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Abstract

Neural oscillations synchronize the activity of brain regions during cognitive functions, such as spatial working

memory. Olfactory bulb (OB) oscillations are ubiquitous rhythms that can modulate neocortical and limbic regions.
However, the functional connectivity between the OB and areas contributing to spatial working memory, such as the
ventral hippocampus (VHPC) and medial prefrontal cortex (mPFC), is less understood. Hence, we investigated func-
tional interaction between OB and the vHPC-mPFC circuit during the spatial working memory performance in rats. To
this end, we analyzed the simultaneously recorded local field potentials from OB, vHPC, and mPFC when rats explored
the Y-maze and compared the brain activities of correct trials vs. wrong trials. We found that coupling between the
vHPC and mPFC was augmented during correct trials. The enhanced coherence of OB activity with the vHPC-mPFC
circuit at delta (<4 Hz) and gamma (50-80 Hz) ranges were observed during correct trials. The cross-frequency analy-
sis revealed that the OB delta phase increased the mPFC gamma power within corrected trials, indicating a modula-
tory role of OB oscillations on mPFC activity during correct trials. Moreover, the correlation between OB oscillations
and the vHPC-mPFC circuit was increased at the delta range during correct trials, exhibiting enhanced synchronized

activity of these regions during the cognitive task. We demonstrated a functional engagement of OB connectivity
with the vVHPC-mPFC circuit during spatial working memory task performance.
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Introduction

Working memory is a short-term system for holding
and manipulating newly acquired information from the
environment or retrieving information from long-term
memory [1]. Several mammalian brain regions, particu-
larly the prefrontal cortex and hippocampus, are involved
in working memory processes [1, 2]. Hence, coordinated
communication between the medial prefrontal cortex
(mPFC) and ventral hippocampus (vHPC) is essential for
successful spatial working memory performance [3-6].
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It has been demonstrated that vHPC-mPFC functional
connectivity is enhanced during a cognitive function,
such as working memory [3, 7, 8]. Moreover, this cir-
cuit has a close functional interaction with other brain
regions to organize their processes, in which their com-
munications are facilitated by synchronized oscillations
[9-11].

Brain oscillations are known as a reflection of activities
pertaining to various brain functions, including cogni-
tive performance, such as working memory [12-15]. For
instance, working memory is correlated with enhanced
theta range oscillations activity in mPFC and vHPC [16-
19]. Moreover, we have previously shown that coupling
between theta and gamma oscillations in the olfactory
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bulb (OB) is critical for correct working memory perfor-
mance [20].

The olfactory bulb (OB) is a key brain region, which
is critically implicated in a range of cognitive functions
[21-23], especially memory [24—26]. The OB is anatomi-
cally connected with other brain structures associated
with memory processes; it is linked to the hippocampal
formation through the entorhinal cortex [27] and recip-
rocally receives direct synapses from the ventral region of
HPC [28]. Furthermore, OB and mPFC have both struc-
tural and functional connections during cognitive perfor-
mances [23, 29, 30].

The OB activity is one important source of ubiquitous
brain oscillations propagating in the brain, and impor-
tantly, are engaged in network synchronization [31].
These brain rhythms can be generated independently
from an odor stimulation: it has been demonstrated that
olfactory sensory neurons (OSNs) have a dual function
[32]. They not only can respond to odor stimulus but can
be triggered by the passage of odor-free air during nasal
respiration, subserving as mechano-receptors [32]. Acti-
vated OSNs by airflow increase these neurons’ firing rate,
generate rhythmic electrical activities in the olfactory
system, and most likely drive theta oscillations in phase
with respiration [32]. These activities are diminished
when the current of air is diverted from nose to mouth,
or by intubation, in both humans and rats [30, 33, 34].
These respiratory-entrained oscillations are suggested as
a synchronizing activity for brain networks during cogni-
tive processes [25, 31, 35].

For instance, hippocampal respiratory rhythm (HRR)
is an olfactory system-entrained oscillation in the hip-
pocampus [36—39] that is implicated in cognitive perfor-
mance [37, 39]. Moreover, OB oscillations can modulate
the neuronal firing rate and activity of mPFC at delta and
theta frequencies [40-42]. Like HRR, the olfactory sys-
tem drives another rhythmic activity in the prefrontal
area known as prefrontal respiratory rhythm (PRR), gen-
erated by OSNs during nasal respiration [42]. It has been
suggested that PRR contributes to information process-
ing in the prefrontal neuronal network and is essential
for cognition [29, 42]. Moreover, removing or inhibiting
the OB results in impairment of several critical cognitive
functions, such as attentional tasks, reference memory,
delayed matching, reversal memory, and working mem-
ory deficits [43-45].

Although previous studies have investigated the signifi-
cance of OB in cognitive performance and its interaction
with the activity of distant brain areas [30, 32, 46], the
communication of OB with the vVHPC—mPFC circuit dur-
ing working memory performance is not elucidated yet.
Given rich anatomical connections between OB, mPFC,
and vHPC structures, and considering previous evidence
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regarding the role of OB activities on synchronized brain
activities in cognitive performance, we hypothesized that
OB could modulate VHPC-mPFC circuit activity during
spatial working memory task performance. Therefore, to
address whether OB oscillations can modulate vHPC—
mPFC rhythmical activities in association with the cogni-
tive process, we explored the functional connectivity of
the OB—vHPC-mPFC network when rats performed the
spatial working memory task in a Y-maze.

Materials and methods

Animals

Six adults (2-3 months) pathogen-free male Wistar rats
weighing 210-230 g were obtained from Tarbiat Modares
University (Tehran, Iran) and housed at 21+2 °C, 12-h
light—dark cycle. Rats were kept in standard animal
research facilities, in which food and water were avail-
able. The protocol of the study was approved by the “Eth-
ics Committee of Faculty of Medical Sciences, Tarbiat
Modares University”

Electrode implantation and histological verification
Animals were anesthetized with intraperitoneal injec-
tions of ketamine (100 mg/kg) and xylazine (10 mg/
kg). Then, anesthetized rats were placed in a stereotaxic
apparatus, and a longitudinal incision was carried out,
the skin was drawn back, and the skull was exposed.
After drilling the skull, stainless-steel recording elec-
trodes (127 pm in diameter, A.M. system Inc., USA)
were implanted unilaterally into stereotaxic coordinates
of OB (AP 8.5 mm, ML —1 mm, DV —1.5 mm), mPFC
(AP + 3.2 mm; L —0.6 mm; DV —3.6 mm) and vHPC (AP
—4.92 mm; L —5.5 mm; DV —7.5 mm) according to the
rat brain atlas [47]. Two additional holes were drilled
into the skull and used to hold the recording socket on
the skull. We also implanted a stainless-steel screw at the
right side of the parietal bone as a reference point. The
acrylic dental adhesive was poured around the electrodes
and bone screw. The skin was sutured, and an antibiotic
ointment was used for the wound to prevent infection.

To verify that electrodes were located at the correct
position, we carefully removed rats’ brains and fixed
them with 4% paraformaldehyde for 48 h. A 200 mm cor-
onal section was visually compared to the matching slices
in the rat’s brain atlas of Paxinos and Watson (Fig. 1).
Three rats with misplaced electrodes and animals that
did not perform the Y-maze tasks were excluded from
statistical analyses and the entire study. Data presented
here are taken from six rats.

Y-maze test
The Y-maze test was used to assess spatial working mem-
ory. Before trials began, all animals were habituated to
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Fig. 1 Raw signal and histological verification. (Top) Representative raw signals of LFP in OB, mPFC, and vHPC. Blue and red lines denote LFP signals
in correct and wrong trials, respectively. (Bottom) schematic representation and verified sections of electrode implantation. LFP local field potential;
OB olfactory bulb; mPFC medial prefrontal cortex; vHPC ventral hippocampus

the behavioral task room for 1 h of 2 consecutive days.
Then animals were individually placed into a black Plexi-
glas Y-maze composed of three identical arms with 120°
(length 50, width 10 cm, height 25 cm). Different cues
were visible from three arms to facilitate spatial orien-
tation. Rats were placed into one arm’s center (Arm A)
to freely explore all three arms for 10 min. A ceiling-
mounted camera recorded the trials. Since this study was
aimed to evaluate the modulatory role of OB oscillations,
we only evaluated spontaneous alternation. To avoid
any odor cues that may alter the experiment, we used
90% ethanol before and after the task for each animal to
decontaminate and remove any odor cues. A correct trial
is defined as a movement of the animals to the other two
arms without redoing their steps (i.e., Arm A to B to C).
A spontaneous alternation such as ABA is considered a
wrong trial.

Signal processing

Local field potentials (LFPs) were simultaneously
obtained from OB, VHPC, and mPFC through a fixed
socket animal’s head connected to a miniature buffer
head stage with high-input impedance (BIODAC-A,
TRITA Health Technology Co., Tehran, Iran). The sig-
nals were amplified (1000 amplification gain), digitized
at 1 kHz and low-pass filtered <250 Hz via AC coupled
with the recording system (BIODAC-ESR18622, TRITA
Health Technology Co., Tehran, Iran). The signal pre-
processing, such as noise rejection and baseline correc-
tion, was performed using the EEGlab toolbox [48].

To find whether OB oscillations can modulate vHPC—
mPFC rhythms during a cognitive process, we generated
inter-regional coherence on a Y-maze map when rats
spontaneously alternated between arms. LFP was binned
into a positional frame, and the mean pixel coherence
was color-coded (Fig. 2). Accordingly, we selected 1 s
before animals arrived at the center (defined as the refer-
ence point; RP) until they exited the Y-maze center. This
time was selected for further analyses. Finally, the cou-
pling parameters during correct trials were averaged per
animal and compared with wrong trials.

To calculate the coherence, we computed magni-
tude-squared coherence using the mscohere function
of MATLAB. Synchrony of the OB—vHPC-mPFC net-
work signals was measured via cross-correlation analy-
sis, defined as the xcorr function in MATLAB software
(with the “coeft” option for normalizing values). Cross-
frequency coupling (CFC) analysis was performed using
phase-power means. Accordingly, the delta phase was
calculated by the Hilbert transform, and gamma power
was obtained using the spectrogram with one sample
time order. Next, the delta phase was binned into the 120
bins with 3°. The average power of gamma samples was
then calculated for consecutive bins. Coupling strength
was defined as the resultant vector’s length, which was
the average of power vectors in the delta phase.

Statistical analysis

We used GraphPad Prism (version 6.0) for statistical
analysis and creating graphs. The normality assessment
was performed with the Kolmogorov—Smirnov test
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Fig. 2 Coherence distribution during working memory performance. A Schematic display of OB coordination on the vHPC-mPFC circuit. B
Schematic illustration showing examples of correct and wrong working memory performance. The correct trials are defined when the animal enters
the other two arms without redoing its steps (i.e, Arm A-B-C and ABA is considered a wrong trial). C Representative of coherence value when

the animal is spontaneously alternating in the Y-maze. LFPs are binned into the positional frame, and the mean pixel coherence is color-coded

to generate the coherence on the Y-maze map. Graphs show that the corresponding coherence between OB and mPFC increases when the rat
explores the maze center to enter the correct arm (left panel). LFP local field potential, OB olfactory bulb, mPFC medial prefrontal cortex, vHPC
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within each parameter, and since the distribution was
not normal, the Wilcoxson test (as a non-parametric test)
was used to compare two groups. The p values less than
0.05 were considered statistically significant.

Results

OB oscillations are more coherent with vHPC-mPFC circuit
activity at delta and gamma range during correct trials.
The mPFC and vHPC are two critical regions for spatial
working memory performance [3] and are structurally

connected with direct synaptic pathways [49]. In the
delta range (<4 Hz), we found that vHPC and mPFC
were significantly more coherent during correct trials
than wrong trials. To investigate the contribution of
OB rhythmic activity to working memory, we evaluated
OB-mPFC and OB-vHPC coherence. OB coherence
with both mPFC and vHPC at delta range was signifi-
cantly increased on trials in which rats performed the
task correctly (Fig. 3).
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Fig. 3 Coherence at the delta band increased during correct working memory performance. A Representative sample of filtered LFP signal in

the <4 (Hz) band during correct (blue) and wrong (red). B-D Coherence of OB, mPFC, and vHPC circuit in delta frequency. Within correct trials,
coherence between OB, mPFC, and vHPC was raised compared to wrong trials (data averaged over 24 correct trials, 13 wrong trials 2 s pre and

1 s post the RP). Lines and bar graphs indicate the mean of coherence, and shaded regions and error bars represent SEM. Data were analyzed by
Wilcoxson-test, n=6 per group. *p <0.05, **p < 0.01 and ***p <0.001. LFP local field potential, OB olfactory bulb, mPFC medial prefrontal cortex, vHPC

Working memory is associated with enhancement
of gamma activity, especially 50-80 Hz in some brain
regions of humans and animals [50-52]. Our coherence
analysis for gamma oscillations in the OB-vHPC-mPFC
network demonstrated a rise at 50-80 Hz of gamma
frequency when animals correctly performed working
memory performance (see Fig. 4 for more details). How-
ever, we did not find noticeable coherence changes of
OB-PFC or OB-vHPC at theta (4—12 Hz) and beta (12—
30 Hz) frequencies during correct trials (Additional file 1:
Figure S1). According to our results of coherence, we

applied further analyses in the delta (<4 Hz) and gamma
(50-8 Hz). Altogether, these findings indicate that the
OB activity is significantly coherent with the vHPC-
mPFC circuit during successful spatial working memory
performance.

Delta-gamma coupling of OB-vHPC-mPFC network
enhances during correct spatial working memory task trials.
Previously it has been suggested that low-frequency oscil-
lations, such as delta, modulate high-frequency oscilla-
tions, including gamma, during cognitive performance
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Fig. 4 Gamma coherence increased at correct working memory task performance. A Representative sample of filtered LFP signal in the 50-80 (Hz)
band during correct (blue) and wrong (red). B-D Coherence of OB, mPFC, and vHPC circuit in delta frequency. Coherence between OB, mPFC, and
vHPC enhanced during correct trials compared to wrong trials (data averaged over 24 correct trials, 13 wrong trials 2 s pre and 1 s post the RP). Lines
and bar graphs indicate the mean of coherence, and shaded regions and error bars represent SEM. Data were analyzed by Wilcoxson-test, n=6 per

group. *p<0.05. LFP local field potential, OB olfactory bulb, mPFC medial prefrontal cortex, vHPC ventral hippocampus, RP reference point

[41, 53]. CFC approach reflects network communica-
tion during cognitive processes, such as working mem-
ory [3]. Hence, we conducted the phase-power analysis
to address whether the phase of delta frequency in one
region can modulate another region’s gamma power. The
resultant vector’s length as a phase-power coupling indi-
cator revealed that the coupling between the delta phase
of vHPC with the gamma power of mPFC during correct
trials is significantly higher than wrong trials (Fig. 5A-C).
We also identified that the OB delta phase was coupled
with mPFC gamma power during correct trials (Fig. 5D—
F). Similarly, OB’s gamma power was significantly modu-
lated by the delta phase of vHPC (Fig. 5G-I). However,
we did not observe a significant difference between

correct and wrong trials regarding the modulatory effect
of the OB delta phase on gamma vHPC power (Addi-
tional file 2: Figure S2).

The OB-vHPC-mPFC synchrony at delta increases

during the correct spatial working memory task trials

We explored the synchrony of the OB-vHPC-mPFC
network using cross-correlation analysis. During cor-
rect trials, the correlation coefficient between vVHPC-
mPFC, OB-mPFC, and vHPC-OB at delta frequency
(<4 Hz) was significantly higher compared to wrong
trials (Fig. 6). However, in the gamma frequency band
(50-80 Hz), no significant synchrony changes were seen
in the OB-vHPC-PFC network (Fig. 7). Synchrony in
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OB-vHPC-mPFC network at delta band may reflect suc-
cessful response during working memory performance.

Discussion

Our findings provide an understanding of functional con-
nectivity between the OB and the vVHPC-mPFC circuit
on trials in which the rats subsequently made the suc-
cessful working performance. Oscillatory OB activities
were highly coherent with vHPC and mPFC in delta and
gamma range associated with correct trials of the spatial
working memory task. In addition, the delta phase had
a more modulatory effect on the gamma power of the
OB-vHPC-mPFC network during these correct trials.
Moreover, synchrony between OB and vHPC-mPFC cir-
cuit in delta frequency enhanced when animals correctly

performed the task. Here, we identified the contribution
of OB in the VHPC-mPFC circuit in association with
successful working memory performance.

Working memory is correlated with vHPC-mPFC
circuit activity [3]. Lesioning studies indicated that the
HPC-PEC interactions are essential for successful task
performance [54]. Moreover, we previously reported that
reduced correct responses within the working memory
task correlate with disruption of the vVHPC-mPFC cir-
cuit in pathologic conditions [55]. Consistent with previ-
ous studies, our results support the idea that enhancing
coherence and correlation between VHPC and mPFC
could be associated with optimized working memory
performance, particularly leading to correct choices in a
spatial working memory task. On the other hand, mPFC
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and vHPC anatomically and functionally are connected respiration and generated by triggering OSNs via air
to OB [30, 31, 56]. passage during nasal breathing, regardless of odor

OB oscillations are known as brain rhythms essen-  stimuli [32]. Moreover, it has been suggested that these
tial for synchronizing network activity during a cog- respiratory-entrained rhythms generated by nasal res-
nitive task [31]. These rhythms are phase-locked to piration are global and visible during exploration, sleep
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Fig. 7 Synchrony in the OB-vHPC-mPFC network at gamma band was not changed. Mean correlation in time lag between A vHPC-mPFC, B OB-
mPFC and C vHPC-0B at gamma (50-80 Hz) frequency. Correlation coefficients were not changed during correct vs. wrong Data were analyzed by
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REM phase, and air sampling through sniffing [57]. We
previously demonstrated OB stimulation with nasal
airflow that entrains oscillatory activity, particularly at
delta frequencies in mPFC and vHPC [30]. Delta oscil-
lations in OB have been reported to modulate brain

oscillations during a cognitive performance, such as
fear [29] and anxiety-like behavior [23]. Altogether, our
findings suggest a functional connection between OB
and vHPC-mPFC circuit at the delta band is associated
with successful spatial working memory performance,
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indicating an optimized brain state during working
memory.

According to human studies, gamma-band oscillations
are tremendously involved in working memory [58, 59].
Moreover, in animals, a phase-locking of neural units
in mPFC with vHPC gamma rhythm supports spatial
encoding in working memory [8]. Analyzing LFPs and
spiking activity of the PFC in monkeys also demonstrated
that neural bursts in gamma oscillations (45-100 Hz)
were associated with encoding and retrieval of sensory
information during a working memory task [60]. Consist-
ent with previous evidence, we observed that the coher-
ence increment in the mPFC-vHPC circuit at gamma
oscillations was associated with correct trials of spatial
working memory tasks. We indicated that the coherent
activity of OB with this circuit at the gamma band (50—
80 Hz) was increased when animals correctly performed
the task. Pharmacological inhibition or lesioning studies
can help elucidate the significance of OB connection with
brain circuits during working memory performance.

Growing evidence links the low—high frequency cou-
pling with behavioral performance [6, 61, 62]. The pre-
sent study demonstrated that delta—gamma coupling
in vVHPC-mPFC was significantly higher during correct
trials than wrong working memory trials. We evaluated
whether OB oscillations modulate the vHPC-mPFC
circuit activity during the spatial working memory task.
The results revealed that the OB delta phase modulates
mPFC gamma power, and OB gamma power depends on
the vHPC delta phase during correct trials. These obser-
vations confirm our hypothesis that OB can coordinate
the VHPC—mPFC circuit during a cognitive task. The
remaining question is how OB would drive these changes
in vVHPC-mPFC? Studies in awake rodents demonstrated
that delta oscillations in the brain were phase-locked to
respiration, known as respiration-entrained brain oscilla-
tion [56]. These oscillations are crucial for synchronizing
information processing and network interaction during
cognitive functions [63]. The respiration rhythm phase
can modulate the gamma (30-80 Hz) oscillations power,
and removing the OB abolishes respiration-locked delta
oscillations and delta—gamma phase—amplitude coupling
in the widespread brain regions [1].

Furthermore, respiration-entrained brain oscilla-
tions are suggested that functionally modulate delta,
theta, and gamma activity in the mPFC [1, 42]. Moreo-
ver, HRR at the near-delta range (2—4 Hz) in the hip-
pocampus was highly coherent with nasal respiration
and rhythmic field potentials in the OB [36]. The HRR
is coupled with gamma oscillations and diminishes
when nasal airflow is eliminated, e.g., by tracheotomy
[36]. However, we indicated that in the context of spa-
tial working memory, OB activity might contribute to
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the vVHPC-mPFC circuit activity modulation contribut-
ing to correct performance. To our knowledge, this is
the first demonstration of the OB modulatory effects on
the vVHPC-mPFC circuit during spatial working mem-
ory performance. Given that OB activities potentially
reflect changes in nasal breathing rhythm, we suggest
future studies for recording nasal breathing simul-
taneously with working memory performance. This
approach helps to examine how OB activity is affected
by respiration rhythm and OSNs activities and whether
nasal breathing is responsible for the OB modulatory
role on the vHPC-mPFC circuit during working mem-
ory performance.

Conclusions

We indicated that oscillatory activity of OB could coordi-
nate VHPC-mPFC circuit activity during spatial working
memory performance. Our results demonstrated that the
interaction between delta and gamma oscillations of the
OB-vHPC-mPFC network is associated with the suc-
cessful performance of spatial working memory tasks.
Our results revealed an interplay between these regions
in an optimized brain state during a cognitive task. How-
ever, further studies are needed to uncover how OB
influences the brain circuits during working memory
performance.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512576-022-00833-5.

Additional file 1: Figure S1. Coherence in OB-vHPC-mPFC network.
Lines display coherence from delta to gamma (0-120 Hz). The shaded
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