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Abstract

Allergic rhinitis is a chronic inflammatory disease of the upper respiratory tract, which is
associated with high incidence of anxiety symptom. There is evidence that medial prefrontal
cortex modulates anxiety-related behaviors and receives projections from olfactory bulb.
Since olfactory dysfunction has been reported in allergic rhinitis, we aimed to evaluate anxi-
ety-like behavior and oscillations of olfactory bulb-medial prefrontal cortex circuit in an ani-
mal model of allergic rhinitis. The number of open arm entries in elevated zero maze was
significantly reduced in sensitized rats exposed to intranasal ovalbumin compared to the
control group, which was indicating the enhancement of anxiety-like behavior in allergic rhi-
nitis animals. Analysis of local field potentials in olfactory bulb and medial prefrontal cortex
during immobility and exploration state showed that anxiety-like behavior induced by allergic
rhinitis was in association with increased activity of medial prefrontal cortex and enhance-
ment of olfactory bulb-medial prefrontal cortex coupling in delta and theta bands. Moreover,
in allergic rhinitis animals, theta strongly coordinates local gamma activity in olfactory bulb
and medial prefrontal cortex, which means to have a strong local theta/gamma coupling.

We suggested that disruption of olfactory bulb-medial prefrontal cortex circuit due to allergic
reactions might have a governing role for inducing anxiety-like behavior in the allergic rhinitis
experimental model.

Introduction

Allergic rhinitis (AR) is a chronic inflammatory disorder of the nasal mucosa, which is charac-
terized by the presence of one or some symptoms, including itchiness, sneezing, rhinorrhea,
nasal congestion, and daily alterations in sense of olfaction [1-4]. AR is a highly prevalent
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chronic disease that affects 400 million people worldwide; and epidemiological studies have
reported that 20-30% of adults and 40% of children suffer from AR [5-7]. In addition to classi-
cal manifestations, patients with AR report decline of cognitive behavior, such as anxiety,
reduced ability to concentrate, learning disability, and memory impairment [8-11]. These
behavioral complications adversely affect the quality of life and social productivity [3]. Anxiety
is the most common psychological problems related to allergic disorders and is associated with
poor disease outcomes [12-15]. It has been proposed that antigen exposure raised the level of
inflammatory mediators such as interleukin-1f, which stimulated the hypothalamic-pituitary-
adrenal axis and cortisol activation [16]. These reactions are known to disrupt serotonin
release and led to mood changes, and particularly induced the anxiety [17]. Furthermore, pro-
duction of T helper cytokines, including TH2 and corticotropin-releasing factor in the medial
prefrontal cortex (mPFC) and olfactory bulbs (OB) were associated with a heightened level of
anxiety-like behaviors in AR rats [17]. AR model in rodents was associated with impairment of
olfactory function, increased size and number of olfactory glands, and infiltration of inflam-
matory cells in the olfactory mucosa [18,19]. These alterations reduced local field potential
(LEP) power of OB in the mouse model of AR [19]. Moreover, exposure to intranasal antigens
in sensitized animals activated limbic brain regions, represented by neurons stained for the c-
Fos protein [20,21]. In a human study, increased brain activity determined by magnetic reso-
nance in the prefrontal cortex has been reported during the late phase of asthma episode [21].

Retrograde and anterograde tracing experiments confirmed anatomical and functional con-
nections between OB and PFC in representing states of emotional reactivity [22]. A human
study reported that patients with generalized anxiety disorder exhibited hyper-activation of the
prefrontal cortex [23]. Likewise, electrophysiological recordings in animals revealed hyperactiv-
ity of mPFC in association with anxiety-related behaviors [24,25]. The prefrontal cortex has
functional and structural connectivity to the olfactory pathway [22]. Nasal breathing via the
olfactory bulb modulated neural oscillations in widespread subcortical and neocortical areas,
including prefrontal cortex which were known as respiration entrained brain oscillations [26].
The olfactory bulb has a close link to limbic brain regions; and chronic removal of olfactory pro-
foundly affects emotional behaviors such as anxiety [27,28]. A recent investigation in rodents
suggested that prefrontal cortex oscillations during fear conditioning were correlated with respi-
ratory/olfactory rhythms (~ 4 Hz) through the nasal cavity in induced freezing behavior [22].

Taken together, OB-mPFC functional connectivity seems to have a key role in anxiety
behaviors, while previous studies in AR reported alteration in each of these regions separately
by focusing on cellular and molecular methods. Therefore, we hypothesized that AR-induced
anxiety-like behavior was associated with disruption of OB-mPFC functional connectivity. To
investigate this hypothesis, we evaluated oscillation alteration in OB-mPFC circuit as well as
anxiety like-behavior in a rat model of AR.

Materials and methods
Animals

Sixteen adult (2-4 months old) pathogen-free male Wistar rats weighing 80-100 g were
obtained from the Pasteur Institute (Tehran, Iran). Animals were kept at 21 + 2°C and 12-h
light on/light off cycle (7 a.m. -7 p.m.). All animal protocols were reviewed and approved by
the “Ethics Committee of Faculty of Medical Sciences, Tarbiat Modares University”.

Sensitization protocol and experimental groups

Rats were divided randomly into two groups including the control group and AR group (each
group contained 8 animals). As described previously [29], in AR group, we sensitized the rats
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Fig 1. Schematic representation of the experimental design for AR rat model induced by OVA and electrode
implantation. (A) Timeline of the study design. The rats received 7 intraperitoneal injections of saline or OVA-Al
(OH); every 2 days from day 0 to day 14, and 7 intra-nasal injections every day from day 15 to day 21 with 10 uL of
10% OVA. (B) Schematic representation of electrode implantation sites on rat skull. (C) Histological confirmation of a
recording site in OB and mPFC. (D) Representative traces of simultaneous LFP from OB and mPFC. AR: allergic
rhinitis; OB: olfactory bulb; mPFC: medical prefrontal cortex; LFP: local field potential.

https://doi.org/10.1371/journal.pone.0221978.9001

with ovalbumin (OVA) (0.3 mg i.p.) accompanied with AI(OH); (30 mg) in saline (1 mli.p.)
every 2 days for 14 days. Then, 10 pL of 10% OV A was administered during inspiration was
administered every day to both nostrils from day 15 to day 21. In the control group, saline was
administered to the rats, pending similar days (Fig 1A). To examine AR symptoms, rubbing
were counted for 10 minutes on days 1, 14 and 21 by a blind observer to experimental proce-
dures [29]

Behavioral tests

Twenty-four hours after the last intranasal injection, open field and elevated zero maze (EZM)
tests were conducted. We applied EZM test to estimate the level of anxiety in animals. The
maze was 70 cm above the floor and made of an annular dark plexi (diameter of 120 cm, 10 cm
wide circular corridor, and 30 cm high walls). The maze was divided into four equal quadrants,
in which two opposite quadrants were open and the rest remained closed; animals were
allowed to explore and move freely for 5 minutes. In the open field test, each rat was placed
individually into a standard open field box (50 cm high, 75 x 75 cm) allowed to explore for 10
minutes. In the both tests, the movement of rats was recorded using a video camera and a
graphical interface of MATLAB were applied for analyzing the percentage of spent time in the
open quadrants and the number of open entries in the EZM, and the traveling distance for
locomotor activity in open field test.

Surgery

Animals were anesthetized with intraperitoneal injections of ketamine (100 mg/kg) and xyla-
zine (10 mg/kg). Periodic injections of ketamine were carried out in order to have constant
anesthesia throughout the surgery. Anesthesia induction was verified by the absence of with-
drawal reflex followed by hind paw pinching. An intramuscular injection of 0.1 ml of dexa-
methasone (2.5 mg/ml) was applied to prevent swelling of the brain. Just before the surgery,
0.5 ml of lidocaine chlorhydrate 2% was subcutaneously applied in the scalp for local anesthe-
sia. After anesthetic induction, animals were placed in a stereotaxic frame (Narishige, Japan)
in a flat skull position. An incision was made on the scalp along the midline of the skull surface
and then a stainless-steel recording electrodes (127 um in diameter, A.M. system Inc., USA)
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were implanted unilaterally into the right hemisphere of two brain areas: OB (AP: 8.5 mm,
ML:-1 mm, DV: -1.5 mm) and the prelimbic of mPFC (AP: +3.2mm; L: -0.6mm; DV: -3.6mm)
[30]. We implanted a stainless-steel screw at the right side of parietal bone as a reference point
(Fig 1B). The scalp skin was disinfected with antibiotics (tetracycline).

One week after surgery, rats were placed in an arena (50x50x50 cm) and LFPs were
recorded. For this purpose, the socket, fixed on the animal’s head, was connected to a minia-
ture buffer headstage with high-input impedance (BIODAC-A, TRITA WaveGram Co., Teh-
ran, Iran), via cables to a main AC coupled amplifier (1000 amplification) and to the recording
system (BIODAC-ESR18622, TRITA WaveGram Co., Tehran, Iran). Spontaneous LFPs simul-
taneously were recorded from OB and mPFC in immobility and exploration states of the
awake rats. The signals were stored for offline processing using by custom-written MATLAB
software (The Mathworks, Inc.). We applied a video tracker for recording the movement of
animals to detect the different states.

Histological verification

For conforming to the location of electrodes, the rats’ brain were carefully removed and fixed
with 4% paraformaldehyde for 48h. Then a coronal section of 200 mm thickness was prepared
and visually compared to the matching slices in the rat’s brain atlas of Paxinos and Watson
[30] (Fig 1C). Animals with misplaced electrodes were excluded from the study.

LFP analysis

We used Welch’s periodogram for computing power spectral density with MATLAB pwelch
function. Coherence spectra between two regions were measured by calculating magnitude-
squared coherence using mscohere function in MATLAB. Both power and coherence spectra
computing were carried out in 30s segments of data by using 6 ms Hamming windows with
90% overlap. We calculated cross-correlation coefficient values for the delta (< 4 Hz) and
theta (4-12 Hz) filtered signals by the mean of MATLAB xcorr function.

Phase-amplitude coupling was calculated using the framework which was previously
described [31]. We analyzed the coupling between the phase of theta (4-12 Hz) bands and the
amplitude of gamma band between 30 to 120 Hz. The phases of theta were binned into the
eighteen 20° intervals, and then we averaged the corresponding gamma amplitude for each
bin. We computed the phase-amplitude modulation index (MI) by the divergence of the
empirical phase-amplitude profile from the uniform distribution. The comodulation plot was
obtained by calculating the MI between several band-filtered frequency pairs, representing the
results in a 2D heat map. For computing mean resultant vector in the polar histogram, the
instantaneous phase of the theta-filtered signal has been calculated based on Hilbert’s trans-
form (Hilbert function in MATLAB). The amplitude of filtered LFP in gamma was obtained
by Fourier transform (FFT function of MATLAB). We then calculated the distribution of
gamma amplitudes associated with a theta phase. The length of the mean resultant vector was
obtained by summing up gamma amplitude bins at the preferred theta phase.

Statistical analysis

Statistical analysis was performed by GraphPad Prism software (GraphPad Software, USA).
The normality of the data distribution within each parameter was verified by Kolmogorov-
Smirnov Test. The achieved results were compared by t-test. Data are shown as mean + SEM.
In all experiments, statistical significance was considered as the P < 0.05.
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Results
Behavioral evaluations

The number of nose rubbing motions was assessed in order to confirm the induction of AR
model in sensitized rats exposed to OVA. AR model was accomplished on day 21 and the
number of nose rubbing motions among AR rats was higher than the control group

(p < 0.05), while it was not significant on day 14 (Fig 2). EZM test was performed to quantitate
the level of anxiety-like behavior in animals. OV A challenge in sensitized rats significantly
reduced the number of open arm entries compared to the control group (p < 0.05) (Fig 3B),
indicating enhancement of anxiety-like behavior in AR group. Total distance values in open
field test revealed no differences of locomotor activity between groups (Fig 3D).

Spectral analysis

Power Spectral analysis (PSD) analysis of LFPs during immobility and exploration showed no
significant differences in the mean delta (< 4 Hz) and theta (4-12 Hz) power of OB between
both groups (Fig 4C, 4D, 4K and 4L). However, inserted panels (Fig 4B and 4]) exhibited a
decrease of power at 1.3-1.8 Hz frequencies (p < 0.0001) and an increase of power at 6.5-7.4
Hz frequencies (p < 0.001) during immobility and exploration, respectively, in the OB of AR
animals. LFPs analysis of mPFC revealed that AR animals had more values of power in delta
during immobility (p < 0.01), as well as in delta and theta during exploration (p < 0.01 and

p < 0.05, respectively) (Fig 4F-4H and 4N-4P).

Functional connectivity

Coherence analysis. In both immobility and exploration states, coherence analysis of the
signals, recorded from the OB and mPFC simultaneously, showed higher values for AR rats in
delta and theta bands (Fig 5).

Cross-correlation analysis. We computed cross-correlation to more vastly explore the
synchrony of OB and mPFC signals. In AR rats, mean OB-mPFC correlation coefficient for
the theta-filtered signals (4-12 Hz) was increased during both immobility and explorations
periods (Fig 6B and 6D). We also found a significant cross-correlation increment of delta for
exploring AR animals in comparison with control (p < 0.05) (Fig 6C).

Day 14 Day 21

2 25 > 25- M A
S 201 S 20-
2 2
% 151 3 15+
2 10 2 10-
) G
g 5' E 5-
g o 2 o

Control AR Control AR

Fig 2. The number of nose rubbing of control and AR groups. Values express as the mean + SEM. There was a
significant increase in the nose rubbing in AR animals compared to the control group on day 21. ** p < 0.01; AR:
allergic rhinitis.

https://doi.org/10.1371/journal.pone.0221978.9002
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https://doi.org/10.1371/journal.pone.0221978.g003

Immobility
A B C <anz D 4a2m
x10°% o8 13-18Hz e x10% i x10°

Filtered OB LFP (<12 HZ)

= 18] e ~ o
3 N 14 — Contol ' N %
£ ; ) i 2 12 -y " 10 210
£ oy /"W\Wuj. \J“Mﬂw‘l s 5 i b
9 E s | . [ ] E £
a s Control AR a s a ®
g g
% . B4 o & L3
3 2 & 0 )
i . =, o
2 4 6 8 10 12 ool AR P
Frequency (Hz)
E F G <4Hz H 4-12Hz
%10- x103 109
Filtered mPFC LFP (<12 Hz) 181" mpFC L] * 6"
- 16 = = -
- 14 3 5
E . g 12] : Control 5{ 2 ‘? 4
RNV TTIIEN E 1o oa s Y
o - 8 = =
= 6 a a 2
g L@ a 2 - 2
13 2= 2 o
- ——
s 2 4 6 8 10 12 Control AR
! Frequency (Hz) > Contol AR
Exploration
| J K i L i
Filtered OB LFP (<12 HZ) o oB — e §10°
18 8
18 TS _ _
g ¥ = ' T
5 b i -
< £ F l' g E,
It ik [=] o i a4 a a
g Wiy g === 82 2
2 o 3

10 12 Contol AR Control AR

AR Contro'

PSD (mv?Hz")
o wm
PSD (mv?Hz")
S

o

4 6 8 10 12 Control AR Control AR
Frequency (Hz)

Fig 4. AR increases delta and theta power in OB and mPFC. (A-H) Immobility state. (A, E) Examples of OB and
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significant differences between AR and control rats in mentioned frequencies. The gray areas indicate significant
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group. * p < 0.05, ** p < 0.01 compared to control group. PSD, power spectral density; AR: allergic rhinitis; OB:
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https://doi.org/10.1371/journal.pone.0221978.9004
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Theta phase-gamma amplitude coupling. Theta oscillations in the brain regions are
known to modulate higher local oscillations and are thought to denote a code for neurophysio-
logical processing [32]. Here, we analyzed whether theta could modulate local gamma oscilla-
tions in OB and mPFC. We first computed peak values of modulation index across the 30-120
Hz amplitude frequency of theta phase (4-12 Hz), and observed that theta phase of the OB in
immobile AR rats modulated fast gamma amplitude (60-120 Hz) significantly higher than that
of the control group (p < 0.0001) (Fig 7A and 7B). Hence, for later statistical analysis, peak val-
ues of modulation index across theta phase frequencies computed for fast gamma amplitude
(60-120 Hz) in OB during immobility state (Fig 7D). Furthermore, the resultant vector
declared that theta frequency of OB in the immobile AR animals was strongly coupled to the
gamma (60-120 Hz) oscillations (p < 0.0001) (Fig 7E).

In addition, we observed significant theta/gamma phase amplitude coupling in the mPFC
during exploration state (p < 0.05) (Fig 8). Phase-amplitude coupling analysis of mPFC in
exploring animals revealed that phase of theta at 4-7 Hz in AR rats strongly modulated ampli-
tude of fast gamma (60-120 Hz) compared to control group. Moreover, length of resultant
vector in the mPFC of AR rats was higher than that of control group (Fig 8E).

Discussion

To the best of our knowledge, this is the first report of association between OB-mPFC rhyth-
mic oscillations and anxiety-like behavior in an AR model. Here, we found increased anxiety-
like behavior in AR animals accompanied by the increment power of delta and theta in mPFC.
In addition, AR-induced anxiety was in association with enhancement of OB-mPFC coupling,

PLOS ONE | https://doi.org/10.1371/journal.pone.0221978 September 11,2019 7/14


https://doi.org/10.1371/journal.pone.0221978.g005
https://doi.org/10.1371/journal.pone.0221978

@ PLOS|ONE

Olfactory bulb-medial prefrontal cortex circuit and anxiety-like behavior in allergic rhinitis

Immobility
5 1.0- 0-4 (Hz) 5 1.0 4-12 (Hz)
[
nE. 0.8 % 0.8 *k
o Py
S 0.6 G 0.6
$§ 0.4 £ 0.4
K &
g 0.2 2 0.2
o [}
© 0.0 S 0.0
Control AR Control AR

C Exploration D
5 10 0-4 (Hz) g 107 4412 (Hz)
% 0.8 * & 0.8 *k
0 T 1
& 0.6 S 0.6-
$ 0.4 S 0.4
5 B
2 0.21 g 02
© 0.0 © 0.0
Control AR Control AR

Fig 6. Synchrony of delta and theta activity in OB-mPFC circuit. (A, B) The bar graphs represents cross-correlation
coefficients between OB and mPFC in immobility state in delta (< 4 Hz) and theta (4-12 Hz) filtered signals. (C, D)
indicates cross-correlation coefficients in delta and theta during exploration state. Data were analyzed by t-test,n =8
per group. * p < 0.05, ** p < 0.01 compared to control. AR: allergic rhinitis; OB: olfactory bulb; mPFC: medical
prefrontal cortex; LEP: local field potential.

https://doi.org/10.1371/journal.pone.0221978.9006

as assessed by coherence and cross-correlation analyses. Moreover, depends on the state of
activity, phase of theta in OB and mPFC could strongly modulate amplitude of fast gamma
(60-120 Hz) in AR animals rather than control group.

A meta-analysis study indicated that there were bidirectional relationships between psycho-
social factors and allergic disorders [33]. Although the psychological behaviors could deleteri-
ously involve in the progression of allergic disease, allergic condition had a stronger effect on
mental health than that of psychosocial factors on allergic disorder [33]. Behavioral alterations
such as anxiety induced by OVA have been well described previously in experimental models
of AR. Tonelli et al. demonstrated that OVA challenge could induce anxiety-like behavior in
sensitized rodents [17]. Parallel to previous evidence, the present study revealed that the expo-
sure to allergen could increase anxiety-like behavior. Altogether, it may be suggested that anxi-
ety is a complication of allergic reactivity in AR. To explain underlying mechanisms for this
effect, former studies proposed that AR induces neuroinflammatory accumulation; and
impairment in psychological pathways including hypothalamic-pituitary-adrenal axis, the
sympatho-adrenomedullary system, peripheral non-adrenergic non-cholinergic nerves, as well
as sensory input. These impairments may mediate a close association between psychosocial
problems and allergic disorders [34-38]. On the other hand, psychological stress and emo-
tional alterations in AR patients might affect the level of stress responsiveness as a result of
exaggerated cortisol responses, over expression of Th2 cytokine and glucocorticoid resistance
[36,39], and consequently might change central nerves system function in response to a
peripheral immune challenge [17,36,40].
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between AR and control animals. (B) Peak values of modulation index across theta phase frequencies computed for
gamma amplitude (60-120 Hz) in OB. (C) The representative comodulogram of modulation index computed for theta
phase (4-12 Hz) and gamma (30-120 Hz) in OB. (D) The bar graphs represent mean values of modulation index. (E)
The polar plot shows distribution of the gamma (60-120) for the theta cycle phase. Green arrow indicates length of
resultant vector. Data were analyzed by t-test, n = 8 per group. **** p < 0.0001 compared to control group. AR: allergic
rhinitis; OB: olfactory bulb; LFP: local field potential; PAC: phase amplitude coupling.

https://doi.org/10.1371/journal.pone.0221978.9007

However, most previous studies merely focused on neuroimmune responses of AR to
explain behavioral alterations. In the current study LFP analysis was applied to reveal alter-
ations in the pattern of OB and mPFC oscillations in AR animals. We observed that during
immobility state, OB of AR animals represented less power of the narrow frequency sub-band
(1.3-1.8 Hz) in delta oscillations. In line with our findings, Ozaki et al. showed that AR
reduced power spectra value of OB animals in delta band [19]. The possible reason to this was
that the infiltration of inflammatory cells in olfactory mucosa resulted in elevation of the apo-
ptosis in olfactory sensory neurons, which were responsible for delta oscillations [41,42].
Inflammatory reactions might also reduce activity of olfactory pathway as the result of
increased mucus secretion, vasodilation and edema in the epithelium of nasal cavity [43].
Moreover, the mPFC was proposed as an essential region in governing the processing of anxi-
ety [23,44]. A recent study found more activity of theta in mPFC within presence of anxious
stimuli [45]. Other studies reported that hyperexcitability in the mPFC correlated with height-
ened anxiety-related behavior [46,47]. In this line, we also observed that anxiety induced by
AR was in association with enhancement of delta and theta power in mPFC. Taken together,
increased activity in mPFC could be considered as a likely code in anxiety related behaviors.

Olfactory sensory neurons not only relay chemical modality, but also mechanical stimulus
induced by nasal airflow enhances the activity of these neurons. Notably, retrograde and
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Fig 8. AR increases phase-amplitude coupling of theta and fast gamma oscillations in mPFC of exploring rats. (A)
Peak values of modulation index across amplitude frequencies of theta phase (4-12 Hz) in mPFC during exploration
state. Shaded area indicates standard errors. The gray area indicates significant differences in fast gamma (60-120 Hz)
between AR and control animals. (B) Peak values of modulation index across theta phase frequencies computed for
gamma amplitude (60-120 Hz) in mPFC. The gray areas indicate significant differences in 4-7 (Hz). (C) The
representative comodulogram of modulation index computed for theta phase (4-12 Hz) and gamma (60-120 Hz) in
mPFC. (D) The bar graphs represent mean values of modulation index. (E) The polar plot shows distribution of
gamma (60-120) for the theta cycle phase. Green arrow indicates length of resultant vector. Data were analyzed by t-
test, n = 8 per group. * p < 0.05, **** p < 0.0001 compared to control group. AR: allergic rhinitis; mPFC: medical
prefrontal cortex; LFP: local field potential; PAC: phase amplitude coupling.

https://doi.org/10.1371/journal.pone.0221978.9008

anterograde tracing experiments confirmed efferent connection arising from the OB to mPFC
[22]. Consistent with this anatomical pathway, optogenetic activation of olfactory sensory neu-
rons entrained the mPFC activity [22]. Andrew et al. recently reported that naris occlusion or
pharmacological lesion of the olfactory epithelium significantly c-Fos disrupted the oscillatory
circuit of OB-mPFC, suggesting that inputs from olfactory contributed to the PFC activity dur-
ing emotional reactivity [22]. In this line, frequency and time domain analysis of the present
study demonstrated enhancement of OB-mPFC coupling in AR animals which were shown
more level of anxiety. It seemed that neuromorphological abnormalities due to chronic stress
in the context of brain inflammation could be an underlying possible reason for changes in
OB-mPFC coupling in the presence of anxiety induced by AR [438].

Moreover, in AR animals, theta strongly coordinates local gamma activity in OB and mPFC
which means a strong local theta/gamma coupling. Phase-amplitude coupling referred to a
synchronization of slow waves (SW) phase with power of fast frequency (FW) waves [49]. Sev-
eral studies analyzed the SW-FW coupling in subjects with anxiety-related pathological condi-
tions. Miskovic et al. suggested that the frontal area of individuals with anxiety disorder
exhibited high level of SW-FW phase-amplitude coupling in an anxiogenic situation [50].
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Another human study also showed that during anxiogenic condition, subjects who had higher
scores of anxiety tended to increase SW-FW coupling in cortical regions around the prefrontal
cortex [51]. In line with these studies, our findings demonstrated an enhancement of local
phase-amplitude coupling in OB and mPFC in rodents with AR-induced anxiety. Although all
neurophysiological concepts of this phenomenon remained unexplored, it was mostly
acknowledged that slow oscillations had major role in the timing of neuronal activities and
might coordinate functions of brain such as emotional behaviors [52].

We have faced some limitations to interpret entire mechanism. First, we did not record the
LFP signals at the same time when the animals were traveling through the EZM. In the animal
with AR-induced anxiety, simultaneous record during performance of anxiety-like behavior
could provide a deeper insight into the changes of brain network in critical time points. Sec-
ondly, our study was limited to evaluate single unit recording which could precisely indicate
activity of neurons. Undoubtedly, it would be helpful for the future studies that evaluate circuit
of OB-mPFC within anxiogenic condition induced by AR in order to clarify underlying mech-
anisms of this phenomenon.

Conclusions

AR can attribute to anxiety-like behavior in association with alterations of LFPs in OB-mPFC
circuit. Proposing the role of neuronal pathways between OB and mPFC in presence of AR-
induced anxiety opened a door for future studies to realize how these connections might coor-
dinate cognitive and emotional behaviors in allergic conditions. The data can also conclude to
make more effective clinical decisions and superior approaches for managing the behavioral
impairment of AR as well as other respiratory allergic conditions.

Supporting information

S1 Data. Numerical data underlying Figs. Folder of minimal data set contains raw data in
mat and xls format.
(RAR)

Acknowledgments

We would like to acknowledge and thank Mr. Mahmoud Rezaei and Mr. Reza Vaziri for their
technical assistance.

Author Contributions

Conceptualization: Morteza Salimi, Sepideh Ghazvineh, Meysam Zare, Tannaz Parsazadegan,
Mohammad Reza Raoufy.

Data curation: Morteza Salimi, Sepideh Ghazvineh, Meysam Zare.
Formal analysis: Morteza Salimi, Sepideh Ghazvineh.

Funding acquisition: Mohammad Reza Raoufy.

Investigation: Morteza Salimi, Sepideh Ghazvineh, Kolsum Dehdar.
Methodology: Meysam Zare, Milad Nazari, Mohammad Reza Raoufy.
Resources: Meysam Zare, Tannaz Parsazadegan, Kolsum Dehdar.

Software: Morteza Salimi, Sepideh Ghazvineh, Kolsum Dehdar, Milad Nazari, Mohammad
Reza Raoufy.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221978 September 11,2019 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0221978.s001
https://doi.org/10.1371/journal.pone.0221978

@ PLOS|ONE

Olfactory bulb-medial prefrontal cortex circuit and anxiety-like behavior in allergic rhinitis

Supervision: Javad Mirnajafi-Zadeh, Hamidreza Jamaati, Mohammad Reza Raoufy.

Validation: Morteza Salimi, Sepideh Ghazvineh, Hamidreza Jamaati, Mohammad Reza

Raoufy.

Visualization: Tannaz Parsazadegan, Javad Mirnajafi-Zadeh, Mohammad Reza Raoufy.

Writing - original draft: Morteza Salimi, Sepideh Ghazvineh, Meysam Zare, Mohammad

Reza Raoufy.

Writing - review & editing: Morteza Salimi, Sepideh Ghazvineh, Tannaz Parsazadegan,

Mohammad Reza Raoufy.

References

1.

11.

12

13.

14.

15.

16.

17.

18.

19.

Yang S, Wu J, Zhang Q, Li X, Liu D, Zeng B, et al. Allergic Rhinitis in Rats Is Associated with an Inflam-
matory Response of the Hippocampus. Behav Neurol. 2018;(2018):1-7.

Maurer M, Zuberbier T. Undertreatment of rhinitis symptoms in Europe: Findings from a cross-sectional
questionnaire survey. Allergy Eur J Allergy Clin Immunol. 2007; 62(9):1057—63.

Bousquet J, Van Cauwenberge P, Khaltaev N. Allergic rhinitis and its impact on asthma (ARIA)(ARIA
Workshop Report). J Allergy Clin Immunol. 2001; 108(5 Suppl):S147-334.

Bernstein DI, Schwartz G, Bernstein JA. Allergic rhinitis: mechanisms and treatment. Immunol Allergy
Clin. 2016; 36(2):261-78.

Wang XD, Zheng M, Lou HF, Wang CS, Zhang Y, Bo MY, et al. An increased prevalence of self-
reported allergic rhinitis in major Chinese cities from 2005 to 2011. Allergy. 2016; 71(8):1170-80.
https://doi.org/10.1111/all.12874 PMID: 26948849

Berger WE. Allergic rhinitis in children: diagnosis and management strategies. Pediatr Drugs. 2004; 6
(4):233-51.

Nathan RA. The burden of allergic rhinitis. In: Allergy and Asthma Proceedings. OceanSide Publica-
tions; 2007. p. 3. PMID: 17390749

Marshall PS. Allergy and depression: A neurochemical threshold model of the relation between the ill-
nesses. Psychol Bull. 1993; 113(1):23—43 PMID: 8093981

Weeke ER. Epidemiology of hay fever and perennial allergic rhinitis. Monogr Allergy. 1987; 21:1-20.

Ziering RW. Immediate and late side effects of hay fever: Physical and psychosocial problems. Post-
grad Med. 1989; 85(6):183-90. PMID: 2710725

Jolicoeur LM, Pharm D, Boyer JG, Reeder CE, Turner J. Influence of asthma or allergies on the utiliza-
tion of health care resources and quality of life of college students. J Asthma. 1994; 31(4):251-67.
PMID: 8040151

Parsazadegan T, Salimi M, Ghazvineh S, Raoufy MR. Cognitive disorders in allergic rhinitis may be
induced by decline of respiration entrained rhythm in the brain. Med Hypotheses. 2018; 121:89-90.
https://doi.org/10.1016/j.mehy.2018.09.037 PMID: 30396502

Bell IR, Jasnoski ML, Kagan J, King DS. Depression and allergies: survey of a nonclinical population.
Psychother Psychosom. 1991; 55(1):24—-31. PMID: 1866437

Wamboldt MZ, Schmitz S, Mrazek D. Genetic association between atopy and behavioral symptoms in
middle childhood. J Child Psychol Psychiatry. 1998; 39(7):1007—-16. PMID: 9804033

Kovéacs M, Stauder A, Szedmak S. Severity of allergic complaints: The importance of depressed mood.
J Psychosom Res. 2003; 54(6):549-57. PMID: 12781309

Nanda MK, LeMasters GK, Levin L, Rothenberg ME, Assa’ad AH, Newman N, et al. Allergic diseases
and internalizing behaviors in early childhood. Pediatrics. 2016; 137(1) e20151922.

Tonelli LH, Katz M, Kovacsics CE, Gould TD, Joppy B, Hoshino A, et al. Allergic rhinitis induces anxi-
ety-like behavior and altered social interaction in rodents. Brain Behav Immun. 2009; 23(6):784-93.
https://doi.org/10.1016/j.bbi.2009.02.017 PMID: 19268702

Suzuki M, Zheng X, Zhang X, Li M, Vladau C, Ichim TE, et al. Novel Vaccination for Allergy through
Gene Silencing of CD40 Using Small Interfering RNA. J Immunol. 2014; 180(12):8461-9.

Ozaki S, Toida K, Suzuki M, Nakamura Y, Ohno N, Ohashi T, et al. Impaired olfactory function in mice
with allergic rhinitis. Auris Nasus Larynx. 2010; 37(5):575-83. https://doi.org/10.1016/j.anl.2009.12.004
PMID: 20346605

PLOS ONE | https://doi.org/10.1371/journal.pone.0221978 September 11,2019 12/14


https://doi.org/10.1111/all.12874
http://www.ncbi.nlm.nih.gov/pubmed/26948849
http://www.ncbi.nlm.nih.gov/pubmed/17390749
http://www.ncbi.nlm.nih.gov/pubmed/8093981
http://www.ncbi.nlm.nih.gov/pubmed/2710725
http://www.ncbi.nlm.nih.gov/pubmed/8040151
https://doi.org/10.1016/j.mehy.2018.09.037
http://www.ncbi.nlm.nih.gov/pubmed/30396502
http://www.ncbi.nlm.nih.gov/pubmed/1866437
http://www.ncbi.nlm.nih.gov/pubmed/9804033
http://www.ncbi.nlm.nih.gov/pubmed/12781309
https://doi.org/10.1016/j.bbi.2009.02.017
http://www.ncbi.nlm.nih.gov/pubmed/19268702
https://doi.org/10.1016/j.anl.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20346605
https://doi.org/10.1371/journal.pone.0221978

@ PLOS|ONE

Olfactory bulb-medial prefrontal cortex circuit and anxiety-like behavior in allergic rhinitis

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Basso AS, Costa Pinto FA, Russo M, Giorgetti Britto LR, De Sa-Rocha LC, Palermo Neto J. Neural cor-
relates of IgE-mediated food allergy. J Neuroimmunol. 2003; 140(1-2):69—-77. PMID: 12864973

Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflammation. Nature. 2008; 454
(7203):445-54. https://doi.org/10.1038/nature07204 PMID: 18650915

Moberly AH, Schreck M, Bhattarai JP, Zweifel LS, Luo W, Ma M. Olfactory inputs modulate respiration-
related rhythmic activity in the prefrontal cortex and freezing behavior. Nat Commun. 2018; 9(1):1528.
https://doi.org/10.1038/s41467-018-03988-1 PMID: 29670106

Christopher S. Monk PD, Eric E. Nelson PD, Erin B. McClure PD, Karin Mogg PD, Brendan P. Bradley
PD, Ellen Leibenluft MD, et al. Ventrolateral Prefrontal Cortex Activation and Attentional Bias in
Response to Angry Faces in Adolescents With Generalized Anxiety Disorder. Am J Psychiatry. 2006;
65(5):568-76.

Kim MJ, Loucks RA, Palmer AL, Brown AC, Solomon KM, Marchante AN, et al. The structural and func-
tional connectivity of the amygdala: From normal emotion to pathological anxiety. Behavioural Brain
Research. Elsevier B.V.2011; 223(2): 403-10.

Likhtik E, Stujenske JM, Topiwala MA, Harris AZ, Gordon JA. Prefrontal entrainment of amygdala activ-
ity signals safety in learned fear and innate anxiety. 2014; 17(1):106—13. https://doi.org/10.1038/nn.
3582 PMID: 24241397

Tort ABL, Brankack J, Draguhn A. Respiration-Entrained Brain Rhythms Are Global but Often Over-
looked. Trends Neurosci. 2018; 41(4):186-97. https://doi.org/10.1016/}.tins.2018.01.007 PMID:
29429805

Hendriksen H, Korte SM, Olivier B, Oosting RS. The olfactory bulbectomy model in mice and rat: one
story or two tails? Eur J Pharmacol. 2015; 753(2015):105-13.

Jancsar S, Leonard BE. The olfactory bulbectomized rat as a model of depression. Front Neuropsy-
chiatr Res. 2015; 29(4-5):357-72.

Altuntas E, Yener G, Dogan R, Aksoy F, Serif Aydin M, Karatas E. Effects of a Thermosensitive In Situ
Gel Containing Mometasone Furoate on a Rat Allergic Rhinitis Model. American Journal of Rhinology
and Allergy. 2018; 32:(3)1-7

Paxinos G, Watson C. The rat brain in stereotaxic coordinates: hard cover edition. Elsevier; 2006.

Mikulovic S, Restrepo CE, Siwani S, Bauer P, Pupe S, Tort ABL, et al. Ventral hippocampal OLM cells
control type 2 theta oscillations and response to predator odor. Nat Commun. 2018; 9(1)1-15. https://
doi.org/10.1038/s41467-017-02088-w PMID: 29317637

Tort ABL, Komorowski R, Eichenbaum H, Kopell N. Measuring phase-amplitude coupling between neu-
ronal oscillations of different frequencies. J Neurophysiol. 2010; 104(2):1195-210. https://doi.org/10.
1152/jn.00106.2010 PMID: 20463205

Chida Y, Hamer M, Steptoe A. A bidirectional relationship between psychosocial factors and atopic dis-
orders: a systematic review and meta-analysis. Psychosom Med. 2008; 70(1):102—-16. PMID:
18158379

Marshall GD, Roy SR. Stress and allergic diseases. In: Psychoneuroimmunology. Elsevier; 2007. p.
799-824.

Chrousos GP. Stress, chronic inflammation, and emotional and physical well-being: concurrent effects
and chronic sequelae. J Allergy Clin Immunol. 2000; 106(5):275-91.

Wright RJ. Stress and atopic disorders. J Allergy Clin Immunol. 2005; 116(6):1301-6. PMID: 16337463

Chida Y, Sudo N, Sonoda J, Hiramoto T, Kubo C. Early-life psychological stress exacerbates adult
mouse asthma via the hypothalamus—pituitary—adrenal axis. Am J Respir Crit Care Med. 2007; 175
(4):316—22. PMID: 17110645

Pawlak CR, Schwarting RKW, Bauhofer A. Cytokine mRNA levels in brain and peripheral tissues of the
rat: Relationships with plus-maze behavior. Mol Brain Res. 2005; 137(1-2):159-65. PMID: 15950774

Wright RJ, Cohen RT, Cohen S. The impact of stress on the development and expression of atopy. Curr
Opin Allergy Clin Immunol. 2005; 5(1):23-9. PMID: 15643340

Raoufy MR, Ghafari T, Darooei R, Nazari M, Mahdaviani SA, Eslaminejad AR, et al. Classification of
asthma based on nonlinear analysis of breathing pattern. PLoS One. 2016; 11(1):e0147976. https://doi.
org/10.1371/journal.pone.0147976 PMID: 26824900

Kern RC. Candidate’s Thesis: Chronic Sinusitis and Anosmia: Pathologic Changes in the Olfactory
Mucosa. Laryngoscope. 2000; 110(7):1071-7. PMID: 10892672

Kern RC, Conley DB, Haines GK Ill, Robinson AM. Pathology of the olfactory mucosa: implications for
the treatment of olfactory dysfunction. Laryngoscope. 2004; 114(2):279-85. PMID: 14755203

Miller TP, Zeiss CR. Allergic Rhinitis. Allergy Asthma Proc. 2006; 14(2):116—116.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221978 September 11,2019 13/14


http://www.ncbi.nlm.nih.gov/pubmed/12864973
https://doi.org/10.1038/nature07204
http://www.ncbi.nlm.nih.gov/pubmed/18650915
https://doi.org/10.1038/s41467-018-03988-1
http://www.ncbi.nlm.nih.gov/pubmed/29670106
https://doi.org/10.1038/nn.3582
https://doi.org/10.1038/nn.3582
http://www.ncbi.nlm.nih.gov/pubmed/24241397
https://doi.org/10.1016/j.tins.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29429805
https://doi.org/10.1038/s41467-017-02088-w
https://doi.org/10.1038/s41467-017-02088-w
http://www.ncbi.nlm.nih.gov/pubmed/29317637
https://doi.org/10.1152/jn.00106.2010
https://doi.org/10.1152/jn.00106.2010
http://www.ncbi.nlm.nih.gov/pubmed/20463205
http://www.ncbi.nlm.nih.gov/pubmed/18158379
http://www.ncbi.nlm.nih.gov/pubmed/16337463
http://www.ncbi.nlm.nih.gov/pubmed/17110645
http://www.ncbi.nlm.nih.gov/pubmed/15950774
http://www.ncbi.nlm.nih.gov/pubmed/15643340
https://doi.org/10.1371/journal.pone.0147976
https://doi.org/10.1371/journal.pone.0147976
http://www.ncbi.nlm.nih.gov/pubmed/26824900
http://www.ncbi.nlm.nih.gov/pubmed/10892672
http://www.ncbi.nlm.nih.gov/pubmed/14755203
https://doi.org/10.1371/journal.pone.0221978

@ PLOS|ONE

Olfactory bulb-medial prefrontal cortex circuit and anxiety-like behavior in allergic rhinitis

44,

45.

46.

47.

48.

49.

50.

51.

52.

Bishop S, Duncan J, Brett M, Lawrence AD. Prefrontal cortical function and anxiety: Controlling atten-
tion to threat-related stimuli. Nat Neurosci. 2004; 7(2):184—8. PMID: 14703573

Li AA, Gong L, Liu Q, Li X, Xu F. State-dependent coherences between the olfactory bulbs for delta and
theta oscillations. Neurosci Lett. 2010; 480(1):44-8. https://doi.org/10.1016/j.neulet.2010.05.093 PMID:
20594948

Felix-Ortiz AC, Burgos-Robles A, Bhagat ND, Leppla CA, Tye KM. Bidirectional modulation of anxiety-
related and social behaviors by amygdala projections to the medial prefrontal cortex [Elevated plus
maze example with optogenetics]. Neuroscience 2016; 321:197-209. https://doi.org/10.1016/j.
neuroscience.2015.07.041 PMID: 26204817

BiL-L, Wang J, Luo Z-Y, Chen S-P, Geng F, Chen Y, et al. Enhanced excitability in the infralimbic cortex
produces anxiety-like behaviors. Neuropharmacology. 2013; 72:148-56. https://doi.org/10.1016/j.
neuropharm.2013.04.048 PMID: 23643746

Oliveira JF, Dias NS, Correia M, Gama-Pereira F, Sardinha VM, Lima A, et al. Chronic stress disrupts
neural coherence between cortico-limbic structures. Front Neural Circuits. 2013; 7(February):1-12.

Jensen O, Colgin LL. Cross-frequency coupling between neuronal oscillations. Trends Cogn Sci. 2007;
11(7):267-9. PMID: 17548233

Miskovic V, Ashbaugh AR, Santesso DL, McCabe RE, Antony MM, Schmidt LA. Frontal brain oscilla-
tions and social anxiety: A cross-frequency spectral analysis during baseline and speech anticipation.
Biol Psychol. 2010; 83(2):125-32. https://doi.org/10.1016/j.biopsycho.2009.11.010 PMID: 19945500

Knyazev GG. Cross-frequency coupling of brain oscillations: An impact of state anxiety. 2011; 80
(3):236-45.

Young CK, Eggermont JJ. Coupling of mesoscopic brain oscillations: recent advances in analytical and
theoretical perspectives. Prog Neurobiol. 2009; 89(1):61-78. https://doi.org/10.1016/j.pneurobio.2009.
06.002 PMID: 19549556

PLOS ONE | https://doi.org/10.1371/journal.pone.0221978 September 11,2019 14/14


http://www.ncbi.nlm.nih.gov/pubmed/14703573
https://doi.org/10.1016/j.neulet.2010.05.093
http://www.ncbi.nlm.nih.gov/pubmed/20594948
https://doi.org/10.1016/j.neuroscience.2015.07.041
https://doi.org/10.1016/j.neuroscience.2015.07.041
http://www.ncbi.nlm.nih.gov/pubmed/26204817
https://doi.org/10.1016/j.neuropharm.2013.04.048
https://doi.org/10.1016/j.neuropharm.2013.04.048
http://www.ncbi.nlm.nih.gov/pubmed/23643746
http://www.ncbi.nlm.nih.gov/pubmed/17548233
https://doi.org/10.1016/j.biopsycho.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19945500
https://doi.org/10.1016/j.pneurobio.2009.06.002
https://doi.org/10.1016/j.pneurobio.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19549556
https://doi.org/10.1371/journal.pone.0221978

