ISSN: 2538-5887; Pathobiology Research. 2025; 28 (4): 49-56

DOI: 10.48311/mjms.2025.24144

>

Low-frequency Mediated Bottom-Up Communication from
Olfactory Bulb to Prefrontal Cortex in Anxiety States
\

Tarbiat Modares
University

Review History:
Received: 2025-06-11
Revised: 2025-07-03
Accepted: 2025-03-08

Article Type:
Original Research

Authors:
Ali Samii Moghaddam®?

1. Student Research Committee,
Zahedan University of
Medical Sciences, Zahedan,
Iran.

2. School of Medicine, Zahedan
University of Medical
Sciences, Zahedan, Iran.

* Corresponding author:
Ali Samii Moghaddam

E-mail: alisamii@zaums.ac.ir

ABSTRACT

Introduction: Anxiety disorders affect nearly one-third of adults worldwide and
are associated with complex neural circuitry that remains incompletely
understood. This study explores the role of low-frequency oscillations in
functional connectivity between the olfactory bulb (OB) and prefrontal cortex
(PFC) during anxiety states.

Methods: Local field potentials (LFPs) were recorded simultaneously from OB
and PFC in male Wistar rats during Elevated Plus Maze (EPM) and Open Field
(OF) tasks. Granger causality analysis was applied to assess directional
information flow across delta (1-4 Hz), alpha (8-12 Hz), and beta (13-30 Hz)
frequency bands.

Results: The analysis revealed a consistent pattern of bottom-up information
transfer from OB to PFC, with significantly stronger Granger causality in the
OB—PFC direction compared to PFC—OB across all frequency bands. This
pattern indicates a dominant feedforward flow of information during anxiety
states.

Conclusion: These findings demonstrate that the OB-PFC axis operates through
synchronized low-frequency oscillations, forming a hierarchical network during
threat processing. Distinct frequency bands play complementary roles in this
network, highlighting the importance of low-frequency oscillations in anxiety-
related neural dynamics.

Keywords: Anxiety, Olfactory bulb, Prefrontal cortex.

Copyright© 2020, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial 4.0
International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform, and build upon the
material) under the Attribution-NonCommercial terms.

Introduction

continued mechanistic exploration. Emerging
evidence suggests the olfactory bulb (OB),

Anxiety represents a maladaptive ioned i h | forebrai
psychological condition marked by ?osm_one in the rostral forebrain, serves
disproportionate  threat anticipation despite functions extend!ng far beyond Its Ca(‘O”'Ca' r<_)Ie
objective safety, resulting in measurable in odor perception. Neurophysiological studies

cognitive and behavioral impairments. Current
psychiatric  classifications

reveal the OB integrates both chemosensory and
mechanosensory inputs, with nasal airflow

recognize anxiet : : ) .
g y dynamics generating distinct oscillatory patterns

disorders as highly prevalent neuropsychiatric
conditions,  creating considerable  personal
distress and societal economic impacts through
healthcare utilization and reduced productivity.
Meta-analytic data from global mental health
surveys indicate lifetime prevalence rates
approaching one-third of adults worldwide meet
diagnostic thresholds for clinically relevant
anxiety manifestations(1). While the
phenomenological characteristics of anxiety are
well-documented, the neurobiological substrates
mediating its expression - particularly regarding
oscillatory dynamics in sensory-limbic networks -
remain incompletely characterized, necessitating
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in local neuronal ensembles (2, 3). The OB's
robust anatomical connectivity with limbic and
cortical structures—particularly its reciprocal
projections to the prefrontal cortex (PFC),
amygdala, and hippocampal formation—positions
it as a potential modulator of affective states(4,
5). The PFC, renowned for its executive
functions,  orchestrates complex  cognitive
operations ranging from working memory to
emotional valence assignment(6, 7). Its well-
documented involvement in threat appraisal and
fear circuitry modulation suggests the OB-PFC
axis may represent a critical pathway for anxiety
pathophysiology (8-10). This putative functional
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coupling between olfactory and prefrontal
networks, particularly through synchronized
oscillatory activity, presents an important yet
underexplored dimension in affective
neuroscience research. Local field potentials
(LFPs) serve as fundamental electrophysiological
markers of population-level neural activity,
arising from the spatial integration of
transmembrane currents within localized neuronal
ensembles. Contemporary research indicates that
LFP signals contain multiplexed information,
simultaneously representing both focal circuit

dynamics and distributed network
interactions(11). These extracellular voltage
fluctuations  exhibit  characteristic  spectral

profiles, conventionally categorized into five
principal frequency bands: delta (3, 1-4 Hz), theta
(0, 4-8 Hz), alpha (a0, 8-12 Hz), beta (B, 13-30
Hz), and gamma (y, 30-100 Hz) oscillations, each
demonstrating unique functional correlates with
cognitive processes and behavioral states. Low
frequency oscillations as delta, theta, alpha and
beta plays an important role in long range
communication between brain areas(12). A study,
shows that theta oscillations synchronization
between OB and PFC increase in anxiogenic
states(13). But other low frequency bands
behavior in anxiety state remains unknown.
Based on previous evidence, this study
investigates low frequency functional
connectivity of the OB and PFC during anxiety
states.

Methods

Animals

twelve adult male Wistar rats was acquired
from the Laboratory Animal Center at Zahedan
University of Medical Sciences (Ethical Approval
Code: IR.ZAUMS.REC.1399.443). Animals were
maintained in  controlled  environmental
conditions with regulated temperature (21 =+
0.5°C) and humidity (50 % 5%), under a
standardized 12-hour photoperiod (lights on
07:00-19:00). Throughout the experimental
periods, subjects received unlimited access to
pellet chow and filtered water.

Surgery and Electrophysiological Recording

All surgical interventions were performed
under aseptic conditions. to induction of
anesthesia Subjects received intraperitoneal

administration of ketamine hydrochloride (100
mg/kg) and xylazine hydrochloride (10 mg/kg) in
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sterile 0.9% saline. Anesthetic depth was verified
by absence of pedal and corneal reflexes before
proceeding with stereotaxic fixation (Narishige,
Japan). Chronic implantation of recording
electrodes was performed using Teflon-insulated
stainless steel microwires (127 pum diameter,
A.M. system Inc., USA) targeting two brain
regions;  Olfactory bulb (OB)(+8.5 mm
anteroposterior (AP), —1.0 mm mediolateral
(ML), —1.5 mm dorsoventral (DV) relative to
bregma) and Prefrontal cortex (PFC)(+3.2 mm
AP, 0.6 mm ML, 3.6 mm DV). A 1 mm
diameter stainless steel screw served as reference
electrode, positioned over the right parietal cortex
(AP: =3.0 mm, ML: +2.0 mm). All electrodes
were interfaced with a miniature 6-pin connector
and secured using dental acrylic applied in
multiple layers. Post-implantation, the surgical
site received topical application of tetracycline
ointment (10%) and animals were maintained on
thermal support (37°C) during 7-day recovery
with daily monitoring Following the 7-day
postoperative recovery period, simultaneous LFP
recordings were acquired from OB and PFC
during behavioral testing sessions using a
BIODAC-BIi401I9B acquisition system (TRITA
Health Tec. Co., Tehran, Iran; 2 kHz sampling
rate). Neural signals were conditioned through a
hardware low-pass filter (250 Hz cutoff,
Butterworth  4th-order) prior to digitization.
Signal fidelity was verified through visual
inspection of raw traces (representative sample
shown in Fig. 1C). Behavioral sessions were
monitored using a high-definition camera (30 fps)
positioned 1.5 m above the testing arena,
synchronized with electrophysiological
recordings. Following completion of behavioral
paradigms, subjects were euthanized through
intraperitoneal administration of urethane (1.2
g/kg in sterile saline), with death confirmed by
cessation of cardiac and respiratory activity for
>5 minutes. For histological verification, Brains
were immediately extracted and immersion-fixed
in 4% paraformaldehyde (PFA) in 0.1M
phosphate buffer (pH 7.4) for 48 hours at 4°C,
Sectioned coronally at 50 um intervals using a
precision brain matrix.

Behavioral Tests

To establish proper environmental adaptation,
all experimental subjects were habituated to the
testing facility for seven consecutive days both
preceding and following surgical procedures.
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Behavioral ~ assessments = commenced  on
postoperative day 7, experimental protocol
involved behavioral testing, with six randomly
selected animals undergoing evaluation in the
elevated plus maze apparatus - consisting of two
exposed arms (50x10 cm) and two enclosed
pathways (50x10 cm with 40 cm high walls)
positioned 50 cm above ground level (Fig 1.A).
The remaining six subjects were assessed in the
open field arena (50x50 cm with 50 cm high
(Formula 1)

boundary walls) (Fig 1.B) during identical 10-
minute testing sessions. Periods of animal
movement in both behavioral tests considered as
trial for analysis.

Data Analysis

Each frequency band oscillations were
extracted from raw LFP data using a Butterworth
bandpass filter. To measure connectivity between
two areas, Granger causality was used.

SYY(f)

Iyy(f) =1In
Syy(f)

for two time series XandY, X Granger-
causes Y if the past values of X significantly
improve the prediction of Y beyond what is
achievable using only past values of Y (Formula
1). where S.(),H.(f)and X represent auto-
spectrum of X, transfer function and noise
covariance, respectively. I computed GC using
the MVGC toolbox in MATLAB v2016 (Model
order =10). For statistical analysis, the Wilcoxon
signed-rank test was used. All analyses were
conducted in MATLAB v2016(The Mathworks
Inc., USA), with ap-value < 0.05 considered
statistically significant.

Results

First, animals presented to anxiogenic

2
2:XY

= (B = 2L 1 (P2

environment, elevated plus maze and open field
(Fig 1.A, B).

To investigate information flow between the
OB and PFC during anxiety states, | computed
pairwise Granger causality (GC) in both
directions across distinct frequency bands. My
analysis revealed frequency-specific directional
coupling patterns. In delta frequency band,
significantly, stronger GC was observed in the
OB—PFC direction compared to PFC—OB in
both behavioral paradigms (EPM: p = 0.03; Fig
2) (OF: p = 0.04; Fig 3), indicating predominant
bottom-up information transfer during anxious
states.

PEC

Fig 1. Schematic of experimental apparatus and recordings. A, B) elevated plus maze (A) and open field apparatus (B).
C)representational OB and PFC local field potentials recording.
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Delta Granger Causality during EPM
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Fig 2. OB-PFC delta band granger causality in EPM. Spectrogram (Left panel) and average band (Right panel)
comparison of delta range granger causality in OB - PFC and PFC - OB pathways of EPM group.
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Fig 3. OB-PFC delta band granger causality in OF. Spectrogram (Left panel) and average band (Right panel)
comparison of delta range granger causality in OB - PFC and PFC - OB pathways of OF group.

This unidirectional pattern persisted, with PFC—OB transmission in alpha band (EPM: p
OB—PFC connectivity significantly surpassing =0.03; Fig 4) (OF: p = 0.01; Fig 5).
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Fig 4. OB-PFC alpha band granger causality in EPM. Spectrogram (Left panel) and average band (Right panel)
comparison of alpha range granger causality in OB - PFC and PFC = OB pathways of EPM group.
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Fig 5. OB-PFC alpha band granger causality in OF. Spectrogram (Left panel) and average band (Right panel)
comparison of alpha range granger causality in OB - PFC and PFC - OB pathways of OF group.

In beta, the same directional preference was all low-frequency bands suggests a robust,
observed, with OB—PFC connectivity exceeding frequency-invariant  hierarchical organization
reverse-direction coupling (EPM: p = 0.009; Fig during threat processing.

6) (OF: p = 0.01; Fig 7). The consistency across
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Fig 6. OB-PFC beta band granger causality in EPM. Spectrogram (Left panel) and average band (Right panel)
comparison of beta range granger causality in OB - PFC and PFC = OB pathways of EPM group.
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Fig 7. OB-PFC beta band granger causality in OF. Spectrogram (Left panel) and average band (Right panel)
comparison of beta range granger causality in OB - PFC and PFC = OB pathways of OF group.

Discussion

This study provides novel evidence for
frequency-specific  directional ~ connectivity
between the OB and PFC during anxiety states,
revealing a consistent bottom-up information
flow pattern across delta, alpha, and beta
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frequency bands. My Granger causality analysis
demonstrates that the OB—PFC pathway
dominates information transfer during anxious
states, supporting the hypothesis that olfactory-
limbic circuits participate in threat processing
through synchronized low-frequency oscillations.
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The robust OB—PFC directional coupling
observed across multiple frequency bands
suggests distinct yet complementary mechanisms
for sensory-limbic integration during anxiety(14).
The delta-band effects (1-4 Hz) may reflect slow-
wave coordination of distributed networks,
consistent with evidence that delta oscillations
facilitate long-range communication between
sensory and association cortices (12). My alpha-
band findings (8-12 Hz) align with studies
showing that alpha rhythms modulate attention to
threat-related stimuli (15), while the strong beta-
band coupling (13-30 Hz) supports emerging
theories about beta oscillations in maintaining
anxiety-related cognitive states (16). Notably, the
consistency of this directional pattern across both
EPM and OF paradigms suggests it represents a
fundamental feature of anxiety neurocircuitry
rather than test-specific artifact. These findings
extend previous work on OB-PFC interactions in
several important ways. First, while prior studies
focused primarily on theta-rhythm
synchronization (13), | demonstrate that multiple
frequency bands coordinate OB-PFC
communication during anxiety. Second, my use
of Granger causality establishes temporal
precedence, suggesting the OB may drive PFC
activity during threat processing rather than
merely correlating with it. This is particularly
significant given the PFC's established role in
fear extinction and threat appraisal (8-10). The
anatomical basis for this directional coupling
likely involves the OB's direct projections to
limbic-PFC regions (4,5), which My study
functionally validates through causal connectivity
measures.

Conclusion

By demonstrating frequency-specific bottom-
up OB—PFC connectivity during anxiety states,
my findings position the olfactory-prefrontal axis
as a crucial substrate  for  anxiety
pathophysiology. The distinct yet complementary
roles of delta, alpha, and beta oscillations suggest
a multi-layered model of sensory-limbic
integration during threat processing. These results
open new avenues for targeted interventions,

potentially through frequency-specific
neuromodulation of the OB-PFC pathway.
Furthermore, my findings highlight the

importance of considering multiple frequency
bands when investigating neural circuits of
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anxiety, as different oscillatory rhythms may
subserve distinct aspects of threat processing and
anxiety maintenance.
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