kg; Metacam®, Boehringer Ingelheim
Vetmedica GmbH, Ingelheim/Rhein, Germany), before and after
surgery.

After recovery from surgery, animals were housed individu-
ally in a temperature- and humidity-controlled scantainer on a
12-h light/12-h dark cycle. They had ad libitum access to water
and food.

Seven to 10 days after surgery, electrophysiological experi-
ments were started, where the animals could move freely in a
recording chamber (40 x 40 x 50 cm). Animals were connected
via a flexible cable and a swivel connector to the stimulation unit
(World Precision Instruments, Sarasota, FL, USA) and amplifier
(A-M Systems, Sequim, WA, USA). Disturbance of the animals
was kept to an absolute minimum, aside from the insertion of
the connector cable at the start of each experiment.

Measurement of Evoked Potentials

Field excitatory postsynaptic potentials (fEPSPs) in the DG were
generated by applying test-pulse stimulation in the aPC, or
perforant path, at a low frequency with single biphasic square
wave pulses of 0.2 ms duration per half wave. For each timepoint
measured throughout the experiments, 5 evoked responses,
(recorded every 60 s for aPC-DG and every 40 s for perforant
path-DG), were averaged. The first 6 timepoints recorded at
5 min intervals were used as a baseline reference. All timepoints
were calculated as a percentage of the mean of the 6 baseline
timepoints. For the responses evoked in the DG by stimulating
the aPC, the fEPSP was measured as the maximum amplitude
from the onset of the fEPSP to the peak of the positive deflection
of the evoked response. In perforant path-DG recordings, the
population spike (PS) amplitude of the evoked responses was
measured. An input/output (I/O) relationship (stimulus intensi-
ties from 100-900 pA applied in 100 pA steps) was used to deter-
mine the maximum fEPSP or PS. For the subsequent experiment,
a stimulus intensity that produced 40-50% of the maximum
response was chosen to evoke responses. Patterned afferent



Hippocampal Information Encoding by the Piriform Cortex Strauch and Manahan-Vaughan | 137

Anterior piriform

| Olfactory bulb
“ ) )
\™~
A
@ N

Cc

Tt

perforant path-DG

S

M
=
©
[72]
©
Kol
B
o
7
o
H

150+

1251

-
(3]
1

-
o
1

fEPSP/PS amplitude (mV) [0
@

100 200 300 400 500 600 700 800 900
Stimulation intensity (uA)

aPC-DG perforant path-DG
-0~ fEPSP amplitude -@-fEPSP amplitude
-@-PS amplitude

test-pulse stimulation
L

-#-fEPSP slope
o fEPSP amplitude

120 180 240 24h  25h
Time (min)

50—

30 0 30 60

Figure 1. Electrode locations and comparison of electrophysiological responses evoked in the DG following aPC, or perforant path stimulation. (A) The recording
electrode was positioned in the granule cell layer of the DG (red) by evoking potentials during depth profile recordings via a stimulation electrode placed in the perforant
path (dashed green arrow). To ensure accurate placement of the electrode in the aPC (blue), it was first used to record responses during depth profile recordings via a
stimulation electrode placed in the OB (dashed green arrow). The aPC electrode was subsequently used as a stimulation electrode, so that aPC-DG generated responses
could be studied (solid green arrow). Coronal rat brain drawings, shown here, were modified from Paxinos and Watson (1998, 2005). Photomicrographs of Nissl-stained
sections show placement of the stimulation electrode in the aPC (upper photo) and of the recording electrode in the DG (lower photo). Scale bars: 500 um. (B) Input—
output relationships for fEPSPs (aPC and DG) or PSs (DG only) were obtained using a stimulus intensity range of 100 to 900 pA for aPC-DG (squares, n =6) and perforant
path-DG (circles, n =5). (C) Representative fEPSPs for both pathways evoked at increasing intensities: 1) 100 pA, 2) 300 pA, 3) 500 pA, 4) 700 pA, and 5) 900 pA. (D) Basal
synaptic transmission of aPC-DG evoked responses remained stable with regard to both fEPSP amplitude and slope over a 24 h period (n =9). Insets show representative

fEPSPs evoked by test-pulse stimulation at the timepoints (1-4) indicated.
Calibration: Vertical bar: 1 mV, horizontal bar: 5 ms. B, D mean + SEM.

stimulation was applied after the 30 min baseline recording.
After 3 more recordings, at 5 min intervals, the interval was
extended to 15 min. Evoked responses were followed for 4 h
after application of patterned stimulation and on the following
morning an additional hour of recordings (24 h recoding) was
conducted. Only animals with stable test-pulse recordings over
4.5 h and during the 24 h recordings were used for experiments
involving application of patterned stimulation. In experiments
where patterned stimulation failed to induce synaptic plasticity,
recordings were stopped 4 h after patterned stimulation. To
avoid interaction effects of the different stimulation protocols,
experiments were separated by intervals of at least 7 days.
Several protocols that are known to induce persistent synap-
tic plasticity in the hippocampal formation in freely behaving
rats (Thiels et al. 1994; Manahan-Vaughan and Reymann 1995;
Manahan-Vaughan 1997, 2000; Kemp and Manahan-Vaughan
2004, 2005) were applied to the aPC while recording in the DG.
High-frequency stimulation (HFS) at 100 Hz was applied as 1
burst, or 4 bursts, of 100 pulses with an interburst interval of

5 min. Patterned stimulation at 30 Hz and 15 Hz was applied as
400 consecutive pulses. Low-frequency stimulation (LFS) at 1 Hz
and 3 Hz was applied as 900 consecutive pulses at a stimulation
intensity of 70% of the maximum evoked response during the
I/0O curve. Paired-pulse LFS consisted of 1800 pulses, given as 900
pairs at 1 Hz at 70% stimulation intensity (as determined by the
I/0 relationship) with an interpulse interval of 25 ms.

The effect of paired-pulse LFS of the aPC and/or the perforant
path was compared. Therefore, in separate experiments, paired-
pulse LFS was applied to either the aPC or the perforant path or
to “both” (aPC and perforant path) simultaneously, and changes
in either the aPC- or the perforant path-DG responses were
examined.

In Situ Hybridization

Compartment analysis of temporal activity by fluorescence in
situ hybridization (catFISH) was conducted using a modified
procedure used by Guzowski and Worley (2001), as described
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previously (Strauch and Manahan-Vaughan 2018). We exploited
the fact that the peak somatic expression of the immediate
early genes (IEGs), Homerla and Arc, differ following a novel
experience and used Homerla expression to examine the effects
of aPC stimulation on the DG, and Arc expression to study the
effects of medial perforant path stimulation within the same
animal. For Homerla, somatic expression occurs approximately
25-40 min after commencement of a specific experience
(Bottai et al. 2002; Vazdarjanova et al. 2002; Hoang et al. 2018),
whereas for Arc, somatic expression occurs 2-15 min after
an experience (Guzowski et al. 1999; Vazdarjanova et al. 2002;
Hoang et al. 2018). After peak expression has occurred, the IEGs
migrate to the cytoplasm (Guzowski et al. 1999; Guzowski et al.
2005). In the present study, brains were removed 40 min after
commencement of LFS to the aPC. This meant that Homerla
could be used as a biomarker of somatic encoding caused by
activation of the aPC. To use Arc as a biomarker for somatic
encoding caused by perforant path stimulation, LFS of the
perforant path was commenced in the same animal 10 min
after conclusion of aPC stimulation.

Animals were implanted with electrodes as described above.
On the experimental day, rats were first habituated to the
recording chamber for approximately 1 h before LFS was applied.
Paired pulse LFS (900 pulse pairs at 1 Hz) was applied at a
stimulation intensity of 500 pA. To examine to what extent
depolarization events (in the absence of induction of synaptic
plasticity) result in IEG expression in the DG and to create a
control condition against which LFS effects could be compared,
a separate cohort of animals received test-pulse stimulation at
500 pA every 60 s for 15 min first in the aPC and after a break of
10 min in the perforant path. Brains were removed 40 min after
the start of LFS, or of test-pulse stimulation in the aPC. They
were then shock-frozen in 2-methylbutane at —80 to —100 °C on
liquid nitrogen. Using a cryostat (Leica CM3050S), 20 um thick
coronal slices were sectioned. Sections of animals with incorrect
electrode placement in the aPC or perforant path were excluded
from further analysis.

Homer cDNA plasmids (Entelechon GmbH, Bad Abbach, Ger-
many) with the sequence published by Brakeman et al. (1997)
were linearized and an antisense RNA probe, labeled with biotin,
was created (Ambion MaxiScript Kit, Invitrogen, Carlsbad, CA,
USA). Arc cDNA plasmids (Entelechon GmbH) were generated
using the sequence published by Lyford et al. (1995) and used
to create digoxigenin-labeled RNA probes. Gel electrophoresis
verified yield and integrity.

Slides containing the dorsal hippocampus (—3.6 to —4.0 mm
posterior to Bregma) were fixed in 4% paraformaldehyde (PFA)
solution, washed in 2x saline-sodium citrate buffer (SSC), placed
in acetic anhydride solution, and washed and left in 2x SSC. In
a humid chamber, slides were incubated with prehybridization
buffer (Sigma-Aldrich, St. Louis, USA). Hybridization with biotin-
and digoxigenin-labeled RNA probes (1 ng of each probe per
pL) in hybridization buffer lasted overnight at 56 °C. Washing
consisted of several steps in 2x SSC at 56 °C, 2x SSC containing
RNase (1 pg/mL, Sigma-Aldrich) and 2x SSC at 37 °C, 0.5x SSC at
56 °C, and at RT, 1x SSC at RT and final rinsing in tris-buffered
saline (TBS).

For Homerla signal detection, slices were incubated for
70 min in 1% bovine serum-albumin (BSA) in TBS-Tween. Homer
biotin was detected by Streptavidin CY2 (1:250, #016220084,
Dianova, Hamburg, Germany) in 1% BSA in TBS-Tween for
30 min. Signal was enhanced with biotinylated Anti-Streptavidin
(1:100, #BA0500, Vector Laboratories, Burlingame, CA, USA) in

1% BSA in TBS-Tween for 30 min. Homerla was visualized by
Streptavidin CY2 (1:250, Dianova). Arc signal detection consisted
of HyO, pretreatment, incubation in 1% BSA in TBS-Tween
plus avidin (1:5; Avidin-biotin blocking kit, Vector Laboratories,
Burlingame, CA, USA), detection by anti-digoxigenin-POD Fab
fragment (1:400, #11207733910, Roche), enhancement using
biotinylated tyramine (Adams 1992), and visualization with
streptavidin Cy5 (1:2000, Dianova). Nuclei were visualized by
4/ ,6-diamidino-2-phenylindole (DAPI, 1:5000, Invitrogen). Finally,
slides were mounted (SCR-38447, Dianova).

Homerla and Arc mRNA expression within nuclei of granule
cells in the DG was examined. Z-stacks were obtained using a
fluorescence microscope (Zeiss ApoTome) that permits struc-
tured illumination microscopy (Schaefer et al. 2004), and was
conducted at 63x magnification. For each region of each ani-
mal, 3 z-stacks from 3 consecutive sections were obtained. All
z-stacks were chosen to contain representative regions of the
upper and lower blade of the DG.

Postmortem Verification of Electrode Position

For verification of electrode position, brains were removed at
the end of the study. The brain tissue was immediately fixed
in 4% PFA solution in phosphate buffered saline (0.025 M, pH of
7.4) for 1 week. Then the tissue was cryoprotected by immer-
sion in 30% sucrose for several days and 30 pm thick, frozen
sections were cut on a freezing microtome (Leica Mikrosysteme
Vertrieb GmbH, Wetzlar, Germany). Sections were mounted on
glass slides and air-dried. Sections were stained in 0.1% cre-
syl violet (Mulisch and Welsch 2010; Hansen and Manahan-
Vaughan 2015). Sections were examined using a microscope
(Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) and
photomicrographs (Fig. 1A) were taken with a digital video cam-
era system (Visitron Systems, Germany). All animals with incor-
rect implanted electrodes were excluded from further analysis.

Data Analysis and Statistics

Data obtained in electrophysiological experiments were
expressed as the mean percentage + standard error of the mean
(SEM) of the average baseline value. The results were visualized
using GraphPad Prism software (GraphPad Software. Inc., La
Jolla, CA, USA). To examine differences between basal synaptic
transmission (test pulse only) and patterned stimulation, or
to compare the effects of patterned stimulation in different
brain regions, analysis of variance (ANOVA) with repeated
measures was conducted using Statistica software (Version 12,
StatSoft. Inc., Tulsa, OK, USA). To define onset and termination of
synaptic plasticity, post-hoc Fisher’s LSD tests were performed
by determination of significances between the timepoints of the
2 test groups.

IEG expression in the DG was examined by marking complete
nuclei and checking for Homerla and Arc mRNA expression
in each z-stack using Image] software. For each z-stack of the
upper blade of the DG, 39+2.27 cells were analyzed for the
stimulated and 42 +1.92 cells for the control group and of the
lower blade 48 +3.69 cells for the stimulated and 48 +2.05 cells
for the control group were analyzed. During “experimenter-
blind” analysis, the percentage of Homerla and Arc positively
stained nuclei of all nuclei was counted separately for each
z-stack. Nuclei that were positive for both Arc and Homerla
mRNA were additionally assigned to a third group representing
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Figure 2. HFS applied to the aPC induces LTP in the hippocampus. HFS at 100 Hz
induces LTP in the DG, when applied either as (A) 4 trains of 100 pulses or (B)
1 train of 100 pulses (n =10) to the aPC. The arrow indicates the timepoint at
which HFS was applied. Insets show analog examples of fEPSPs evoked prior to
(1), 5 min after (2), and 4 h after (3) HFS.

Calibration: Vertical bar: 1 mV, horizontal bar: 5 ms. A-C mean + SEM.

cells that were active during LFS of the aPC, as well as in the
perforant path. The mean of 3 z-stacks was calculated for each
animal and the mean percentage &+ SEM was visualized using
GraphPad. For statistical analysis of IEG expression, unpaired
Student’s t-tests were performed to examine difference between
LFS and test-pulse stimulation.

The level of significance was set to P <0.05. The sample size
n corresponds to the number of individual animals.

Results

Test-Pulse Stimulation of the aPC Evokes Local Field
Potentials in the DG

We applied test pulses to the aPC in the range of 100 to 900 pA
to clarify to what extent local field potentials can be directly

evoked in the DG by aPC activity (n =6, Fig. 1B). We observed
field potentials, the onset of which typically began approxi-
mately 10 ms after the stimulus artifact (Fig. 1C), compared with
1-2 ms for potentials that were evoked by perforant path stim-
ulation (Fig. 1C). The frequency-amplitude relationship of aPC-
DG potentials was lower than those evoked by direct perforant
path stimulation (n =5, Fig. 1B). Field potentials were typically
smaller and lacked a PS compared with perforant path-DG
evoked potentials (Fig. 1B). Nonetheless, field potentials evoked
by test-pulse stimulation of the aPC were stable across a 24 h
period (n =9, Fig. 1D).

HFS of the aPC Induces Long-Term Potentiation in the
DG, whereas LFS Induces Short-Term Depression

We then evaluated whether patterned stimulation of the aPC
results in synaptic plasticity in the DG. We observed that HFS as
4 bursts of 100 pulses results in long-term potentiation (LTP) that
lasts for over 24 h (n =10, Fig. 2A, Table 1). Reducing the number
of bursts to one (n =10) did not alter the outcome: LTP (>24 h)
was also induced in this case (Fig. 2B, Table 1).

Having observed LTP following HFS of the aPC, we went on to
explore whether lower stimulation frequencies have an impact
on plasticity responses in the DG. Here we found that 30-Hz
(given as 400 pulses) (n =8, Fig. 3A) or 15 Hz stimulation (400
pulses) (n =8, Fig. 3B) that reflect the range of olfactory beta
frequency oscillatory activity (Kay et al. 2009), both resulted in a
modest slow-onset potentiation in the DG (Table 1). By contrast,
neither 3 Hz (n =9, Fig. 3C) nor 1 Hz (n =8, Fig. 3D) stimulation
(both given as 900 consecutive pulses) resulted in any change of
synaptic strength (Table 1).

To examine if a stronger and more physiological LFS protocol
elicits synaptic plasticity (Thiels et al. 1994; Thiels et al. 1996), we
tested paired-pulse LFS. This protocol comprised applying 900
pulse pairs (interpulse interval of 25 ms) at 1 Hz (n =9). Here, LFS
resulted in short-term depression (STD) that lasted for 1to 1.5h
(Fig. 3E, Table 1).

Synaptic Plasticity Triggered by Perforant Path
Stimulation Overrides Piriform Cortex-DG Plasticity

Having observed that the aPC can directly trigger various
kinds of hippocampal plasticity, we explored whether medial
perforant path-DG plasticity and aPC-DG plasticity synergize
in any way. It is well known that patterned stimulation of the
perforant path results in both LTP (>24 h) (Manahan-Vaughan
and Reymann 1995; Klausnitzer et al. 2004; Manahan-Vaughan
and Schwegler 2011; Kenney and Manahan-Vaughan 2013) and

Table 1 Overview of stimulation protocols used to stimulate the aPC and the outcome of statistical analysis for the aPC-DG responses

n ANOVA: fEPSP amplitude
100 Hz 4 bursts of 100 pulses 10 F (1,18) =66.411, P <0.000001
100 Hz 1 burst of 100 pulses 10 F (1,18 =27.737,P <0.0001
30 Hz 400 pulses 8 F (1,14 =11.166, P <0.01
15 Hz 400 pulses 8 F (1,14) =26.867, P <0.001
3 Hz 900 pulses 70% (4 h) 9 F (1,16) =1.83,P =0.195
1 Hz 900 pulses 70% (4 h) 8 F (1,14 =0.895,P =0.36
1 Hz 900 paired pulses 25-ms interval 70% 9 F (1,16) =26.236, P <0.001
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Figure 3. Patterned stimulation of the aPC in the frequency range of beta
oscillations, as well as paired-pulse LFS, induces synaptic plasticity in the
hippocampus. (A,B) Stimulation of the aPC at 30 Hz (A, n =8) or 15 Hz
(B, n =8) results in slow-onset potentiation in the DG of behaving rats. Insets
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long-term depression (LTD, >24 h) (Klausnitzer et al. 2004;
Manahan-Vaughan and Schwegler 2011; Kenney and Manahan-
Vaughan 2013; Wiescholleck and Manahan-Vaughan 2014) in
the DG of freely behaving rats.

We compared DG field potentials that were evoked by aPC
stimulation after the following 3 treatments (all involving paired
pulse LFS (1 Hz, 900 pulse pairs)):

1. LFS applied to the aPC “only” (n =6).

2. LFS applied to the medial perforant path “only” (n =6).

3. LFS applied to the aPC and the medial perforant path “simul-
taneously” (n =6).

LFS of the medial perforant path elicited a modest and tran-
sient slow-onset potentiation of aPC-DG synaptic responses,
whereas LFS given to the aPC resulted in STD of aPC-DG
responses (Fig. 4A, Table 2). Simultaneous application of LFS
to both inputs resulted in inhibition of aPC-DG STD, and evoked
responses were not significantly different from those elicited
after LFS to the perforant path alone (Fig. 4A, Table 2).

We then compared DG field potentials elicited by test pulses
given to the medial perforant path following the same 3 treat-
ments listed above (all n =7): LFS of the perforant path alone
resulted in LTD of perforant path-DG synapses, whereas LFS
given to the aPC resulted in slow-onset depression of perforant
path-DG synapses (Fig. 4B, Table 3). Simultaneous application
of LFS to both inputs resulted in LTD of perforant path-DG
synapses that was not significantly different from LTD elicited
by perforant path-DG stimulation alone (Fig. 4B, Table 3).

Taken together, these results show that synaptic plasticity
elicited in aPC-DG responses is distinct from plasticity evoked
in medial perforant path-DG responses, despite the fact that the
aPCis connected to both the medial and lateral entorhinal cortex
(Burwell and Amaral 1998; Kerr et al. 2007) and the afferent
route to the DG from both structures is the perforant path. One
possible explanation for this effect is that information from
the aPC may be brought to the hippocampus by the “lateral”
perforant path, consistent with the stronger connection of the
aPC to the lateral entorhinal cortex (Haberly and Price 1978;
Burwell and Amaral 1998; Kerr et al. 2007).

Induction of Hippocampal Synaptic Plasticity by
Stimulation of the Piriform Cortex Is Associated With
Somatic Information Encoding

We then explored to what extent activation of the aPC and the
medial perforant path is associated with the expression of the
IEGs Homerla and Arc in the DG granule cells, which function
as indicators of neuronal activity and experience-dependent
information encoding (Guzowski et al. 1999; Bottai et al. 2002;
Vazdarjanova et al. 2002; Hoang et al. 2018). Each animal received
LFS (900 pulse pairs at 1 Hz) of the aPC followed by LFS of
the perforant path. The timing of these events was planned
so that somatic Homerla expression in the DG reflected aPC
stimulation and Arc expression in the DG reflected the effects
of medial perforant path stimulation. We discriminated between
the upper and lower blades of the DG, given our previous find-
ings that these structures process “what” (upper blade) and
“where” (lower blade) information differently (Hoang et al., 2018)
and given reports that the lateral and medial perforant paths
may project in a differentiated manner to these structures (Wyss
1981; Tamamaki 1997).
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Figure 4. Stimulation of the perforant path (PP) overrides plasticity induced by piriform cortex activation. Induction of hippocampal synaptic plasticity by stimulation
of the aPC or PP results in an increase of IEG expression in the DG. (A) Potentials were evoked in the DG by stimulating the aPC. LFS (1 Hz, 900 pulse pairs) of the aPC
results in synaptic depression of aPC-DG responses. LFS of the PP results in a modest, slow-onset potentiation of aPC-DG responses. “Simultaneous” LFS of both the PP
(n=6) and aPC (n =6) results in the predomination of the PP-mediated plasticity response at aPC-DG responses: a synaptic response resulted that was not significantly

different from aPC-DG responses triggered by LFS of the PP “alone”. (B) Potentials were evoked in the DG by stimulating the PP. LFS of the aPC and/or PP results in
synaptic depression in the PP-DG synapses (n =7, each). The arrow indicates the timepoint at which LFS was applied. (C-D) Representative fEPSPs evoked prior to (1),
5 min after (2), and 4 h after LFS (3). Calibration: Vertical bar: 1 mV, horizontal bar: 5 ms. (E) 4’,6-diamidino-2-phenylindole (DAPI)-stained section of the rat hippocampus
showing the dorsal DG regions that were analyzed in the IEG study (red squares). (F) The IEGs, Arc, and Homerla were examined in the brains of animals that received
consecutive LFS of the aPC and PP, or received test-pulse stimulation under the same test conditions (controls). Somatic Homerla expression reflects aPC stimulation
and somatic Arc expression reflects PP stimulation. IEG expression in the upper blade of the DG is significantly increased after LFS of either the aPC (Homer1la) or the
PP (Arc), compared with test-pulse stimulated controls (n =6, each). (G) LFS of the aPC does not significantly alter Homerla expression in the lower blade of the DG,
whereas Arc mRNA levels increase in this region after LFS of the PP (compared with controls, all n =6). (H-I) Photomicrographs of (H) the upper blade and (I) the lower
blade of the DG showing Homerla mRNA (green), Arc mRNA (red), and DAPI-stained nuclei of DG granule cells (blue) following LFS or test-pulse stimulation (controls).
Homerla mRNA positive nuclei are indicated by a white arrow and Arc mRNA positive nuclei are indicated by a gray arrow. Images were taken using a 63x objective.
A-B, F-G mean 4 SEM. F-G « = significance.

sistent with a possible transmission of aPC information to the
DG via the lateral perforant path.

Somatic Homerla mRNA expression was significantly
increased in the upper blade of the DG after aPC stimulation
compared with controls (n =6, Fig. 4F, Table 4). In contrast,
effects were not significant in the lower blade, although a
slight increase was evident (n =6, Fig. 4G, Table 4). These results

are consistent with aPC inputs to the DG being mediated by Discussion

the lateral perforant path that has been proposed to project
predominantly to the upper blade of the DG (Wyss 1981;
Tamamaki 1997).

Following LFS of the medial perforant path, Arc mRNA levels
increased in somata of both blades of the DG compared with
test-pulse stimulated controls (n =6, each; Fig. 4F-I; Table 4).

The number of somata that expressed both Arc and Homerla
was low and not significant compared with test-pulse controls
(Fig. 4F-I, Table 4), suggesting that aPC and medial perforant
path stimulation targeted different populations of DG cells, con-

This study provides the first evidence that activity in the piri-
form cortex evokes field potentials in the DG and can also trigger
frequency-dependent forms of synaptic plasticity. Effects are
associated with the expression of the IEG, Homerla, in granule
cells of the DG, indicating that experience-dependent infor-
mation processing is enabled by piriform cortex activity. The
profile of synaptic plasticity induced by aPC activation is dis-
tinct to plasticity that is triggered by perforant path activation,
suggesting that the piriform cortex can influence hippocampal
information encoding in defined and distinct ways.
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Table 2 Overview of the outcome of statistical analysis for paired-pulse LFS (1 Hz, 900 pulse pairs) in the aPC (aPC) and/or the perforant path

for the aPC-DG responses

LFS: aPC-DG (n =6)

ANOVA: fEPSP amplitude

Test pulse vs. LFS perforant path
Test pulse vs. LFS aPC

Test pulse vs. dual LFS

LFS perforant path vs. LFS aPC
LFS perforant path vs. dual LFS
LFS aPC vs. dual LFS

F (110) =5.112, P <0.05
F (1,10) =21.151, P <0.001
F (1,10) =0.202, P =0.663

F (110) =25.2753, P <0.001
F (1.10) =4.2052, P =0.067

F (1,10 = 75544, P <0.05

Table 3 Overview of the outcome of statistical analysis for paired-pulse LFS (1 Hz, 900 pulse pairs) in the aPC (aPC) and/or the perforant path

for the perforant path-DG responses

LFS: perforant path-DG (n =7)

ANOVA: PS amplitude

Test pulse vs. LFS perforant path
Test pulse vs. LFS aPC

Test pulse vs. dual LFS

LFS perforant path vs. LFS aPC
LFS perforant path vs. dual LFS
LFS aPC vs. dual LFS

F (119 =23.9552, P <0.001
F (119 =4.5817, P =0.054

F (112 =69.149, P <0.00001
F (112 =7.5084, P <0.05

F (112 =0.2134, P =0.652

F (119 =11.0755, P <0.01

Table 4 Outcome of statistical analysis (t-tests) of the expression of Homer 1a RNA, Arc mRNA, and double-labeled nuclei in the upper and
lower blade of the DG after LFS (1 Hz 900 pulse airs) of the aPC (Homer1la) and perforant path (Arc) compared with test-pulse stimulated controls

n =6 per group Upper blade

Lower blade

Homerla mRNA t (10 =2.494, P <0.05
Arc mRNA t (10) =2.323, P <0.05
Double labelling t (10) = 1.495, P =0.166

t (10) =1.926, P =0.083
t (10) =2.573, P <0.05
t (10) =2.045, P =0.068

Our observation that direct stimulation of the aPC triggers
synaptic plasticity in the DG was quite surprising. Although the
visual system can be assumed to be a major determinant of
experience encoding in the hippocampus, stimulation of the
visual cortex does not evoke field potentials or directly trigger
synaptic plasticity in the DG, although it does alter excitability
and neuronal oscillations there (Tsanov and Manahan-Vaughan
2009). Until now, only one other study addressed whether the
piriform cortex can influence hippocampal synaptic encoding:
Racine et al. (1983) provided early evidence that the piriform
cortex influences synaptic plasticity in the DG. They showed
that repetitive HFS of the piriform cortex at 400 Hz, in a kindling-
like paradigm, applied over several days elicits weak synaptic
potentiation in the DG in vivo (Racine et al. 1983).

We observed that a “single” 100 pulse train of 100 Hz stim-
ulation of the aPC results in persistent LTP in the DG. This is a
very striking effect, given that the same protocol, when applied
of the perforant path, triggers at most, short-term potentiation
in perforant path-DG synapses (Kenney and Manahan-Vaughan
2013). This suggests that activity in the aPC is readily capable
of triggering long-term information storage in the hippocam-
pus.

In addition to the induction of LTP and synaptic depression,
in aPC-DG responses, we observed a modest slow-onset
potentiation that resulted from stimulation at 15 or 30 Hz. Both
protocols are in the range of beta oscillatory activity (15-40 Hz)
that is known to occur during odorant presentation and during
olfactory association learning in parts of the olfactory system,
such as the OB, piriform cortex, and entorhinal cortex (Boeijinga
and Lopes Da Silva 1989; Chapman et al. 1998; Ravel et al. 2003;

Martin et al. 2004; Martin et al. 2007; Chapuis et al. 2009; Kay
and Beshel 2010). These frequencies also occur in associated
brain regions such as the orbitofrontal cortex, amygdala, and
the hippocampal formation (Vanderwolf 1992; Heale et al. 1994;
Chapman et al. 1998; Ravel et al. 2003; Martin et al. 2007;
Chapuis et al. 2009). Two studies mimicked olfaction-induced
beta oscillations in the DG by applying patterned stimulation
to the OB or posterior piriform cortex (pPC) (Heale and Van-
derwolf 1995; Chapman et al. 1998), suggesting that patterned
stimulation at 15 or 30 Hz may serve to mimic effects of odor
presentation and emulate beta oscillations in the aPC. It was also
suggested that neuronal activity in the beta frequency range
might play a role in gating of sensory input to the hippocampal
formation (Chapman et al. 1998). Our data indicate that this
process may be reflected by the occurrence of slow-onset
potentiation in the DG.

Olfactory information from the piriform cortex is relayed
via the entorhinal cortex to the hippocampus (Cragg 1960;
Price 1973; Beckstead 1978; Burwell and Amaral 1998; Kerr et
al. 2007; Ohara et al. 2013). The entorhinal cortex projects to
the hippocampus via the perforant path. We observed that
under circumstances where the medial perforant path was
stimulated, synaptic plasticity triggered by aPC stimulation
was subordinate to hippocampal instruction by the entorhinal
cortex. Three possible interpretations of this effect spring to
mind:

1. The synaptic plasticity elicited by the aPC still occurred
within DG synapses, but detection was occluded by the
induction of medial perforant path-DG plasticity.
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2. Activity in aPC was transmitted to the DG via the lateral per-
forant path, whereas our direct perforant path stimulation
targeted mainly the medial path.

3. aPC-DG plasticity is vetoed by conjunctive (or additional)
activity in the entorhinal cortex. One could envisage that this
might occur under circumstances where another sensory
modality might be deemed more salient or reliable in terms
of information encoding.

Indeed, we have observed a hierarchy of this kind with
regard to hippocampal LTD that is enabled by sensory spatial
learning. In the CA1 region of freely behaving rats, visuospatial
learning (Manahan-Vaughan and Braunewell 1999; Kemp
and Manahan-Vaughan 2004), olfactospatial learning (André and
Manahan-Vaughan 2013), and audiospatial learning (Dietz and
Manahan-Vaughan 2017) all facilitate the expression of LTD.
Here, in terms of the magnitude and persistence of the resultant
LTD, a hierarchy is apparent whereby visuospatial learning-
related LTD > olfactospatial learning LTD > audiospatial learning
LTD. A similar pattern emerges when one compares place
fields that emerge as a result of spatial sensory navigation.
Here, when rats explore space in the absence of reliable cues
from any other sensory modality, place field precision and
stability is higher when visuospatial cues are explored com-
pared with olfactospatial cues (Zhang and Manahan-Vaughan
2015).

Both lateral and medial entorhinal cortices have reciprocal
connections with the piriform cortex, whereby more connec-
tions are made with the lateral part (Burwell and Amaral 1998;
Kerr et al. 2007; Agster and Burwell 2009). Thus, most olfactory
sensory information is projected via the lateral entorhinal cortex
to the hippocampal formation (Beckstead 1978; Burwell and
Amaral 1998; Kerr et al. 2007), probably via a distinct cell popula-
tioninlayer II that is projecting to the DG (Leitner et al. 2016). The
lateral entorhinal cortex is believed to convey unimodal sensory
information, attentional and motivational information aspects
to the hippocampus as well as polymodal associations from
anterior brain regions, such as medial and orbital frontal regions
(Burwell 2000; Knierim et al. 2014; Witter et al. 2017). Whereas
the lateral entorhinal cortex conveys less information about
space (Hargreaves et al. 2005), its activity is more related to an
item’s, or cue’s, features (so-called “what” information), such as
specific odors (Deshmukh and Knierim 2011; Knierim et al. 2014;
Li et al. 2017). By contrast, the medial entorhinal cortex conveys
information about spatial characteristics (“where” information)
(Witter et al. 2000; Henriksen et al. 2010; Burke et al. 2011;
Sauvage et al. 2013). The distinct synaptic plasticity profiles, as
well as the nearly nonoverlapping increase in Homerla and Arc
mRNA expression induced by either LFS of the aPC, or perforant
path, is likely to reflect activation of the lateral entorhinal cortex
by aPC stimulation. By contrast, the profiles of the fEPSPs elicited
in the DG via perforant path stimulation suggest that the medial
perforant path was mainly activated (Manahan-Vaughan 2018).

The impact of medial versus lateral perforant path stimula-
tion on the DG is well described (Abraham et al. 1985; Colino
and Malenka 1993; Abraham et al. 1994; Abraham et al. 2006).
Homosynaptic LTP in the DG can be induced by stimulation of
either the lateral or the medial perforant path and is accompa-
nied by heterosynaptic synaptic depression in the other path-
way (Abraham et al. 1985; Abraham et al. 1994). LTP in the DG
is stronger after induction in the medial compared with the
lateral perforant path. Moreover, heterosynaptic depression in
the medial perforant path-DG synapses induced by lateral per-

forant path stimulation is weaker than heterosynaptic depres-
sion induced in the lateral perforant path-DG synapses induced
by medial perforant path stimulation (Abraham et al. 1985;
Abraham et al. 1994). This suggests that the medial perforant
path may be the dominant information source for the hip-
pocampus under conditions where both paths compete.

In line with this interpretation and the above-mentioned
possibility that the aPC transmits its information to the DG via
the lateral perforant path, we detected a significant increase
in the number of granule cells that expressed Homerla in
the upper blade of the DG following patterned stimulation of
the aPC, whereas patterned stimulation of the perforant path
resulted in an increase in Arc expression in both upper and
lower blade of the DG. Anatomical studies have indicated that
the lateral entorhinal cortex projects primarily to the upper
blade and that the medial entorhinal cortex projects primarily
to the lower blade of the DG (Wyss 1981; Tamamaki 1997). Thus,
aPC activation probably changed neuronal activity in the lateral
entorhinal cortex that in turn was conveyed to the DG, whereas
medial perforant path activation emulated activation of the
medial entorhinal cortex.

Information encoded by the DG may take the form of “dis-
crete” directional cues (e.g., visible landmarks) or “distributed”
directional cues such as odor gradients (Jacobs 2012; Jacobs
and Menzel 2014). We have proposed that the upper blade of
the DG preferentially processes “what” information, whereas
the lower blade of the DG processes “where” information
(Hoang et al. 2018). More specifically, a differentiation may
be enabled by the DG whereby “distributed” directional cue
(e.g., “what”) information is preferentially encoded by the upper
blade, and “discrete” directional cue (e.g., “where”) information
is encoded by the lower blade (Hoang et al. 2018). Interpreted
from this basis, our current results suggest that the information
relayed by the piriform cortex to the hippocampus for DG
encoding relates to odor identity and possibly to odor context.

In line with this possibility, a very close association between
odor identification and spatial memory ability in humans was
recently reported (Dahmani et al. 2018). Odors can support
orientation in a room with no other sensory cues available
(Jacobs et al. 2015) and associative olfactory learning can
influence synaptic transmission and excitability in the rodent
hippocampal formation (Chaillan et al. 1996; Chaillan et al.
1999; Mouly et al. 2001; Truchet et al. 2002; Zelcer et al
2006). Furthermore, novel odor-place experience facilitates
the expression of hippocampal LTD in rodents (André and
Manahan-Vaughan 2013) and recently it was reported that the
lateral entorhinal cortex-CA1 pathway is critically involved
in olfactory associative learning (Li et al. 2017). This latter
effect may be mediated via the posterior piriform cortex (pPC)
that has been proposed to engage in dynamic categorization
of the quality and similarity of learned odors (Kadohisa and
Wilson 2006; Howard et al. 2009; Gottfried 2010). By contrast,
the human and also the rodent aPC has been proposed to
support the determination of odor identity (Gottfried et al. 2006;
Kadohisa and Wilson 2006; Gottfried 2010). Taken together with
previous observations as to the relationship between learning
olfactospatial relationships and the induction of hippocampal
synaptic plasticity (André and Manahan-Vaughan 2013), our
data suggest that in rodents, the aPC may serve to identify
odor objects that can be used for spatial encoding by the
hippocampus. The pPC, by contrast, may support multisensory
encoding (Li et al. 2017). Here, one could speculate that a
differentiation between aPC-mediated “simple” odor encoding
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in the upper blade of the DG and pPC-mediated higher order
odor encoding in the cornus ammonis may occur (Li et al. 2017).

Our results suggest that information from the aPC is likely
to reach the DG via the lateral perforant path and, strikingly, in
a competitive situation, encoding of information that is trans-
mitted by the medial perforant path predominates above aPC-
mediated information. Little is known about how olfaction and
vision are integrated and calibrated in the context of multisen-
sory spatial orientation by the hippocampus. The role of the
entorhinal cortex in gating inputs or weighting different sensory
modalities is also unclear. Our observation that direct medial
perforant path stimulation can subordinate hippocampal infor-
mation encoding by the aPC suggests that cue competition may
occur at the level of sensory inputs that are gated by the lateral
and entorhinal cortices.

Conclusions

In this study, we provide the first evidence that hippocampal
synaptic plasticity, in the forms of LTP and LTD, can be directly
induced by patterned stimulation of the aPC. Identical stimu-
lation protocols, given either directly to the medial perforant
path, or to the aPC, resulted in different patterns of somatic IEG
expression in the DG and also resulted in different profiles of
synaptic plasticity in the DG.

Our results support that the piriform cortex engages in spe-
cific control of hippocampal information processing and encod-
ing that may serve as a functional mechanism for the integration
of olfactory experience into hippocampal representations and
associative memory. This study, thus, provides a critical founda-
tion for our understanding of how the olfactory system drives
information encoding in the hippocampal formation.
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