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Recognition memory provides the ability to distinguish familiar from novel objects and places, and is important for recording
and updating events to guide appropriate behavior. The hippocampus (HPC) and medial prefrontal cortex (mPFC) have both
been implicated in recognition memory, but the nature of HPC-mPFC interactions, and its impact on local circuits in media-
ting this process is not known. Here we show that novelty discrimination is accompanied with higher theta activity (4-10 Hz)
and increased c-Fos expression in both these regions. Moreover, theta oscillations were highly coupled between the HPC and
mPFC during recognition memory retrieval for novelty discrimination, with the HPC leading the mPFC, but not during ini-
tial learning. Principal neurons and interneurons in the mPFC responded more strongly during recognition memory retrieval
compared with learning. Optogenetic silencing of HPC input to the mPFC disrupted coupled theta activity between these two
structures, as well as the animals’ (male Sprague Dawley rats) ability to differentiate novel from familiar objects. These
results reveal a key role of monosynaptic connections between the HPC and mPFC in novelty discrimination via theta cou-
pling and identify neural populations that underlie this recognition memory-guided behavior.
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Many memory processes are highly dependent on the interregional communication between the HPC and mPFC via neural
oscillations. However, how these two brain regions coordinate their oscillatory activity to engage local neural populations to
mediate recognition memory for novelty discrimination is poorly understood. This study revealed that the HPC and mPFC
theta oscillations and their temporal coupling is correlated with recognition memory-guided behavior. During novel object
recognition, the HPC drives mPFC interneurons to effectively reduce the activity of principal neurons. This study provides
the first evidence for the requirement of the HPC-mPFC pathway to mediate recognition memory for novelty discrimination
and describes a mechanism for how this memory is regulated. j
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Lesion or chemical inactivation of these regions impairs recognition
memory (Clark et al., 2000; Baker and Kim, 2002; Hammond et al,,
2004; Iwamura et al., 2016; Miranda et al., 2018). Thus, current
models suggest that recognition memory is critically dependent on
the HPC and PRh (Cohen et al,, 2013), two regions that integrate
information about “what” happens “where” (Eichenbaum, 2000).
Complementing animal studies, the HPC is active during recogni-
tion memory tasks in humans, and patients with selective damage
to the HPC show impairments in recognition memory (Manns et
al,, 2003; Smith et al., 2014; Merkow et al., 2015).

The participation of the HPC and PRh in object memory
processing is well known, but these regions are also exten-
sively connected with the medial prefrontal cortex (mPFC;
Siapas et al., 2005; Hoover and Vertes, 2007), a region that
has a central role in decision-making and memory consolida-
tion. However, whether the mPFC has a role in recognition
memory is under considerable debate (Barker et al., 2007;
Warburton and Brown, 2010, 2015; Barbosa et al., 2013;
Morici et al., 2015; Barker et al., 2017; Tanimizu et al., 2018;
Tuscher et al., 2018). Interestingly, network activity in the
mPFC has been found to synchronize with that in the HPC
during memory recall (Jones and Wilson, 2005; Xia et al.,
2017), but whether such synchronous activity is required for
object recognition is not known.

To address these questions, we used the novel object recogni-
tion (NOR) task (Bevins and Besheer, 2006) to study the func-
tional connections between the HPC and mPFC during object
recognition memory. By performing simultaneous electrophysio-
logical recordings in the HPC and mPFC, we show that NOR is
driven by temporally coupled theta frequency (4-10 Hz) activity
in these two regions. These theta oscillations are led by the HPC,
and optogenetic silencing of HPC input to the mPFC disrupts
coupled theta activity and novelty discrimination. Our results
provide direct evidence for the involvement of the HPC and
mPFC in NOR, and identifies the synaptic connections and net-
work mechanism required for NOR.

Materials and Methods

Subjects. Male Sprague Dawley rats (age, 5-12 weeks) were obtained
from the Animal Resources Center (Perth, Western Australia, Australia)
and housed in groups of two to four in OptiRAT cages or standard cages
under a 12 h light/dark cycle (light phase, 7:00 A.M. to 7:00 P.M.), with
food and water provided ad libitum. All experiments were performed
during the light phase. All procedures were performed in accordance
with the Australian Code for the Care and Use of Animals for Scientific
Purposes and the Australian Code for the Responsible Conduct of
Research and approved by the Animal Ethics Committees of the
University of Queensland and the University of New South Wales.

VersaDrive construction. VersaDrives (NeuraLynx) with two/four/
eight independently movable drives were assembled in-house. Tetrodes
were prepared by folding a platinum-iridium (17.78 um; California
Fine Wire) or nichrome wire (17.78 um; A-M Systems) twice to form a
bundle and then twisting the bundle together with a tetrode spinner
(NeuraLynx). Guiding tubes (inner diameter, 99.7 um; Polymicro
Technologies and Molex) were used to support the tetrodes. To
enhance the signal-to-noise ratio (SNR), a plating procedure was
performed on the tetrode of each drive to reduce the impedance to
20-100 k() after the VersaDrive was assembled. Ultrasonication
(50 W, 40kHz) was applied during the plating process to remove
the weakly bonded plating and to create a stable impedance.

Stereotaxic surgery. In all stereotaxic surgeries, rats were anesthetized
using isoflurane in air (1.5—3%), then fixed in a stereotaxic frame (ASI
Instruments). Body temperature was maintained at 37°C with a heating
pad during the surgery. Baytril (200 ul/kg; Bayer) and Metacam (200 ul/kg;

Wang etal. @ Hippocampus—Prefrontal Coupling Regulates Recognition

Boehringer Ingelheim Vetmedica) were each diluted into 0.5 ml of saline
and then injected subcutaneously at the end of the surgery. After surgery,
rats were injected with antibiotic Baytril (50-100 ul/kg; Baytril) for 5d and
housed individually for at least 7d with food and water provided ad
libitum.

VersaDrive implantation. Stereotaxic surgery was conducted to
implant two VersaDrives with two/four independently movable drives
unilaterally into the mPFC and the CA1 region of the HPC or to implant
one VersaDrive with eight independently movable drives unilaterally
into the mPFC. The VersaDrives were implanted aiming at the following
coordinates relative to bregma: mPFC: anteroposterior (AP), +3.2 to
+4.2 mm; ML, +0.1 to +0.9 mm or +1.8 mm (with 18° angle); DV,
—3.2 to —4.8 mm; HPC: AP, —5.4 to —6.2 mm; ML, +5.4 to +5.8 mm;
DV, —3.7 to —3.8 mm. Coordinates of the HPC were targeted to a part
of the HPC that is known to project to the mPFC (Jay and Witter, 1991;
Verwer et al., 1997; Cenquizca and Swanson, 2007; Hoover and Vertes,
2007). The ground wires were placed beneath the skull and above the
dura through a small hole drilled in the contralateral side of the skull.
After animals recovered from surgery, the tetrodes were gradually low-
ered by turning the screws anticlockwise on the drive to reach a depth
corresponding to the targeted brain regions. The tetrodes were advanced
in 0.125 mm steps and tested for unit activity 6-8 h after each advance-
ment until spontaneous neural activity was observed simultaneously on
several tetrodes.

Viral constructs. AAV2/1 pSyn-ArchT-GFP [7.56 x 10"* viral
genomes (vg)/ml], Retro-AAV pAM-EGFP (2.07 x 10'2 vg/ml),
and AAV DJ/8 pAM-tdTomato (2.81 x 10'? vg/ml) vectors were
produced in-house at the University of Queensland. AAV5.hSyn-
eYFP.WPRE (1.25 x 10"’ vg/ml) was obtained from the University
of Pennsylvania Vector Core (Philadelphia, PA).

Virus injection and optical fiber implantation. To map the HPC pro-
jection to the mPFC, retrogradely transported adeno-associated virus
(AAV; Retro-AAV pAM-EGFP mixed with marker AAV DJ/8 pAM-
tdTomato; 3:1 ratio; 0.4-0.6 ul) was unilaterally injected in the mPFC
(right hemisphere), using the following coordinates relative to bregma:
AP, + 3.0 mm; ML, + 0.4 mm; DV, — 4.3 mm. For terminal inhibition of
the HPC — mPFC projection at the mPFC, bilateral viral delivery (AAV
2/1 pSyn-ArchT-GFP or AAV5.hSyn-eYFP.WPRE as the control; 0.4—
0.6 ul on each side) into the CA1 region of the HPC was aimed at the fol-
lowing coordinates relative to bregma: AP, —5.80 mm; ML, +5.4 mm;
DV, —3.9 mm. Optical fibers (core diameter, 200 um; outer diameter,
240 um; numerical aperture, 0.22; Doric Lenses) were bilaterally
implanted into the mPFC aimed at the following coordinates relative to
bregma: dual fiber-optic cannulas: AP, +3.0 mm; ML, 0.5 mm; and
DV, —4.4 mm; mono fiber-optic cannulas: AP, +3.0 mm; ML, =2.8
mm (with 22° angle); and DV, —4.8 mm. Virus was injected via a 30
gauge needle attached to a 5ul Hamilton syringe via plastic tubing
(PlasticsOne). A microsyringe pump and its controller were used to con-
trol the speed of the injection (0.1-0.2 ul/min). The needles were slowly
removed 5-10 min after injections. The incision in the scalp was sutured
and sealed using Vetbond Tissue Adhesive (3M). Retrograde virus injec-
tion and projection sites were investigated 4 weeks after injection.
Behavioral experiments investigating the HPC — mPFC projection were
performed 4-5 weeks following viral injection.

Behavior. The NOR task was undertaken in a 60 cm (width) x 60 cm
(length) x 45 cm (height) open field arena, constructed from dark plastic
material. The objects included 375 ml aluminum coke cans, 400 ml glass
beakers, ceramic coffee cups, rubber balls, rubber cubes, paper cups, and
glass bottles of approximately the same height. Objects were placed in
the center of the arena with a 20 cm center distance between them and a
20 cm center distance to the arena walls. The placement of the objects
was counterbalanced by side and the order of object choice in different
sessions was randomly assigned across animals. The arena and all the
objects used were cleaned with 70% alcohol and distilled water between
sessions.

For the electrophysiological study, the rats were exposed to the ex-
perimental apparatus in the absence of objects in two daily 10 min ses-
sions that were separated by at least 2 h (habituation). They were then
exposed to two identical sample objects, A1 and A2, for a 10 min session
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(training). After a 24 h retention interval, animals were placed in the
arena with one familiar object A and one novel object B, with 10 min of
exploration (test 1). Twenty-four hours after test 1, the rats were again
placed in the arena for 10 min with the same familiar object A but with a
second, different novel object C, followed by further exploration of the
novel object (test 2) and the acquisition of data. Thus, each rat was tested
and recorded twice, with each of the recordings analyzed separately. We
did two test sessions in the electrophysiological experiments to increase
the yield of single units.

For the identical objects task experiment, the test procedure was var-
ied so that rats were exposed to the same two identical objects (familiar
objects) from training. For the nonidentical objects task experiment, the
animals were exposed to two nonidentical objects after habituation to
examine nonmnemonic aspects of object discrimination.

For the c-Fos study, the test procedure was varied so that animals
were exposed either to a novel and a familiar object (NOR group) or to
two familiar objects from training (control group). This adjustment was
necessary to allow us to compare neuronal activity during exploration of
a novel object versus familiar objects in separate animals following one
test session. A 24 h retention delay for the NOR task was chosen, given
that both the HPC and mPFC have been shown to be important for
delay-dependent, long-term, rather than short-term, recognition mem-
ory (Akirav and Maroun, 2006; Clarke et al., 2010; Pezze et al., 2015).

Behavior was recorded by a digital camera (FlyCapture Flea 2) and
the exploration behavior of the animals was first analyzed using
EthoVision software (Noldus) and then corrected manually. Heat maps
of the exploratory behavior were generated for the area surrounding the
objects (15cm) unless otherwise indicated. The exploration of objects
was scored as the time the animal spent either facing an object (nose
within 5 cm distance), or touching (face or forepaws), sniffing, or licking
the object. The epochs of exploration were excluded for electrophysio-
logical data analysis if the duration was <3 s or if there were significant
artifacts, otherwise all were included. The resting state epochs were
selected as at least 5 s periods in each session when the rat was not
exploring any object or arena. At least three different resting epochs
were chosen for one session per animal to obtain the averaged resting
state neural activity. The range of the epochs number is from 3-15
depending on individual animals.

The object discrimination index was defined as the novel object ex-
ploration time of the animal minus the familiar object exploration time
divided by the total exploration in the NOR test session. The NOR
behavior index was defined as the novel object exploration time of the
animal divided by the total exploration in the NOR test session.

In vivo recording. Implanted VersaDrives were connected to head-
stages (Axona) containing unity-gain operational amplifiers. Each head-
stage was connected to a 16-channel preamplifier and the recorded
primary signals were digitized by the Analog-to-Digital Converter at a
rate of 48 kHz. The digitized signal was then fed into the system unit,
and the processing was divided into two categories to record local field
potential (LFP; gain, 200x, 500 % or 1000x; cutoff filter, 1 kHz; notch fil-
ter, 50 Hz) and single-unit activity (gain, 6000x; bandpass filter, 300
7000 Hz), respectively. At the conclusion of the experiment, recording
sites were marked with electrolytic lesions before perfusion, and elec-
trode tip locations were reconstructed with standard histologic techni-
ques (see details in Immunohistochemistry section). Rats were excluded
from LFP or single-unit data analysis if the electrode placement was out-
side the targeted brain regions.

Local field potential analysis. Raw LFP recording data were saved in
binary format files and converted into .mat files in MATLAB
(MathWorks) in microvolt units. LFP data were then clustered into ca-
nonical frequency bands (theta, 4-10Hz; beta, 10-30 Hz; slow gamma,
30-55 Hz; fast gamma, 55-100 Hz) using a discrete-form finite impulse
response bandpass filter. The attenuation in the stop band was set as
80 dB, and the amount of ripple allowed in the pass band was 1 dB. The
frequency differences between the start of the first stop band and the
start of the first pass band, and between the start of the second pass band
and the start of the second stop band were both 0.5 Hz.

Hilbert transform was used to obtain the instantaneous amplitude
a(t) and instantaneous phase ¢(t) of the signal at every time point,
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shown as a(t)e’i“’(’). The averaged LFP amplitude Agye in different be-
havioral states (i.e., resting state, familiar object exploration, and novel
object exploration) was retrieved by averaging the instantaneous ampli-
tude of the filtered LFP in particular behavioral epochs (e; e,...e,) of the
corresponding behavioral state, as follows:

Ale) tA(e) +.... T A(e,)

Agtate =

The LFP NOR index was defined as the mean LFP activity during
novel object exploration divided by the sum of the mean LFP activity
during the familiar and novel object exploration in the NOR test session.

To determine the functional connectivity (neural coupling)
between two brain regions, cross-correlation analysis was per-
formed in MATLAB (xcorr function). The instantaneous ampli-
tudes of the recorded LFPs from the mPFC and the HPC were
considered as two discrete-time sequences x(n) and y(n), respec-
tively. The cross-correlation coefficient ny_coeff was calculated by
the xcorr function in MATLAB as the following formula (the aster-
isk denotes complex conjugation):

N-m-1

~ E * >
ny(m) — xn+myy,ym - 07

n=0

R yx(_m)7 m<0

ny‘cnef((m) = % ny(m).
Rxx(O)R}’,V (0)

The averaged peak cross-correlation coefficient Cy,e in different be-
havioral states (i.e., resting state, familiar object exploration and novel
object exploration) was retrieved by averaging the peak cross-correlation
coefficient R xy.coeff 1D particular behavioral epochs (e e;...e,) of the cor-
responding behavioral state, as follows:

C(e)) +C(ey) t...+C(en)

Cotate =

The LFP coupling NOR index was defined as the mean peak correla-
tion coefficient during novel object exploration divided by the sum of
the mean peak correlation coefficient during the familiar and novel
object exploration in the NOR test session.

Hilbert transform was used to calculate the instantaneous phase ¢ (t)
of the simultaneously recorded mPFC and HPC signals at each time
point. The phase difference was calculated as the subtraction of the
mPFC signal phase of the corresponding HPC signal phase of the time
point: Ap(t,) = @upc(ts) — @mprc(ts). The phase differences of each
time point between the two regions were acquired, and the results were
plotted in a histogram to display the probability distribution. The mean
phase difference during NOR was calculated by averaging the HPC-
mPFC phase differences across all the NOR epochs. The time lag from
the HPC to the mPFC was calculated using 4-10 Hz theta temporal cycle
(100-250 ms) times the mean phase difference divided by 360°.

To assess the causal interaction and directionality between the theta
oscillations recorded in the two brain regions, spectrally resolved
Granger causality was calculated for the LFP signals of the mPFC and
the HPC. The application principle of Granger causality in this study
considers the LFP signals from the mPFC and the HPC as temporal dy-
namics of two time series, p(t) and h(?); h(t) causes p(t) if the inclusion
of past observations of h(t) reduces the prediction error of p(f) in a linear
regression model of p(t) and h(t), compared with a model that includes
only previous observations of p(f). For these analyses, the MVGC multi-
variate Granger causality MATLAB toolbox (Barnett and Seth, 2014)
was used to fit a higher-order vector autoregressive model to the proc-
esses. Model order was determined using the Bayesian information crite-
rion. Frequency-domain multivariate G-causality of the HPC — mPFC
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and the mPFC — HPC directionality was calculated in different behav-
ioral states across animals. The 4-10 Hz (theta LFP) integral of the distri-
bution curve was calculated in different behavioral states for statistical
comparison.

For all the LFP analysis in the NOR test, we averaged the values
between two NOR test sessions from one animal to get the mean as the
final result for that animal in the test session unless otherwise indicated.

Single-unit clustering and analysis. Spike sorting was performed
using Wave_Clus (Quiroga et al., 2004). Spikes were detected using an
amplitude threshold which was derived from six times the SD of the
baseline noise median (SNR >6). Feature vectors were then extracted
from the spike waveforms using wavelet transform to extract the wavelet
coefficients, with each coefficient characterizing the spike shapes at dif-
ferent scales and times. The first 10 coefficients with the largest deviation
from normality were selected based on a modified Kolmogorov—
Smirnov test (Press, 1992) and served as the input to the clustering algo-
rithm. The wavelet coefficients were then clustered using superparamag-
netic clustering, which is based on simulated interactions between each
data point and its K-nearest neighbors (Blatt et al., 1996). A group of
waveforms was considered to be generated from a single neuron if the
waveforms formed a discrete, isolated cluster in the wavelet space (by
visual inspection). To separate clusters reliably, we also tested the auto-
correlograms of each cluster, which had to show a refractory
period >2 ms for >98% of spike events. To achieve a better yield of unit
data, tetrodes were advanced at least 0.250 mm between the NOR test 1
and test 2 sessions to ensure that different units were recorded in the
two test sessions. If the tetrodes were still within the mPFC region after
one cycle of the NOR protocol, this protocol was repeated with a com-
pletely different set of objects in a second cycle.

Cell responsiveness was assessed with respect to behavioral state-
evoked activity (first 3 s after the behavioral state onset, which was
defined as a trial) and behavioral state-related changes in firing rates. In
the case of behavioral state-evoked activity, a cell was considered respon-
sive if it increased or decreased its firing rate in response to the behav-
ioral state. To assess the statistical significance of unit behavioral state
responses, we compared the firing rates during the time bins in the first
3 s following behavioral state onset to the 3 s preonset baseline (100 ms
bins) using rank-sum tests with a significance threshold of p < 0.01.

The mean firing rate of a neuron was calculated as the number of
spikes in the recording duration divided by the duration of the record-
ing. We divided neurons into the following two groups: putative princi-
pal neurons (PNs) with a mean firing rate <3Hz, and putative
interneurons (INs) with a mean firing rate >3 Hz (see Fig. 5D). To assess
differences in the characteristics of PNs and INs, we compared the burst
statistics and half spike width for PNs, and INs pooled across all rats.
The burst statistics was measured by interspike interval (ISI) coefficient
(Tattersall et al., 2014) for a given spike train. An ISI histogram was gen-
erated (bin size, 1 ms; lag, 100 ms), and the ISI coefficient (burst index)
was calculated as the SD of the ISI divided by the mean ISI. A higher
value of ISI coefficient (burst index) indicates more bursting. The half-
spike width of each neuron was calculated as the width of the average
spike waveform at half-maximal amplitude. To evaluate the correlated
activity of pairs of neurons, we calculated the cross-correlogram of the
spike train for each neuron with 0.5ms bins, at up to 20 ms lag. This
equated to shifting the spike train of one neuron relative to the other
spike train by between —20 and 20 ms, at 0.5 ms intervals, and calculat-
ing the correlation between the spike trains at each step.

Optogenetic inhibition. To silence HPC input onto the mPFC,
AAV2/1 pSyn-ArchT-GFP virus was injected into the CAI region of the
HPC. Control animals received AAV5.hSyn-eYFP.WPRE at the same
target. The rats went through the same NOR protocol as described
above. During the NOR test sessions (10 min), rats received five cycles of
1 min optical terminal inhibition in the mPFC (561 nm laser; each hemi-
sphere, 4-6 mW; constant; Laserglow Technologies) with a 1 min light-
off interval.

Immunohistochemistry. Rats with electrode implantation were killed
with a lethal dose of isoflurane following behavioral procedures.
Electrolytic lesions to mark the tips of the tetrode were generated by a
70 pA direct current for 5 s. The animals were then perfused through
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the left ventricle with 4% paraformaldehyde (PFA) in 1x PBS. Brains
were dissected from the skull and fixed in PFA for 24 h at 4°C. They
then were sliced into 100um coronal sections using a vibratome
(VT1000S vibrating blade microtome, Leica Biosystems). Sliced tissue
sections were stained with 4',6'-diamidino-2-phenylindole dihydro-
chloride (DAPI; 1 pg/ml; Sigma-Aldrich) for 5 min at room temperature,
then washed in PBS three times. The sections were mounted on micro-
scope slides and coated with antifade solution and a glass coverslip.
Electrolytic lesions were identified and verified with an upright fluores-
cence microscope (Axio Imager/Observer, Zeiss), and images were taken
with a 5x objective using both a DAPI fluorescence filter and bright-
field imaging. The perfusion, slicing, and DAPI staining procedures for
animals with virus injection were the same as those for the electrode-
implanted animals. Slices were imaged with an upright fluorescence
microscope (5x or 20x; Axio Imager/Observer, Zeiss) or a confocal sys-
tem (20x; LSM510, Zeiss).

Rats contributing to the c-Fos study were anesthetized (pentobarbi-
tone, 120 mg/kg) 2 h after commencement of the NOR test and transcar-
dially perfused as described above. Brains were postfixed (30 min) and
cryoprotected in 20% sucrose (48 h) before sectioning on a cryostat
(40 um thick and collected every 160 um; Lecia Biosystems). Sections
were stored at 4°C in 0.1% sodium azide in phosphate buffer (PB) until
use. For immunohistochemistry procedures (Furlong et al., 2016), sec-
tions were prepared in 50% ethanol, 50% ethanol with 3% hydrogen per-
oxide, and 5% horse serum in PB (30 min each) before incubation in
rabbit anti-c-Fos antibody (1:1000; catalog #ABE457, Millipore) in 0.2%
Triton X and 2% horse serum (48 h at room temperature). Sections
were then rinsed in PB and incubated in donkey anti-rabbit secondary
antibody (for 12 h; 1:1000; catalog #711-065-152, Jackson Immuno-
Research) followed by avidin-biotin complex reagent (for 3 h; 1:200;
Vectastain Elite, Vector Laboratories). For the nickel-intensified diami-
nobenzidine (DAB) reaction, sections were first incubated in a solution
0f 0.5% DAB, 0.04% ammonium chloride, 0.2% D-glucose, and 1% nickel
sulfate in sodium acetate buffer, pH6 (for 10 min), after which glucose
oxidase was added (for 10 min; 735 U/ml; Sigma-Aldrich). Finally, sec-
tions were mounted on gelatin-coated slides, coverslipped with Entellan,
and scanned using an Aperio Scanscope slide scanner (20X objective;
Leica Biosystems). Fos in the CAl region of the HPC and mPFC was
quantified using the thresholding tool in Image] software (National
Institutes of Health) by an experimenter blind to group. The sections
that were quantified corresponded with the site of in vivo electrophysio-
logical recordings and were selected based on landmarks from the atlas
of Paxinos and Watson (2007). For HPC, three sections were chosen
between bregma —5.4 and —5.88 mm, and the entire CA1 region was
quantified dorsoventrally based on the visible pyramidal cell layer. For
the mPFC, three sections were chosen between bregma 3.72 and 3.00
mm, and the mPFC was quantified between the top border of forceps
minor (of corpus collosum) and the bottom border of the claustrum.
The number of Fos-positive cells for each region were calculated by aver-
aging the counts of the three sections divided by the size of the area
quantified in square millimeters, as determined using the measuring tool
in Image].

Statistical analysis. GraphPad Prism version 8.0 and MATLAB were
used for statistical analysis. No statistical methods were used to predeter-
mine sample size. Normal distribution was tested in all the dataset using
the Kolmogorov-Smirnov test: if the dataset passed the normality test,
parametric tests were used. Otherwise, nonparametric tests were used.
Outliers were determined using a Grubb’s test. Two-group comparisons
were assessed using two-sided paired or unpaired ¢ test (parametric
tests), or two-sided Wilcoxon matched-pairs signed-rank test or Mann-
Whitney test (nonparametric tests). Multiple-group comparisons were
assessed using one-way ANOVA test with repeated measures followed
by a post hoc Tukey’s multiple-comparison test (parametric test) to iden-
tify significant groups as indicated in the figure legend, or a Friedman
test with repeated measures followed by a post hoc Dunn’s multiple-
comparison test (nonparametric test) to identify significant groups, as
indicated in the figure legend. The archaerhodopsin (ArchT)/enhanced
yellow fluorescent protein (eYFP) injection and laser stimulation were
used as two main factors for the two-way ANOVA. The ArchT/eYFP



Wang etal. @ Hippocampus—Prefrontal Coupling Regulates Recognition

J. Neurosci., November 17, 2021 - 41(46):9617-9632 - 9621

A Control group B NOR group
Training Test Training Test
obj A1 familiar obj A1 novel
i o =
familiar obj A2 familiar
C o D
= (o)
= £
Q X
© []
= ju
9 =
2
z
[0]
E l £ I
5 ) @ 5 O o
5 i
o S
= o
4] © o | O <)
@ 120 @ 120 @ 120 @ 200 —_—
E ® 100 @ 100 F © 100 Q 450
£ £ = £
= 80 = B 80 = 130
5 5 5w 5
g 40 g g 4 g ”
E- 20 a Q 20 g 4
x X x
w ] w w
obj A1 obj A2 familiar familiar obj A1 obj A2 familiar novel
G H mPFC -

A Ay s conmon  BRGS -NOR'
control | Control bl ety |
group test in sli M %

A — 24 h 2 h| brain slice |:| iy %
|Hab 4|—-| Training | c-Fos staining e >
NOR | NOR 5
rou Sl A
group test HPC MD /,\) Rl 4.
4—1 Bregma 3.2 mm M—T S —
___________________________________________________ .
| . HPC
AN control NOR
o 180. < '\_\ 3
Y
_§ g 120. C"A"1\‘
é § 90 A
5 Ifl_’ 60 :..“\ .““\
3 o B

30
0

control NOR

control NOR control NOR

Figure 1.
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c-Fos expression increases in the mPFC and HPC with NOR. A, B, Schematics illustrating the behavioral task for the control group (4) and the NOR group (B). €, D, Nose tracking

test (right) in the control group (€) and the NOR group (D). E, Rats in the control group

showed no discrimination of the two identical objects in training (left; paired two-sided t test, fs) = 0.4907, p > 0.05, N=7 rats) and testing (right; two-sided Wilcoxon matched-pairs
signed-rank test, p > 0.05, N=7 rats). Mean == SEM. F, Rats in the NOR group showed no discrimination of the two identical objects in training (left) but displayed novel object exploration
preference in testing (right; two-sided Wilcoxon matched-pairs signed-rank test, *p << 0.05, N = 8 rats). Values are the mean == SEM. G, Two experimental groups designed to examine NOR-
related c-Fos expression. H, Representative immunohistochemical staining for the c-Fos-positive cells from the control group and NOR group in the mPFC (top) and HPC (bottom). Scale bar,
100 pm. 1, The discrimination index between the NOR group and the control group (unpaired two-sided t test, control vs NOR, tu;3) = 3.174, **p << 0.01). J, Mean number of ¢-Fos-positive
cells in the mPFC (left) and HPC (right) of the control and NOR groups (two-sided Mann—Whitney test; mPFC: Mann—Whitney U=7, *p << 0.05, N =7 rats; unpaired two-sided ¢ test: HPC:

taz) = 2.787, *p < 0.05, N =8 rats). Values are the mean = SEM.
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There is no change in overall locomotion during novel object exploration. A, B, Mean distance traveled (left) and velocity (right) during the training and test sessions for the rats

in the control group (two-sided Wilcoxon matched-pairs signed-rank test, travel distance: p > 0.05; paired two-sided ¢ test, veloity: t = 1.455, p > 0.05, N=7 rats; A) and NOR group
(paired two-sided ¢ test; travel distance: {7y = 1309, p > 0.05; velocity: t7) = 1.336, p > 0.05, N=8 rats; B). Values are the mean = SEM. C, Mean total object exploration time between
the control and NOR groups in the training (left) or test (right) session (unpaired two-sided ¢ test, training: t(;3) = 0.1573, p > 0.05, N=7 rats; two-sided Mann—Whitney test, test: Mann—
Whitney U=22, p > 0.05, N =38 rats). Values are the mean = SEM. D, Mean distance traveled (left) and velocity (right) in the test session did not show change between the control and
NOR groups (two-sided Mann—Whitney test, distance traveled: Mann—Whitney U= 19, p > 0.05, N=7 rats; unpaired two-sided ¢ test, velocity: f(;3) = 1.437, p > 0.05, N =8 rats). Values
are the mean == SEM. E, Correlation between the exploration time (left; r = —0.1779, p > 0.05), distance traveled (middle; r = 0.1303, p > 0.05), and velocity (right; r = 0.0881, p > 0.05)
of individual rats and their mPFC c-Fos counts (top: N = 15 rats, two-sided Spearman’s correlation test) or HPC c-Fos counts (r = —0.2035, p > 0.05, r = —0.0178, p > 0.05, r = —0.0967,

p > 0.05; bottom: N =15 rats, two-sided Spearman'’s correlation test).

injection, laser stimulation, and familiar/novel object exploration were
used as three main factors for the three-way ANOVA. Multiple-variate
comparisons were assessed using two-way ANOVA or three-way
ANOVA with repeated measures, followed by a post hoc Bonferroni’s
multiple-comparison test to identify significant groups, as indicated in
the figure legend. The analysis of the phase difference distribution uni-
formity was done using the Rayleigh’s test. The analysis of the object
responses of a unit was done using the rank-sum test. The analysis of the
correlation between animal NOR behavior and c-Fos counts, theta LFP
amplitude change and theta coupling change were done using the two-
sided Pearson’s correlation (parametric test) or Spearman’s correlation
(nonparametric test). The null hypothesis was rejected at the p <0.05
level (except for the rank-sum test, which used a significance threshold
of p<0.01).

Results

To assess novelty discrimination, rats were placed in a 60 x
60 cm arena and first habituated to the context in four sessions
over 2 d (see Materials and Methods). During the training phase,
two identical, previously unseen objects were presented in the
same arena. Twenty-four hours later, during the test session, rats
were returned with either the same two (now familiar) objects in
the same locations (Fig. 1A) or one object being replaced by a
novel one (Fig. 1B). Consistent with previous reports (Ennaceur
and Delacour, 1988), rats explored both objects for a similar
amount of time during training, without significant object or
location preference (Fig. 1C-F, left panels). However, during the
test session, rats showed an exploration preference for the novel
compared with the familiar object (Fig. 1C-F, right panels).
There was a significant change in the discrimination index of the
animal between the NOR and control groups (Fig. 1I), showing
that they were able to recall memory of the previously experi-
enced object and recognize the presence of a novel object.

To confirm the engagement of the HPC and mPFC in NOR,
we first tested expression of the immediate early gene c-Fos (Fig.

1G), a marker for active cells (Herrera and Robertson, 1996).
The presence of a novel object significantly enhanced c-Fos
expression in the HPC and mPFC (Fig. 1H,]), showing that more
neurons are engaged during exploration of a novel object. This
enhancement was not because of the total time spent exploring
the objects, differences in distance traveled, or velocity of move-
ment, as these variables did not differ between the two groups or
correlate with c-Fos expression in individual animals during test
(Fig. 2). No significant correlation was found between the dis-
crimination index and c-Fos expression in HPC or mPFC (data
not shown; Pearson’s correlation test: HPC: r=0.2845, p > 0.05;
mPFC: r = —0.0959, p > 0.05).

Theta activity in the mPFC and HPC is enhanced in NOR
The increase in c-Fos expression in the HPC and mPFC during
NOR is consistent with findings that these two regions are part
of the network of brain structures that contribute to NOR
(Barbosa et al., 2013; Tanimizu et al., 2018). To test whether neu-
ral activity in these two regions correlates with NOR behavior,
simultaneous LFP recordings were obtained from the mPFC and
HPC (Fig. 3A). Region-specific LFP oscillations provide an indi-
cator of the network activity associated with particular behavioral
states (Buzsdki, 2006; Buzsdki et al., 2012). Animals with
implanted electrodes underwent the same behavioral program as
in Figure 1 with slight modification: all animals were first habitu-
ated to the context in four sessions over 2 d, followed by a single
training session in which two identical objects were placed in the
habituation context. The next day, they were returned to the
same context, with one object replaced by a novel one. In a sec-
ond test session 24 h later, the familiar object was retained, but a
second novel object was introduced into the same location. In
both test sessions, animals showed a significant preference for
the novel object with no change in the discrimination index, total
distance traveled or velocity (data not shown).
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Figure 3.  Novel object recognition enhances theta (410 Hz) activity in the mPFC and HPC. 4, Schematics showing the placement of LFP recording electrode tips in the mPFC (top, n=19)
and the HPC (bottom, n = 13). Bregma locations for each section are indicated. B, Left, Mean log PSD in the mPFC during resting state, and object exploration during training (top) and testing
(bottom). Insets show the mean PSD within 4-10 Hz. Right, Mean LFP amplitudes from the mPFC for different frequency bands are shown during training (top) and testing (bottom; Friedman
test with repeated measures: mPFC training, n=19; theta, Friedman statistic=9.680; beta, Friedman statistic =9.579; slow gamma, Friedman statistic = 10.96; fast gamma, Friedman
statistic = 6.836. mPFC test, n = 19. One-way ANOVA with repeated measures: theta, f( 15) = 26.77; Friedman test with repeated measures: beta, Friedman statistic = 21.89; slow gamma,
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LFP recordings in mPFC and HPC were obtained during
both training and test sessions. The LFP power spectral density
(PSD) amplitude was separated into the following four frequency
ranges: theta (4-10Hz), beta (10-30Hz), slow gamma (30-
55Hz), and fast gamma (55-100Hz). During training, both
objects are novel and led to significant increases in theta-, beta-,
and slow gamma-band activity in the mPFC during exploration
of either of the two objects, compared with the resting state, with
no difference between the two objects (Fig. 3B, top, D, left top).
In contrast, there was no significant change in HPC activity dur-
ing training (Fig. 3C, top, D, left bottom). However, during the
test session, LFP activity was enhanced in both the mPFC and
HPC (Fig. 3B,C, bottom, D, right) during NOR compared with
the resting state and familiar object exploration. Importantly, the
increase of LFP power during novel object exploration (com-
pared with familiar object exploration) was restricted to the theta
band and was correlated with the NOR behavior of the animals
across all the test sessions (Fig. 3E), supporting a role for the
mPFC and HPC in NOR. The fact that there was no significant
change in LFP power in the HPC during the training session pro-
vides a valuable internal control for the NOR-related theta activ-
ity, showing that the LFP activity change was not merely caused
by motor behaviors during object exploration.

HPC-mPFC theta coupling is enhanced in NOR and driven
by the HPC

Temporally coupled oscillatory activity between brain areas facil-
itates interregional communication (Buzsiki and Draguhn,
2004), and previous studies have identified an increase in
synchronized activity between the HPC and mPFC during spatial
memory tasks (Jones and Wilson, 2005; Abbas et al., 2018). We
have shown that theta oscillations are enhanced in the mPFC
and HPC during novel object recognition (Fig. 3B-D), and si-
multaneous recordings suggest that the increase in theta are time
locked (Fig. 3D, right). We therefore tested whether oscillations
in these two regions were temporally coupled. Cross-correlation
analysis of the LFP between the HPC and mPFC during training
showed no significant change in theta band coupling during ex-
ploration of either object compared with the resting state (Fig.
4A), whereas in the test session HPC-mPFC-coupled theta activ-
ity was enhanced during the exploration of both novel and famil-
iar objects (Fig. 4B). Moreover, there was a significant increase
from the familiar to novel object exploration (Fig. 4B, right), and
this enhanced theta coupling correlated with the NOR behavior
of the animal (Fig. 4C), suggesting that recognition memory-

«—

Friedman statistic = 15.81; fast gamma, Friedman statistic = 11.53). , Left, Mean log PSD
in the HPC during resting state, and object exploration during training (top) and testing (bot-
tom). Insets show the mean PSD within 4-10 Hz. Right, Mean amplitudes from the HPC LFP
for different frequency bands are shown during training (top) and testing (bottom; Friedman
test with repeated measures: HPC training, n=13; theta, Friedman statistic = 5.692; beta:
Friedman statistic = 0.4615; slow gamma, Friedman statistic = 3.447; fast gamma: Friedman
statistic = 2.851. One-way ANOVA with repeated measures; HPC test, n = 13; theta, f510) =
17.15; beta: Fp.10) = 4.955; slow gamma: Fpq0) = 2.661; fast gamma: 519 = 3.218).
Values are the mean == SEM. n represents the number of LFP recording sites. *p << 0.05,
**p < 0.01, ***p <0.001, ****p < 0.0001. D, Representative example of simultaneous
recordings from mPFC (top) and HPC (bottom). Traces on top show the filtered (4—10 Hz)
LFP, color-coded PSD (middle), and Hilbert amplitude (bottom) during the training session
(left) and the test session (right). Specific object exploration epochs are indicated by the col-
ored lines. E, Correlation between the mPFC/HPC theta LFP NOR index and the NOR behavior
index of the animals (r=0.3046, *p <<0.05, n=61 sessions, two-sided Pearson’s
correlation).
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guided behavior is mediated by an increase in temporally
coupled HPC-mPFC theta activity.

To determine whether the enhanced theta coupling is driven
by the mPFC or HPC, we evaluated the phase difference between
theta LFPs in these two regions during NOR. This analysis
revealed that the phase difference between the HPC and mPFC
theta bands across all NOR epochs formed a unimodal distribu-
tion (Fig. 4D) with a positive skewness (median, 20.8°% time lag,
6-14 ms). This analysis shows that during NOR, theta activity in
the HPC leads that in the mPFC. As an independent verification
of this result, we calculated the Granger causality index (Barnett
and Seth, 2014) to determine potential causal influences between
the mPFC and HPC. No clear driven causality in either direction
was observed in any behavioral state during training (data not
shown), or during rest or familiar object exploration in the test
session (Fig. 4E, left, middle). However, there was a strong theta-
driven causality from the HPC to the mPFC during NOR (Fig.
4E, right), again supporting the notion that the HPC drives the
mPFC during NOR through theta coupling. In agreement with
this proposal, and consistent with previous anatomic studies
(Hoover and Vertes, 2007), injection of retrogradely transported
AAV-retro-pAM-EGEFP into the mPFC (Fig. 4F) revealed exten-
sive labeling of neurons in the same areas of the HPC CA1 region
as our recording electrodes, showing monosynaptic synaptic
connectivity between these regions (Fig. 4G).

Principal neurons and interneurons in the mPFC respond
differently during object recognition

We have shown that during NOR, there is enhanced theta cou-
pling between the HPC and mPFC, likely driven by direct HPC
projections to the mPFC. To understand the changes in neural
firing in the mPFC during NOR, we isolated single-unit activity
in the mPFC during object recognition using tetrodes (Fig. 5).
Recordings were obtained from nine implanted animals (Fig.
5H) with 42 units isolated during the training session, and 84
units during the test session. Neurons were classified as putative
PNs or INs, with interneurons having a significantly higher basal
discharge rate (>3 Hz) and a lower probability of burst firing
(Csicsvari et al., 1998; Fig. 5D,E). Cross-correlogram analysis
confirmed that neurons classified as INs inhibited the discharge
of local neurons, whereas neurons classified as PNs excited them
(Fig. 5G). Overall, in the training session, 21% of the sorted neu-
rons were classified as INs (9 of 42), and 29% (24 of 84) were
classified during testing (Fig. 5F).

To quantify the response of individual mPFC units, we com-
pared the firing rates in 3 s time bins before and during the
object exploration epoch (defined as a “trial” in this analysis).
This analysis revealed that during object exploration there was
an increase in discharge in some neurons in the mPFC (Fig. 6A1,
A2), there was a decrease in others (Fig. 6BI,B2), and no
response in many (Fig. 6C1,C2). Overall, during object explora-
tion, 11 of 42 units (26%) responded during the training session
(Fig. 6D, top). Of these, nine units were classified as PNs, of
which seven (78%) increased their discharge but two (22%) were
inhibited (examples are shown in Movies 1, 2). Only two of the
responsive cells were INs and both (100%) reduced their dis-
charge rate during object exploration (Fig. 6E). During the test
session, 27 of 84 neurons (32%) responded as follows during
object exploration: 9 to the familiar object; 10 to the novel object;
and 8 to both (Fig. 6D, bottom). Exploration of the familiar
object increased the discharge in 7 of 17 units (41%; 5 INs, 2
PNs), while 10 of 17 units (59%) were inhibited (3 INs, 7 PNs).
The majority of the novel object-responsive PNs decreased their
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Figure 4.  HPC—mPFC theta (4-10Hz) coupling is enhanced during NOR. 4, Left, The HPC—mPFC theta LFP cross-correlation during training. Right, Mean peak HPC—mPFC theta LFPs cross-
correlation coefficient showed no significant difference in NOR training (Friedman test with repeated measures; Friedman statistic = 1.556, n =16 LFP pairs). Values are the mean = SEM. B,
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correlation within =50 ms. €, Correlation between the mPFC/HPC theta LFP coupling NOR index and the NOR behavioral index (two-sided Pearson’s correlation: r = 0.3046, p << 0.05, n =28
sessions). D, Phase difference probability histograms of the HPC—mPFC theta LFPs during NOR (Rayleigh’s test, p << 0.0001; bin size = 10°). E, Theta spectral Granger causality of the HPC driv-
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zero indicates the 75th percentile. Whiskers above and below the box indicate the maximum and minimum. F, Unilateral injection of retrogradely transported AAV (GFP) into the rat mPFC
(AAV DJ/8 vector was used as a marker: tdTomato). G, Labeled pyramidal neurons in the ipsilateral CA1 region of the ventral HPC.

firing (61%, 9 of 13 units), whereas 60% (3 of 5 units) of the novel ~ rats was tested with the same two objects that were pre-
object-responsive INs increased their firing (Fig. 6F). Together,  sented in the training session (Fig. 6G). As seen in the prior
these results show that during training, PNs in the mPFC tend to ~ NOR paradigm, 9 of 36 units (25%) responded during
increase their firing rate during object exploration (Fig. 6E), while ~ object exploration in the training session (Fig. 6H, left), and
in the test session they are more likely to be inhibited. By contrast, ~ the majority of the object-responsive PNs (5 of 7 units)
INs showed a trend toward increased firing to both the familiar ~ increased their discharge (71%; Fig. 61, left). However, in
and novel objects during the test session (Fig. 6F). the test session, only 4 of 30 units (13%; Fig. 6H, right)

To test the response of mPFC neurons to previously responded to the two identical (familiar) objects during
encountered objects without novelty, a separate group of  object exploration, many fewer than the 32% in the NOR
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well isolated units in the mPFC. The overall distribution of spontaneous firing rates showed approximately two peaks and was best fit with two Gaussians (red curves). We separated units into
putative PNs (firing rates, <<3 Hz) and INs (firing rates, >3 Hz). E, PNs had significantly higher levels of bursting activity than INs (10.23 = 0.21 vs 7.77 = 0.26; two-sided Mann—Whitney
test, Mann—Whitney U = 426; ****p << 0.0001), but did not differ significantly in spike width (0.148 == 0.003 vs 0.151 = 0.003 ms; two-sided Mann—Whitney test: Mann—Whitney U = 1449,
p > 0.05). F, Proportions of PNs and INs from the mPFC sorted during training (top) and test (bottom) sessions. G, Left, Representative cross-correlogram between a putative PN and another
neuron showing a short-latency, presumably monosynaptic excitatory interaction. Right, Representative cross-correlogram between a putative IN and another neuron showing a gap, possibly
monosynaptic, inhibitory interaction. Reference events correspond to the spikes of the presynaptic neuron (bins, 0.5 ms). Triangle, PN; circle, IN; squares, other neurons. H, Placement of tetrode
tips in the mPFC of all rats performing NOR task.
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Figure 6.  Principal neurons and interneurons in the mPFC respond to objects differently during NOR training and test sessions. A7, B1, (1, Three representative neurons showing an increase
(PN, ****p <0.0001, n =9 trials; A7), a decrease (IN, ****p < 0.0001, n=5 trials; BT), or no change (PN, p > 0.05, n=4 trials; €1) in discharge during object exploration in the training
session. Left, Raster plot of individual spike times with each row representing a trial. Right, Mean firing rates across the trials, mean = SEM. Time zero marks the start of object exploration.
All the tests are two-sided Wilcoxon rank-sum tests. A2, B2, (2, Representative responses of three neurons during the test session showing an increase (IN, ****p << 0.0001, n = 15 trials; A2),
a decrease (PN, ****p <C0.0001, n =11 trials; B2), or no response (IN, p > 0.05, n=11 trials; €2) to object exploration. Left, raster plot of individual spike times with each row representing
a trial; right, mean firing rates across the trials. Values are the mean == SEM. All tests are two-sided Wilcoxon rank-sum tests. D, Top, Percentages of object-responsive neurons during training
(n = 42); bottom, during testing (n=84). E, Scatter plot shows the response of neurons during exploration of objects. Neurons in the mPFC respond by either increasing (orange, INC.) or
decreasing (green, DEC.) their discharge rate (two-sided Wilcoxon matched-pairs signed-rank test, INC: *p << 0.05, n=7 cells; paired two-sided ¢ test, DEC: t3 = 4.933, *p << 0.05, n =4 cells).
The pie chart on the right separates responsive cells into PNs and INs. F, Response of neurons to familiar (left) and novel (right) objects during the test session. Scatter plots shows the response
of neurons during exploration of familiar (left) and novel (right) objects (familiar object responsive; paired two-sided ¢ test, INC.: t5) = 8.298, ***p << 0.001, n =7 cells; two-sided Wilcoxon
matched-pairs signed-rank test, DEC.: **p << 0.01, n =10 cells; novel object responsive: paired two-sided ¢ test, INC.: tis) = 5.814, **p << 0.01, n =7 cells; two-sided Wilcoxon matched-pairs
signed-rank test, DEC.: ***p << 0.001, n=11 cells). The pie charts separate responsive cells into PNs and INs for response to familiar (left) and novel (right) objects. G, Schematic of the identi-
cal objects task. H, Numbers of mPFC object-responsive neurons during the identical objects task training (left) and test (right) sessions. I, Pie charts show the proportions PNs and INs that
respond during object exploration by increasing (orange, INC.) or decreasing (green, DEC.) their firing rate (two-sided Wilcoxon matched-pairs signed-rank test) in the identical objects task. J,
Schematic of the nonidentical objects task. K, Numbers of mPFC object-responsive neurons during the nonidentical objects task. L, Pie charts show the proportions PNs and INs that respond
during object exploration by increasing (orange, INC.) or decreasing (green, DEC.) their firing rate (two-sided Wilcoxon matched-pairs signed-rank test) in the nonidentical objects task.

task test session (Fig. 6D, bottom). Furthermore, we did not
see a trend of increased discharge of INs and a decreased
discharge of PNs (Fig. 61, right) as seen in the NOR test ses-
sion (Fig. 6F). This result is consistent with our c-Fos study,
which shows significantly fewer c-Fos-positive cells in the

mPFC in the control group, exposed to two familiar objects
compared with the NOR group (Fig. 1H, top, J, left). This
result suggests that following a single training session, rats
remember the identity of the objects present and respond
robustly to the presence of a novel object. That is, rats spent
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NOR Training Session

Movie 1.  Some neurons in the mPFC increase their discharge during object exploration.
The movie shows an animal as it explores two objects in the environment. A tetrode has
been placed in the mPFC, and each click in the audio represents one firing event of the neu-
ron. [View online]

This mPFC unit responds to both objects by decreasing FR

J

NOR Test Session

Movie 2.  Some neurons in the mPFC decrease their discharge during object exploration.
The movie shows an animal as it explores novel and familiar objects in the environment. A
tetrode has been placed in the mPFC, and each click in the audio represents one firing event
of the neuron. [View online]

more time exploring the novel object (Fig. 1B) and more
neurons in the mPFC are responsive when a novel object is
present (Figs. 1H,J, 6F,H).

Finally, to test whether the activity of PNs and INs during the
NOR test session may be because of nonmnemonic aspects of
object discrimination, such as object shape, rats were exposed to
two distinct novel objects (Fig. 6]), with no training session.
With this paradigm, we identified 13 of 50 object-responsive
units (26%; Fig. 6K). We found that five of eight responsive
mPFC PNs (63%) increased their firing rate, and four of five
mPFC INs reduced their firing during object exploration (Fig.
6L). The mPFC single-unit dynamics of this nonidentical objects
task is similar to that of the NOR training session, where PNs
tended to increase their firing rates (Fig. 6E) but were distinct
from those of the NOR test session where PNs tended to decrease
their firing rates and a large proportion of neurons with increases
in firing rate were INs (Fig. 6F), suggesting that the change in
single-unit dynamics in the NOR test session is indeed relevant
to recognition memory and not simply to object discrimination.

Wang etal. @ Hippocampus—Prefrontal Coupling Regulates Recognition

HPC-mPEFC input is required for NOR

We have shown that during NOR there is an increase in overall
power and temporal coupling of theta oscillations in the HPC
and mPFC with the HPC leading the mPFC. Together with evi-
dence that the HPC forms strong excitatory projections to the
mPFC (Hoover and Vertes, 2007; Marek et al., 2018), and the
fact that the discharge of neurons in the mPFC is object respon-
sive during NOR, we hypothesized that the coupled activity is
driven by HPC projections to the mPFC and required for NOR.
To test this hypothesis, we optogenetically silenced the projection
from the HPC to the mPFC. AAV carrying ArchT-GFP (green
fluorescent protein) was delivered bilaterally into the CA1 region
of the HPC (Fig. 7A), and optical fibers were implanted in the
mPFC to inhibit axon terminals of HPC input to the mPFC
(ArchT group; Fig. 7B). Control animals received bilateral
AAV-eYFP injections into the same region of the HPC.
Animals then underwent the NOR task, with HPC terminals
in the mPFC being silenced using intermittent green laser
light (561 nm) stimulation during the NOR test session
(1 min on/1 min off; Fig. 7C).

Delivery of green light to the mPFC in animals expressing
ArchT, effectively silencing transmitter release from HPC inputs,
significantly reduced the ability of animals to distinguish novel
from familiar objects, as indicated by a reduced object discrimi-
nation index during the light-on phase compared with the light-
off phase but had no effect in the control group (Fig. 7D,E).
Silencing this pathway did not change the total exploration time
of animals in either the ArchT group or the sham-stimulated
control group (Fig. 7F). There was no effect on the familiar
object exploration time (Fig. 7G, left), indicating that the effects
of light stimulation were not because of an overall reduction in
exploratory behavior. However, this manipulation significantly
reduced the novel object exploration time of the rats (Fig. 7G,
right), with no change in the distance traveled and velocity of the
animals (Fig. 7H). Importantly, simultaneous LFP recordings
revealed that theta coupling between the HPC and mPFC was
significantly reduced by inhibiting the HPC — mPFC projection
during NOR, with theta coupling being unaffected during famil-
iar objection exploration (Fig. 7I, left). No change in HPC-
mPFC theta coupling was observed between the light-on and
light-off phases during either familiar or novel object exploration
in the sham-stimulated control group (Fig. 71, right).

Discussion

Upon entering a new environment, animals spend time exploring
and form a cognitive map of the space they are in (McNaughton
et al., 2006). The formation and recall of this spatial memory map
has largely been attributed to the HPC (Nadel et al, 2012).
Experiences in this environment, such as the presence of particular
objects, form episodic memories storing what happened and
where it happened (Squire et al., 2007). Recall of this memory
requires coordinated activity between the HPC and prefrontal cor-
tex (Eichenbaum, 2000, 2017; Orsini et al.,, 2011). On returning
to the same environment, a change in either the location of pre-
viously encountered objects or the presence of new objects evokes
an attentive reflex allowing animals to discriminate novel from
familiar objects (Warburton and Brown, 2015). Lesion studies
have established that this process of novel object recognition
engages a large network that includes the HPC, PRh, and mPFC
(Mumby, 2001; Barker and Warburton, 2011; Morici et al., 2015;
Warburton and Brown, 2015). We have shown that effective NOR
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Figure 7. HPCinput to the mPFC is required for theta coupling and recognition memory. A, Experimental paradigm. AAV expressing ArchT-GFP was delivered to the CAT HPC with tdTomato

as the marker. Picture on the right show transduced pyramidal neurons in area CAT of the indicated region (red square). B, Images show terminal GFP labeling in the mPFC at the indicated
bregma. (, Schematic shows the behavioral task during training and test. The HPC-to-mPFC input was inhibited during the two NOR tests with 1 min bins (light-on/light-off cycle). D, Heat
maps of the exploratory behavior of a representative rat (with ArchT expression) during the light-off (left) and light-on (right) phases in the NOR test session. E, The discrimination index was
significantly reduced by light stimulation in the ArchT group (two-way ANOVA with Bonferroni’s multiple-comparison test: ArchT group: *p << 0.05, N=13; control group: p > 0.05, N=11)
during the light-on phases. F, The total object exploration time in the Arch group and control group (two-way ANOVA with Bonferroni’s multiple-comparison test: ArchT group: p > 0.05,
N=13; control group: p > 0.05, N = 11). G, The familiar exploration time (left) did not change between the light-off and light-on phases (two-way ANOVA with Bonferroni’s multiple-compar-
ison test: ArchT group: p > 0.05, N'=13; control group: p > 0.05, N=11), but the novel object exploration time (right) was significantly reduced during the light-on phases (two-way ANOVA
with Bonferroni’s multiple-comparison test: ArchT group: *p << 0.05, N'=13; control group: p > 0.05, N=11). H, The distance traveled (left) and velocity (right) during the light-off and light-
on phases (two-way ANOVA with Bonferroni’s multiple-comparison test: ArchT group: distance traveled, p > 0.05, N=13; control group: distance traveled, p > 0,05, N =11; velocity,
p > 0.05, N=11). I, Left, Inhibiting the HPC — mPFC projection did not change HPC—mPFC theta coupling during familiar object exploration but significantly reduced HPC—mPFC theta cou-
pling during NOR in the ArchT group (three-way ANOVA with Bonferroni's multiple-comparison test; ArchT group: familiar object, p > 0.05, n=10 test sessions; novel object, *p << 0.05,
n =10 test sessions; control group: familiar object, p > 0.05, n =10 test sessions; novel object, p > 0.05, n=10 test sessions). Values are the mean == SEM. N represents the number of rats.

requires coupled theta activity between the HPC and mPFC and is
driven by synaptic input from the HPC to the mPFC.

Using an object recognition behavioral task, and c-Fos as a
marker of neural activity, we first show that NOR engages neu-
rons in the mPFC and CA1 region of the HPC (Fig. 1). These
results are in agreement with studies that identified increased c-
Fos expression in either the mPFC or HPC following NOR
(Rinaldi et al., 2010; Barbosa et al., 2013; Melani et al., 2017;
Tanimizu et al., 2018; Cinalli et al., 2020). Similarly, other IEGs,
such as ZIF-68 and ARC, markers for neuronal activity and

plasticity, are also increased in mPFC/HPC CA1l with NOR
(Barbosa et al., 2013; Cinalli et al., 2020). Of particular relevance
to the current study is that interregional correlations of c-Fos
expression have been demonstrated between HPC and mPFC,
suggesting enhanced neural connectivity between these struc-
tures following NOR (Tanimizu et al, 2018). Supporting this
suggestion, simultaneous electrophysiological recordings in the
mPFC and ventral HPC revealed that oscillatory theta activity in
these structures is enhanced during NOR (Fig. 3). During testing,
theta power was higher during recognition of the novel object,
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with NOR performance correlated with the enhanced LFP power
during novel object exploration. Notably, during training, theta
power in the HPC did not change during object exploration
compared with the resting state, showing that enhanced theta
power during NOR is not because of motor behaviors such as
whisking and sniffing. Although object exploration enhanced
overall LFP power during NOR training in the mPFC, only theta
was significantly upregulated in both the mPFC and HPC during
novel object exploration compared with familiar object explora-
tion in the NOR test session. Moreover, theta oscillations in the
HPC and mPFC were highly coupled during NOR, with the
HPC leading the mPFC (Fig. 4D,E), suggesting that synchronized
neural activity between these regions is critical for novelty dis-
crimination. Pyramidal neurons in the HPC send a direct projec-
tion mPFC (Hoover and Vertes, 2007; Parent et al., 2010; Marek
et al., 2018), and optogenetically silencing this input to the
mPFC reversibly disrupted coupled theta activity and the ability
of animals to recognize and respond to novel objects (Fig. 7).
This suggests that object-relevant information is distributed
from the HPC to the mPFC.

Synchronized theta activity between the PFC and HPC has
been shown during behavioral tasks that require memory re-
trieval, in both animals (Liu et al., 2018; Zielinski et al., 2019)
and humans (Minxha et al., 2020). Single-unit recordings from
neurons in the mPFC have shown a diversity of activity changes
during memory tasks (Hyman et al., 2010). Moreover, this activ-
ity in the mPFC entrains theta oscillations (Abbas et al., 2018).
Similarly, we find that both PNs and INs in the mPFC are driven
during initial object exploration; however, the overall fraction of
responsive INs is larger during the NOR session. Moreover,
while INs largely increase their discharge in NOR, PNs are inhib-
ited. The primary target of HPC input to the mPFC is parvalbu-
min-positive interneurons, leading to inhibition of principal
neuron activity (Marek et al., 2018). Thus, we suggest that that
drive in the activity of INs and the inhibition of PNs during rec-
ognition memory retrieval (NOR test session) is mediated by
direct HPC projection to the mPFC. Given that PV "-INs play
a critical role in regulating neural oscillations to promote syn-
aptic plasticity and memory formation (Ognjanovski et al.,
2017), it is plausible that hippocampal entrainment of pre-
frontal neural activity through PV "-INs synchronize the two
brain regions to facilitate NOR. However, additional experi-
ments are required to fully unravel how the underlying
increase in coupled theta activity drives single-unit activity
and to explore the role of particular neural subtypes in regu-
lating novelty discrimination.

It should also be noted that the dorsal-to-ventral poles of
the CA1 differ in their anatomic projections, electrophysio-
logical properties, molecular markers, and behavioral func-
tions (Fanselow and Dong, 2010; Wu et al., 2015). While
chemogenetic inactivation of dorsal HPC prevents NOR
(Tuscher et al., 2018), it does not project directly to the mPFC,
and must therefore regulate NOR via other brain structures, such as
perirhinal cortex (Jay and Witter, 1991; Verwer et al, 1997;
Cenquizca and Swanson, 2007; Hoover and Vertes, 2007). The
dHPC may also regulate the function of more ventral hippo-
campal locations, such as the recording site of this study,
via longitudinal projections (Wu et al., 2015) or by theta
“traveling waves,” which advance in a dorsoventral direc-
tion across the HPC during spatial tasks in rats (Lubenov
and Siapas, 2009; Patel et al., 2012). Thus, during NOR, it is
likely that that recordings in the dorsal hippocampus would
also be correlated with those in the mPFC; however, we
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expect that the phase delay between the two would be
longer.

Together, our results reveal that the mPFC and HPC are
recruited during NOR, providing new evidence for the HPC-
mPFC theta LFP temporal coupling in this task. These findings
further establish the roles of the mPFC and HPC in object recog-
nition memory and provide clear evidence that the direct HPC
— mPFC projection is essential for object recognition memory.
Our findings also support the general notion that retrieval and
updating of a memory are both HPC and mPFC dependent
(Nadel et al., 2012). Furthermore, these results highlight theta-
band temporal coupling as a neural correlate of recognition
memory and suggest that memory-related interactions between
the HPC and mPFC require coherence in theta-band oscillations,
in accordance with emerging concepts regarding the role of theta
oscillations in memory-guided behavior at a circuit level (Berens
and Horner, 2017). The predominant recruitment of local inter-
neurons in the mPFC during NOR highlights the key role of
these cells in synchronized network oscillation (Buzsaki and
Draguhn, 2004; Wang, 2010). These insights into the mechanism
by which the HPC and mPFC interact to contribute to memory
further our understanding of the neurobiological basis of recog-
nition memory and provide a foundation for theories on how
dysfunction in this system contributes to cognitive disorders. A
number of psychiatric disorders including schizophrenia,
Alzheimer’s disease, and depression are characterized by abnor-
mal HPC-PFC communication, abnormal theta oscillation, and
memory deficits (Zangbar et al., 2020). Thus, this study may also
have implications for the development of novel circuit-based
therapeutic interventions for these disorders.
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