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1. Introduction 

Migraine is a widespread neurological disorder with an estimated global prevalence of 

14-15% (1). The first attack most often occurs in adolescence and has a peak in the 30s 

of patients, affecting more women (35%) than men (18%)(2). Migraine is the second 

burdensome disorder in the world, but first among young women (3). Its financial impact 

extends to both individuals and healthcare systems, encompassing direct medical costs, 

such as healthcare visits and medications, as well as indirect costs related to lost 

productivity and disability (4).  

Migraine attack, typically lasting 4-72 hours, is characterized by a debilitating, 

moderate to severe, pulsating headache, which is usually unilateral. Migraine patients 

become hypersensitive to light (photophobia) and sound (phonophobia) during an attack, 

seeking a dark and quiet environment (5). Gastrointestinal symptoms, including nausea 

and vomiting, are also prevalent and can contribute to the overall discomfort. One third 

of migraine patients experience aura symptoms 5-60 minutes before the headache phase, 

mainly in form of visual disturbances, but it could cause sensory, auditory, language or 

motor problems as well (6).  

The theories of migraine development are still debating (5). Over several decades it 

was considered as a vascular disorder based on the pulsating nature of the pain and the 

vasodilation in the vessels (7). Nowadays, migraine is considered a neurovascular 

disorder emphasizing the involvement of the brain (8). Regarding the neuronal 

mechanisms, both peripheral and central components are contributing to migraine attack 

development (5). Premonitory symptoms (such as fatigue, mood, and appetite changes) 

usually precede the headache phase with 24-48 hours and appear as alterations in 

hypothalamic and midbrain activation (9, 10). Migraine triggers initiate the activation of 

the trigeminovascular system, either inducing the firing of the first-order peripheral 

trigeminal neurons or indirectly modulating the nociceptive inputs to the second-order 

trigeminocervical complex leading to activation of ascending projections from the 

brainstem structures (8, 11). Migraine attacks are associated with the release of vasoactive 

peptides, such as calcitonin gene-related peptide (CGRP)(12, 13). The released 

neuropeptides induce neurogenic inflammation (14). These processes could lead to 

peripheral and central hypersensitization (15). 
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1.1. The migraine brain 

The hypersensitivity of “migraine brain” is not limited to the headache phase, but persist 

between the attacks, in interictal period (16). Central sensitization contributes to the 

interictal hypersensitivity in migraine, where the central nervous system becomes more 

responsive to pain signal and sensory stimuli such as light, sound or smells (17-19). 

Cortical hyperexcitability in pain-free period, particularly in the visual network also plays 

a role in sensitivity to stimuli (20). In addition, altered pain processing pathways result in 

an increased sensitivity to various stimuli, making individuals more prone to experiencing 

pain or discomfort even in the absence of an active migraine attack (21, 22). The 

hypersensitivity to endogenous (e.g., hormone) and exogenous stressors (e.g., weather, 

light) could drive the migraine brain more sensitive, thus making it difficult to adapt to 

changes (23). 

Recent studies hypothesized that migraine could be a disease of allostatic load (24). 

Allostasis is the process of maintaining homeostasis in stressful situations, while allostatic 

load is the “price” that the body must pay for adaptation (25). Migraine attacks are the 

consequences of inability to habituate to repeated stressors of a similar nature (both 

physiological or  psychological) and an impaired ability to terminate the stress response 

in the usual manner (24). Specific stressors linked to migraine encompass both 

psychological or emotional factors and physiological elements (such as noise, certain 

foods, odors, and bright light)(26). Migraine patients often identify perceived stress as 

the most prevalent trigger for their attacks (27). Based on this concept, the 

hypersensitivity/hyperexcitability of the migraine brain is energy-consuming, thus the 

price to pay is a metabolic imbalance of the brain, that manifests in form of migraine 

attack (28). Therefore, episodic migraine attacks (less than 14 headache days/month (6)) 

are considered as allostatic response to maintain homeostasis and let the brain energy 

recover (29). This idea is supported by the fact that patients during a migraine attack are 

avoiding any energy consuming activities (6, 8).  

However, chronic activation of these responses could lead to allostatic overload, when 

maladaptive responses in form of repeated attacks lead to a vicious circle (30). The 

chronification of migraine, an increase in headache frequency (>14 headache 

days/month), could originate from recurrent abnormal stressors and the overuse of 

specific medications (e.g., triptans, opioids), potentially intensified by genetic factors (6). 
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The process of migraine chronification indicates a progressive maladaptive response of 

the brain (23). One of the brainstem regions that could have potential role in migraine 

attack generation is the periaqueductal gray matter (PAG) (31). 

1.2. The role of periaqueductal gray matter (PAG) in migraine 

The PAG is located in the midbrain orchestrating several autonomic functions through its 

rich connection to brainstem and cortical structures (32). PAG plays a crucial role in the 

descending pain modulatory system, influencing the perception and processing of pain 

signals (33). The electrical stimulation of PAG induces analgesia (34) and inhibition of 

nociceptive trigeminovascular neurons (35). It shows increased activation during 

spontaneous and induced migraine attacks suggesting its involvement in migraine 

pathophysiology (8, 36, 37). Moreover, PAG exhibits heightened resting-state and pain-

induced functional connectivity with regions involved in nociceptive and somatosensory 

processing pathways in migraine patients, and these connections are correlated with 

migraine frequency (38-40). Previous studies demonstrated a reduced functional 

connectivity of PAG with prefrontal cortical and limbic areas, responsible for top-down 

pain modulation, in migraine patients compared to non-migraineurs (41).  

Beyond pain modulation, the PAG plays a role in coordinating passive and active 

defensive behaviors, commonly known as “fight or flight responses” (42-44). Based on a 

recent hypothesis, migraine attacks are a sort of inescapable pain situations, when “flight” 

autonomic-behavior response is activated to avoid threatening situations (29, 45). During 

migraine pain, visceral C fibers are activated, and by projecting to ventrolateral PAG, 

they promote sympathetic system inhibition, thus contribute to developing avoidance 

behavior (46). The “sickness behavior” of migraine patients is considered an evolutionary 

mechanism to counterbalance allostatic load (29). However, chronic exposure to stress 

induces a decreased glutamatergic transmission in the ventrolateral PAG leading to 

depression, another maladaptive behavior (47). Thus, the pathological expression of fight 

or flight responses could contribute to anxiety and depression, which are highly comorbid 

disorders with migraine (48, 49). More than 50% of migraine patients experience anxiety 

or mood disorders in their lifetime (50), and the disease burden of migraine patients with 

psychiatric comorbidity is elevated (51). In the background of comorbidity, shared 

common biological and genetic processes are assumed including the tryptophan (TRP) 

metabolic pathway and its impact on the network of PAG (52). 
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1.3. Tryptophan (TRP) pathways in migraine 

TRP is an essential amino acid that serves as a precursor of various metabolic pathways 

involved in migraine pathophysiology, such as serotonin (5-HT) and kynurenines (53, 

54). Only 5% of TRP is metabolised into 5-HT through 5-hydroxytryptophan and the 

majority is transformed via kynurenine pathway (Figure 1.) (55). The role of 5-HT in 

migraine has been investigated since the findings of Sicuteri, who discovered elevated 

levels of 5-HT metabolites in migraine patients’ urine during attacks (56). 5-HT has 

vasoconstrictor and antinociceptive effects that led to the discovery of the first migraine 

specific attack reliever drugs, triptans. Triptans enhance the 5-HT signaling by activating 

5-HT1B,1D and 5-HT1F receptors in cranial blood vessels and nerve endings (57). They 

alleviate pain by constricting blood vessels and inhibiting the release of peptides, 

including CGRP, while other mechanisms of action remain to be fully understood (58). 

Hence 5-HT is not able to cross the blood–brain barrier, the 5-HT synthesis of the brain 

depends on the dietary intake and plasma TRP concentration (55). The transport of TRP 

to the brain relies on its competition with other large neutral amino acids (LNAAs) (such 

as leucine, isoleucine, valine, phenylalanine or tryrosine) for their common transporter L-

type amino acid transporter 1 (LAT1) (59). 

Although the TRP/LNAA ratio is commonly used to describe the proportion of 

TRP uptake to the brain, the plasma TRP/LNAA ratio in migraine remains unexplored. 

Studies examining the blood TRP concentration in migraine patients yield inconsistent 

results, reporting both higher (60-62) and lower (63, 64) TRP concentrations compared 

to healthy controls. Moreover, migraine patients appear to be more sensitive to alterations 

in plasma TRP concentration. More precisely, TRP depletion studies reported that 

migraine patients consuming TRP free, but LNAA containing drinks developed migraine-

like headache, nausea, and photophobia (65). Additionally, relatively lower dietary intake 

of TRP is associated with an increased risk of migraine development in susceptible 

individuals (66). Moreover, fluctuation of plasma TRP concentration influences brain 

serotonin synthesis, thus contributing to development of depressive symptoms and 

anxiety in susceptible persons – as above mentioned, migraine patients are among them 

(67, 68). 

The kynurenine pathway has gained more and more attention in migraine research 

over the past decades (54). TRP is metabolized into N-formyl-kynurenine by hepatic 
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tryptophan-2,3-dioxygenase (TDO) and peripheral or central indoleamine-2,3-

dioxygenase (IDO). N-formyl-kynurenine undergoes degradation by formamidase to 

produce L-kynurenine (KYN). KYN can be further metabolized into several neuroactive 

components such as the neuroprotective kynurenic acid (KYNA) by kynurenine 3-

monooxygenase (KMO) enzyme and the neurotoxic quinolinic acid  (69). The kynurenine 

pathway interferes with glutamatergic neurotransmission, as KYNA could act on N-

methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) and kainate receptors exerting antinociceptive effect (70). Glutamate is the most 

important excitatory neurotransmitter in the brain, playing a role in pain perception and 

central sensitization. Thus, the kynurenine pathway could be relevant in interictal 

hyperexcitability of migraine brain and pain generation during attacks (71).   

 

 

Figure 1. The tryptophan metabolic pathways: serotonin and kynurenine pathways.  

Note: Tryptophan competes with large neutral amino acids for the transporter (LAT1) to 

enter to the brain. In the brain, the major metabolic route of tryptophan is the kynurenine 

pathway. Only a few percent are metabolized through serotonin pathway. AAAD: 

aromatic amino acid decarboxylase, IDO: indoleamine 2,3-dioxygenase, KAT: 

kynurenine aminotransferase, KMO: kynurenine 3-monooxygenase, LAT1: large neutral 



 10 

amino acid transporter, TDO: tryptophan-2,3-dioxygenase, TPH: tryptophan 

hydroxylase. The figure was created in BioRender.com. 

 

Furthermore, kynurenine pathway mediates the communication between the 

central nervous system and the immune system (72). During inflammation, cytokines 

promote the metabolism of TRP into kynurenine pathway by inducing the activity of IDO, 

which is usually described with the ratio of KYN/TRP (73). Kynurenine metabolites have 

regulatory effects on immune and stress response, for example KYNA could reduce 

cytokine expression, meanwhile KYN contributes to monocytes activation (74). The 

neurogenic inflammation in the central nervous system is a pathological feature of 

migraine attacks, as several inflammatory neuropeptides are released, among them 

CGRP, which is inducing vasodilation and trigeminal neuron sensitization (14, 75). The 

kynurenine pathway, exerting a neuroimmunoregulatory role, is a potential key player in 

the comorbidity of migraine and inflammation-induced depression (76).  

1.4.  Relationship between PAG and TRP pathways  

The TRP metabolic pathways, both 5-HT and KYN pathways are demonstrated to 

influence the neuronal transmission of PAG interfering with pain and emotion processing 

(69, 77). More precisely, high concentration of 5-HT receptors (mainly 5-HT1A and 5-

HT2C) situated in the ventrolateral PAG are involved in descending pain modulation, even 

proposed to interact with opioid mediated antinociception (78). In animal models, the 

gold standard acute migraine medication, sumatriptan could inhibit the synaptic 

transmission in the PAG acting on 5-HT1B/1D receptors (79).  

Moreover, previous studies demonstrated that serotonergic neurons in dorsal and 

ventral PAG play a role in defensive behaviour such as freezing, alertness or escaping 

(80). Based on the Deakin/Graeff hypothesis, serotonergic neurons originated from the 

dorsal raphe projecting to PAG inhibit panic and escape-like physiological and 

behavioural responses via 5-HT1A and 5-HT2A receptors (81). Thus, the dysfunction of 

these projections contributes to anxiety and affective disorders (82, 83).  

 Focusing on the kynurenine pathway, microinjection of KYNA, an NMDA 

antagonist in the dorsal PAG showed anxiolytic effect and inhibited cell activity of PAG 

through blocking glutamatergic neurons (84). Thus, the imbalance of kynurenine 
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pathway, favouring to cytotoxic metabolites could lead to anxiety and depression (85, 

86).  

Therefore, it can be hypothesized that TRP metabolic pathways in association with 

PAG functional connectivity network may contribute to migraine pathophysiology and 

related vulnerability to anxiety and depressive symptoms.  
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2. Objectives  

This work is aimed to investigate the potential role of tryptophan (TRP) pathway in the 

interictal hyperexcitability of migraine brain through altered brain connectivity and in 

development of maladaptive stress response.  

Three hypotheses are proposed to be tested: 

1) Migraine patients have altered TRP pathway metabolism between attacks, which 

shows association with migraine frequency. 

2) The maladaptive stress response of migraine patients is associated with altered 

TRP pathway.  

3) Migraine patients have hypersensitive emotional and pain regulation neuronal 

networks that show association with TRP pathway.  

In order to address the above listed hypotheses, a neuroendocrine stress challenge 

using acute citalopram infusion and a resting-state functional magnetic resonance 

imaging (fMRI) study with PAG as seed region were designed with multiple blood sample 

collections.  

1) We compared the baseline plasma TRP, KYN concentrations and TRP/LNAA, 

KYN/TRP ratios in two independent blood samples between episodic migraine 

patients without aura and non-headache, healthy controls.  

2) We compared the alterations in plasma TRP, KYN, cortisol (CORT) 

concentrations and in TRP/LNAA, KYN/TRP, CORT/dehydroepiandrosterone 

sulfate (DHEA-S) ratios during placebo controlled, double-blind, acute 

citalopram challenge between episodic migraine patients without aura and non-

headache, healthy controls. 

3) We compared the resting-state neuronal network of PAG between episodic 

migraine patients without aura and non-headache, healthy controls, and 

investigated for the first time the association of plasma TRP concentration and 

PAG functional connectivity. Furthermore, we assessed the relationship between 

migraine parameters (migraine frequency, disease onset) and emotional 

symptoms (depressive symptoms, trait-anxiety) with PAG functional connectivity 

in episodic migraine patients without aura.  
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3. Methods  

3.1. Participants 

The initial study population consisted of 33 episodic migraine without aura patients and 

48 healthy controls. All participants were screened by expert neurologists and clinical 

psychologists/psychiatrists.  In addition to diagnostic interview, Mini-International 

Neuropsychiatric Interview was used to check their mental health status (87). Exclusion 

criteria were the following: having any past or current serious medical, neurological 

(except episodic migraine without aura) or psychiatric disorders, using any daily 

medication (except contraceptives), using preventive migraine medication (87, 88). 

Further inclusion criteria were the following: between 18-50 years of age, right 

handedness (89), free from headache and medication 48 h before and 24 h after the 

examination days, refraining from alcohol 24 h and caffeine 4 h before blood sampling.  

Episodic migraine without aura was diagnosed by expert neurologists based on 

the International Classification of Headache Disorders-III criteria (ICHD)(6, 88). Clinical 

variables of migraine (age at migraine onset and frequency of attacks per month) were 

recorded for migraine patients.  

The entire study was conducted in accordance with the Declaration of Helsinki 

and participants provided written informed consent. The study protocol was approved by 

the Scientific and Research Ethics Committee of the Medical Research Council in 

Hungary (23609-1/2011-EKU, 23421-1/2015-EKU) (87, 88).  

 

3.2. Study design  

Our study consisted of two separate experimental days at least 14 days apart (mean = 

50.81 ± 48.34 days) (Figure 2.). On each experimental day, three blood samples were 

collected from the participants after an acclimatization period. The first blood samples 

preceded any intervention, thus indicate baseline plasma concentrations. After the first 

blood sampling, acute citalopram challenge took place where a 10-minute baseline saline 

infusion was followed by 7.5 mg citalopram infusion during 7.5 min (infusion rate: 6 

mL/min, concentration: 10 mg/60 mL) in a randomized, double-blind, crossover design 

(87). The dose of the citalopram infusion was determined based on previous studies (90-

92). The acute administration of citalopram increases the extracellular 5-HT level in the 

brain and induces an acute neuroendocrine stress by stimulating the hypothalamic-
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pituitary-adrenal (HPA) axis (90, 93, 94). The placebo arm received normal saline 

infusion. During the infusion, participants were asked yes/no questions every 5 minutes 

to describe how they felt about the following statements: anxiety, nausea, drowsiness, 

dizziness, restlessness and discomfort. Finally, blood samples were collected 20 min and 

60 min after the start of the infusions. On the second experimental day, participants 

completed psychological questionnaires to measure their current depressive symptoms 

(ZUNG) (95) and trait-anxiety (STAI) (96). Before second experimental day’s citalopram 

challenge, participants underwent a 6-minute resting-state fMRI session. The experiments 

were scheduled between 4:00 pm and 8:00 pm to avoid the impact of diurnal changes in 

CORT and DHEA-S, which shows a slight decrease in the afternoon (97). 

 
 

Figure 2. Schematic representation of the study design.  

Note: The randomized, double-blind, crossover study consisted of two experimental days 

with three blood samplings. fMRI: functional magnetic resonance imaging, STAI: trait-

anxiety score, ZUNG: depressive symptoms score.  

 

3.3. Biological samples  

Blood samples were centrifuged and kept frozen at -80°C until the assay (87, 88). Liquid 

Chromatography Mass Spectrometry (LC-MS/MS) method was used to determine plasma 

concentration of citalopram, TRP, KYN, and LNAA (valine, leucine, isoleucine, 

phenylalanine, and tyrosine) (98). Plasma CORT and DHEA-S concentrations were 

measured by competitive ELISA kits (87).  
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3.4. Imaging data acquisition  

At the beginning of the imaging session, high resolution (1x1x1 mm3) structural data were 

acquired using T1-weighted 3D turbo field echo sequence with a 3 T Philips Medical 

System, Achieva 3T scanner. Participants were instructed to close their eyes and remain 

awake during the resting-state fMRI measurement. The acquisition parameters of T2*-

weighted echo-planar pulse-sequence were the following: repetition time = 2.500 ms, 

echo time = 30 ms, field of view = 240x240 mm2, 3x3x3 mm3 resolution (88). 

3.5. Statistical analysis 

3.5.1. Statistical analysis of baseline data related to Hypothesis 1 

For statistical analysis of the plasma concentrations and baseline characteristics, SPSS 

(SPSS Statistics for Windows, version 27.0) was used. Based on Fernstrom et al., the sum 

of LNAA affecting TRP uptake to the brain was calculated as the sum of tyrosine, 

phenylalanine, leucine, isoleucine and valine concentrations (59). The ratio of 

TRP/LNAA, KYN/TRP and CORT/DHEA-S was calculated. CORT/DHEA-S ratio is a 

sensitive marker of stress response (99). Mann-Whitney test was applied to determine any 

differences between migraine patients and controls in age and baseline plasma 

concentrations. Significance threshold was p < 0.05 (88). 

3.5.2. Statistical analysis of citalopram challenge data related to Hypothesis 2 

The final sample size for acute citalopram challenge analysis consisted of 17 episodic 

migraine without aura women and 17 healthy women. Those subjects had to be excluded 

from the analysis who had some problems during at least one blood sampling. Among the 

17-17 participants, 10 migraine patients and 9 healthy controls received citalopram 

intervention during the first experimental day, the others were allocated to placebo. On 

the second experimental day, the 10 migraine patients and 9 healthy controls were 

allocated to cross-over placebo. Males were also excluded from this part of the study 

because of the low number of males and potential gender specific effect (100). 

The plasma concentrations did not show normal distribution, thus Friedman test 

was used to determine the effect of the citalopram infusion on plasma concentrations in 

the whole population, and in separately analysing the control and migraine groups (87). 

Post-hoc Wilcoxon signed-rank tests was used with a Bonferroni correction. Spearman 

correlations were applied to determine the relationship between baseline and citalopram-
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induced plasma concentrations with the age at migraine onset and migraine frequency 

(87).  

GraphPad Prism version 8.0.1 for Windows software was used for data 

visualization of plasma concentrations. 

3.5.3. Statistical analysis of fMRI data related to Hypothesis 3 

The final sample size for PAG functional connectivity analysis was 54 participants. In 

case-control arrangement: 27 episodic migraine without aura patients (21 females, 6 

males; mean age: 25.9 ± 4.6 years) and 27 sex-matched, healthy control subjects (21 

females, 6 males; mean age: 25.6 ± 4.0 years). 

In order to characterize the mean TRP intake, the mean of the baseline TRP 

concentrations was calculated. As there was no significant difference between the two 

baseline blood samples’ TRP concentration, (88). Comparing migraine patients to healthy 

controls in trait-anxiety and depressive symptoms scores, independent t-test was applied. 

Significance threshold was p < 0.05 (88). 

The state-of-the-art preprocessing steps were the following: 1) intensity non-

uniformity correction and intensity normalization on the T1-weighted images; 2) 

Segmentation of T1-weighter images 3) Spatial normalisation into 2 mm MNI152 space 

4) Deleting the first four frames of functional time-series 5) Primary motion correction 6) 

Co-registration of functional images with structural scans and transformation 7) Spatial 

filtering with 6 mm Gaussian-kernel 8) Signal correction with ICA-AROMA 9) Temporal 

band-pass filtering  (88). After preprocessing, seed-to-voxel functional connectivity 

analysis was carried out, where time-series of a chosen region is correlated with all other 

voxels across the brain. Left and right PAG as seed regions were defined based on 

previous literature (MNI peak coordinates left PAG: -2; -28; -6; right PAG: 2; -28; -6; 

with 3 mm radius) (38). The seed-based connectivity map definition steps are detailed in 

Gecse, K. et al., 2022 (88).  

Statistical Parametric Mapping (SPM12) software package implemented in 

Matlab 2016a was used to analyse within- and between-group comparisons. “First, PAG 

intrinsic functional connectivity was determined in whole group analysis using one 

sample t-test. Next, two sample t-test was conducted to compare PAG connectivity 

between migraine and control groups. Correlation between plasma TRP and PAG 

connectivity in the whole population was determined by including the mean TRP 
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concentration of the first blood samplings as a regressor. TRP correlation with PAG 

connectivity based on diagnosis was performed by using F-contrast” (88). 

Then, the correlation between mean plasma TRP concentration and PAG intrinsic 

functional connectivity was investigated in the migraine and control group separately. 

Also, the correlation between migraine-related emotional features, STAI and ZUNG 

scores and migraine indicators (attack frequency and age of onset) with PAG connectivity 

were investigated. Next, TRP concentration was used as covariate to determine whether 

it alters the association between PAG connectivity and migraine indicators, and STAI or 

ZUNG (88).  

All analyses were corrected for motion parameters, age and sex. To better model 

TRP influx to the brain, all TRP related analyses were corrected for LNAA levels. “An 

initial threshold of p < 0.001 uncorrected for multiple comparison and at least twenty 

contiguous voxels were used in the analyses. All reported results survived family-wise 

error correction at a cluster-level threshold of pFWE < 0.05” (88).  

As the first part of the thesis involved only female participants, in order to 

investigate the possible confounding effect of sex on fMRI data, were repeated migraine 

and control group comparison and TRP effect analysis using female participants only.  

For data visualization, significant clusters were added as overlay on MNI 152 

brain template in MRIcroGL.  
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4. Results 

4.1. Descriptive statistics 

The original study population consisted of 33 migraine patients (27 females and 6 males), 

and 48 healthy controls (29 females and 19 males). Some healthy controls have not 

completed the ZUNG (n = 3) and STAI (n = 5) questionnaires. There were no differences 

between migraine and control groups in age, depressive symptoms, and trait-anxiety 

scores (Table 1.). The mean frequency of monthly migraine attacks was 3.30 ± 2.82 and 

the mean age at migraine onset was 15.27 ± 6.47 years.  

 

4.2. Baseline TRP pathway  

Both examination days started with blood sample collection to determine the baseline 

concentration of TRP, KYN, CORT and the ratio of TRP/LNAA, KYN/TRP and 

CORT/DHEA-S (Table 1.). The TRP concentration (1.: U = 488, p = 0.016, 2.: U = 363, 

p = 0.006) and TRP/LNAA ratio (1.: U = 458, p = 0.007, 2.: U = 334, p = 0.002) were 

significantly higher in migraine group compared to controls in both blood samples. The 

KYN concentration was significantly higher (U = 399, p = 0.029) in migraine patients 

compared to controls in the second experimental day. However, there was no difference 

in KYN concentration between the two groups in the first experimental day (U = 668, p 

= 0.591). There were no further differences in baseline plasma concentrations between 

migraine and control groups. 
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Table 1. Descriptive statistics and baseline plasma concentrations of all participants 

 

Note: Values demonstrate mean ± SD. Significance threshold was p < 0.05. CORT: 

cortisol, DHEA-S: dehydroepiandrosterone sulfate, KYN: L-kynurenine, LNAA: large 

neutral amino acids, N: number of analysable samples, STAI: trait-anxiety score, TRP: 

Tryptophan, ZUNG: depressive symptoms score. 

 

4.3. Acute citalopram challenge 

4.3.1. Effect of acute citalopram 

In the acute citalopram challenge, data of 17 female migraine patients (mean age: 25.53 

± 4.65 years) and 17 healthy control females (mean age: 25.71 ± 4.16 years) were 

analysed. The mean BMI of the participants was: 20.97 ±3. 29kg/m2. Plasma citalopram 

concentration significantly increased in migraine patients (20 min: 21.13 ± 6.67 [µg/mL]; 

60 min: 11.50 ± 3.97 [µg/mL]) and healthy controls (20 min: 17.91 ± 11.83 [µg/mL]; 60 

 
Migraine N Control N 

Test 

statistic (U) 

p-

value 

Age (years) 26.48 ± 4.77 33 25.69 ± 4.05 48 730.5 0.553 

ZUNG score 33.86 ± 5.72 33 32.63 ± 6.40 45 610 0.179 

STAI score 37.75 ± 8.64 33 35.47 ± 9.31 43 653 0.365 

Migraine frequency 

(attack per month) 
3.30 ± 2.82 

33 
NA 

   
Age at migraine onset 15.27 ± 6.47 33 NA    

1. experimental day - Baseline blood sample 

TRP [µg/mL] 9.26 ± 3.00 32 7.81 ± 3.08 45 488 0.016 

TRP/LNAA 0.09 ± 0.03 32 0.07 ± 0.02 45 458 0.007 

KYN [µg/mL] 0.56 ± 0.21 32 0.52 ± 0.17 45 668 0.591 

KYN/TRP  0.06 ± 0.02 32 0.07 ± 0.02 45 901 0.061 

CORT [ng/mL] 81.48 ± 59.61 31 77.23 ± 63.18 42 616 0.696 

CORT/DHEA-S 

[µg/mL] 57.99 ± 53.25 31 43.98 ± 36.51 42 577 0.409 

2. experimental day - Baseline blood sample 

TRP [µg/mL] 9.16 ± 2.67 27 7.46 ± 2.10 44 363 0.006 

TRP/LNAA 0.10 ± 0.04 27 0.07 ± 0.02 44 334 0.002 

KYN [µg/mL] 0.60 ± 0.19 27 0.56 ± 0.30 43 399 0.029 

KYN/TRP  0.07 ± 0.02 27 0.07 ± 0.02 43 695 0.167 

CORT [ng/mL] 71.41 ± 52.26 28 54.18 ± 45.99 38 425 0.165 

CORT/DHEA-S 

[µg/mL] 49.62 ± 46.72 28 32.23 ± 24.49 38 494 0.509 
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min: 13.15 ± 7.22 [µg/mL]). There were no significant differences in plasma citalopram 

concentration between the two groups (20 min: H(1) = 2.75, p = 0.097; 60 min: H(1) = 

0.15, p = 0.904)(87). 

 Acute citalopram induced subjective experiences of the participants were the 

following: 9.1% anxiety, 63.6% drowsiness, 24.2% dizziness, 21.2% nausea, 30.3% 

restlessness, 48.5% discomfort. There were no significant differences in reported 

subjective experiences between the migraine and the control groups (anxiety (p = 0.601), 

nausea (p = 1.000), drowsiness (p = 0.721), dizziness (p = 1.000), restlessness (p = 1.000), 

discomfort (p = 0.494))(87).  

 Significant increases in TRP (χ2(2) = 6.35, p = 0.042), KYN (χ2(2) = 11.53, p = 

0.003) and TRP/LNAA (χ2(2) = 6.59, p = 0.037) concentrations were observed as main 

effect of acute citalopram challenge in the study population. In case of placebo, the 

circadian decrease in CORT concentration (χ2(2) = 31.83, p < 0.001) and CORT/DHEA-

S (χ2(2) = 26.65, p < 0.001) were observed, that cannot be detected after citalopram 

infusion (87). 

4.3.2. Diagnosis dependent effect of acute citalopram challenge 

Acute citalopram challenge showed different effects on TRP pathway in migraine patients 

than in healthy controls (Figure 3.). Citalopram infusion induced significant increases in 

TRP (χ2(2) = 14.94, p < 0.001), KYN (χ2(2) = 8.94, p = 0.011) concentrations and 

TRP/LNAA (χ2(2) = 13.18, p < 0.001) ratio in healthy control group. However, these 

citalopram-induced changes were not observed in migraine patients. Only KYN/TRP 

ratio (χ2(2) = 7.41, p = 0.025) showed significant decrease in migraine group (87). 

 Citalopram as a neuroendocrine challenge induced the increase in CORT and 

CORT/DHEA-S concentration, thus the circadian decrease of CORT and CORT/DHEA-

S after citalopram infusion were not observed in migraine and control groups. In case of 

placebo, CORT (migraine: χ2(2) = 23.48, p < 0.001; control: χ2(2) = 9.88, p = 0.007) and 

CORT/DHEA-S (migraine: χ2(2) = 20.24, p < 0.001; control: χ2(2) = 7.88, p = 0.019) 

showed time-dependent concentration decrease in both groups (87). 

 Post-hoc analysis revealed that 20 minutes after citalopram infusion TRP 

concentration (Z = -1.12, p = 0.003) and TRP/LNAA (Z = -1.18, p = 0.002) were 

significantly elevated compared to baseline concentration in healthy controls. Significant 

reduction in TRP concentration (Z = 1.18, p = 0.002) and TRP/LNAA ratio (Z = 0.94, p 
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= 0.018) were observed between the 60 minutes sample compared to 20 minutes. 

However, there were no significant differences in TRP concentration (Z = 0.06, p = 1.000) 

and TRP/LNAA ratio (Z = -0.24, p = 1.000) between baseline and 60 minutes after 

citalopram infusion. The same pattern described the citalopram-induced changes in KYN 

concentration. Namely, 20 minutes after citalopram infusion KYN concentration was 

significantly elevated compared to baseline concentration (Z = -0.82, p = 0.049) in healthy 

controls. Significant reduction in KYN concentration was observed between the 60 

minutes sample compared to 20 minutes (Z = 0.94, p = 0.018). However, there was no 

significant difference between baseline KYN concentration and 60 minutes after 

citalopram infusion (Z = 0.12, p = 1.000) (87). 

 In migraine group, post-hoc analysis showed significant reduction in KYN/TRP 

ratio between 20 minutes and 60 minutes after citalopram (Z = 0.88, p = 0.003). There 

were no significant changes in KYN/TRP ratio between baseline and 20 minutes (Z = -

0.71, p = 0.119) or 60 minutes after citalopram (Z = 0.18, p = 1.000) (87).  
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Figure 3. The effect of citalopram challenge on plasma TRP, KYN, CORT concentrations 

and TRP/LNAA, KYN/TRP and CORT/DHEA-S ratios. 

Note: CORT: cortisol, DHEA-S: dehydroepiandrosterone sulfate, KYN: L-kynurenine, 

LNAA: large neutral amino acids, TRP: Tryptophan *p < 0.05, **p < 0.01, ***p < 0.001 

(87). 
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4.3.3. Associations with clinical variables of migraine 

Significant negative correlation was found between baseline KYN/TRP ratio and monthly 

migraine frequency (before citalopram: rs= -0.451, p = 0.046, before placebo: rs= -0.525, 

p = 0.018) (Figure 4.).  

 

Figure 4. Negative correlation between monthly migraine frequency and kynurenine 

(KYN) / tryptophan (TRP) ratio before citalopram challenge and placebo (87).  

 

In addition, citalopram-induced KYN concentration elevation 20 minutes after 

infusion positively correlated with migraine frequency (rs = 0.766, p < 0.001) (Figure 5.). 

There were no significant associations between age at migraine onset and plasma 

biomarkers. 
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Figure 5. Correlation between monthly migraine frequency and acute citalopram-

induced kynurenine (KYN) concentration changes (87).  

Note: ∆ = The difference between 20 minutes after citalopram infusion and baseline. 

 

4.4. Resting-state functional connectivity of PAG 

4.4.1. Intrinsic connectivity of PAG  

Left and right side of PAG showed significant positive intrinsic functional connectivity 

with nearby brainstem structures, thalamus (Table 2.). Right PAG showed additional 

significant connectivity with cerebellum. There was no negative functional connectivity 

that survived the cluster-level pFWE < 0.05 significance threshold. 

 

Table 2. Intrinsic functional connectivity of left and right side of PAG (88) 

Seed 

region 
Region 

Cluster size 

(voxel) 

Peak T- 

value 

MNI coordinates 

(x y z) 

Left PAG R Thalamus 324 4.37 10 -28 -2 

 R Precuneus 139 4.85 4 -70 54 

Right PAG R Thalamus 514 19.87 12 -22 10 

 L Cerebellum Crus 1 1576 5.42 -40 -52 -34 

 L Cerebellum VI   4.62 -12 -68 -26 

 L Cerebellum Crus 2  3.86 -38 -70 -44 

 L Vermis VI  3.73 -4 -58 -22 

 R Cerebellum VI 428 4.41 26 -62 -30 

 R Cerebellum Crus 1  3.60 32 -56 -36 

 R Cerebellum VIII  3.49 18 -64 -38 



 25 

Note: Results are corrected for age and sex. All the listed clusters survived the cluster-

level pFWE < 0.05 significance threshold. R: right, L: left, MNI: Montreal Neurological 

Institute 

 

4.4.2. Differences between migraine and control groups in PAG connectivity 

Left PAG showed increased functional connectivity with left postcentral gyrus (Peak-T 

value = 4.09 at cluster-level pFWE < 0.05, cluster size: 285 voxels) in migraine group 

compared to control group.  In migraine patients, right PAG had increased functional 

connectivity with left orbital part of superior frontal gyrus (Peak-T value = 6.65 at cluster-

level pFWE < 0.05, cluster size: 137 voxels) compared to controls. There was no increased 

functional connectivity of PAG in control group compared to migraine group.  

 Analysing only female participants, left PAG showed increased functional 

connectivity with left postcentral gyrus (Peak-T = 4.69 at cluster-level pFWE < 0.05, 

cluster size: 231 voxels) in migraine group compared to control group. Right PAG 

showed increased functional connectivity with right superior temporal gyrus (Peak-T 

value = 5.10 at cluster-level pFWE < 0.05, cluster size: 388 voxels) and right middle 

cingulate cortex (Peak-T value = 3.97 at cluster-level pFWE < 0.05, cluster size: 236 

voxels) in migraine patients compared to controls. 

 

4.4.3. Effect of TRP on PAG connectivity 

The mean plasma TRP concentration did not show main effect on PAG intrinsic 

functional connectivity in the whole study population.  

However, TRP showed diagnosis dependent effect on PAG intrinsic functional 

connectivity. More precisely, when comparing migraine group to control group, a 

significant difference was observed between the plasma TRP concentration effect on left 

PAG intrinsic functional connectivity with middle and superior occipital gyri and 

fusiform gyrus and left cerebellum (Table 3). TRP also showed different effects on right 

PAG intrinsic functional connectivity with left fusiform gyrus, left superior and middle 

occipital gyrus in migraine patients compared to controls.  
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Table 3. Brain clusters with significantly different association between plasma TRP and 

intrinsic PAG functional connectivity in migraine patients compared to controls (88). 

 

Region 
Cluster size Peak F- MNI coordinates 

(x y z) (voxel) value 

Left PAG      

R Superior Occipital gyrus 1763 26.26 26 -94 20 

R Middle Occipital gyrus  20.75 32 -80 6 

L Superior Occipital gyrus 1267 23.17 -14 -96 24 

L Middle Occipital gyrus  22.19 -26 -86 16 

L Fusiform gyrus 1244 25.18 -44 -70 -18 

L Cerebellum IV-V  22.40 -6 -64 -6 

R Fusiform gyrus 176 19.69 30 -46 -16 

Right PAG      

L Fusiform gyrus 698 19.77 -36 -80 -14 

L Superior Occipital gyrus 287 25.10 -20 -96 18 

L Middle Occipital gyrus  18.22 -26 -88 16 

 

Note: Results are corrected for age, sex and LNAA concentration. Significance threshold 

was cluster-level pFWE < 0.05 including at least 20 contiguous voxels. R: right, L: left, 

MNI: Montreal Neurological Institute.  

 

Analysing only female participants, the detected results did not change 

significantly. Namely migraine patients showed significantly different effect of plasma 

TRP on left PAG functional connectivity with middle and superior occipital gyri (Peak-

F = 32.57 at cluster-level pFWE < 0.05, cluster size: 3671 voxels), left (Peak-F = 24.63 

at cluster-level pFWE < 0.05, cluster size: 1450 voxels) and right (Peak-F = 21.78 at 

cluster-level pFWE < 0.05, cluster size: 180 voxels) fusiform gyri and right PAG 

functional connectivity with left fusiform gyrus (Peak-F = 28.24 at cluster-level pFWE < 

0.05, cluster size: 1115 voxels), left middle occipital gyrus (Peak-F = 25.09 at cluster-

level pFWE < 0.05, cluster size: 753 voxels),  and right lingual gyrus (Peak-F = 19.79 at 

cluster-level pFWE < 0.05, cluster size: 251 voxels) compared to controls.  
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In post-hoc analysis of migraine group (Figure 6.), plasma TRP concentration 

showed positive correlation with intrinsic connectivity between PAG and superior and 

superior medial part of frontal gyrus. In addition, negative correlation was found between 

plasma TRP concentration and functional connectivity of left PAG with left and right 

fusiform gyrus, right cerebellum, both side of middle part of occipital gyrus and left 

superior occipital gyrus. Further significant negative correlation was found in case of 

right PAG connectivity with left fusiform gyrus.  

In female migraine patients the significant negative correlation between plasma 

TRP and PAG functional connectivity showed the same pattern. Namely, plasma TRP 

concentration showed negative correlation with connectivity between left PAG and left 

fusiform gyrus, right cerebellum, right middle occipital gyrus. Also, negative correlation 

was found between plasma TRP and right PAG connectivity with left fusiform and right 

precentral gyrus. 

During post-hoc analysis, there was no significant association between plasma 

TRP and functional connectivity of PAG in control group. 

 

 

Figure 6. Brain clusters where intrinsic functional connectivity with PAG were 

significantly associated with plasma TRP concentration in migraine patients (88).  

Note: Secondary cluster-level threshold pFWE < 0.05. Results are corrected for age, sex 

and LNAA concentration. LNAA: large neutral amino acids, PAG: periaqueductal gray 

matter, TRP: Tryptophan. 
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4.4.4. Associations with clinical variables of migraine, depressive symptoms, and 

trait-anxiety  

Clinical variables of migraine (monthly migraine frequency and the age of migraine 

onset) significantly correlated with functional connectivity of PAG, but plasma TRP 

concentration did not affect these associations (Table 4.). 

In migraine patients, depressive symptoms score positively correlated with 

functional connectivity between PAG and middle frontal gyrus (Peak-T value = 6.65 at 

cluster-level pFWE < 0.05). Additional negative correlation between functional 

connectivity of right PAG and right fusiform gyrus (Peak-T value = -4.89 at cluster-level 

pFWE < 0.05) and parahippocampal gyrus (Peak-T value = -4.14 at cluster-level 

pFWE < 0.05) was revealed. To evaluate the association of TRP with above mentioned 

correlations, the analysis was corrected for plasma TRP concentration (and corrected for 

LNAA level). After that, there was no significant correlation between depressive 

symptoms and functional connectivity of PAG with middle frontal gyrus, fusiform gyrus 

or parahippocampal gyrus. However, depressive symptoms negatively correlated with 

functional connectivity between left PAG and left precuneus (Peak-T value = -4.44 at 

cluster-level pFWE < 0.05), and right middle cingulum (Peak-T value = -4.08 at cluster-

level pFWE < 0.05) even after correction for plasma TRP concentration (Table 4). 

Significant positive correlation was found between trait–anxiety with connectivity 

of left PAG and left middle frontal gyrus (Peak-T value = 5.33 at cluster-level 

pFWE < 0.05). Additional positive correlation was revealed between trait-anxiety with 

connectivity of right PAG and left middle (Peak-T value = 5.73 at cluster-level 

pFWE < 0.05) and superior medial frontal gyrus (Peak-T value = 5.09 at cluster-level 

pFWE < 0.05). After correcting for plasma TRP concentration (and corrected for LNAA), 

trait-anxiety level did not show any significant correlation with functional connectivity 

of PAG (Table 4). 

In healthy control group, trait-anxiety and depressive symptoms scores showed no 

correlation with functional connectivity of PAG. 
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Table 4. Alterations of PAG connectivity in association with migraine frequency, 

migraine onset, trait-anxiety level and depressive symptoms in migraine patients with and 

without correction for plasma TRP concentration (88). 

Without correction for TRP concentration 

Seed Region 
Cluster-

size 

Peak T-

value 

MNI-

coordinates 

(x y z) 

Attack frequency 

L PAG R Triangular part of inferior frontal gyrus 181 5.68 50 40 10 

 R Middle frontal gyrus 141 5.04 24 48 4 

R PAG R Triangular part of inferior frontal gyrus 272 5.4 50 28 26 

 R Middle frontal gyrus 161 5.21 24 50 4 

Age of onset 

L PAG R Precuneus 197 5.23 14 -44 4 

 R Lingual gyrus  4.31 6 -56 4 

 R Cuneus  4.18 6 -64 20 

Trait-anxiety 

L PAG L Middle frontal gyrus 166 5.33 -30 56 28 

R PAG L Middle frontal gyrus 190 5.73 -26 54 30 

 L Superior medial frontal gyrus 123 5.09 -4 36 32 

Depressive symptoms 

L PAG L Middle frontal gyrus 283 6.65 -26 54 28 

 R Fusiform gyrus 158 -4.89 26 -40 -18 

 R Parahippocampal gyrus  -4.14 30 -30 -16 

R PAG L Middle frontal gyrus 309 6.70 -26 54 30 

After correction for TRP concentration 

Attack frequency 

L PAG R Triangular part of inferior frontal gyrus 232 7.12 50 40 10 

 R Middle frontal gyrus  3.98 54 34 22 

R PAG R Triangular part of inferior frontal gyrus 271 5.47 50 28 26 

 R Superior frontal gyrus 126 4.07 32 58 14 

Age of onset 

L PAG R Lingual gyrus 289 5.45 14 46 4 

 R Cuneus  4.94 6 66 20 

Trait-anxiety 

No significant result 

Depressive symptoms 

L PAG R Middle cingulate gyrus 206 -4.08 4 -40 42 

 L Precuneus  -4.44 -10 56 26 

Note: Significance threshold was cluster-level pFWE < 0.05 including at least 20 

contiguous voxels. Results are corrected for age, sex and LNAA concentration. R: right, 

L: left, LNAA: large neutral amino acids, MNI: Montreal Neurological Institute, TRP: 

Tryptophan 



 30 

5. Discussion 

5.1. Hypothesis 1:  Migraine patients have altered TRP pathway metabolism 

between attacks, which shows association with migraine frequency. 

In our study, elevated TRP and TRP/LNAA ratio were detected in interictal, episodic 

migraine without aura patients compared to healthy controls during two independent 

timepoints. These results align with previous studies reporting elevated TRP 

concentration in episodic (60) and chronic migraine patients (61). Opposing results in 

some studies (63, 64) could be attributed to differences in study populations (e.g., usage 

of prophylactic drugs) and the timing of blood sampling (63). The TRP/LNAA ratio's 

reliability as a marker of TRP brain uptake was highlighted (59), however never 

previously investigated in migraine. The replicated, increased TRP/LNAA ratio 

potentially reflects decreased breakdown of TRP due to impaired TDO and IDO enzyme 

activity in migraine (54). The decreased expression of KYN pathway enzymes was 

already demonstrated in nitroglycerin-based animal migraine model (101).  

Furthermore, in our study the reduced KYN/TRP ratio exhibited a negative 

correlation with the increasing number of migraine attacks per month in both blood 

samplings. While traditionally, the KYN/TRP ratio was used to indicate IDO activity, the 

contemporary perspective favours its utility in illustrating the shift of the TRP pathway 

from 5-HT to KYN (73). Consequently, our findings provide additional evidence 

supporting a less active KYN pathway in migraine. 

5.2.  Hypothesis 2:  Migraine patients have maladaptive stress response affecting 

altered TRP pathway.  

To investigate the maladaptive stress response of migraine patients, we used an acute 

citalopram challenge that serves as a neuroendocrine probe assessing serotonergic 

responsivity and induces acute neuroendocrine stress (93). After the citalopram infusion, 

an immediate elevation of TRP, KYN, and TRP/LNAA ratio were observed in healthy 

controls reflecting adaptive stress-responsivity. However, migraine patients did not 

exhibit this elevation, supporting the hypothesis of maladaptive stress response in 

migraine (102).  

During acute stress situation, various mechanisms could increase plasma TRP and 

KYN level (103). Meanwhile HPA-axis activation is the best-known pathway to increase 

plasma amino acid levels in stress (104), our study demonstrated that plasma TRP 
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elevation preceded a significant increase in CORT response after citalopram infusion. 

Based on another feasible explanation, sympathetic nervous system activation may 

contribute to plasma TRP concentration elevation (105). The elevated brain influx of TRP 

is a short-term citalopram effect indicated by the increased TRP/LNAA ratio (106). Only 

a few percentages of plasma TRP are not bound to circulating albumin, thus free to enter 

the central nervous system. However, the activation of sympathetic nervous system 

during physical exercise or neuroendocrine stress leads to the increase of non-esterified 

fatty acids level that could displace TRP from protein binding, resulting increased TRP 

brain uptake (104). The increased TRP concentration in the brain promotes 5-HT 

synthesis and stress-coping (107). 

The concurrent increase in TRP and KYN, without altering the KYN/TRP ratio, 

suggests an acute elevation in KYN pathway activity. The citalopram challenge as an 

acute stress may induce IDO and TDO enzymes contributing to KYN shunt activation 

(108, 109). In healthy controls, as indicated by our results and previous animal studies 

the balance between TRP and KYN metabolites may contribute to stress resilience (110). 

These alterations appear temporary, as the increase in TRP and KYN concentrations was 

followed by a rapid decrease within 60 min, possibly caused by the activation of 

degradation enzymes. 

In contrast, migraine patients did not show an increase in TRP and TRP/LNAA 

plasma concentrations during the citalopram challenge. This suggests that the already 

elevated TRP concentration in migraineurs, possibly associated with sustaining the 

interictal phase or heightened stress sensitivity (88), could not be further increased by 

acute sympathetic nervous system activation. The induction of IDO and TDO enzymes 

might also be less effective in migraine, considering the reduced expression of KYN 

pathway enzymes (111), thus the citalopram challenge resulted in a modest increase in 

KYN plasma level. The diminished response for the citalopram induced acute 

neuroendocrine stress strengthened the notion of maladaptive stress response in migraine 

where downregulated TRP-KYN pathway may play a role (71, 102).  

Notably, KYN concentration did not significantly increase in migraine patients 

after acute citalopram infusion, but the extent of the elevation positively correlated with 

migraine frequency. Although not measured in our study, previous research suggests 

lower KAT expression in migraine patients, potentially leading to reduced KYN 
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conversion to KYNA (111). KYNA, known for its antinociceptive effect, could contribute 

to analgesia in migraine by blocking CGRP release and reducing serotonergic neuron 

activation (112, 113). The diminished KYNA production may heighten NMDA receptor 

hyperactivity in migraine, contributing to migraine brain hyperexcitability (70, 114). 

Based on our results, we suggest that despite increased plasma TRP levels interictally, 

insufficiently elevated plasma KYN during acute stress and a downregulated KYN 

metabolic pathway may contribute to higher migraine attack frequency. 

5.3. Hypothesis 3: Migraine patients have hypersensitive emotional and pain 

regulation neuronal networks that shows association with TRP pathway.  

5.3.1. Hypersensitive PAG network in migraine 

First, comparing migraine patients to healthy controls, our results, in line with previous 

studies, revealed a stronger connection between PAG and postcentral and superior frontal 

gyri indicating a sensory hypersensitivity of the migraine brain even in attack-free period 

(38, 39, 41). The cluster of the postcentral gyrus that showed significant connection to 

PAG matches the head and neck area of sensory homunculus.  

5.3.2.TRP concentration dependent PAG functional connectivity in migraine 

Then, we investigated the effect of plasma TRP on functional connectivity of PAG and a 

significant association was revealed between plasma TRP concentration and functional 

connectivity of PAG with regions involved in defence cascade only in migraine patients, 

but not in healthy controls (115). Namely, elevated plasma TRP concentration correlated 

with reduced functional connectivity of PAG with fusiform gyrus, middle occipital gyrus, 

and cerebellum; simultaneously an increased connectivity of PAG with the superior and 

superior medial parts of the frontal gyrus, specifically the dorsolateral prefrontal cortex 

(dlPFC) and dorsomedial prefrontal cortex (dmPFC).  

The fusiform gyrus as part of the defence cascade is responsible to identify 

potential threat by evaluating the environment (encompassing movements, vocalizations, 

and facial expressions)(116). Threatening situation triggers the activation of PAG that is 

under top-down control of various regions such as the fusiform gyrus (117). In a safe 

situation, the fusiform gyrus exerts inhibitory control on defensive responses. Regarding 

migraine, a recent study noted increased PAG connectivity with the fusiform gyrus during 

painful stimuli, suggesting heightened activity of the fear-cascade under painful 

conditions in migraineurs (39). Our findings reveal that the functional connectivity 
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between PAG and fusiform gyrus diminishes with elevated plasma TRP concentration in 

migraine patients. These results might suggest that in the absence of pain there is a 

reduction in the perception of threat due to a less active fear-cascade in migraine patients 

with elevated plasma TRP concentration. 

Since the dlPFC and dmPFC are involved in integrating the selection and 

maintenance of appropriate emotional behaviour (118) and in the regulation of pain 

perception (119).  The positive correlation between elevated plasma TRP concentration 

and stronger functional connectivity of PAG with dlPFC and dmPFC suggests an 

impaired top-down pain and fear response that is depending on TRP pathway in migraine 

patients. Notably, the connection between PAG and dmPFC is important in the process 

of contextual fear discrimination, which employs past experiences to assess perceived 

threats in the current situation (120). Consequently, this connection is pivotal in 

determining suitable defensive or exploratory behaviours. While previous studies 

independently demonstrated positive functional connectivity of PAG with dmPFC and 

dlPFC in healthy controls (40) and migraine patients (41), they showed a weaker 

connectivity between PAG and dmPFC/dlPFC in migraine patients compared to controls 

(38, 39, 121), thus this connection may contribute to impaired top-down control of pain 

and fear responses in migraine. Considering our results, the elevation in plasma TRP 

concentration may strengthen the connectivity between PAG and dmPFC/dlPFC, thereby 

optimizing cortical control over the fear-cascade in migraine patients. 

Another pivotal brain structure of the defence cascade is the cerebellum, that also 

showed TRP dependent functional connectivity with PAG in migraine patients (122). 

Cerebellum is a key region in developing fear-evoked freezing behaviour (115) and has 

been more frequently associated with migraine pathophysiology as it shows high 

expression of migraine-related genes (122, 123). In addition to its crucial role in motor 

function, the cerebellum is involved in cognition, pain processing and encoding aversive 

stimuli such as unpleasant images (124). Previous studies have reported reciprocal 

connection between PAG and cerebellum, which circuit is important in fear response 

modulation (125, 126). Moreover, migraine patients exhibited decreased functional 

connectivity between PAG and the cerebellum during heat pain stimuli compared to 

healthy controls (39, 124). However, in migraineurs, PAG—cerebellum IV-VI 

connectivity showed a negative correlation, meanwhile PAG—cerebellum crus I and IX 
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displayed a positive correlation with migraine attack frequency during painful stimuli, 

showing that the subregions of the cerebellum are functionally different (39). Our study 

revealed an association between decreasing functional connectivity of PAG with 

cerebellum IV-VI and increased TRP concentration in migraine patients, suggesting a 

potential decrease in fear-cascade activation in migraineurs with increased plasma TRP 

concentration. However, cerebellar lobules IV-V are mainly involved in motor functions, 

but cerebellar lobule IV has a complex role in both motor and cognitive tasks (127).  

Another region that showed TRP concentration dependent association with PAG 

connectivity in migraine patients is the middle occipital gyrus. This region is involved in 

multisensory processing, thus spatial localization of visual, tactile, and auditory stimuli 

occurs there (128). Previous studies reported negative functional connectivity between 

PAG and middle occipital gyrus in healthy individuals (33, 40) and increased middle 

occipital gyrus activity during mind-wandering away from pain (129). In addition, during 

viewing threatening images, it exhibited increased activation concurrently with defence 

cascade activation compared to less arousing stimuli (130). Previously, Solstrand et al. 

reported decreased pain-induced functional connectivity between PAG and middle 

occipital gyrus in migraineurs compared to controls, that showed negative correlation 

with migraine attack frequency (39). Despite that the exact role of PAG-middle occipital 

gyrus functional connectivity in the defence cascade is not fully understood, based on our 

results and previous findings, we could hypothesize that the decreased functional 

connectivity of PAG-middle occipital gyrus in association with increased plasma TRP 

concentration may be involved in decreased pain-related fear response in migraine 

patients. 

5.3.3. TRP concentration modulates the correlation between PAG connectivity 

with trait-anxiety and depressive symptoms in migraine  

Although a positive association was demonstrated between migraine indicators, namely 

migraine attack frequency and age at migraine onset, with functional connectivity of PAG 

and frontal gyrus, this association was not correlated with plasma TRP concentration. The 

functional connectivity between PAG and triangular part of the inferior frontal gyrus and 

middle frontal gyrus was previously implicated in migraine pathology (38, 39, 121). Our 

findings align with prior observations that dietary TRP manipulation to boost serotonin 
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synthesis in the brain is not sufficient to decrease migraine attack frequency in most 

patients (131, 132). 

  Conversely, the positive correlation between functional connectivity of PAG-

dlPFC/dmPFC with trait-anxiety and current depressive symptoms showed association 

with plasma TRP (LNAA corrected) concentration. Previous animal study demonstrated 

the analgesic and anxiolytic effect of the excitatory descending pathway from dmPFC to 

PAG (133). Moreover, PAG plays a role in cognitive processes, it orchestrates negative 

emotions and pain-related autonomic and behavioural responses through its afferent and 

efferent projections with the prefrontal cortex (134). As mentioned above, the 

connectivity between PAG and dmPFC is pivotal in contextual fear discrimination, thus 

the impaired defensive behaviour could lead to anxiety disorders (115, 120). Previously, 

the hypoactivity of dlPFC was showed in depressed patients, that normalized after 

treatment (135). Interestingly, TRP depletion has no mood-lowering effect in never-

depressed healthy individuals, however, predisposing factors such as a high familial risk 

for depression or remitted depression make people susceptible to depressive symptoms in 

case of decreased TRP concentration (67). Similarly to previous observations, our study 

showed no significant association between TRP concentration and depressive symptoms 

or trait-anxiety level, nor PAG functional connectivity in healthy controls. Nonetheless, 

TRP and its metabolites could play modulating role in the functional coupling of PAG 

with dmPFC/dlPFC in migraine patients. The increased TRP concentration may be 

beneficial in migraine patients, by decreasing pain-induced negative affect and improving 

emotion processing through enhancing PAG-PFC connectivity (120). It is essential to 

emphasize that our patients were free from any psychiatric disorders, and the depressive 

symptom and trait-anxiety scores were in normal range, without any significant difference 

compared to healthy controls. 

Finally, additional negative correlation was found between depressive symptoms and 

PAG connectivity with fusiform gyrus and right parahippocampal gyrus after correcting 

for plasma TRP concentration. Both regions are involved in fear processing circuits that 

show higher activation in depressed patients with migraine compared to non-depressed 

migraine patients (136). Thus, this result aligns with our suggestion that TRP pathways 

might interfere with fear processing by influencing PAG functional connectivity, 

potentially decreasing the activity of the fear-cascade in migraine patients (117). 
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6. Limitations 

One of the main limitations of our study is the relatively low sample size. However, our 

population was screened by expert neurologists, so migraine patients consisted of a 

homogenous episodic migraine without aura population, free from any comorbid 

disorders or medication intake. In addition, the randomized, double-blind crossover 

design of the citalopram challenge is a strength of our study. Another methodological 

limitation is that plasma total TRP concentration was detected and free to bound TRP 

ratio was not investigated. At the same time, we emphasized that the TRP/LNAA ratio is 

a better marker for TRP brain influx, thus we focused on controlling for LNAA 

concentration in all analysis. Unfortunately, the expression and activity of KYN 

metabolising enzymes and metabolites were not assessed in this study. Finally, the 

determination of bilateral PAG as seed region in fMRI analysis was based on literature 

data. The intrinsic functional connectivity of the seed was in line with previous results 

and in our complex preprocessing pipeline we tried to manage all fMRI related 

challenges.  

7. Synthesis of our hypotheses  

We provided further evidence for the hypothesis of migraine as allostatic load disorder. 

In addition, our study provided specific mechanisms that could possibly be involved in 

interictal maladaptive stress response, thus be useful to identify novel drug targets 

influencing the kynurenine pathway (Figure 7.)(24, 28). First, we identified an interictal 

hyperexcitability of pain pathways in migraine patients compared to healthy controls by 

demonstrating increased PAG connectivity within pain-matrix of migraine patients. 

Second, we proved that the downregulated kynurenine pathway plays a role in 

maladaptive stress response of migraine patients by identifying that migraine patients 

failed to activate TRP pathway during stress challenge, and thus this mechanism is 

possibly involved in recurrent migraine attacks. Third, the TRP pathway alterations are 

associated with the dampened connectivity of fear-cascade regions that are responsible to 

the control of the “fight or flight” response. The “fight or flight” response is suggested to 

contribute to the behavioural meaning of pain in migraine thus our results further support 

the involvement of TRP pathway in interictal maladaptive stress response of migraineurs. 

(29). Finally, trait-anxiety and depressive symptoms are contributory risk factors and 
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emotional symptoms of migraine attacks that showed association with TRP modulated 

PAG-PFC connectivity suggesting a TRP dependent alteration in top-down control of 

pain and emotions in interictal period of migraine. 

 

 

Figure 7. The visual summary of the results: association between TRP pathway and 

allostatic load in interictal period of episodic migraine.  

Note: Migraine patients have maladaptive stress response even in interictal period of 

migraine. The decreased breakdown of TRP via kynurenine pathway interferes with 

migraine attack frequency. Broken line: Increased connectivity within the pain-matrix in 

interictal migraine patients compared to healthy controls. Green line: The dampened fear-

cascade network is associated with TRP concentration in migraine patients. Brown line: 

The connectivity between PFC and PAG showed association with TRP concentration and 

depression symptoms and trait-anxiety in migraine patients. Underlying the role of TRP 

pathway in altered top-down pain and emotions control of migraine patients. PAG: 

periaqueductal gray matter, PFC: prefrontal cortex, TRP: Tryptophan, TRP/LNAA: 

Tryptophan/large neutral amino acids.  The figure was created in BioRender.com. 
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8. Conclusions  

Considering the results of our analysis, 1) we demonstrated an increased TRP/LNAA 

ratio in migraine patients for the first time. Our study provided further evidence for 

downregulated KYN pathway that showed association with migraine frequency.  2) The 

maladaptive stress response of migraine patients was observed during acute citalopram 

challenge that affected the TRP and KYN metabolism. Furthermore, migraine frequency 

was associated with KYN pathway responsivity during acute stress highlighting its 

importance in maladaptive stress response. 3) We also demonstrated that TRP pathway 

plays a significant role in migraine brain hypersensitivity and in the interictal dampened 

fear-cascade. The correlation between TRP concentration and PAG-PFC connectivity 

showed association with emotional symptoms of migraine, but not with migraine attack 

generation. These mechanisms may interfere with stress coping strategies of migraine 

brain and support the hypothesis considering migraine as an allostatic load disorder 

(Figure 7.). 

Given these points, the KYN pathway could serve as possible target for influencing 

hyperexcitability in migraine, but further studies are needed to investigate their relevance 

in migraine treatment or prophylaxis. Promising results of Phase II. clinical trials with 

glutamate receptor (mGLUR5) modulators (e.g.: raseglurant), AMPA/kainate receptor 

antagonist (e.g.: tezampanel) and real-world data with NMDA receptor antagonists (e.g.: 

ketamine) might uncover future perspectives for individual migraine treatment.  
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9. Summary  

Migraine has been one of the most debilitating diseases in the world since thousands of 

years. Several hypotheses have emerged regarding its pathophysiology, involving the role 

of tryptophan (TRP) metabolic pathway. The literature presents conflicting results 

concerning the blood levels of TRP in migraineurs, reporting both decreased and 

increased concentrations compared to healthy controls. In our study, we found elevated 

TRP concentration and TRP/large neutral amino acids (LNAA) ratio in the plasma of 

episodic migraine patients without aura in two independent samples. The TRP/LNAA 

ratio is a reliable marker of TRP uptake into the brain, which our study investigated first 

in migraine. A decreasing kynurenine (KYN)/TRP ratio with increasing migraine 

frequency suggested a reduced activity of the kynurenine pathway. 

 In the past decades, the perspective has emerged considering migraine attacks as 

the consequence of maladaptive stress response of the central nervous system. Recurrent 

attacks further worsen the adaptive changes to stress. In our study, we demonstrated that 

TRP pathway of migraine patients failed to adapt during citalopram challenge, an acute 

neuroendocrine stress, while healthy controls showed physiological adaptive changes. 

The frequency of migraine attacks was associated with citalopram infusion induced KYN 

concentration changes, thus confirming the role of the KYN pathway in the maladaptive 

stress response and the development of recurrent migraine attacks. 

 Alterations in the resting-state network of the periaqueductal gray matter 

contribute to the increased sensitivity of the interictal migraine brain to environmental 

stimuli. In our study, we found that plasma TRP concentration (corrected for LNAA) is 

associated with functional connectivity between PAG and fear-cascade regions. 

Furthermore, TRP concentration affected the functional connectivity of the PAG with the 

prefrontal cortex, which connection was associated with depressive symptoms and trait-

anxiety. These psychological traits are often co-occurring with migraine.  

 Further studies are needed to determine whether influencing the TRP-KYN 

pathway could prevent migraine attacks. In ongoing clinical trials, receptors under the 

influence of KYN metabolites are emerging as promising drug targets for both migraine 

attack treatment and prophylaxis. 

  

  



 40 

10. References 

1. Steiner TJ, Stovner LJ. Global epidemiology of migraine and its implications for 

public health and health policy. Nature reviews Neurology. 2023;19(2):109-17. 

2. Burch RC, Buse DC, Lipton RB. Migraine: Epidemiology, Burden, and 

Comorbidity. Neurologic clinics. 2019;37(4):631-49. 

3. Steiner TJ, Stovner LJ, Jensen R, Uluduz D, Katsarava Z, on behalf of Lifting The 

Burden: the Global Campaign against H. Migraine remains second among the world’s 

causes of disability, and first among young women: findings from GBD2019. J Headache 

Pain. 2020;21(1):137. 

4. Global, regional, and national burden of migraine and tension-type headache, 

1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet 

Neurol. 2018;17(11):954-76. 

5. Goadsby PJ, Holland PR. An Update: Pathophysiology of Migraine. Neurologic 

clinics. 2019;37(4):651-71. 

6. Headache Classification Committee of the International Headache Society (IHS) 

The International Classification of Headache Disorders, 3rd edition. Cephalalgia. 

2018;38(1):1-211. 

7. Goadsby PJ. The vascular theory of migraine--a great story wrecked by the facts. 

Brain : a journal of neurology. 2009;132(Pt 1):6-7. 

8. Goadsby PJ, Holland PR, Martins-Oliveira M, Hoffmann J, Schankin C, Akerman 

S. Pathophysiology of Migraine: A Disorder of Sensory Processing. Physiological 

reviews. 2017;97(2):553-622. 

9. Maniyar FH, Sprenger T, Monteith T, Schankin C, Goadsby PJ. Brain activations 

in the premonitory phase of nitroglycerin-triggered migraine attacks. Brain : a journal of 

neurology. 2014;137(Pt 1):232-41. 

10. Messina R, Rocca MA, Goadsby PJ, Filippi M. Insights into migraine attacks from 

neuroimaging. The Lancet Neurology. 2023;22(9):834-46. 

11. Bernstein C, Burstein R. Sensitization of the trigeminovascular pathway: 

perspective and implications to migraine pathophysiology. Journal of clinical neurology 

(Seoul, Korea). 2012;8(2):89-99. 

12. Juhasz G, Zsombok T, Modos EA, Olajos S, Jakab B, Nemeth J, et al. NO-induced 

migraine attack: strong increase in plasma calcitonin gene-related peptide (CGRP) 

concentration and negative correlation with platelet serotonin release. Pain. 

2003;106(3):461-70. 

13. Goadsby PJ, Edvinsson L, Ekman R. Release of vasoactive peptides in the 

extracerebral circulation of humans and the cat during activation of the trigeminovascular 

system. Annals of neurology. 1988;23(2):193-6. 

14. Spekker E, Tanaka M, Szabo A, Vecsei L. Neurogenic Inflammation: The 

Participant in Migraine and Recent Advancements in Translational Research. 

Biomedicines. 2021;10(1). 

15. Tajti J, Vecsei L. [The mechanism of peripheral and central sensitization in 

migraine. A literature review]. Neuropsychopharmacol Hung. 2009;11(1):15-21. 

16. Peng KP, May A. Migraine understood as a sensory threshold disease. Pain. 

2019;160(7):1494-501. 

17. Moulton EA, Becerra L, Maleki N, Pendse G, Tully S, Hargreaves R, et al. Painful 

heat reveals hyperexcitability of the temporal pole in interictal and ictal migraine States. 

Cereb Cortex. 2011;21(2):435-48. 



 41 

18. Schwedt TJ, Chong CD, Chiang CC, Baxter L, Schlaggar BL, Dodick DW. 

Enhanced pain-induced activity of pain-processing regions in a case-control study of 

episodic migraine. Cephalalgia. 2014;34(12):947-58. 

19. Coppola G, Pierelli F, Schoenen J. Habituation and migraine. Neurobiol Learn 

Mem 2009;92(2):249-59. 

20. Puledda F, Ffytche D, O'Daly O, Goadsby PJ. Imaging the Visual Network in the 

Migraine Spectrum. Frontiers in neurology. 2019;10(1325). 

21. Schwedt TJ, Larson-Prior L, Coalson RS, Nolan T, Mar S, Ances BM, et al. 

Allodynia and descending pain modulation in migraine: a resting state functional 

connectivity analysis. Pain Med. 2014;15(1):154-65. 

22. Schwedt TJ, Krauss MJ, Frey K, Gereau RWt. Episodic and chronic migraineurs 

are hypersensitive to thermal stimuli between migraine attacks. Cephalalgia. 

2011;31(1):6-12. 

23. Maleki N, Becerra L, Borsook D. Migraine: maladaptive brain responses to stress. 

Headache. 2012;52 Suppl 2(Suppl 2):102-6. 

24. Borsook D, Maleki N, Becerra L, McEwen B. Understanding migraine through 

the lens of maladaptive stress responses: a model disease of allostatic load. Neuron. 

2012;73(2):219-34. 

25. McEwen BS. Allostasis and Allostatic Load: Implications for 

Neuropsychopharmacology. Neuropsychopharmacology. 2000;22(2):108-24. 

26. Kesserwani H. Migraine Triggers: An Overview of the Pharmacology, 

Biochemistry, Atmospherics, and Their Effects on Neural Networks. Cureus. 

2021;13(4):e14243. 

27. Martinelli D, Pocora MM, De Icco R, Putortì A, Tassorelli C. Triggers of 

migraine: where do we stand? Current opinion in neurology. 2022;35(3):360-6. 

28. Blumenfeld A, Durham PL, Feoktistov A, Hay DL, Russo AF, Turner I. 

Hypervigilance, Allostatic Load, and Migraine Prevention: Antibodies to CGRP or 

Receptor. Neurology and therapy. 2021;10(2):469-97. 

29. Pensato U, Cevoli S, Pierangeli G, Cortelli P. The evolutionary meaning of 

migraine. Cephalalgia. 2023;43(12):3331024231209303. 

30. Sauro KM, Becker WJ. The stress and migraine interaction. Headache. 

2009;49(9):1378-86. 

31. Welch KM, Nagesh V, Aurora SK, Gelman N. Periaqueductal gray matter 

dysfunction in migraine: cause or the burden of illness? Headache. 2001;41(7):629-37. 

32. Linnman C, Moulton EA, Barmettler G, Becerra L, Borsook D. Neuroimaging of 

the periaqueductal gray: state of the field. Neuroimage. 2012;60(1):505-22. 

33. Kong J, Tu PC, Zyloney C, Su TP. Intrinsic functional connectivity of the 

periaqueductal gray, a resting fMRI study. Behavioural brain research. 2010;211(2):215-

9. 

34. Mayer DJ. Analgesia produced by electrical stimulation of the brain. Progress in 

neuro-psychopharmacology & biological psychiatry. 1984;8(4-6):557-64. 

35. Knight YE, Goadsby PJ. The periaqueductal grey matter modulates 

trigeminovascular input: a role in migraine? Neuroscience. 2001;106(4):793-800. 

36. Weiller C, May A, Limmroth V, Jüptner M, Kaube H, Schayck RV, et al. Brain 

stem activation in spontaneous human migraine attacks. Nature medicine. 1995;1(7):658-

60. 

37. Denuelle M, Fabre N, Payoux P, Chollet F, Geraud G. Hypothalamic activation 

in spontaneous migraine attacks. Headache. 2007;47(10):1418-26. 



 42 

38. Mainero C, Boshyan J, Hadjikhani N. Altered functional magnetic resonance 

imaging resting-state connectivity in periaqueductal gray networks in migraine. Ann 

Neurol. 2011;70(5):838-45. 

39. Solstrand Dahlberg L, Linnman CN, Lee D, Burstein R, Becerra L, Borsook D. 

Responsivity of Periaqueductal Gray Connectivity Is Related to Headache Frequency in 

Episodic Migraine. Front Neurol. 2018;9:61. 

40. Coulombe MA, Erpelding N, Kucyi A, Davis KD. Intrinsic functional 

connectivity of periaqueductal gray subregions in humans. Human brain mapping. 

2016;37(4):1514-30. 

41. Li Z, Liu M, Lan L, Zeng F, Makris N, Liang Y, et al. Altered periaqueductal gray 

resting state functional connectivity in migraine and the modulation effect of treatment. 

Sci Rep. 2016;6:20298. 

42. Motta SC, Carobrez AP, Canteras NS. The periaqueductal gray and primal 

emotional processing critical to influence complex defensive responses, fear learning and 

reward seeking. Neurosci Biobehav Rev. 2017;76(Pt A):39-47. 

43. Wright JS, Panksepp J. Toward affective circuit-based preclinical models of 

depression: Sensitizing dorsal PAG arousal leads to sustained suppression of positive 

affect in rats. Neuroscience & Biobehavioral Reviews. 2011;35(9):1902-15. 

44. Reis F, Mobbs D, Canteras NS, Adhikari A. Orchestration of innate and 

conditioned defensive actions by the periaqueductal gray. Neuropharmacology. 

2023;228:109458. 

45. Keay KA, Bandler R. Distinct central representations of inescapable and 

escapable pain: observations and speculation. Experimental physiology. 2002;87(2):275-

9. 

46. Parry DM, Macmillan FM, Koutsikou S, McMullan S, Lumb BM. Separation of 

A- versus C-nociceptive inputs into spinal-brainstem circuits. Neuroscience. 

2008;152(4):1076-85. 

47. Peng WH, Kan HW, Ho YC. Periaqueductal gray is required for controlling 

chronic stress-induced depression-like behavior. Biochemical and biophysical research 

communications. 2022;593:28-34. 

48. Peres MFP, Mercante JPP, Tobo PR, Kamei H, Bigal ME. Anxiety and depression 

symptoms and migraine: a symptom-based approach research. The journal of headache 

and pain. 2017;18(1):37. 

49. Breslau N, Lipton RB, Stewart WF, Schultz LR, Welch KM. Comorbidity of 

migraine and depression: investigating potential etiology and prognosis. Neurology. 

2003;60(8):1308-12. 

50. Kircanski K, LeMoult J, Ordaz S, Gotlib IH. Investigating the nature of co-

occurring depression and anxiety: Comparing diagnostic and dimensional research 

approaches. Journal of affective disorders. 2017;216:123-35. 

51. Minen MT, Begasse De Dhaem O, Kroon Van Diest A, Powers S, Schwedt TJ, 

Lipton R, et al. Migraine and its psychiatric comorbidities. Journal of neurology, 

neurosurgery, and psychiatry. 2016;87(7):741-9. 

52. Zhang Q, Shao A, Jiang Z, Tsai H, Liu W. The exploration of mechanisms of 

comorbidity between migraine and depression. Journal of cellular and molecular 

medicine. 2019;23(7):4505-13. 

53. Ferrari MD, Odink J, Tapparelli C, Van Kempen GM, Pennings EJ, Bruyn GW. 

Serotonin metabolism in migraine. Neurology. 1989;39(9):1239-42. 



 43 

54. Fejes A, Párdutz A, Toldi J, Vécsei L. Kynurenine metabolites and migraine: 

experimental studies and therapeutic perspectives. Current neuropharmacology. 

2011;9(2):376-87. 

55. Palego L, Betti L, Rossi A, Giannaccini G. Tryptophan Biochemistry: Structural, 

Nutritional, Metabolic, and Medical Aspects in Humans. Journal of amino acids. 

2016;2016:8952520. 

56. Sicuteri F, Testi A, Anselmi B. Biochemical Investigations in Headache: Increase 

in the Hydroxyindoleacetic Acid Excretion During Migraine Attacks. International 

Archives of Allergy and Immunology. 1961;19(1):55-8. 

57. Cameron C, Kelly S, Hsieh SC, Murphy M, Chen L, Kotb A, et al. Triptans in the 

Acute Treatment of Migraine: A Systematic Review and Network Meta-Analysis. 

Headache. 2015;55 Suppl 4:221-35. 

58. de Vries T, Villalon CM, MaassenVanDenBrink A. Pharmacological treatment of 

migraine: CGRP and 5-HT beyond the triptans. Pharmacol Ther. 2020;211:107528. 

59. Fernstrom JD. Large neutral amino acids: dietary effects on brain neurochemistry 

and function. Amino Acids. 2013;45(3):419-30. 

60. Alam Z, Coombes N, H. Waring R, Williams AC, Steventon GB. Plasma levels 

of neuroexcitatory amino acids in patients with migraine or tension headache. Journal of 

the Neurological Sciences. 1998;156(1):102-6. 

61. Curto M, Lionetto L, Negro A, Capi M, Fazio F, Giamberardino MA, et al. Altered 

kynurenine pathway metabolites in serum of chronic migraine patients. The journal of 

headache and pain. 2015;17:47. 

62. Salmon S, Fanciullacci M, Bonciani M, Sicuteri F. Plasma tryptophan in migraine. 

Headache. 1978;17(6):238-41. 

63. Tuka B, Nyari A, Cseh EK, Kortesi T, Vereb D, Tomosi F, et al. Clinical relevance 

of depressed kynurenine pathway in episodic migraine patients: potential prognostic 

markers in the peripheral plasma during the interictal period. J Headache Pain. 

2021;22(1):60. 

64. Ren C, Liu J, Zhou J, Liang H, Wang Y, Sun Y, et al. Low levels of serum 

serotonin and amino acids identified in migraine patients. Biochemical and biophysical 

research communications. 2018;496(2):267-73. 

65. Drummond PD. Tryptophan depletion increases nausea, headache and 

photophobia in migraine sufferers. Cephalalgia. 2006;26(10):1225-33. 

66. Razeghi Jahromi S, Togha M, Ghorbani Z, Hekmatdoost A, Khorsha F, Rafiee P, 

et al. The association between dietary tryptophan intake and migraine. Neurological 

sciences : official journal of the Italian Neurological Society and of the Italian Society of 

Clinical Neurophysiology. 2019;40(11):2349-55. 

67. Jenkins TA, Nguyen JC, Polglaze KE, Bertrand PP. Influence of Tryptophan and 

Serotonin on Mood and Cognition with a Possible Role of the Gut-Brain Axis. Nutrients. 

2016;8(1). 

68. Young SN. Acute tryptophan depletion in humans: a review of theoretical, 

practical and ethical aspects. Journal of psychiatry & neuroscience : JPN. 

2013;38(5):294-305. 

69. Vecsei L, Szalardy L, Fulop F, Toldi J. Kynurenines in the CNS: recent advances 

and new questions. Nat Rev Drug Discov. 2013;12(1):64-82. 

70. Spekker E, Nagy-Grócz G, Vécsei L. Ion Channel Disturbances in Migraine 

Headache: Exploring the Potential Role of the Kynurenine System in the Context of the 



 44 

Trigeminovascular System. International journal of molecular sciences. 

2023;24(23):16574. 

71. Körtési T, Spekker E, Vécsei L. Exploring the Tryptophan Metabolic Pathways in 

Migraine-Related Mechanisms. Cells. 2022;11(23):3795. 

72. Campbell BM, Charych E, Lee AW, Moller T. Kynurenines in CNS disease: 

regulation by inflammatory cytokines. Front Neurosci. 2014;8:12. 

73. Badawy AA, Guillemin G. The Plasma [Kynurenine]/[Tryptophan] Ratio and 

Indoleamine 2,3-Dioxygenase: Time for Appraisal. Int J Tryptophan Res. 

2019;12:1178646919868978. 

74. Mithaiwala MN, Santana-Coelho D, Porter GA, O'Connor JC. 

Neuroinflammation and the Kynurenine Pathway in CNS Disease: Molecular 

Mechanisms and Therapeutic Implications. Cells. 2021;10(6). 

75. Edvinsson L, Haanes KA, Warfvinge K. Does inflammation have a role in 

migraine? Nat Rev Neurol. 2019;15(8):483-90. 

76. Dantzer R. Role of the Kynurenine Metabolism Pathway in Inflammation-Induced 

Depression: Preclinical Approaches. Current topics in behavioral neurosciences. 

2017;31:117-38. 

77. Vázquez-León P, Miranda-Páez A, Valencia-Flores K, Sánchez-Castillo H. 

Defensive and Emotional Behavior Modulation by Serotonin in the Periaqueductal Gray. 

Cellular and molecular neurobiology. 2023;43(4):1453-68. 

78. Baptista D, Nunes-de-Souza RL, Canto-de-Souza A. Activation of 5-HT(2C) 

receptors in the dorsal periaqueductal gray increases antinociception in mice exposed to 

the elevated plus-maze. Behavioural brain research. 2012;235(1):42-7. 

79. Jeong HJ, Chenu D, Johnson EE, Connor M, Vaughan CW. Sumatriptan inhibits 

synaptic transmission in the rat midbrain periaqueductal grey. Molecular pain. 2008;4:54. 

80. Coimbra NC, De Oliveira R, Freitas RL, Ribeiro SJ, Borelli KG, Pacagnella RC, 

et al. Neuroanatomical approaches of the tectum-reticular pathways and 

immunohistochemical evidence for serotonin-positive perikarya on neuronal substrates 

of the superior colliculus and periaqueductal gray matter involved in the elaboration of 

the defensive behavior and fear-induced analgesia. Experimental neurology. 

2006;197(1):93-112. 

81. Deakin JFW, Graeff FG. 5-HT and mechanisms of defence. 1991;5(4):305-15. 

82. Deakin JFW. Serotonin in panic, anxiety and depression. European 

Neuropsychopharmacology. 1991;1(3):358-60. 

83. Deakin JFW. The role of serotonin in depression and anxiety. European 

Psychiatry. 1998;13(S2):57s-63s. 

84. Schmitt ML, Graeff FG, Carobrez AP. Anxiolytic effect of kynurenic acid 

microinjected into the dorsal periaqueductal gray matter of rats placed in the elevated 

plus-maze test. Brazilian journal of medical and biological research = Revista brasileira 

de pesquisas medicas e biologicas. 1990;23(8):677-9. 

85. Orlikov A, Ryzov I. Caffeine-induced anxiety and increase of kynurenine 

concentration in plasma of healthy subjects: a pilot study. Biol Psychiatry. 

1991;29(4):391-6. 

86. Orlikov AB, Prakhye IB, Ryzov IV. Kynurenine in blood plasma and DST in 

patients with endogenous anxiety and endogenous depression. Biol Psychiatry. 

1994;36(2):97-102. 



 45 

87. Gecse K, Édes AE, Nagy T, Demeter AK, Virág D, Király M, et al. Citalopram 

Neuroendocrine Challenge Shows Altered Tryptophan and Kynurenine Metabolism in 

Migraine. Cells. 2022;11(14). 

88. Gecse K, Dobos D, Aranyi CS, Galambos A, Baksa D, Kocsel N, et al. Association 

of plasma tryptophan concentration with periaqueductal gray matter functional 

connectivity in migraine patients. Sci Rep. 2022;12(1):739. 

89. Oldfield RC. The assessment and analysis of handedness: the Edinburgh 

inventory. Neuropsychologia. 1971;9(1):97-113. 

90. McKie S, Del-Ben C, Elliott R, Williams S, del Vai N, Anderson I, et al. Neuronal 

effects of acute citalopram detected by pharmacoMRI. Psychopharmacology. 

2005;180(4):680-6. 

91. Edes AE, McKie S, Szabo E, Kokonyei G, Pap D, Zsombok T, et al. Increased 

activation of the pregenual anterior cingulate cortex to citalopram challenge in migraine: 

an fMRI study. BMC Neurol. 2019;19(1):237. 

92. Edes AE, McKie S, Szabo E, Kokonyei G, Pap D, Zsombok T, et al. 

Spatiotemporal brain activation pattern following acute citalopram challenge is dose 

dependent and associated with neuroticism: A human phMRI study. Neuropharmacology. 

2020;170:107807. 

93. Lotrich FE, Bies R, Muldoon MF, Manuck SB, Smith GS, Pollock BG. 

Neuroendocrine response to intravenous citalopram in healthy control subjects: 

pharmacokinetic influences. Psychopharmacology. 2005;178(2-3):268-75. 

94. Klaassens BL, Rombouts SARB, Winkler AM, van Gorsel HC, van der Grond J, 

van Gerven JMA. Time related effects on functional brain connectivity after serotonergic 

and cholinergic neuromodulation. 2017;38(1):308-25. 

95. Zung WW. A SELF-RATING DEPRESSION SCALE. Archives of general 

psychiatry. 1965;12:63-70. 

96. Sipos K, Sipos M. The development and validation of the Hungarian Form of the 

State-Trait Anxiety Inventory. Series in Clinical & Community Psychology: Stress & 

Anxiety. 1983;2:27-39. 

97. Adam EK, Quinn ME, Tavernier R, McQuillan MT, Dahlke KA, Gilbert KE. 

Diurnal cortisol slopes and mental and physical health outcomes: A systematic review 

and meta-analysis. Psychoneuroendocrinology. 2017;83:25-41. 

98. Virág D, Király M, Drahos L, Édes AE, Gecse K, Bagdy G, et al. Development, 

validation and application of LC-MS/MS method for quantification of amino acids, 

kynurenine and serotonin in human plasma. Journal of pharmaceutical and biomedical 

analysis. 2020;180:113018. 

99. Kamin HS, Kertes DA. Cortisol and DHEA in development and psychopathology. 

Hormones and behavior. 2017;89:69-85. 

100. Reis M, Lundmark J, Bengtsson F. Therapeutic Drug Monitoring of Racemic 

Citalopram: A 5-Year Experience in Sweden, 1992–1997. Therapeutic drug monitoring. 

2003;25(2):183-91. 

101. Nagy-Grocz G, Laborc KF, Veres G, Bajtai A, Bohar Z, Zadori D, et al. The Effect 

of Systemic Nitroglycerin Administration on the Kynurenine Pathway in the Rat. Front 

Neurol. 2017;8:278. 

102. Borsook D, Maleki N, Becerra L, McEwen B. Understanding Migraine through 

the Lens of Maladaptive Stress Responses: A Model Disease of Allostatic Load. Neuron. 

2012;73(2):219-34. 



 46 

103. Miura H, Ozaki N, Sawada M, Isobe K, Ohta T, Nagatsu T. A link between stress 

and depression: shifts in the balance between the kynurenine and serotonin pathways of 

tryptophan metabolism and the etiology and pathophysiology of depression. Stress. 

2008;11(3):198-209. 

104. Ruddick JP, Evans AK, Nutt DJ, Lightman SL, Rook GA, Lowry CA. Tryptophan 

metabolism in the central nervous system: medical implications. Expert Rev Mol Med. 

2006;8(20):1-27. 

105. Dunn AJ, Welch J. Stress- and endotoxin-induced increases in brain tryptophan 

and serotonin metabolism depend on sympathetic nervous system activity. J Neurochem. 

1991;57(5):1615-22. 

106. Fernstrom JD, Fernstrom MH. Exercise, serum free tryptophan, and central 

fatigue. J Nutr. 2006;136(2):553S-9S. 

107. Höglund E, Øverli Ø, Winberg S. Tryptophan Metabolic Pathways and Brain 

Serotonergic Activity: A Comparative Review. Frontiers in endocrinology. 2019;10:158. 

108. Ara I, Bano S. Citalopram decreases tryptophan 2,3-dioxygenase activity and 

brain 5-HT turnover in swim stressed rats. Pharmacol Rep. 2012;64(3):558-66. 

109. Bano S, Gitay M, Ara I, Badawy A. Acute effects of serotonergic antidepressants 

on tryptophan metabolism and corticosterone levels in rats. Pak J Pharm Sci. 

2010;23(3):266-72. 

110. O'Farrell K, Harkin A. Stress-related regulation of the kynurenine pathway: 

Relevance to neuropsychiatric and degenerative disorders. Neuropharmacology. 

2017;112(Pt B):307-23. 

111. Nagy-Grocz G, Tar L, Bohar Z, Fejes-Szabo A, Laborc KF, Spekker E, et al. The 

modulatory effect of anandamide on nitroglycerin-induced sensitization in the trigeminal 

system of the rat. Cephalalgia. 2016;36(9):849-61. 

112. Vamos E, Fejes A, Koch J, Tajti J, Fulop F, Toldi J, et al. Kynurenate derivative 

attenuates the nitroglycerin-induced CamKIIalpha and CGRP expression changes. 

Headache. 2010;50(5):834-43. 

113. Levine ES, Jacobs BL. Neurochemical afferents controlling the activity of 

serotonergic neurons in the dorsal raphe nucleus: microiontophoretic studies in the awake 

cat. The Journal of neuroscience : the official journal of the Society for Neuroscience. 

1992;12(10):4037-44. 

114. Guo S, Vecsei L, Ashina M. The L-kynurenine signalling pathway in trigeminal 

pain processing: a potential therapeutic target in migraine? Cephalalgia. 

2011;31(9):1029-38. 

115. Kozlowska K, Walker P, McLean L, Carrive P. Fear and the Defense Cascade: 

Clinical Implications and Management. Harv Rev Psychiatry. 2015;23(4):263-87. 

116. Adolphs R. Trust in the brain. Nature Neuroscience. 2002;5(3):192-3. 

117. Porges SW. The polyvagal perspective. Biological psychology. 2007;74(2):116-

43. 

118. Waugh CE, Lemus MG, Gotlib IH. The role of the medial frontal cortex in the 

maintenance of emotional states. Soc Cogn Affect Neurosci. 2014;9(12):2001-9. 

119. Lorenz J, Minoshima S, Casey KL. Keeping pain out of mind: the role of the 

dorsolateral prefrontal cortex in pain modulation. Brain : a journal of neurology. 

2003;126(Pt 5):1079-91. 

120. Rozeske RR, Jercog D, Karalis N, Chaudun F, Khoder S, Girard D, et al. 

Prefrontal-Periaqueductal Gray-Projecting Neurons Mediate Context Fear 

Discrimination. Neuron. 2018;97(4):898-910 e6. 



 47 

121. Chen Z, Chen X, Liu M, Liu S, Ma L, Yu S. Disrupted functional connectivity of 

periaqueductal gray subregions in episodic migraine. The journal of headache and pain. 

2017;18(1):36. 

122. Wang M, Tutt JO, Dorricott NO, Parker KL, Russo AF, Sowers LP. Involvement 

of the cerebellum in migraine. Frontiers in systems neuroscience. 2022;16. 

123. Kros L, Angueyra Aristizábal CA, Khodakhah K. Cerebellar involvement in 

migraine. Cephalalgia. 2018;38(11):1782-91. 

124. Moulton EA, Elman I, Pendse G, Schmahmann J, Becerra L, Borsook D. 

Aversion-related circuitry in the cerebellum: responses to noxious heat and unpleasant 

images. J Neurosci. 2011;31(10):3795-804. 

125. Vianna DML, Brandão ML. Anatomical connections of the periaqueductal gray: 

Specific neural substrates for different kinds of fear. Brazilian Journal of Medical and 

Biological Research. 2003;36(5):557-66. 

126. Lawrenson C, Paci E, Pickford J, Drake RAR, Lumb BM, Apps R. Cerebellar 

modulation of memory encoding in the periaqueductal grey and fear behaviour. eLife. 

2022;11. 

127. Stoodley CJ, Valera EM, Schmahmann JD. Functional topography of the 

cerebellum for motor and cognitive tasks: an fMRI study. Neuroimage. 2012;59(2):1560-

70. 

128. Renier LA, Anurova I, De Volder AG, Carlson S, VanMeter J, Rauschecker JP. 

Preserved functional specialization for spatial processing in the middle occipital gyrus of 

the early blind. Neuron. 2010;68(1):138-48. 

129. Kucyi A, Salomons TV, Davis KD. Mind wandering away from pain dynamically 

engages antinociceptive and default mode brain networks. Proceedings of the National 

Academy of Sciences of the United States of America. 2013;110(46):18692-7. 

130. Bradley MM, Sabatinelli D, Lang PJ, Fitzsimmons JR, King W, Desai P. 

Activation of the visual cortex in motivated attention. Behavioral neuroscience. 

2003;117(2):369-80. 

131. Hasselmark L, Malmgren R, Hannerz J. Effect of a carbohydrate-rich diet, low in 

protein-tryptophan, in classic and common migraine. Cephalalgia. 1987;7(2):87-92. 

132. Kangasniemi P, Falck B, Långvik VA, Hyyppä MT. Levotryptophan treatment in 

migraine. Headache. 1978;18(3):161-5. 

133. Yin JB, Liang SH, Li F, Zhao WJ, Bai Y, Sun Y, et al. dmPFC-vlPAG projection 

neurons contribute to pain threshold maintenance and antianxiety behaviors. The Journal 

of clinical investigation. 2020;130(12):6555-70. 

134. Zelena D, Menant O, Andersson F, Chaillou E. Periaqueductal gray and emotions: 

the complexity of the problem and the light at the end of the tunnel, the magnetic 

resonance imaging. Endocrine regulations. 2018;52(4):222-38. 

135. Fitzgerald PB, Laird AR, Maller J, Daskalakis ZJ. A meta-analytic study of 

changes in brain activation in depression. Human brain mapping. 2008;29(6):683-95. 

136. Ma M, Zhang J, Chen N, Guo J, Zhang Y, He L. Exploration of intrinsic brain 

activity in migraine with and without comorbid depression. The journal of headache and 

pain. 2018;19(1):48. 

 

  



 48 

11.  Bibliography of the candidate’s publications 

11.1.  Publications related to the PhD thesis 

• Gecse K, Dobos D, Aranyi CS, Galambos A, Baksa D, Kocsel N, Szabó E, Pap 

D, Virág D, Ludányi K, Kökönyei G, Emri M, Bagdy G, Juhasz G. Association 

of plasma tryptophan concentration with periaqueductal gray matter functional 

connectivity in migraine patients. Sci Rep. 2022 Jan 14;12(1):739. IF: 4.6 

• Gecse K, Édes AE, Nagy T, Demeter AK, Virág D, Király M, Dalmadi Kiss B, 

Ludányi K, Környei Z, Denes A, Bagdy G, Juhasz G. Citalopram Neuroendocrine 

Challenge Shows Altered Tryptophan and Kynurenine Metabolism in Migraine. 

Cells. 2022 Jul 21;11(14):2258. IF: 6.0 

11.2.  Publications not related to the PhD thesis 

• Juhasz G, Gecse K, Baksa D. Towards precision medicine in migraine: Recent 

therapeutic advances and potential biomarkers to understand heterogeneity and 

treatment response. Pharmacol Ther. 2023 Oct;250:108523. IF: 13.5 

• Dobos D, Kökönyei G, Gyebnár G, Szabó E, Kocsel N, Galambos A, Gecse K, 

Baksa D, Kozák LR, Juhász G. Microstructural differences in migraine: A 

diffusion-tensor imaging study. Cephalalgia. 2023 

Dec;43(12):3331024231216456. IF: 4.9 

• Bruncsics B, Hullam G, Bolgar B, Petschner P, Millinghoffer A, Gecse K, Eszlari 

N, Gonda X, Jones DJ, Burden ST, Antal P, Deakin B, Bagdy G, Juhasz G. 

Genetic risk of depression is different in subgroups of dietary ratio of tryptophan 

to large neutral amino acids. Sci Rep. 2023 Mar 27;13(1):4976. IF: 4.6 

• Biró B, Cserjési R, Kocsel N, Galambos A, Gecse K, Kovács LN, Baksa D, Juhász 

G, Kökönyei G. The neural correlates of context driven changes in the emotional 

response: An fMRI study. PLoS One. 2022 Dec 30;17(12):e0279823. IF: 3.7 

• Magyar M, Kökönyei G, Baksa D, Galambos A, Édes AE, Szabó E, Kocsel N, 

Gecse K, Dobos D, Gyüre T, Juhász G, Ertsey C. A cross-sectional study on the 

quality of life in migraine and medication overuse headache in a Hungarian 

sample: understanding the effect of headache characteristics. Ideggyogy Sz. 2022 

Jul 30;75(7-08):253-263 IF: 0.8 

• Baksa D, Szabo E, Kocsel N, Galambos A, Edes AE, Pap D, Zsombok T, Magyar 

M, Gecse K, Dobos D, Kozak LR, Bagdy G, Kokonyei G, Juhasz G. Circadian 



 49 

Variation of Migraine Attack Onset Affects fMRI Brain Response to Fearful 

Faces. Front Hum Neurosci. 2022 Mar 9;16:842426. IF: 2.9 

• Dobos D, Szabó E, Baksa D, Gecse K, Kocsel N, Pap D, Zsombók T, Kozák LR, 

Kökönyei G, Juhász G. Regular Practice of Autogenic Training Reduces Migraine 

Frequency and Is Associated With Brain Activity Changes in Response to Fearful 

Visual Stimuli. Front Behav Neurosci. 2022 Jan 21;15:780081. IF: 3.0 

• Gecse K, Baksa D, Dobos D, Aranyi CS, Galambos A, Kocsel N, Szabó E, 

Kökönyei G, Emri M, Bagdy G, Juhasz G. Sex Differences of Periaqueductal 

Grey Matter Functional Connectivity in Migraine. Front Pain Res (Lausanne). 

2021 Nov 30;2:767162.  

• Kökönyei G, Galambos A, Kocsel N, Szabó E, Édes AE, Gecse K, Baksa D, Pap 

D, Kozák LR, Bagdy G, Juhász G. Inter-individual differences in pain anticipation 

and pain perception in migraine: Neural correlates of migraine frequency and 

cortisol-to-dehydroepiandrosterone sulfate (DHEA-S) ratio. PLoS One. 2021 Dec 

20;16(12):e0261570. IF: 3.752 

• Kovács LN, Baksa D, Dobos D, Eszlári N, Gecse K, Kocsel N, Juhász G, 

Kökönyei G. Perceived stress in the time of COVID-19: the association with 

brooding and COVID-related rumination in adults with and without migraine. 

BMC Psychol. 2021 Apr 30;9(1):68. IF: 2.588 

• Virág D, Király M, Drahos L, Édes AE, Gecse K, Bagdy G, Juhász G, Antal I, 

Klebovich I, Dalmadi Kiss B, Ludányi K. Development, validation and 

application of LC-MS/MS method for quantification of amino acids, kynurenine 

and serotonin in human plasma. J Pharm Biomed Anal. 2020 Feb 20;180:113018. 

IF: 3.935 

• Baksa D, Gecse K, Kumar S, Toth Z, Gal Z, Gonda X, Juhasz G. Circadian 

Variation of Migraine Attack Onset: A Review of Clinical Studies. Biomed Res 

Int. 2019 Aug 25;2019:4616417. IF: 2.276 

  



 50 

12. Acknowledgements  

I would like to extend my deepest gratitude to all who have walked with me on this 

challenging but fulfilling journey. I am grateful for the support and expertise of my 

supervisor Dr. Gabriella Juhász, who guided me since my first year at university.  I would 

like to thank to Prof. Dr. György Bagdy for his support as my second supervisor. My 

sincere gratitude is addressed to Dr. Edina Szabó, Dr. Andrea Edit Édes, Dr. Natália 

Kocsel, Attila Galambos and Dr. Nóra Eszlári, who helped me early in my research 

career. I am particularly appreciative for the help of Dóra Török, Dóra Dobos, Dr. 

Gyöngyi Kökönyei and Dr. Dániel Baksa.  

 This thesis would have not been possible without the people I have collaborated 

with over the years: Dr. Miklós Emri, Dr. Csaba Sándor Aranyi, Dr. Péter Petschner, 

Tamás Nagy, Zsófia Gál, Sahel Kumar, Dr. Terézia Zsombók, Dr. Máté Magyar, Dr. 

Dorottya Pap, Dr. Lilla Nóra Kovács, Dr. Dávid Virág, Dr. Márton Király, Dr. Krisztina 

Ludányi, Dr. Borbála Dalmadi Kiss, Zsuzsanna Környei, Dr. Ádám Dénes, Dr. Bence 

Bruncsics, Dr. Adrienn Rimek, Dr. Norbert Károlyi, Dr. Rebeka Kovács-Vincze, Anna 

Németh, Hanna Róza Kovács, Bernadett Nagy, Gergely György Fedor, Dr. Dávid 

Kovács, and Anna Petschner.  

  Further thanks extend to my colleagues in the Department of Pharmacodynamics, 

especially to Dr. Tamás Tábi, Dr. Rudolf Laufer, Dr. Noémi Papp, Dr. Szabolcs Koncz 

and those whose names I cannot list for reasons of space. Thank you to Zoltán Lincmajer 

and Dóra Lóska who have consistently brought a smile on my face.  

 Without the ongoing support of a few special people in my life, I would not be 

completing my PhD. I am truly blessed to have my husband as my partner who has been 

a source of support, patience, and motivation for me throughout this journey. I would like 

to thank to my parents and my brother for providing me endless support and continuous 

encouragement throughout these years. Although situated around 1600km far from 

Budapest, my best friend Dr. Zsuzsanna Tóth has been my pillar of strength. Thanks for 

the energizing coffee breaks to Dr. Máté Gugolya. 

 The study was supported by Hungarian Academy of Sciences (MTA-SE 

Neuropsychopharmacology and Neurochemistry Research Group); the Hungarian Brain 

Research Program (Grants: 2017-1.2.1-NKP-2017-00002; KTIA_13_NAPA-II/14, 

NAP2022-I-4/2022); the National Development Agency (Grant: KTIA_NAP_13-1-



 51 

2013- 0001); by the Hungarian Academy of Sciences, Hungarian National Development 

Agency, Semmelweis University and the Hungarian Brain Research Program (Grant: 

KTIA_NAP_13-2- 2015-0001; MTA-SE-NAP B Genetic Brain Imaging Migraine 

Research Group); by the Ministry of Innovation and Technology of Hungary from the 

National Research, Development and Innovation Fund, financed under the TKP2021-

EGA funding scheme (2020-4.1.1.-TKP2020; TKP2021-EGA-25; TKP2021-EGA-24); 

by the Hungarian National Research, Development, and Innovation Office (grant number: 

K 143391) and by the National Research, Development and Innovation Office, Hungary 

(2019-2.1.7-ERA-NET-2020-00005), under the frame of ERA PerMed 

(ERAPERMED2019-108), by Semmelweis University 250+ Excellence PhD Scholarship 

(EFOP-3.6.3-VEKOP-16-2017-00009), and by the New National Excellence Program of 

the Ministry for Innovation and Technology from the source of the National Research, 

Development and Innovation Fund (ÚNKP-18-2-I-SE-86, ÚNKP-22-3-II-SE-27, ÚNKP-

23-4-I-SE-31). 

 

 

 

  


