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Abstract 

Multi-region Local Field Potential Signatures and Brain Coherence Alternations in Response to 

Migraine Attacks 

 

 

Zhen Wang, Ph.D. 

The University of Texas at Arlington, 2022 

 

Supervising Professor: Yuan Bo Peng 

Migraine is a recurrent primary headache disorder with moderate to severe disability. It has 

been ranked as the second leading cause of disability and the sixth most prevalent disease. 

However, the pathophysiology of migraine headaches remains not fully understood. Consequently, 

safe and effective therapies to alleviate migraine headaches are limited. Local field potential (LFP) 

recording, as a neurophysiological tool, has been widely utilized to investigate the combined 

neuronal activity. The purpose of this proposed study was to determine differential LFP signatures 

and brain coherence alternations from multiple brain regions associated with migraine-relevant 

pain networks, which enabled to remove barriers to understanding the migraine pathophysiology 

and facilitated the treatment study clinically. We conducted the migraine animal model which was 

induced by intraperitoneal (i.p.) injection of nitroglycerin (NTG), a well-established migraine 

model. As an initial part of this study, LFP signals were firstly recorded from anesthetized animals, 

followed by freely moving animals. Additionally, behavior measurements were implemented in 

freely moving animals. The hypothesis was that various brain areas, which are involved in 
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different orders of neurons in the trigeminovascular system and pain processing, could show 

different response patterns/signatures with brain coherence changes to migraine attacks. In this 

study, LFPs from the anterior cingulate cortex (ACC), the posterior nucleus of the thalamus (Po), 

the trigeminal ganglion (TG), and the primary visual cortex (V1M) were simultaneously recorded. 

The rationale was that the trigeminal ganglion, thalamus, and visual cortex are involved in the 

pathophysiology of migraine attacks, and the ACC as one part of the limbic system is related to 

emotional processing. There were three specific aims. Aim 1: Determine LFP signatures 

containing ACC, Po, TG, and V1M when migraine occurs from anesthetized animals; Aim 2: 

Determine the multi-region LFP signatures in response to migraine attacks from freely moving 

animals and examine behavioral responses; Aim 3: Examine brain coherence alternations among 

paired brain sites. 
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Chapter 1 Introduction 

1.1 Overview of migraine 

Migraine, as one of the main neurological disorders, has been ranked as the second leading 

cause of disability and the sixth most prevalent disease with up to 1 billion (1.04 billion in 2016) 

patients worldwide according to the Global Burden of Disease Study, which brings about 

enormous socioeconomic burdens (Table 1) (Vos et al., 2017). Affected females (18%) outnumber 

males (6%) in the ratio of three to one each year in US population studies (Lipton et al., 2007; 

Burch et al., 2019). 

Migraine is a recurrent primary headache disorder with moderate to severe disability, 

manifesting with attacks of throbbing headache (unilateral usually) lasting 4-72 hours; nausea; 

vomiting; aggravated by routine physical activity; photophobia, phonophobia, osmophobia, 

cutaneous allodynia (sensitive to light, sound, odor, and normal touch respectively); etc. Moreover, 

there are usually four typical linear/chronological ordering phases for migraine: prodrome, aura 

(recognized as a hallmark of migraine), headache, and postdrome, with overlap mostly as shown 

in Figure 1 (Burgos-Vega et al., 2015; Dodick, 2018). 
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Table 1.  Leading cause of (A) prevalence and (B) YLDs. YLD: Years Lived with Disability (Vos 

et al., 2017) 
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According to the 3rd edition of the International Classification of Headache Disorders 

(ICHD-3), migraine can be classified into six subtypes: migraine without aura, migraine with aura, 

chronic migraine, complications of migraine, probable migraine, episodic syndromes that may be 

associated with migraine (Table 2). There are two major subtypes which are with or without aura. 

Migraine without aura (MO) accounting for 70% comprises the symptoms of recurrent headache, 

lasting 4-72 hours, unilateral location, pulsating quality, nausea, photophobia, phonophobia, etc. 

Migraine with aura (MA) accounting for 20% is described as recurrent attacks, lasting minutes, 

fully reversible visual unilaterally, followed by headache usually, etc. According to the frequency 

of migraine attacks, it is also categorized as episodic or chronic migraine. Chronic migraine is 

decided if a headache (without medication overuse) occurs on 15 or more days per month for more 

than 3 months, which at least 8 days per month have the features of migraine headache (Olesen, 

2018). 

 

Figure 1. Four typical phases of migraine with various symptoms (Burgos-Vega et al., 2015). 
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Table 2. Classification of migraine (Olesen, 2018) 

 

 

1.2 Pathophysiology of migraine 

Migraine is considered a disorder of the sensory network. Although the complete 

pathophysiology of migraine has not been clear, the trigeminovascular system consisting of 

neurons in a trigeminal ganglion that innervates the cerebral vasculature (or the network of nerves 

associated with cerebral blood vessels) currently accounts for the major explanation of migraine 

pathophysiology supported by growing evidence (Borsook et al., 2015). 
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1.2.1 General migraine networks 

There are three orders of neurons in the trigeminovascular system. The first-order neurons 

located in the trigeminal ganglion receive input information from dural blood vessels innervated 

by trigeminal afferents densely. The information is then transmitted to the second-order neurons 

in the spinal trigeminal nucleus, and the third-order neurons in the thalamic nuclei finally (Fig. 2) 

(Landy et al., 2004; Bernstein and Burstein, 2012). 

In detail, the trigeminal ganglion receives input information from dural blood vessels 

innervated by trigeminal afferents densely. The input is then transmitted to the spinal trigeminal 

nucleus (SpV). The neurons in the trigeminal nucleus caudalis (TNC) project to the ventral 

posteromedial (VPM), posterior (Po), and lateral posterior (LP) nuclei of the thalamus. VPM 

neurons project primarily to the primary and secondary somatosensory cortices (S1 and S2), and 

insular, while Po neurons project to the insula, somatosensory, auditory, visual cortices, etc. LP 

neurons project to the motor, somatosensory, and visual cortices. The neurons in TNC also project 

to the nucleus tractus solitarius (NTS) and parabrachial nucleus (PB), and then information is 

transmitted to the hypothalamus, amygdala, prefrontal cortex, anterior cingulate cortex, etc. which 

are involved in the affective response. The neurons in TNC also project to the periaqueductal gray 

(PAG) and superior salivatory nucleus (SSN) (Noseda and Burstein, 2013; Pietrobon and 

Moskowitz, 2013). Single-Unit action potential recording demonstrates increased activities of the 

trigeminal ganglion, spinal trigeminal nucleus, and thalamic nuclei after different orders of 

neurons sensitization (A.M. Strassman, S.A. Raymond, 1996; Burstein et al., 2000, 2010). 
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Figure 2. The ascending pathways of the trigeminovascular system (Noseda and Burstein, 2013). 

 

1.2.2 Cortical spreading depression (CSD)  

 Cortical spreading depression (CSD) is a slowly propagating wave of depolarization of 

neuronal and glial cells across the cortex with the involvement of the cerebellum, basal ganglia, 

thalamus, and hippocampus, which is recognized to be associated with migraine aura. The 

activation of nociceptors in meningeal blood vessels by CSD results in the phase of headache with 

nausea, throbbing pain, phonophobia, photophobia, etc. H+, K+, and other agents are released to 

the extracellular space when CSD occurs, which gives rise to the depolarization of trigeminal nerve 

endings. Then trigeminal nucleus (TGN) and trigeminal ganglion (TGG) is activated. The 

activation of the axon of neurons in the TGG leads to the release of inflammatory peptides in 

meninges and innervating blood vessels, which induces meningeal inflammation. After the TGN 

activation, signals are transmitted from the superior salivatory nucleus (SSN) to the sphenopalatine 
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ganglion (SPG), which releases vasoactive agents at the terminals causing vasodilation of 

meningeal blood vessels (Fig. 3) (Leao, 1944; Iadecola, 2002). 

 

 

Figure 3. Cortical spreading depression (CSD) and migraine (Iadecola, 2002). 

 

1.2.3 Photophobia and migraine 

The underlying mechanism of photophobia (hypersensitivity to visual stimuli) might be 

that the recurrent activation of the trigeminovascular pathway disturbs the normal function of the 

visual cortex, as shown in Figure 4. The phenomenon of photophobia is hypothesized to be 

associated with the findings that light-sensitive neurons in the lateral posterior nucleus (LP) and 
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pulvinar (Pul) thalamus receive convergent input information from intrinsically photosensitive 

retinal ganglion cells (ipRGCs), retinal ganglion cells (RGCs), and trigeminal afferents in the dura, 

and project to primary and secondary visual cortices (V1 and V2) (Noseda et al., 2010, 2011; 

Noseda and Burstein, 2011). 

 

 

Figure 4. The probable mechanism of photophobia during migraine via the convergence of 

trigeminovascular pathways and visual pathways (Noseda and Burstein, 2011). 

 

1.3 Local field potential (LFP) 

Local field potential (LFP) reflects action potentials and transmembrane currents in a small 

neuronal volume ranging from several hundred micrometers to a few millimeters (radius) located 

around the vicinity of the electrode (Buzsáki et al., 2012; Bozer et al., 2017). LFP demonstrates 

the low-frequency activity of neurons with a frequency of less than 500 Hz (typically <100 Hz) 
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(Lindén et al., 2011). When analyzing LFP, we separate it into different frequency bands: delta 

(0.1-3 Hz), theta (3-7 Hz), alpha (7-12 Hz), beta (12-30 Hz), and gamma (30-100 Hz) (H. et al., 

2016). In our previous study, we succeeded in recording the different LFP changes under various 

noxious stimuli: electrical, mechanical (pinch), and chemical (carrageenan) (Harris-Bozer and 

Peng, 2016; Li et al., 2016). In addition, we deciphered multi-region LFP signatures and brain 

coherence changes in response to the formalin-induced stimulus (Wang and Peng, 2022). Brain 

coherence, an emerging approach to measure the similarity (synchronization) between different 

signals in targeted frequency content, has been commonly harnessed to examine brain functional 

connectivity (Bowyer, 2016). 

 

1.4 Nitroglycerin induced migraine model 

Animal models are recognized to play a crucial role in deciphering the underlying 

mechanisms of migraine headaches and novel discoveries of treatments. Currently, many 

manipulations (stimulations) including electrical, chemical, physical, and genetic are conducted to 

create animal models mimicking the disorders occurring in humans clinically (Chen et al., 2016; 

Harriott et al., 2019; Tardiolo et al., 2019). 

Nitric oxide (NO) has been found to cause vasodilatation and activation of the 

trigeminovascular system. Nitroglycerin (NTG) as a NO donor is used to develop a migraine 

animal model commonly through sensitization of trigeminal endings and vasodilation of cranial 

blood vessels, which can display migraine-like symptoms, such as hyperalgesia, allodynia, and 

photophobia. NTG-induced migraine is widely applied so far both in animal and human models 

(Ashina et al., 2000; Lambert et al., 2000; Iversen, 2001; Thomsen and Olesen, 2001; Demartini 



10 
 

et al., 2019). In this study, we recorded LFP changes from the migraine animal model created by 

injection (i.p.) of NTG with a single dose of 10 mg/kg. 

 

1.5 Specific aims  

The purpose of this proposed study was to determine differential LFP signatures and brain 

coherence alternations from multiple brain regions associated with migraine-relevant pain 

networks, which enabled to remove barriers to understanding the migraine pathophysiology and 

facilitated the treatment study clinically. We conducted the migraine animal model which was 

induced by intraperitoneal (i.p.) injection of nitroglycerin (NTG), a well-established migraine 

model. As an initial part of this study, LFP signals were firstly recorded from anesthetized animals, 

followed by freely moving animals. Additionally, behavior measurements were implemented in 

freely moving animals. The hypothesis was that various brain areas, which are involved in 

different orders of neurons in the trigeminovascular system and pain processing, could show 

different response patterns/signatures with brain coherence changes to migraine attacks.  

In this study, LFPs from the anterior cingulate cortex (ACC), the posterior nucleus of the 

thalamus (Po), the trigeminal ganglion (TG), and the primary visual cortex (V1M) were 

simultaneously recorded. The rationale was that the trigeminal ganglion, thalamus, and visual 

cortex are involved in the pathophysiology of migraine attacks, and the ACC as one part of the 

limbic system is related to emotional processing. There were three specific aims: 

Aim 1: Determine LFP signatures containing ACC, Po, TG, and V1M when migraine 

occurs from anesthetized animals.  
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Methods: Recorded simultaneous multi-region LFPs in response to migraine attacks in 

anesthetized animals; Compared the response differences among these brain regions [For example, 

whether the ACC demonstrated a more intense reaction to migraine headache than other regions 

with the method of mixed analysis of variance (mixed ANOVA)]; Tested the relationship of LFP 

changes at various bands in different regions using a Pearson’s r correlation. 

The hypothesis was that different LFP signatures would be seen among these brain regions 

in response to the migraine attacks in anesthetized animals.  

 

Aim 2: Determine the multi-region LFP signatures in response to migraine attacks from 

freely moving animals and examine behavioral responses. 

Methods: Recorded simultaneous multi-region LFPs in response to migraine attacks in 

freely-moving animals; Contrasted the response differences among these brain regions; Tested the 

relationship of LFP changes at various bands in different regions using a Pearson’s r correlation; 

Measured the behavioral responses (light-aversive behavior test). 

We hypothesized various brain regions would demonstrate different LFP patterns in 

response to migraine attacks in freely moving animals, which were different from the anesthetized 

ones.  

 

Aim 3: Examine brain coherence alternations among paired brain sites. 

Methods: Tested brain coherence alternations among paired brain regions using Spike2 

with the following formula: 
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COH𝑚𝑛(𝑓) =
|P𝑚𝑛(𝑓)|2

P𝑚𝑚(𝑓) P𝑛𝑛(𝑓)
 

which mainly examined the similarity between different signals in targeted frequency content 

(frequency-domain). 

The hypothesis was that brain coherence altered (synchronization or desynchronization) 

with the input of migraine attacks. 
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Chapter 2 Materials and Methods 
 

2.1 Animals 

Forty-four male Sprague Dawley rats weighed 300-400g were used in this study. The rats 

were housed in Animal Care Facility with a 12 h light/dark cycle. Water and food pellets were 

available ad libitum. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Texas at Arlington. A heating pad was used to keep the 

rats’ temperature during the surgery. Figure 5 demonstrated the experimental design for wireless 

multi-region LFP recordings. 

 

 

Figure 5. Schematic diagram of multi-region local field potential (LFP) recordings by the wireless 

closed-loop neural recording control system. 
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2.2 Drug administration 

NTG was in a stock solution of 5 mg/mL in alcohol and propylene glycol (American 

Regent, Inc.). It was freshly diluted in 0.9% saline to a dose of 10 mg/kg (Tang et al., 2018). The 

vehicle control solution contained the same volume of alcohol and propylene glycol in 0.9% saline. 

Intraperitoneal (i.p.) injection of a single dose (10 mg/kg) of NTG was given to rats under brief 

isoflurane anesthesia (induction: 5%; maintenance: 1.5-3%). For the vehicle control group, rats 

received the i.p. injection of vehicle solution. 

 

2.3 Electrode implantation 

The rat was firstly placed in the induction chamber with 5% isoflurane inhaled anesthesia, 

and then transferred to a stereotaxic frame under 1.5-3% isoflurane for maintenance. In accordance 

with the brain atlas (6th edition) by Paxinos and Watson, four bipolar stainless steel electrodes 

(diameter of 0.01 inch, Plastics One, Inc. 81MS3031SPCE) were separately implanted into four 

regions (Fig. 6A): the right ACC at 0 mm posterior to bregma, 0.70 mm lateral to the right, 3.20 

mm deep; the right Po at 3.72 mm posterior to bregma, 2.20 mm lateral to the right, 5.60 mm deep; 

the left TG at 4.30 mm posterior to bregma, 3.40 mm lateral to the left, 10.00 mm deep; and the 

right V1M at 7.44 mm posterior to bregma, 3.40 mm lateral to the right, 1.60 mm deep. One screw 

was placed under the skull with a wire serving as ground and reference. Dental cement and two 

anchor screws were finally harnessed to fix electrodes on the skull (Fig. 6B). For the animals in 

the anesthesia group, the recording was initialized immediately after the electrode fixation. With 

regard to the animals in the freely moving group, subcutaneous (s.c.) buprenorphine SR (1mg/kg) 

was injected. After one week of recovering from the surgery, LFP was recorded with NTG/vehicle 

solution injection. 
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2.4 LFP recordings 

The four electrodes and ground/reference wire were connected to the wireless module 

(SiChuan NeoSource BioTektronics Limited) to acquire the brain signals from the targeted areas 

of the brain. A USB dongle (receiver) inserted into a computer transmitted the signal data from 

the recording module to the software wirelessly (Fig. 5). For the anesthesia group, after connecting 

the recording module, the LFP recording was carried out immediately. The LFP signals were firstly 

recorded under 1.5-3% isoflurane anesthesia for 30 minutes as the baseline. NTG was then given 

(i.p.) to rats after baseline recordings. The recording was continued for up to four hours under 

isoflurane finally. For the vehicle control group, vehicle solution was injected with the same 

procedures (see flowchart for the anesthesia group). For the freely moving group, after the module 

setup under isoflurane anesthesia, rats were returned to the cage and the LFP signals were recorded 

for 30 minutes as the baseline. After NTG or vehicle solution injection (i.p.), the recording lasted 

for four hours. In the meanwhile, we measured behavior responses (light aversion) by following 

procedures (see flowchart for the freely moving group). After finishing the recording and behavior 

test (only existing in the freely moving group), rats were euthanized with CO2. In order to verify 

the electrode placement, a histology analysis was carried out. Specifically, the brain was 

immediately extracted and stored in 10% formalin for fixation (at least 24 h), and then in 30% 

sucrose for dehydration (at least 24 h). The sliced sections of the brain by a microtome with 80 μm 

thickness were stained with thionin and observed using a digital microscope to confirm the 

placement of the electrode tip finally (Fig. 6C). 
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Figure 6. Stereotaxic coordinates. 

(A) Stereotaxic coordinates of the anterior cingulate cortex (ACC, green), the posterior nucleus of 

the thalamus (Po, yellow), the trigeminal ganglion (TG, gray), and the primary visual cortex (V1M, 

blue). (B) Surgical craniotomies (four holes for electrodes, two screws for anchors, and one with 

a red wire for grounding/reference). Electrodes were finally fixed with dental cement. (C) 
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Schematic representation of the placement of electrodes in the ACC, Po, TG, and V1M. The yellow 

arrows point to the electrode tip location. 

 

The flowchart for the anesthesia group: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Animals (n = 23) under 

isoflurane anesthesia 

Electrode implantation 

Connect wireless recording module and 

start recording for 30 minutes (baseline) 

NTG injection (i.p.) 

n = 12 

Vehicle solution 

injection (i.p.) 

n = 11 

Continue recording for four hours 
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The flowchart for the freely moving group: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Start recording LFP for 30 minutes (baseline)  

Animals (n = 21) under 

isoflurane anesthesia 

Connect wireless recording module under 

brief isoflurane 

Electrode implantation 

Post-surgery recovery 

(one week) 

Wake up 

NTG injection (i.p.) n = 11 Vehicle solution injection 

(i.p.) n = 10 

Continue recording LFP for four hours and conduct light-

aversive behavior measurements 
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2.5 Light-aversive behavior test 

Rats exclusively in the freely moving group underwent a light-aversive behavior test 

following administration of NTG/vehicle solution, accompanied by LFP recordings. A custom-

made light-dark box (60 cm length by 30 cm width by 30 cm height) with two equally-sized 

compartments was exerted as shown in the following figure. White papers were utilized to cover 

the side of the light compartment with a LED light (1000 Lux) on the top. Conversely, the dark 

compartment was shielded with black papers and a dark lid. Rats were allowed to move freely to 

the light or dark compartment through a gate (10 cm by 10 cm). One test lasted for 30 minutes 

(time bin = 30 minutes) under the recording of a camera, the percentage of time in the dark 

compartment was calculated finally. Before injection, the time spent in the dark compartment was 

counted as the baseline of light-aversive behavior (Farkas et al., 2016; Tang et al., 2018). 
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2.6 Data analysis 

The software of Spike2 and MATLAB 2017a was applied to process the raw data. The 

representative raw trace (waveform) and power spectrum of LFP recorded from the module (Figs. 

7A-H, 8A-H) at a sampling frequency of 10 kHz were processed by power spectrum analysis in 

Spike2 (CED, UK). The LFP power or intensity was calculated by fast Fourier transform (FFT) in 

MATLAB with a time window of 10 seconds and then divided into five frequency bands: delta 

(0.1-3 Hz), theta (3-7 Hz), alpha (7-12 Hz), beta (12-30 Hz), and gamma (30-100 Hz). In order to 

compare the changes in LFP between the NTG group and vehicle control group, the data were 

normalized by the average power of the first 30 minutes. Additionally, the heatmap was generated 

with the normalized power spectrum in a time window of 5 minutes using customized code in 

MATLAB.   
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Figure 7. Representative LFP activities from anesthetized animals. 

Representative LFP activities after vehicle injection in (A) ACC, (B) Po, (C) TG, and (D) V1M 

were recorded from anesthetized animals. LFP activities after NTG injection in (E) ACC, (F) Po, 

(G) TG, and (H) V1M. In each figure, raw trace (top) and power spectrum (bottom) were plotted 

by Spike2. For raw trace, the x-axis is the time in minutes, and the y-axis is the LFP amplitude 

(AU). For the power spectrum, the x-axis is the time in minutes, and the y-axis is the frequency 
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(Hz). The color bar represents power intensity. The red arrows denote the timepoint of 

NTG/vehicle solution injection. AU, arbitrary unit. 

 

 

Figure 8. Representative LFP activities from freely moving animals. 



23 
 

Representative LFP activities after vehicle injection in (A) ACC, (B) Po, (C) TG, and (D) V1M 

were recorded from freely moving animals. LFP activities after NTG injection in (E) ACC, (F) Po, 

(G) TG, and (H) V1M. In each figure, raw trace (top) and power spectrum (bottom) were plotted 

by Spike2. For raw trace, the x-axis is the time in minutes, and the y-axis is the LFP amplitude 

(AU). For the power spectrum, the x-axis is the time in minutes, and the y-axis is the frequency 

(Hz). The color bar represents power intensity. The red arrows represent the timepoint of 

NTG/vehicle solution injection. AU, arbitrary unit. 

 

2.7 Brain coherence 

The brain coherence (COH) between any paired brain sites was calculated in Spike2 with 

the following formula (Sakkalis, 2011): 

COH𝑚𝑛(𝑓) =
|P𝑚𝑛(𝑓)|2

P𝑚𝑚(𝑓) P𝑛𝑛(𝑓)
 

where the power spectrum densities of the signal (e.g., signal m and n here) are denoted by the 

elements Pmm(f), Pnn(f) in the spectral matrix P. The magnitude-squared spectrum coherence, 

COHmn(f), at frequency f is a function of cross-power spectrum densities Pmn(f) and power spectrum 

density of each signal Pmm(f), Pnn(f). Since the similarity of two signals can be calculated in any 

frequency content, the coherence from 1 Hz to 100 Hz was firstly calculated with a 0.6 Hz-window. 

Thereafter, it was combined to the delta, theta, alpha, beta, and gamma bands to compare the 

difference. In this study, we calculated the changes of coherence (alternations) before and after 

injection between paired brain sites (ACC and Po, ACC and TG, ACC and V1M, Po and TG, Po 

and V1M, TG and V1M), and then examined the difference of alternations between the vehicle 

control group and NTG group. 
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2.8 Statistical analysis 

The SPSS software was adopted to test statistical significance between the NTG and 

vehicle control groups. A mixed analysis of variance (mixed ANOVA) with LSD posthoc was 

implemented to test the differences in LFP power, coherence changes, and time spent in the dark 

box between the NTG group and vehicle control group. A repeated measures factorial ANOVA 

with LSD posthoc test was carried out to test whether the LFP power responses were different 

among these four regions. A Pearson’s r correlation was conducted to test the relationship of LFP 

changes among paired brain regions. All data were presented as mean ± SEM. A significance was 

determined at a p < 0.05 level. 
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Chapter 3 Results 
 

3.1 LFP signatures and brain coherence alternations from anesthetized animals 

 

3.1.1 Significant elevations of LFP intensity with various response patterns following NTG 

injection were observed from anesthetized animals (see summary in Tables 3, 4) 

The heatmap of normalized LFP power (ratio) indicated that the LFP activities in the ACC, 

Po, TG, and V1M at the delta, theta, alpha, beta, and gamma bands were elevated with different 

patterns after NTG injection from the anesthetized animals (Fig. 9A,B). The following were details: 

The observation results from the ACC indicated that LFP powers (intensities) of the delta, 

theta, alpha, beta, and gamma bands in the NTG group (n = 12) increased significantly compared 

with the vehicle control group (n = 11) (Fig. 10A). Notably, at the delta band, LFP power increased 

significantly after NTG injection at 180-210 min (p = 0.044) and 240-270 min (p = 0.027). At the 

theta band, LFP intensity ascended at 60-90 min (p = 0.036), 210-240 min (p = 0.018), and 240-

270 min (p = 0.005). At the alpha band, significant raises were detected at 60-90 min (p = 0.016), 

90-120 min (p = 0.028), 180-210 min (p = 0.042), and 210-270 min (p = 0.012). At the beta band, 

LFP power elevated at 60-90 min (p = 0.006), 90-120 min (p = 0.004), 120-150 min (p = 0.023), 

150-180 min (p = 0.025), 180-210 min (p = 0.007), and 210-270 min (p = 0.004). At the gamma 

band, significant increases were observed at 60-90 min (p = 0.039), 90-120 min (p = 0.014), 120-

150 min (p = 0.041), 150-180 min (p = 0.029), 180-210 min (p = 0.004), 210-240 min (p = 0.007), 

and 240-270 min (p = 0.010). 
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From the Po, LFP powers (intensities) of the delta, theta, alpha, and beta bands in the NTG 

group (n = 12) elevated significantly compared with the vehicle control group (n = 11), but not for 

the gamma band (Fig. 10B). Specifically, at the delta and theta bands, significant increases were 

only tracked at 30-60 min (p = 0.030, p = 0.016, respectively). At the alpha band, LFP power 

enhanced at 30-60 min (p = 0.003), 60-90 min (p = 0.004), 90-120 min (p = 0.006), 180-210 min 

(p = 0.039), 210-240 min (p = 0.023), and 240-270 min (p = 0.012). At the beta band, LFP intensity 

improved at 180-210 min (p = 0.045), 210-240 min (p = 0.010), and 240-270 min (p = 0.005). 

However, there were no significant changes in the gamma band. 

From the TG, LFP powers (intensities) of the theta, alpha, beta, and gamma bands in the 

NTG group (n = 12) increased significantly compared with the vehicle control group (n = 11), but 

not for the delta band (Fig. 10C). In detail, at the theta band, significant changes were found at 

180-210 min (p = 0.033), 210-240 min (p = 0.028), and 240-270 min (p = 0.017). Similar results 

were detected for the alpha band, which increased at 180-210 min (p = 0.023), 210-240 min (p = 

0.020), and 240-270 min (p = 0.019). At the beta band, LFP intensity enhanced significantly at 

150-180 min (p = 0.030), 180-210 min (p = 0.004), 210-240 min (p = 0.002), and 240-270 min (p 

= 0.001). At the gamma band, it mounted at 60-90 min (p = 0.043), 90-120 min (p = 0.028), 120-

150 min (p = 0.013), 150-180 min (p = 0.011), 180-210 min (p = 0.003), 210-240 min (p = 0.002), 

and 240-270 min (p = 0.001). However, no significant changes were detected in the delta band. 

From the V1M, LFP powers (intensities) of the delta, theta, alpha, beta, and gamma bands 

in the NTG group (n = 12) increased significantly compared with the vehicle control group (n = 

11) (Fig. 10D). At the delta band, LFP power enhanced at 90-120 min (p = 0.043), 120-150 min 

(p = 0.047), and 240-270 min (p = 0.016). At the theta band, significant increases were observed 

at 90-120 min (p = 0.041), 150-180 min (p = 0.041), 180-210 min (p = 0.018), 210-240 min (p = 
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0.010), and 240-270 min (p = 0.005). At the alpha band, LFP intensity kept rising immediately 

after NTG injection at 30-60 min (p = 0.030), 60-90 min (p = 0.002), 90-120 min (p = 0.001), 120-

150 min (p = 0.006), 150-180 min (p = 0.008), 180-210 min (p = 0.003), 210-240 min (p = 0.002), 

and 240-270 min (p = 0.001). At the beta band, LFP power promoted at 60-90 min (p = 0.006), 

90-120 min (p = 0.002), 120-210 min (p = 0.001), 210-240 min (p < 0.001), and 240-270 min (p 

= 0.001). At the gamma band, the significant increase was detected at 240-270 min (p = 0.021) 

merely. 

 

 

Figure 9. Heatmap of local field potential power at various brain regions in the (A) vehicle control 

group (n = 11) and (B) NTG group (n = 12) from anesthetized animals. In each figure, the x-axis 

is the time in minutes, and the y-axis is the brain region with different frequency bands. The color 

bar represents the LFP intensity. 

 

 

 

 

 



28 
 

 

 

 

 

 



29 
 

 

 

 

 

 

 



30 
 

 

 

 

 

 

 



31 
 

 

 

Figure 10. LFP power/intensity changes from anesthetized animals. 

LFP power/intensity changes in the delta, theta, alpha, beta, and gamma bands at (A) ACC, (B) 

Po, (C) TG, and (D) V1M between the NTG group (n = 12) and vehicle control group (n = 11) 

from anesthetized animals. On the left column, the power is represented every 10 seconds, whereas 
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on the right column, it is averaged every 30 minutes. The x-axis is the time in minutes, and the y-

axis is the normalized LFP power (ratio). The color lines are LFP changes in the NTG group, and 

black lines represent LFP changes in the vehicle control group. All data are shown as mean ± SEM. 

*p < 0.05 versus control group. The red arrows denote the timepoint of NTG/vehicle solution 

injection. 

 

3.1.2 The LFP power responses were different among these four regions at the alpha, beta, and 

gamma bands 

A repeated measures factorial ANOVA with LSD post-hoc test was also conducted to test 

whether the LFP power responses were different among these four regions. The results illustrated 

that significant LFP differences of frequency bands among various brain regions were detected 

from anesthetized animals. At the delta band, there was no main effect for brain regions, F(3, 33) 

= 2.889, p = 0.079, suggesting no significant differences for the LFP power responses among these 

four regions (ACC, Po, TG, and V1M). The same results were detected at the theta band, F(3, 33) 

= 3.645, p = 0.051. At the alpha band, there was a main effect for brain regions, F(3, 33) = 5.021, 

p = 0.007. In detail, the TG (M = 2.827, SE = 0.395) responded more strongly than that of the ACC 

(M = 1.898, SE = 0.187), p = 0.022, and the V1M (M = 1.716, SE = 0.132), p = 0.023. The Po (M 

= 2.194, SE = 0.179) responded more intensely than that of the V1M, p = 0.049. There were no 

significant differences among remaining areas. At the beta band, there was a main effect for brain 

regions, F(3, 33) = 11.507, p < 0.001. Notably, the Po (M = 2.151, SE = 0.133) responded more 

strongly than that of the ACC (M = 1.679, SE = 0.124), p = 0.022, and the V1M (M = 1.658, SE = 

0.101), p = 0.026. The TG (M = 2.874, SE = 0.296) responded more strongly than that of the ACC 

(p = 0.001) and the V1M (p = 0.002). There were no differences among remaining sites. At the 

gamma band, there was a main effect for brain regions, F(3, 33) = 17.238, p = 0.001. The TG (M 
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= 2.715, SE = 0.316) responded more strongly than that of the ACC (M = 1.494, SE = 0.099), p = 

0.003, the Po (M = 1.388, SE = 0.088), p = 0.004, and the V1M (M = 1.174, SE = 0.032), p = 0.001. 

The ACC responded more strongly than that of the V1M (p = 0.015). There were no differences 

among left regions. 

 

3.1.3 Significant relationships were detected after NTG injection among these four regions at 

different bands (see summary in Table 5) 

In order to test the correlations of LFP changes among these four brain regions, a Pearson’s 

r correlation was conducted. The results demonstrated that significant relationships of LFP 

changes among different brain sites were observed from anesthetized animals (Fig. 11, Table 5). 

Specifically, at the delta band, there was a positive correlation of LFP changes between the ACC 

and the Po, r(7) = 0.974, p < 0.001, which meant LFP activities in ACC fluctuated along with that 

in the Po. The similar relationships were seen between the ACC and the TG, r(7) = 0.983, p < 

0.001, the V1M, r(7) = 0.987, p < 0.001; the Po and the TG, r(7) = 0.979, p < 0.001, the V1M , 

r(7) = 0.959, p < 0.001; the TG and the V1M, r(7) = 0.988, p < 0.001. The similar results were 

detected at the theta, alpha, and beta bands (p < 0.001).  Notably, there were positive correlations 

between the ACC and the Po (r = 0.992, r = 0.994, r = 0.988, in the theta, alpha, and beta bands, 

respectively), the TG (r = 0.988, r = 0.998, r = 0.992, respectively), and the V1M (r = 0.993, r = 

0.983, r = 0.971, respectively); the Po and the TG (r = 0.985, r = 0.989, r = 0.997, respectively), 

the V1M (r = 0.989, r = 0.986, r = 0.925, respectively); the TG and the V1M (r = 0.994, r = 0.983, 

r = 0.940, respectively). Additionally, at the gamma band, there was a positive relationship of LFP 

changes between the ACC and the Po, r(7) = 0.873, p = 0.002, the TG, r(7) = 0.841, p = 0.005, the 
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V1M, r(7) = 0.967, p < 0.001; between the Po and the TG, the V1M (r = 0.985, r = 0.961, 

respectively), p < 0.001; between the TG and the V1M (r = 0.931, p < 0.001). 
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Figure 11. Correlations of LFP intensity changes among paired brain regions at (A) delta band, 

(B) theta band, (C) alpha band, (D) beta band, and (E) gamma band from anesthetized animals. 

The x and y axes were the normalized LFP power (ratio). The results indicated all correlations in 

this figure were significant (p < 0.05, see Table 5). 

 

3.1.4 No obvious brain coherence changes after NTG injection detected from anesthetized animals 

(see summary in Tables 6, 7) 

The coherence changes under 100 Hz were acquired by using Spike2, and then merged into 

the delta, theta, alpha, beta, and gamma bands. The topographical brain coherence in six pairings 

(ACC & Po, ACC & TG, ACC & V1M, Po & TG, Po & V1M, TG & V1M ) showed there were 

no obvious brain coherence changes between the vehicle control group (n = 11) and NTG group 
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(n = 12) detected from anesthetized animals (Fig. 12A,B). The mean coherence change matrices 

also depicted no alternations between these two groups (Fig. 13A,B). Furthermore, a mixed 

ANOVA with LSD posthoc test was employed to test the difference in coherence changes between 

the NTG group (n = 12) and the vehicle control group (n = 11). All data were presented as mean 

+ SEM. A significance was determined at a p < 0.05 level. The results showed that there were no 

significant brain coherence changes between these two groups at the delta, theta, alpha, beta, and 

gamma bands among any paired brain regions, overall (Fig. 14). However, the changes of 

coherence in the NTG group between the ACC and the Po at the delta and theta bands increased 

significantly in contrast to the vehicle control group. A similar result was observed between the 

Po and the V1M at the alpha band merely. 
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Figure 12. Topographical brain coherence at the delta, theta, alpha, beta, and gamma bands 

between any paired brain regions (ACC-green, Po-yellow, TG-gray, V1M-blue) in the (A) vehicle 

control (n = 11) and (B) NTG group (n = 12) from anesthetized animals. The solid line represents 

the coherence between paired regions, and the line thickness reflects the magnitude of the 

coherence. 
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Figure 13. Mean coherence change matrices of the (A) vehicle control (n = 11) and (B) NTG 

group (n = 12) from anesthetized animals. The color bar denotes coherence change values. 
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Figure 14. Coherence changes in each paring at different bands between the vehicle control (n = 

11) and NTG group (n = 12) from anesthetized animals. All data are shown as mean + SEM. *p < 

0.05 versus control group. The x-axis is frequency bands (delta, theta, alpha, beta, and gamma), 

and the y-axis is the coherence change. 
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3.2 Light-aversive behavior test, LFP signatures, and brain coherence alternations from freely 

moving animals 

 

3.2.1 Light-aversive behavior measurement 

The animals in the freely moving group were placed in the light-dark box immediately 

following NTG/vehicle injection (Fig. 15A). During the light-aversive behavior test, rats moved 

freely through the gate connecting the two compartments. The measurement lasted 30 minutes 

under a camera, and the time spent on the dark side was counted. In the end, a mixed ANOVA 

with LSD posthoc test was applied to test the difference in time in the dark compartment. The 

results indicated that there was a significant increase in time spent in the dark box between the 

NTG group (M = 94.89%, SE = 0.015) and the vehicle control group (M = 75.55%, SE = 0.034), p 

< 0.05, as shown in Figure 15B, suggesting NTG induced the phenomenon of photophobia.  
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Figure 15. Light-aversive behavior test. (A) Test apparatus. (B) Time spent in the dark box 

between the NTG group (n = 11) and vehicle control group (n = 10). The y-axis is the time spent 

in the dark box (%). *p < 0.05 versus control group. 

 

3.2.2 Different brain sites showed various increases in power at various frequency bands after 

NTG injection observed from freely moving animals (see summary in Tables 8, 9) 

A mixed ANOVA with LSD posthoc test was used to test the difference in LFP intensity 

between the vehicle control group (n = 10) and NTG group (n = 11). All data were presented as 

mean ± SEM. A significance was determined at a p < 0.05 level. 

The heatmap of normalized LFP power (ratio) demonstrated that the LFP power in the 

ACC, Po, TG, and V1M at the delta, theta, alpha, beta, and gamma bands were increased after 

NTG injection from freely moving animals (Fig. 16A,B). Thereafter, the results of a mixed 

ANOVA with LSD posthoc test indicated that, from the ACC, LFP powers (intensities) of the 

delta, theta, alpha, beta, and gamma bands in the NTG group (n = 11) increased significantly 
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compared with the vehicle control group (n = 10) (Fig. 17A). In detail, at the delta band, LFP 

power increased immediately after NTG injection at 30-60 min (p = 0.020), 60-90 min (p = 0.017), 

90-120 min (p = 0.035), 120-150 min (p = 0.013), 150-180 min (p = 0.002), 180-210 min (p = 

0.024), 210-240 min (p = 0.007), and 240-270 min (p = 0.015). At the theta band, significant 

increases of LFP intensity were observed at 30-60 min (p = 0.003), 60-90 min (p = 0.016), 90-120 

min (p = 0.022), 150-180 min (p = 0.039), 210-240 min (p = 0.042), and 240-270 min (p = 0.049). 

At the alpha band, it improved at 30-60 min (p = 0.005), 60-90 min (p = 0.018), 150-180 min (p = 

0.044), and 210-240 min (p = 0.047). At the beta band, LFP intensity ascended at 30-60 min (p = 

0.001), 60-90 min (p = 0.004), 150-180 min (p = 0.016), 180-210 min (p = 0.028), and 210-240 

min (p = 0.013). At the gamma band, LFP power increased at 30-60 min (p = 0.001), 60-90 min 

(p = 0.012), 150-180 min (p = 0.041), and 210-240 min (p = 0.023). 

With regard to the Po, LFP powers (intensities) of the delta, theta, alpha, and gamma bands 

in the NTG group (n = 11) increased significantly compared with the vehicle control group (n = 

10) (Fig. 17B). Notably, at the delta band, LFP intensity enhanced at 30-60 min (p = 0.004), 120-

150 min (p = 0.049), 150-180 min (p = 0.016), 210-240 min (p = 0.028), and 240-270 min (p = 

0.018). At the theta band, LFP intensity increased at 30-60 min (p = 0.001), 60-90 min (p = 0.043), 

120-150 min (p = 0.011), 210-240 min (p = 0.001), and 240-270 min (p = 0.043). At the alpha 

band, LFP intensity increased at 30-60 min (p = 0.009), 90-120 min (p = 0.008), 120-150 min (p 

= 0.035), and 210-240 min (p = 0.003). At the gamma band, LFP intensity improved at 30-60 min 

(p = 0.006), 90-120 min (p = 0.010), 120-150 min (p = 0.012), and 180-210 min (p = 0.047). At 

the beta band, however, the significant increase was exclusively seen at 30-60 min (p = 0.014). 

From the TG, LFP powers (intensities) of the delta, theta, alpha, beta, and gamma bands in 

the NTG group (n = 11) increased significantly compared with the vehicle control group (n = 10) 
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(Fig. 17C). At the delta band, LFP intensity increased at 60-90 min (p = 0.008), 90-120 min (p = 

0.049), 120-150 min (p = 0.017), 150-180 min (p = 0.012), 180-210 min (p = 0.015), 210-240 min 

(p = 0.008), and 240-270 min (p < 0.001). At the theta band, LFP intensity mounted at 30-60 min 

(p = 0.014), 60-90 min (p = 0.005), 90-120 min (p = 0.003), 120-150 min (p = 0.004), 150-180 

min (p = 0.007), 180-210 min (p = 0.019), 210-240 min (p = 0.003), and 240-270 min (p = 0.001). 

Similar results were observed for the beta band, which elevated at 30-60 min (p = 0.017), 60-90 

min (p = 0.006), 90-120 min (p = 0.013), 120-150 min (p = 0.003), 150-180 min (p = 0.012), 180-

210 min (p = 0.025), 210-240 min (p = 0.002), and 240-270 min (p = 0.004). At the alpha band, 

significant increases were detected at 30-60 min (p = 0.024), 60-90 min (p = 0.014), 90-120 min 

(p = 0.006), 120-150 min (p = 0.019), 150-180 min (p = 0.031), 210-240 min (p = 0.009), and 240-

270 min (p = 0.001). At the gamma band, it ascended at 120-150 min (p = 0.014), 150-180 min (p 

= 0.024), 180-210 min (p = 0.047), 210-240 min (p = 0.011), and 240-270 min (p = 0.002). 

From the V1M, LFP powers (intensities) of the delta, theta, alpha, and beta bands in the 

NTG group (n = 11) enhanced significantly compared with the vehicle control group (n = 10) from 

the V1M (Fig. 17D). Specifically, at the delta band, LFP power surged at 60-90 min (p = 0.049), 

90-120 min (p = 0.049), 120-150 min (p = 0.016), 150-180 min (p = 0.002), 180-210 min (p = 

0.025), 210-240 min (p = 0.028), and 240-270 min (p = 0.012). At the theta band, LFP power 

promoted at 150-180 min (p = 0.039), 210-240 min (p = 0.021), and 240-270 min (p = 0.007). At 

the alpha band, significant changes were tracked at 210-240 min (p = 0.027) and 240-270 min (p 

= 0.005). At the beta band, LFP power kept increasing at 150-180 min (p = 0.012), 180-210 min 

(p = 0.031), 210-240 min (p = 0.016), and 240-270 min (p = 0.009). However, at the gamma band, 

the significant increase was only observed at 90-120 min (p = 0.038). 
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Figure 16. Heatmap of local field potential power at various brain regions in the (A) vehicle 

control group (n = 10) and (B) NTG group (n = 11) from freely moving animals. In each figure, 

the x-axis is the time in minutes, and the y-axis is the brain region with different frequency bands. 

The color bar represents the LFP intensity. 
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Figure 17. LFP power/intensity changes from freely moving animals. 

LFP power/intensity changes in the delta, theta, alpha, beta, and gamma bands at (A) ACC, (B) 

Po, (C) TG, and (D) V1M between the NTG group (n = 11) and vehicle control group (n = 10) 

from freely moving animals. On the left column, the power is represented every 10 seconds, 
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whereas on the right column, it is averaged every 30 minutes. The x-axis is the time in minutes, 

and the y-axis is the normalized LFP power (ratio). The color lines are LFP changes in the NTG 

group, and black lines represent LFP changes in the vehicle control group. All data are shown as 

mean ± SEM. *p < 0.05 versus control group. The red arrows denote the timepoint of NTG/vehicle 

solution injection. 

 

3.2.3 No significant differences of the LFP power response (except the gamma band) were 

observed among these four regions 

A repeated measures factorial ANOVA with LSD posthoc test was implemented to 

examine whether the LFP power responses were different among the ACC, Po, TG, and V1M. The 

results indicated no significant differences in frequency bands (except gamma band) among 

various brain areas from freely moving animals. Notably, at the delta band, there was no main 

effect for brain regions, F(3, 30) = 1.457, p = 0.255, suggesting no significant differences in the 

LFP power responses among these four regions. The same results were observed at the theta band, 

F(3, 30) = 2.587, p = 0.125; at the alpha band, F(3, 30) = 2.372, p = 0.151; and at the beta band, 

F(3, 30) = 3.184, p = 0.090. At the gamma band, however, there was a main effect for brain regions, 

F(3, 30) = 3.140, p = 0.047. Specifically, the ACC (M = 1.140, SE = 0.021) responded more 

strongly than that of the Po (M = 1.010, SE = 0.028), p = 0.024. There were no significant changes 

among the remaining regions. 

 

3.2.4 Significant relationships were found after NTG injection among these four regions at the 

delta, theta, alpha, and beta bands (see summary in Table 10) 

The results a Pearson’s r correlation test indicated that there were Significant relationships 

of LFP changes among different brain sites from freely moving animals (Fig.18, Table 10). At the 
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delta band, there was a positive relationship of LFP changes between the ACC and the Po, r(7) = 

0.768, p = 0.016, which indicated LFP activities in ACC fluctuated along with that in the Po. The 

similar correlations were detected between the ACC and the TG, r(7) = 0.807, p = 0.009, the V1M, 

r(7) = 0.921, p < 0.001; the Po and the V1M, r(7) = 0.922, p < 0.001; the TG and the V1M, r(7) = 

0.745, p = 0.021. At the theta band, there were positive correlations between the ACC and the Po 

(r = 0.950, p < 0.001), the TG (r = 0.875, p = 0.002), and the V1M (r = 0.978, p < 0.001); the Po 

and the TG (r = 0.916, p = 0.001), the V1M (r = 0.968, p < 0.001); the TG and the V1M (r = 0.907, 

p = 0.001). The similar results were seen at the alpha and beta bands (p < 0.001). In detail, there 

were positive correlations between the ACC and the Po (r = 0.957, r = 0.977, in the alpha and beta 

bands, respectively), the TG (r = 0.907, r = 0.930, respectively), and the V1M (r = 0.983, r = 0.971, 

respectively); the Po and the TG (r = 0.930, r = 0.938, respectively), the V1M (r = 0.977, r = 0.978, 

respectively); the TG and the V1M (r = 0.939, r = 0.940, respectively). At the gamma band, 

however, the significant correlation of LFP changes were exclusively observed between the ACC 

and the TG, r(7) = 0.792, p = 0.011.  
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Figure 18. Correlations of LFP intensity changes among paired brain regions at (A) delta band, 

(B) theta band, (C) alpha band, (D) beta band, and (E) gamma band from freely moving animals. 

The x and y axes were the normalized LFP power (ratio). The results demonstrated most 

correlations in this figure were significant (p < 0.05, see Table 10). However, there were no 

significant correlations between the Po and the TG at the delta band; all pairings except the ACC 

and the TG at the gamma band. 

 

3.2.5 Surges of coherence induced by NTG injection from freely moving animals (see summary 

in Tables 11, 12) 

The topographical brain coherence showed there were obvious brain coherence changes 

between the vehicle control group (n = 10) and NTG group (n = 11) in six pairings (ACC & Po, 

ACC & TG, ACC & V1M, Po & TG, Po & V1M, TG & V1M ) from freely moving animals (Fig. 

19A,B). The mean coherence change matrices also indicated significant enhancement of brain 

coherence at the delta, theta, alpha, beta, and gamma bands between these two groups (Fig. 20A,B).  
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Furthermore, the results of a mixed ANOVA with LSD posthoc test demonstrated that there 

was significant difference of coherence changes between the vehicle control group (n = 10) and 

NTG group (n = 11) (Fig. 21). Specifically, the coherence between the ACC and the Po increased 

significantly in the NTG group compared with the control group at the delta (p = 0.013), alpha (p 

= 0.021), beta (p = 0.008), and gamma (p = 0.037) bands, but not for theta band. The similar result 

was detected between the ACC and the TG at the delta (p = 0.037), alpha (p = 0.023), beta (p = 

0.002), and gamma (p = 0.004) bands. With respect to the pairings of the ACC and the V1M, the 

Po and the TG, the Po and the V1M, significant surges of coherence were traced at the delta (p = 

0.001, p = 0.017, p < 0.001 , respectively), theta (p = 0.002, p = 0.002, p = 0.009, respectively), 

alpha (p < 0.001 , p = 0.046, p < 0.001 , respectively), beta (p = 0.020, p = 0.010, p = 0.001, 

respectively), and gamma (p = 0.034, p = 0.018, p = 0.031, respectively) bands. The significant 

raise of coherence between the TG and the V1M in the NTG group was exclusively found at the 

delta (p = 0.008), beta (p = 0.008), and gamma (p = 0.004) bands. 
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Figure 19. Topographical brain coherence at the delta, theta, alpha, beta, and gamma bands 

between any paired brain regions (ACC-green, Po-yellow, TG-gray, V1M-blue) in the (A) vehicle 
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control (n = 10) and (B) NTG group (n = 11) from freely moving animals.  The solid line represents 

the coherence between paired regions, and the line thickness reflects the magnitude of the 

coherence. 

 

 

 

Figure 20. Mean coherence change matrices of the (A) vehicle control (n = 10) and (B) NTG 

group (n = 11) from freely moving animals. The color bar denotes coherence change values. 
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Figure 21. Coherence changes in each paring at different bands between the vehicle control (n = 

10) and NTG group (n = 11) from freely moving animals. All data are shown as mean + SEM. *p 

< 0.05 versus control group. The x-axis is frequency bands (delta, theta, alpha, beta, and gamma), 

and the y-axis is the coherence change.  
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Chapter 4 Discussion 

In this study, we observed LFP intensity changes after NTG injection from the ACC (Figs. 

7E, 9B, 10A), the Po (Figs. 7F, 9B, 10B), the TG (Figs. 7G, 9B, 10C), and the V1M (Figs. 7H, 9B, 

10D) with different response patterns simultaneously from anesthetized animals. Additionally, the 

similar phenomenon was traced in freely moving animals (Figs. 8E-H, 16B, 17). The findings 

indicate that these regions contribute to the processing of the migraine network, where the 

trigeminal ganglion, the thalamus, and the visual cortex are involved in the pathway of migraine 

attacks, and the ACC is related to the emotional reorganization. It is consistence with the probable 

pathophysiology of migraine. Different orders of neurons are involved, the trigeminal ganglion, 

the spinal trigeminal nucleus (SpV), the trigeminal nucleus caudalis (TNC), the thalamus, the 

somatosensory cortices (S1 and S2), the visual cortices, etc. (A.M. Strassman, S.A. Raymond, 

1996; Burstein et al., 2000, 2010; Noseda and Burstein, 2013; Pietrobon and Moskowitz, 2013). 

Differential LFP activities from brain regions in response to NTG injection could be adopted in 

generating a neural signature for migraine. With future studies involved in more brain areas, these 

neural signatures may be established and applied to guide the clinical treatment of migraine. 

LFP activities in the delta, theta, alpha, beta, and gamma bands among most of the brain 

regions are enhanced after NTG injection with various patterns (Figs. 10, 17), illustrating different 

brain sites contribute to migraine pathophysiology in varying degrees. However, significant 

differences in LFP intensity at the gamma band from the Po (Fig. 10B) and the delta band from 

the TG (Fig. 10C) were not detected in the anesthetized animals, suggesting possible differential 

response patterns in these two areas. 
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Interestingly, in the freely moving animals, NTG created more rhythmic activities than in 

anesthetized animals (Figs. 8E,G, 17A,C,D). Firstly, the following findings illustrated that the 

rhythmic activities observed in our study denotes the throbbing of the headache. The single-cell 

activity indicating throbbing pain was found to fluctuate with the stimulation intensity of 

meningeal pain fibers (Olesen et al., 2009). Furthermore, growing compelling findings 

demonstrated that EEG power in various frequencies changes with different subtypes of migraine 

attacks (episodic migraine, chronic migraine, migraine with or without aura, etc.) (Gastaut et al., 

1981; Lev et al., 2010; Porcaro et al., 2017; Gomez-pilar et al., 2020), with ictal or interictal phases 

(Pisani and Fusco Carlo, 2004; Bjørk and Sand, 2008; Bjørk et al., 2010), etc. However, it was 

only seen in freely moving animals, which sparks our speculation that the throbbing rhythm is 

involved in the arterial pulsation change. It is known that inhaled isoflurane interferes with the 

arterial pulse rate owing to the diminishment in systemic vascular resistances (Torri, 2010; Redfors 

et al., 2014). Moreover, it has also been investigated that the throbbing rate is related to arterial 

pulse under temporal patterns (Ahn, 2010; Mirza et al., 2012), but it is different from the pattern 

we observed (number of oscillations in terms of minutes, see Figures 8E,G, 17A,C,D). To the best 

of our knowledge, we have not read any detailed clinical descriptions of the similar temporal 

patterns as we observed in this study. We only detected the rhythm in freely moving animals with 

the interpretation that the throbbing rhythm was contaminated by the input of isoflurane anesthesia. 

Using the repeated measures factorial ANOVA with LSD posthoc test, we deciphered that 

the brain regions responded differentially when migraine existed. Specifically, the Po and the TG 

responded more strongly than the V1M, the TG than the ACC in alpha and beta bands; the TG 

than others, and the ACC than the V1M in the gamma band. With regard to the sequence of 

information transmitting in the pathway of migraine, the firing inputs initialize from the terminals 
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(e.g., TG), transmit to third-order neurons (e.g., Po), and final project to different brain cortices 

(e.g., ACC, V1M). More analysis methods might be suggested to adopt to analyze if there are 

relationships between these phenomena. Moreover, these four brain regions demonstrated 

fluctuation simultaneously by Pearson’s r correlation (Tables 5, 10). With the capability to 

simultaneously record LFP from multiple regions of the brain, we are able to decipher the 

relationships of LFP activities involving more brain areas. 

In this study, we analyzed correlations of LFP responses among the targeted brain regions, 

which is time-domain and different from the brain coherence analysis (frequency-domain) (Bastos 

and Schoffelen, 2016). When it comes to brain coherence, the surge of coherence was exclusively 

observed among paired brain regions from freely moving rats after NTG injection (Figs. 19-21), 

and there was no significant difference from anesthetized rats conversely (Figs. 12-14). According 

to the previous study, anesthesia might partly decrease migraine headache repetitions (suppress 

severity) (Vosoughian et al., 2021), suggesting the parameter of brain coherence is considered 

more accurate in this animal study to pinpoint the migraine. The various enhancements of 

coherence between the ACC and the Po, the ACC and the TG, the ACC and the V1M, the Po and 

the TG, the Po and the V1M, the TG and the V1M generated in this study might be exploited in 

the management of migraine and related intervention clinically (Mendonça-de-souza et al., 2012). 

We calculated brain coherence among the ACC, Po, TG, and V1M. However, brain coherence was 

also influenced by brain areas (Koeda et al., 1999), and migraine phases (Cao et al., 2016). 

The results of the light-aversive behavior test indicated that the time rats spent in the dark 

compartment increased after NTG injection, suggesting NTG induces the phenomenon of 

photophobia. The probable mechanism is that the phenomenon results from the interference of the 

recurrent activation of the trigeminovascular pathway to the visual cortex (Noseda et al., 2010, 
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2011; Noseda and Burstein, 2011). Our results of LFP activity are consistence with the previous 

interpretation.  

In this study, we recorded LFP by injection (i.p.) of NTG. Similar studies involving 

different animal models will contribute to the understanding of brain networks. Recently, there are 

emerging animal models created, for example by the non-invasive stimulation of the dura mater 

(Burgos-Vega et al., 2019). It is known that aversive environmental stress contributes to the 

occurrence (Avona et al., 2020) and chronification of migraine with unclear explanations (Liu et 

al., 2021). Adding such environmental stimulation during the process of chronification will 

hopefully provide information associated with the cause/origin of migraines. Currently, the 

explanation of the phenomenon of aura remains not clear. Cortical spreading depression (CSD) is 

recognized to be associated with migraine aura, which is a slowly propagating wave of 

depolarization of neuronal and glial cells across the cortex with the involvement of the cerebellum, 

basal ganglia, thalamus, hippocampus, and brainstem (Leao, 1944; Iadecola, 2002). The 

involvements of these targeted brain regions need to be explored further.  

Several future directions will be conducted. Firstly, it has been reported that migraine 

affected more females than males each year in US population studies (Lipton et al., 2007; Burch 

et al., 2019), female rats will be included in the following experiments. With regard to the 

treatments, multiple kinds of medicines (triptan, sumatriptan, rizatriptan, etc.) have been applied 

to ameliorate migraine headaches, although the exact mechanisms remain not fully clear. In the 

near future, we aim to carry out the electrophysiological analysis related to these drugs, then 

interpret various patterns, and finally offer novel insights into clinical approaches to suppress 

migraine headaches. 
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Appendix 

Table 3. Normalized LFP power at various frequency bands in different brain regions following vehicle solution injection from 

anesthetized animals 

Brain 

Region 

Frequency 

Band 

30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min 270 min 

ACC Delta 1.000 1.004 ± 

0.132 

1.167 ± 

0.157 

1.359 ± 

0.205 

1.519 ± 

0.194 

1.509 ± 

0.220 

1.508 ± 

0.237 

1.627 ± 

0.250 

1.561 ± 

0.300  
Theta 1.000 1.021 ± 

0.118 

1.176 ± 

0.146 

1.364 ± 

0.211 

1.543 ± 

0.223 

1.566 ± 

0.237 

1.531 ± 

0.260 

1.484 ± 

0.280 

1.455 ± 

0.296  
Alpha 1.000 1.011 ± 

0.118 

1.102 ± 

0.141 

1.194 ± 

0.164 

1.385 ± 

0.217 

1.424 ± 

0.225 

1.394 ± 

0.255 

1.336 ± 

0.259 

1.357 ± 

0.297  
Beta 1.000 1.006 ± 

0.100 

1.100 ± 

0.103 

1.106 ± 

0.111 

1.237 ± 

0.154 

1.259 ± 

0.175 

1.157 ± 

0.165 

1.133 ± 

0.171 

1.135 ± 

0.189  
Gamma 1.000 1.087 ± 

0.111 

1.177 ± 

0.113 

1.138 ± 

0.095 

1.207 ± 

0.109 

1.222 ± 

0.115 

1.102 ± 

0.102 

1.103 ± 

0.113 

1.080 ± 

0.132 

Po Delta 1.000 0.986 ± 

0.049 

1.033 ± 

0.064 

1.060 ± 

0.072 

1.140 ± 

0.076 

1.135 ± 

0.088 

1.179 ± 

0.103 

1.237 ± 

0.116 

1.250 ± 

0.108  
Theta 1.000 1.065 ± 

0.049 

1.195 ± 

0.070 

1.316 ± 

0.097 

1.496 ± 

0.120 

1.572 ± 

0.139 

1.662 ± 

0.159 

1.756 ± 

0.216 

1.752 ± 

0.208  
Alpha 1.000 1.087 ± 

0.064 

1.284 ± 

0.105 

1.420 ± 

0.137 

1.728 ± 

0.210 

1.877 ± 

0.243 

1.880 ± 

0.226 

1.923 ± 

0.245 

1.833 ± 

0.248  
Beta 1.000 1.244 ± 

0.043 

1.578 ± 

0.087 

1.784 ± 

0.158 

1.969 ± 

0.226 

1.985 ± 

0.248 

2.001 ± 

0.252 

1.946 ± 

0.251 

1.847 ± 

0.265  
Gamma 1.000 1.108 ± 

0.031 

1.214 ± 

0.044 

1.254 ± 

0.072 

1.287 ± 

0.095 

1.292 ± 

0.101 

1.317 ± 

0.112 

1.298 ± 

0.116 

1.279 ± 

0.117 

TG Delta 1.000 1.148 ± 

0.126 

1.145 ± 

0.154 

1.224 ± 

0.177 

1.426 ± 

0.249 

1.461 ± 

0.210 

1.511 ± 

0.246 

1.673 ± 

0.283 

1.498 ± 

0.310  
Theta 1.000 1.258 ± 

0.113 

1.377 ± 

0.133 

1.552 ± 

0.187 

1.807 ± 

0.212 

1.853 ± 

0.246 

1.785 ± 

0.265 

1.850 ± 

0.292 

1.627 ± 

0.266 
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Alpha 1.000 1.384 ± 

0.161 

1.609 ± 

0.195 

1.791 ± 

0.221 

2.168 ± 

0.276 

2.133 ± 

0.292 

2.073 ± 

0.279 

2.092 ± 

0.341 

1.998 ± 

0.383  
Beta 1.000 1.434 ± 

0.171 

1.655 ± 

0.255 

1.866 ± 

0.306 

2.067 ± 

0.342 

1.971 ± 

0.334 

1.875 ± 

0.305 

1.865 ± 

0.348 

1.785 ± 

0.368  
Gamma 1.000 1.419 ± 

0.128 

1.503 ± 

0.172 

1.649 ± 

0.200 

1.716 ± 

0.247 

1.671 ± 

0.247 

1.558 ± 

0.225 

1.427 ± 

0.220 

1.387 ± 

0.247 

V1M Delta 1.000 0.953 ± 

0.169 

0.902 ± 

0.191 

0.867 ± 

0.159 

1.013 ± 

0.165 

1.078 ± 

0.219 

1.128 ± 

0.241 

1.228 ± 

0.229 

1.157 ± 

0.227  
Theta 1.000 1.076 ± 

0.142 

1.078 ± 

0.144 

1.056 ± 

0.151 

1.122 ± 

0.177 

1.179 ± 

0.188 

1.195 ± 

0.197 

1.155 ± 

0.208 

1.067 ± 

0.199  
Alpha 1.000 1.060 ± 

0.108 

1.078 ± 

0.098 

1.064 ± 

0.104 

1.176 ± 

0.124 

1.179 ± 

0.153 

1.109 ± 

0.157 

1.087 ± 

0.162 

1.005 ± 

0.156  
Beta 1.000 1.169 ± 

0.065 

1.213 ± 

0.089 

1.158 ± 

0.092 

1.186 ± 

0.103 

1.163 ± 

0.109 

1.103 ± 

0.100 

1.041 ± 

0.117 

0.963 ± 

0.132 

  Gamma 1.000 1.098 ± 

0.040 

1.132 ± 

0.054 

1.108 ± 

0.073 

1.093 ± 

0.072 

1.081 ± 

0.067 

1.118 ± 

0.087 

1.067 ± 

0.066 

1.027 ± 

0.067 
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Table 4. Normalized LFP power at various frequency bands in different brain regions following NTG injection from anesthetized 

animals 

Brain 

Region 

Frequency 

Band 

30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min 270 min 

ACC Delta 1.000 1.162 ± 

0.147 

1.505 ± 

0.133 

1.615 ± 

0.189 

1.898 ± 

0.270 

2.200 ± 

0.288 

2.403 ± 

0.338* 

2.488 ± 

0.349 

2.673 ± 

0.353*  
Theta 1.000 1.223 ± 

0.120 

1.662 ± 

0.158* 

1.679 ± 

0.148 

1.963 ± 

0.246  

2.095 ± 

0.256 

2.363 ± 

0.319 

2.538 ± 

0.290* 

2.801 ± 

0.298*  
Alpha 1.000 1.291 ± 

0.120 

1.640 ± 

0.144* 

1.720 ± 

0.146* 

2.002 ± 

0.244 

2.133 ± 

0.259 

2.254 ± 

0.300* 

2.454 ± 

0.304* 

2.583 ± 

0.326*  
Beta 1.000 1.272 ± 

0.098 

1.556 ± 

0.104* 

1.638 ± 

0.120* 

1.758 ± 

0.142* 

1.864 ± 

0.176* 

1.942 ± 

0.198* 

2.016 ± 

0.200* 

2.060 ± 

0.207*  
Gamma 1.000 1.322 ± 

0.107 

1.551 ± 

0.125* 

1.557 ± 

0.121* 

1.589 ± 

0.135* 

1.624 ± 

0.125* 

1.579 ± 

0.101* 

1.619 ± 

0.126* 

1.603 ± 

0.125* 

Po Delta 1.000 1.173 ± 

0.064* 

1.200 ± 

0.105 

1.238 ± 

0.112 

1.334 ± 

0.155 

1.344 ± 

0.162 

1.435 ± 

0.210 

1.488 ± 

0.198 

1.550 ± 

0.197  
Theta 1.000 1.256 ± 

0.061* 

1.373 ± 

0.109 

1.541 ± 

0.133 

1.761 ± 

0.184 

1.843 ± 

0.193 

2.029 ± 

0.238 

2.183 ± 

0.246 

2.379 ± 

0.317  
Alpha 1.000 1.544 ± 

0.124* 

1.806 ± 

0.122* 

1.997 ± 

0.128* 

2.206 ± 

0.176 

2.436 ± 

0.235 

2.728 ± 

0.316* 

2.927 ± 

0.329* 

3.098 ± 

0.392*  
Beta 1.000 1.344 ± 

0.122 

1.745 ± 

0.154 

1.996 ± 

0.153 

2.241 ± 

0.160 

2.454 ± 

0.172 

2.691 ± 

0.192* 

2.865 ± 

0.192* 

3.023 ± 

0.253*  
Gamma 1.000 1.152 ± 

0.058 

1.293 ± 

0.062 

1.340 ± 

0.069 

1.435 ± 

0.090 

1.495 ± 

0.106 

1.531 ± 

0.153 

1.582 ± 

0.174 

1.667 ± 

0.243 

TG Delta 1.000 1.332 ± 

0.257 

1.868 ± 

0.342 

1.899 ± 

0.311 

2.213 ± 

0.447 

2.310 ± 

0.564 

2.552 ± 

0.575 

2.767 ± 

0.641 

2.834 ± 

0.673  
Theta 1.000 1.292 ± 

0.224 

1.969 ± 

0.378 

2.329 ± 

0.350 

2.803 ± 

0.510 

2.980 ± 

0.596 

3.233 ± 

0.588* 

3.448 ± 

0.625* 

3.778 ± 

0.805*  
Alpha 1.000 1.481 ± 

0.228 

2.305 ± 

0.386 

2.622 ± 

0.384 

3.060 ± 

0.518 

3.311 ± 

0.615 

3.587 ± 

0.562* 

3.884 ± 

0.634* 

4.196 ± 

0.789* 
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Beta 1.000 1.523 ± 

0.178 

2.327 ± 

0.319 

2.713 ± 

0.303 

3.120 ± 

0.430 

3.363 ± 

0.497* 

3.576 ± 

0.431* 

4.023 ± 

0.510* 

4.218 ± 

0.502*  
Gamma 1.000 1.375 ± 

0.141 

2.213 ± 

0.284* 

2.502 ± 

0.301* 

2.860 ± 

0.338* 

3.167 ± 

0.480* 

3.412 ± 

0.501* 

4.038 ± 

0.701* 

3.863 ± 

0.596* 

V1M Delta 1.000 0.996 ± 

0.105 

1.309 ± 

0.140 

1.370 ± 

0.167* 

1.497 ± 

0.157* 

1.562 ± 

0.166 

1.662 ± 

0.167 

1.758 ± 

0.170 

1.865 ± 

0.140*  
Theta 1.000 1.152 ± 

0.111 

1.402 ± 

0.131 

1.525 ± 

0.151* 

1.613 ± 

0.163 

1.745 ± 

0.175* 

1.904 ± 

0.187* 

2.004 ± 

0.206* 

2.085 ± 

0.245*  
Alpha 1.000 1.385 ± 

0.085* 

1.592 ± 

0.100* 

1.665 ± 

0.107* 

1.751 ± 

0.137* 

1.883 ± 

0.179* 

2.000 ± 

0.201* 

2.067 ± 

0.213* 

2.103 ± 

0.246*  
Beta 1.000 1.329 ± 

0.062 

1.630 ± 

0.101* 

1.712 ± 

0.119* 

1.790 ± 

0.118* 

1.831 ± 

0.135* 

1.878 ± 

0.154* 

1.894 ± 

0.159* 

1.861 ± 

0.178* 

  Gamma 1.000 1.105 ± 

0.041 

1.170 ± 

0.045 

1.170 ± 

0.041 

1.194 ± 

0.039 

1.225 ± 

0.040 

1.227 ± 

0.045 

1.229 ± 

0.048 

1.244 ± 

0.054* 

 

LFP power/intensity changes in the delta, theta, alpha, beta, and gamma bands at the ACC, Po, TG, and V1M from anesthetized animals. 

All data are shown as mean ± SEM. *p < 0.05 versus control group.  
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Table 5. Correlations of LFP changes among various paired brain regions from anesthetized animals 

Delta ACC Po TG V1M 

ACC   
r(7) = .974 
p < .001 

r(7) = .983 
p < .001 

r(7) = .987 
p < .001 

Po     
r(7) = .979 
p < .001 

r(7) = .959 
p < .001 

TG       
r(7) = .988 
p < .001 

V1M         

 

 

Theta ACC Po TG V1M 

ACC   
r(7) = .992 
p < .001 

r(7) = .988 
p < .001 

r(7) = .993 
p < .001 

Po     
r(7) = .985 
p < .001 

r(7) = .989 
p < .001 

TG       
r(7) = .994 
p < .001 

V1M         

 

 

Alpha ACC Po TG V1M 

ACC   
r(7) = .994 
p < .001 

r(7) = .998 
p < .001 

r(7) = .983 
p < .001 

Po     r(7) = .989 r(7) = .986 
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p < .001 p < .001 

TG       
r(7) = .983 
p < .001 

V1M         

 

 

Beta ACC Po TG V1M 

ACC   
r(7) = .988 
p < .001 

r(7) = .992 
p < .001 

r(7) = .971 
p < .001 

Po     
r(7) = .997 
p < .001 

r(7) = .925 
p < .001 

TG       
r(7) = .940 
p < .001 

V1M         

 

 

Gamma ACC Po TG V1M 

ACC   
r(7) = .873 
p = .002 

r(7) = .841 
p = .005 

r(7) = .967 
p < .001 

Po     
r(7) = .985 
p < .001 

r(7) = .961 
p < .001 

TG       
r(7) = .931 
p < .001 

V1M         
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Table 6. Coherence alternations in each paring following vehicle injection from anesthetized animals 

Pairings Delta Theta Alpha Beta Gamma 

ACC and Po 0.338 ± 0.275 0.040 ± 0.221 0.226 ± 0.324 0.828 ± 0.449 0.155 ± 0.288 

ACC and TG 0.334 ± 0.295 0.552 ± 0.507 0.552 ± 0.409 0.489 ± 0.534 0.332 ± 0.359 

ACC and V1M 1.067 ± 0.618 0.707 ± 0.618 0.304 ± 0.351 0.310 ± 0.365 0.273 ± 0.351 

Po and TG 0.667 ± 0.499 0.259 ± 0.301 0.400 ± 0.207 0.316 ± 0.522 0.234 ± 0.326 

Po and V1M 0.323 ± 0.255 0.246 ± 0.262 0.202 ± 0.300 0.362 ± 0.220 0.524 ± 0.340 

TG and V1M 0.137 ± 0.201 0.268 ± 0.412 0.037 ± 0.244 0.542 ± 0.498 0.925 ± 0.484 
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Table 7. Coherence alternations in each paring following NTG injection from anesthetized animals 

Pairings Delta Theta Alpha Beta Gamma 

ACC and Po 1.632 ± 0.396* 1.175 ± 0.377* 0.943 ± 0.646 0.522 ± 0.456 0.333 ± 0.350 

ACC and TG 1.648 ± 0.656 0.598 ± 0.522 0.509 ± 0.603 0.462 ± 0.282 0.435 ± 0.543 

ACC and V1M 2.115 ± 0.509 0.620 ± 0.383 0.477 ± 0.403 0.385 ± 0.292 0.182 ± 0.220 

Po and TG 0.616 ± 0.316 0.860 ± 0.493 0.278 ± 0.313 0.380 ± 0.241 0.407 ± 0.409 

Po and V1M 0.941 ± 0.424 0.808 ± 0.363 1.682 ± 0.504* 0.969 ± 0.279 1.162 ± 0.452 

TG and V1M 0.941 ± 0.551 0.083 ± 0.170 0.460 ± 0.534 0.802 ± 0.489 1.058 ± 0.595 

 

*p < 0.05 versus control group 
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Table 8. Normalized LFP power at various frequency bands in different brain regions following vehicle solution injection from freely 

moving animals 

Brain 

Region 

Frequency 

Band 

30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min 270 min 

ACC Delta 1.000 0.981 ± 

0.060 

0.884 ± 

0.060 

1.032 ± 

0.094 

0.986 ± 

0.079 

1.015 ± 

0.092 

0.958 ± 

0.089 

0.873 ± 

0.103 

0.927 ± 

0.079  
Theta 1.000 0.982 ± 

0.047 

0.975 ± 

0.041 

1.241 ± 

0.100 

1.216 ± 

0.092 

1.262 ± 

0.109 

1.216 ± 

0.098 

1.045 ± 

0.071 

1.233 ± 

0.077  
Alpha 1.000 1.004 ± 

0.043 

0.995 ± 

0.035 

1.237 ± 

0.094 

1.252 ± 

0.096 

1.314 ± 

0.123 

1.277 ± 

0.117 

1.080 ± 

0.059 

1.300 ± 

0.095  
Beta 1.000 1.011 ± 

0.013 

0.976 ± 

0.025 

1.148 ± 

0.076 

1.157 ± 

0.077 

1.176 ± 

0.092 

1.175 ± 

0.096 

1.055 ± 

0.050 

1.210 ± 

0.079  
Gamma 1.000 0.997 ± 

0.020 

0.991 ± 

0.033 

1.050 ± 

0.055 

1.048 ± 

0.046 

1.042 ± 

0.047 

1.069 ± 

0.067 

1.027 ± 

0.048 

1.073 ± 

0.048 

Po Delta 1.000 0.861 ± 

0.074 

0.925 ± 

0.112 

0.978 ± 

0.131 

0.897 ± 

0.103 

0.921 ± 

0.111 

0.956 ± 

0.116 

0.863 ± 

0.091 

0.985 ± 

0.105  
Theta 1.000 0.985 ± 

0.035 

0.988 ± 

0.042 

1.063 ± 

0.077 

1.121 ± 

0.077 

1.166 ± 

0.084 

1.169 ± 

0.082 

1.077 ± 

0.054 

1.197 ± 

0.073  
Alpha 1.000 1.046 ± 

0.044 

1.071 ± 

0.044 

1.100 ± 

0.060 

1.227 ± 

0.093 

1.323 ± 

0.106 

1.283 ± 

0.084 

1.201 ± 

0.107 

1.367 ± 

0.103  
Beta 1.000 0.967 ± 

0.042 

0.949 ± 

0.038 

0.992 ± 

0.064 

1.115 ± 

0.085 

1.161 ± 

0.123 

1.110 ± 

0.076 

1.097 ± 

0.107 

1.185 ± 

0.124  
Gamma 1.000 0.936 ± 

0.021 

0.945 ± 

0.024 

0.866 ± 

0.032 

0.904 ± 

0.020 

0.880 ± 

0.039 

0.873 ± 

0.043 

0.914 ± 

0.038 

0.859 ± 

0.047 

TG Delta 1.000 0.879 ± 

0.073 

0.922 ± 

0.045 

0.854 ± 

0.086 

0.830 ± 

0.082 

0.898 ± 

0.122 

0.824 ± 

0.100 

0.762 ± 

0.074 

0.818 ± 

0.069  
Theta 1.000 1.002 ± 

0.064 

0.989 ± 

0.050 

1.005 ± 

0.043 

1.069 ± 

0.069 

1.072 ± 

0.067 

1.054 ± 

0.058 

0.997 ± 

0.078 

1.026 ± 

0.046  
Alpha 1.000 1.043 ± 

0.054 

1.043 ± 

0.052 

1.065 ± 

0.039 

1.154 ± 

0.064 

1.193 ± 

0.071 

1.152 ± 

0.068 

1.045 ± 

0.075 

1.150 ± 

0.062 
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Beta 1.000 1.021 ± 

0.021 

0.976 ± 

0.027 

1.022 ± 

0.025 

1.075 ± 

0.037 

1.124 ± 

0.044 

1.131 ± 

0.059 

1.079 ± 

0.066 

1.115 ± 

0.051  
Gamma 1.000 0.945 ± 

0.039 

1.000 ± 

0.040 

0.979 ± 

0.033 

0.981 ± 

0.032 

0.976 ± 

0.027 

0.980 ± 

0.026 

0.974 ± 

0.027 

0.976 ± 

0.031 

V1M Delta 1.000 0.887 ± 

0.103 

0.930 ± 

0.106 

0.949 ± 

0.126 

0.928 ± 

0.104 

0.872 ± 

0.113 

0.975 ± 

0.120 

0.982 ± 

0.148 

0.932 ± 

0.108  
Theta 1.000 1.085 ± 

0.040 

1.155 ± 

0.043 

1.354 ± 

0.069 

1.404 ± 

0.080 

1.425 ± 

0.115 

1.500 ± 

0.077 

1.438 ± 

0.082 

1.411 ± 

0.075  
Alpha 1.000 1.109 ± 

0.030 

1.252 ± 

0.030 

1.399 ± 

0.060 

1.444 ± 

0.059 

1.482 ± 

0.073 

1.513 ± 

0.060 

1.465 ± 

0.086 

1.465 ± 

0.074  
Beta 1.000 1.083 ± 

0.030 

1.126 ± 

0.027 

1.187 ± 

0.042 

1.213 ± 

0.041 

1.228 ± 

0.041 

1.258 ± 

0.040 

1.243 ± 

0.049 

1.281 ± 

0.044 

  Gamma 1.000 1.050 ± 

0.040 

1.080 ± 

0.037 

1.011 ± 

0.029 

1.035 ± 

0.036 

1.041 ± 

0.035 

1.025 ± 

0.050 

1.028 ± 

0.055 

1.057 ± 

0.058 
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Table 9. Normalized LFP power at various frequency bands in different brain regions following NTG injection from freely moving 

animals 

Brain 

Region 

Frequency 

Band 
30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min 270 min 

ACC Delta 1.000 
1.315 ± 

0.106* 

1.191 ± 

0.090* 

1.494 ± 

0.164* 

2.049 ± 

0.338* 

2.312 ± 

0.303* 

2.287 ± 

0.479* 

2.093 ± 

0.346* 

2.066 ± 

0.371* 

 Theta 1.000 
1.389 ± 

0.098* 

1.368 ± 

0.127* 

1.949 ± 

0.239* 

2.921 ± 

0.811 

3.395 ± 

0.858* 

3.958 ± 

1.202 

3.685 ± 

1.088* 

3.706 ± 

1.065* 

 Alpha 1.000 
1.433 ± 

0.113* 

1.443 ± 

0.151* 

2.085 ± 

0.374 

2.863 ± 

0.826 

3.446 ± 

0.883* 

4.034 ± 

1.239 

3.727 ± 

1.119* 

4.064 ± 

1.364 

 Beta 1.000 
1.221 ± 

0.043* 

1.172 ± 

0.048* 

1.419 ± 

0.098 

1.655 ± 

0.206 

1.940 ± 

0.244* 

2.139 ± 

0.354* 

2.058 ± 

0.323* 

2.182 ± 

0.419 

 Gamma 1.000 
1.094 ± 

0.011* 

1.115 ± 

0.027* 

1.156 ± 

0.020 

1.143 ± 

0.019 

1.171 ± 

0.034* 

1.199 ± 

0.046 

1.168 ± 

0.029* 

1.214 ± 

0.073 

Po Delta 1.000 
1.276 ± 

0.097* 

1.109 ± 

0.076 

1.288 ± 

0.201 

1.576 ± 

0.318* 

1.353 ± 

0.114* 

1.324 ± 

0.168 

1.644 ± 

0.326* 

1.528 ± 

0.174* 

 Theta 1.000 
1.224 ± 

0.049* 

1.156 ± 

0.065* 

1.311 ± 

0.098 

1.431 ± 

0.072* 

1.473 ± 

0.146 

1.486 ± 

0.152 

1.608 ± 

0.132* 

1.577 ± 

0.154* 

 Alpha 1.000 
1.277 ± 

0.065* 

1.223 ± 

0.070 

1.397 ± 

0.077* 

1.501 ± 

0.068* 

1.600 ± 

0.155 

1.605 ± 

0.167 

1.723 ± 

0.099* 

1.727 ± 

0.143 

 Beta 1.000 
1.115 ± 

0.031* 

1.068 ± 

0.061 

1.178 ± 

0.075 

1.256 ± 

0.067 

1.333 ± 

0.136 

1.327 ± 

0.118 

1.378 ± 

0.092 

1.355 ± 

0.090 

 Gamma 1.000 
1.046 ± 

0.028* 

1.025 ± 

0.040 

1.011 ± 

0.038* 

1.026 ± 

0.039* 

0.992 ± 

0.047 

1.027 ± 

0.058* 

0.989 ± 

0.036 

0.978 ± 

0.044 

TG Delta 1.000 
1.142 ± 

0.127 

1.389 ± 

0.163* 

1.233 ± 

0.169* 

1.491 ± 

0.260* 

1.457 ± 

0.153* 

1.558 ± 

0.274* 

1.433 ± 

0.228* 

1.307 ± 

0.080* 

 Theta 1.000 
1.314 ± 

0.097* 

1.489 ± 

0.159* 

1.520 ± 

0.154* 

1.985 ± 

0.292* 

1.732 ± 

0.223* 

1.845 ± 

0.334* 

1.995 ± 

0.296* 

1.798 ± 

0.195* 

 Alpha 1.000 
1.319 ± 

0.103* 

1.525 ± 

0.184* 

1.571 ± 

0.174* 

2.158 ± 

0.426* 

1.878 ± 

0.314* 

2.084 ± 

0.523 

2.237 ± 

0.441* 

2.063 ± 

0.243* 

 Beta 1.000 
1.176 ± 

0.060* 

1.293 ± 

0.107* 

1.291 ± 

0.103* 

1.643 ± 

0.172* 

1.551 ± 

0.158* 

1.602 ± 

0.201* 

1.735 ± 

0.171* 

1.815 ± 

0.228* 

 Gamma 1.000 
1.031 ± 

0.021 

1.102 ± 

0.046 

1.048 ± 

0.030 

1.129 ± 

0.043* 

1.092 ± 

0.039* 

1.100 ± 

0.054* 

1.141 ± 

0.055* 

1.162 ± 

0.036* 
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V1M Delta 1.000 
1.280 ± 

0.168 

1.256 ± 

0.108* 

1.682 ± 

0.355* 

2.224 ± 

0.526* 

2.018 ± 

0.307* 

1.904 ± 

0.395* 

2.165 ± 

0.519* 

2.135 ± 

0.461* 

 Theta 1.000 
1.114 ± 

0.123 

1.238 ± 

0.100 

1.732 ± 

0.252 

2.047 ± 

0.354 

2.170 ± 

0.345* 

2.328 ± 

0.460 

2.502 ± 

0.457* 

2.379 ± 

0.341* 

 Alpha 1.000 
1.134 ± 

0.076 

1.243 ± 

0.074 

1.490 ± 

0.141 

1.697 ± 

0.197 

1.809 ± 

0.179 

1.928 ± 

0.248 

2.056 ± 

0.251* 

2.064 ± 

0.183* 

 Beta 1.000 
1.120 ± 

0.054 

1.145 ± 

0.027 

1.290 ± 

0.053 

1.297 ± 

0.041 

1.401 ± 

0.044* 

1.425 ± 

0.062* 

1.477 ± 

0.076* 

1.502 ± 

0.063* 

  Gamma 1.000 
1.161 ± 

0.058 

1.134 ± 

0.033 

1.110 ± 

0.032* 

1.094 ± 

0.025 

1.078 ± 

0.044 

1.072 ± 

0.052 

1.088 ± 

0.073 

1.082 ± 

0.082 

 

LFP power/intensity changes in the delta, theta, alpha, beta, and gamma bands at the ACC, Po, TG, and V1M from freely moving 

animals. All data are shown as mean ± SEM. *p < 0.05 versus control group.  
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Table 10. Correlations of LFP changes among various paired brain regions from freely moving animals 

Delta ACC Po TG V1M 

ACC   
r(7) = .768 
p = .016 

r(7) = .807 
p = .009 

r(7) = .921 
p < .001 

Po     
r(7) = .581 
p = .101 

r(7) = .922 
p < .001 

TG       
r(7) = .745 
p = .021 

V1M         

 

Theta ACC Po TG V1M 

ACC   
r(7) = .950 

p < .001 

r(7) = .875 

p = .002 

r(7) = .978 

p < .001 

Po     
r(7) = .916 

p = .001 

r(7) = .968 

p < .001 

TG       
r(7) = .907 

p = .001 

V1M         

 

 

Alpha ACC Po TG V1M 

ACC   
r(7) = .957 

p < .001 

r(7) = .907 

p = .001 

r(7) = .983 

p < .001 

Po     
r(7) = .930 

p < .001 

r(7) = .977 

p < .001 
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TG       
r(7) = .939 

p < .001 

V1M         

 

 

Beta ACC Po TG V1M 

ACC   
r(7) = .977 

p < .001 

r(7) = .930 

p < .001 

r(7) = .971 

p < .001 

Po     
r(7) = .938 

p < .001 

r(7) = .978 

p < .001 

TG       
r(7) = .940 

p < .001 

V1M         

 

 

Gamma ACC Po TG V1M 

ACC   
r(7) = -.274 

p = .476 

r(7) = .792 

p = .011 

r(7) = .283 

p = .460 

Po     
r(7) = -.389 

p = .301 

r(7) = .553 

p = .122 

TG       
r(7) = .152 

p = .696 

V1M         
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Table 11. Coherence alternations in each paring following vehicle injection from freely moving animals 

Pairings Delta Theta Alpha Beta Gamma 

ACC and Po 0.222 ± 0.178 0.955 ± 0.275 0.252 ± 0.178 0.321 ± 0.257 0.066 ± 0.264 

ACC and TG 0.550 ± 0.358 0.799 ± 0.602 0.695 ± 0.483 0.346 ± 0.567 0.151 ± 0.457 

ACC and V1M 0.185 ± 0.268 0.576 ± 0.438 0.011 ± 0.199 0.401 ± 0.353 0.749 ± 0.499 

Po and TG 0.314 ± 0.357 0.476 ± 0.348 0.523 ± 0.244 0.047 ± 0.185 0.316 ± 0.300 

Po and V1M 0.876 ± 0.500 0.286 ± 0.251 0.313 ± 0.164 0.467 ± 0.277 0.359 ± 0.234 

TG and V1M 0.166 ± 0.372 0.629 ± 0.330 0.767 ± 0.271 0.339 ± 0.565 0.220 ± 0.309 
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Table 12. Coherence alternations in each paring following NTG injection from freely moving animals 

Pairings Delta Theta Alpha Beta Gamma 

ACC and Po 2.111 ± 0.632* 1.357 ± 0.663 1.515 ± 0.427* 1.575 ± 0.324* 1.046 ± 0.341* 

ACC and TG 1.906 ± 0.474* 1.557 ± 0.496 2.451 ± 0.516* 2.926 ± 0.454* 2.672 ± 0.611* 

ACC and V1M 3.409 ± 0.822* 3.971 ± 0.858* 2.112 ± 0.391* 2.264 ± 0.637* 2.855 ± 0.770* 

Po and TG 2.459 ± 0.706* 2.518 ± 0.443* 1.962 ± 0.604* 1.846 ± 0.562* 2.011 ± 0.562* 

Po and V1M 4.293 ± 0.505* 2.541 ± 0.704* 2.374 ± 0.462* 2.421 ± 0.419* 1.357 ± 0.350* 

TG and V1M 2.883 ± 0.811* 1.921 ± 0.594 2.111 ± 0.633 2.714 ± 0.565* 3.577 ± 0.891* 

 

*p < 0.05 versus control group 

 


