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Abstract

Under the hypothesis that increased extracellular sodium induces sustained neuronal excitability 

with the onset and progression of migraine, this study evaluates dynamic in vivo 23Na fluxes in the 

brain of a preclinical rodent analogue of migraine. Ultra-high field 23Na MRI at 21.1 T has 

demonstrated potential to quantify sodium concentrations with good spatial and temporal 

resolution following the onset of central sensitization. Sprague-Dawley male rats with implanted 

intraperitoneal (IP) lines were studied by MRI before and after an in situ injection of 10 mg/kg of 

nitroglycerin (NTG) versus vehicle and saline controls. Slice-selective 23Na images were acquired 

using a multi-slice FID-based Chemical Shift Imaging sequence with resolution of 1.1 × 1.1 × 3 

mm for a 9-min acquisition. A total of twenty-seven repeated scans were acquired over 1 h of 

baseline scanning and longitudinally up to 3 h post injection. Increases of 23Na MRI signal in the 

brainstem, extra-cerebral cerebrospinal fluid (CSF) and cisterna magna were evident almost 

immediately after NTG injection, gaining significance from controls in 36 min. The cerebellum 

and third ventricle also showed sustained trends of increased 23Na, with the former gaining 

significance at over 2 h post-NTG injection. The data provide evidence of an early change in 

sodium concentration, markedly in posterior fossa CSF and brainstem regions. Further study of 

fluctuations of sodium concentration and their modulation with treatments could help understand 

the dynamic features of migraine, location of a putative migraine generator, and guide 

development of therapeutic measures to correct the disturbance of sodium homeostasis.
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1. Introduction

Migraine manifests due to a complex and heterogeneous interplay of genetic, environmental 

and hormonal factors that influence susceptibility. Although central sensitization and pain 

susceptibility is a major manifestation of migraine, activation and recruitment of neural 

structures is not well understood. As overt interictal symptoms and brain lesions are absent, 

migraine is predominantly considered a functional brain disorder. Because prevention or 

rescue are not universally successful [32,50], it remains important to elucidate neural 

components involved in migraine and their sequence of recruitment.

Ionic instability and biochemical imbalances are implicit in migraineurs. In clinical cohorts, 

altered neuronal excitability may stem from ionic imbalance during cortical spreading 

depression [20,37], which is considered the basis for visual auras (not reported by all 

migraineurs). Though not found commonly, genetic variations in the familial hemiplegic 

migraine mutation (FHM I-IV) alter ionic homeostasis in the brain because they involve 

mutation of genes that code for ion transporters and channels [17,40,46,55]. However, 

cerebrospinal fluid (CSF) during episodic migraine also revealed elevated sodium levels, 

whereas other ions (calcium, magnesium and potassium) were not impacted [23,25]. Plasma 

ionic levels of the same migraineurs were not altered [23]. Given that CSF is in direct 

contact with the interstitial brain, a choroid plexus or brain-based disturbance or source may 

be responsible for these altered sodium levels.

In 2011, Harrington and coworkers [24] reported elevated brain sodium in a two-

dimensional 7-mm imaging slice of the in vivo rodent brain for a triggered migraine 

analogue. With a 20-min acquisition and volume averaging, this study was unable to identify 

anatomically localized changes that have potentially rapid onset. Accordingly, at higher 

spatial and temporal resolution, the current study aims to understand the evolution of 

localized ionic imbalances that potentially lead to a neuronal dysfunction following central 

sensitization. To probe brain sodium noninvasively, sodium magnetic resonance imaging 

(23Na MRI) is employed to evaluate a nitroglycerin (NTG) administered migraine analogue 

in rodents. NTG-triggered migraine is a well characterized clinical [2,7,16] and preclinical 

[9,14,24,28] model. Even with the existence of other preclinical models, including noxious 

stimulation and calcitonin gene related peptide (CGRP) infusion [47,49], the clinical 

phenotype of NTG-triggered migraine notably is regarded as indistinguishable from 

spontaneous migraine [11,16,27]. As well as a wealth of literature, NTG triggering also 

offers controlled implementation as a rational first step to elucidate the involvement of 

sodium in migraine generation and propagation.

For the present study, 23Na MRI at the ultra-high field of 21.1 T was employed to detect 

localized sodium changes at the millimolar (mM) level in the in vivo brain. To achieve the 

desired spatial and temporal resolution while maintaining high SNR and sensitivity, a slice-

selective chemical shift imaging (CSI) approach was employed to acquire the free induction 
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decay (FID) with an effectively zero echo time and short repetition times [8,26]. The high 

sensitivity accorded by imaging at 21.1 T allowed for a novel time course to identify and 

localize sodium at both baseline and onset of the migraine analogue, providing temporal 

mapping of dynamic changes over a three-hour period.

2. Materials and Methods

2.1 Animal Models

Animal procedures were approved by the Institutional Animal Care and Uses Committees at 

the Huntington Medical Research Institutes (HMRI) in Pasadena, CA and the Florida State 

University in Tallahassee, FL. While in the MRI scanner, a total of 15 Sprague-Dawley male 

rats (Harlan, Indianapolis, IN), weights between 170 and 250 g, were administered in situ 
with an intraperitoneal (IP) injection of either 10 mg/kg of NTG (n=6) to induce a migraine 

analogue, or saline (n=6) and vehicle (n=3) as controls. Male rats were evaluated in this 

study to correlate sodium changes with extensive published behavioral and cFos data with 

the institution of the same NTG dose, and partly to avoid the variability of hormonal 

variability implicit in the female cycle. Interestingly, the female threshold to NTG is much 

lower than males (unpublished studies). Rats were randomly assigned to all treatment 

groups. The vehicle formulation contains 30% ethanol, 30% propylene glycol made up in 

normal saline (0.9% sodium chloride injection, USP, Baxter Healthcare Corporation, 

Deerfield, IL) with the pH maintained at 7.4.

Animals were treated under anesthesia with the same procedure that was demonstrated to 

have behavioral responses to NTG (aversive threshold and eye squinting) in un-anesthetized 

rats and ex vivo cFos activation in the second order trigeminal neurons of the brainstem [24]. 

For this study, rats were induced at 4% isoflurane in O2 and maintained at 3% during 

surgical implantation of the IP line. For scanning, animals were maintained at approximately 

2.5-1.5% isoflurane, adjusted to retain a level plane of anesthesia while in the magnet. 

Respiratory rate was monitored (SA Instruments, Stony brook, NY) and maintained between 

30-50 breaths/min. The animals were kept at a constant temperature (30°C) in the MRI 

scanner by means of a regulated water supply. Animals were euthanized after 

experimentation.

2.2 MRI Protocol

All scans were performed at the 21.1-T, 900-MHz vertical MRI scanner designed and 

constructed at the National High Magnetic Field Laboratory in Tallahassee, FL [19]. The 

magnet is equipped with a Bruker Avance III console (Bruker-Biospin, Billerica, MA) and is 

operated using Paravision 5.1. A microimaging gradient system (Resonance Research, Inc, 

Billerica, MA) provides a peak gradient strength of 60 G/cm over a 64-mm diameter. For 

both excitation and detection, a home-built double tuned 23Na/1H radio frequency (RF) coil 

based on a linear birdcage design [45] was used to acquire in vivo 23Na and 1H data at 

resonance frequencies of 237 and 900 MHz, respectively. For imaging in a vertical 21.1-T 

magnet, rats were loaded into the RF coil and animal cradle in a supine position, and were 

positioned in a heads-up orientation during all scans. Respiratory rate was monitored 
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pneumatically (SA Instruments, Stony Brook, NY) and maintained between 30-50 breaths/

min.

For anatomical localization, the placement of the MRI slices was identified by making use of 

proton Rapid Acquisition with Relaxation Enhancement (RARE) sequences. For 23Na CSI 

(Fig. 1&2 A-D) and 1H references (Fig. 1&2 E-H), 3-mm thick coronal slices were located 

8.5 mm anterior, 3.5 mm posterior, 6 mm posterior and 9.3 mm posterior with respect to 

bregma. These slices corresponded to an image focus on the eyes and olfactory bulb 

(combined slice #1), the third ventricle, neocortex and jaw muscle (combined slice #2), 

extra-cerebral anterior to the fourth ventricle CSF superior to the superior colliculus and the 

brainstem, cerebellum and the cisterna magna (combined slice #3), respectively. Slice-

selective sodium images were acquired using a multi-slice FID-based Chemical Shift 

Imaging (CSI) sequence. From the four different slice locations, hamming filtered FID data 

were collected from a 3 × 3 cm field of view that was phase-encoded with a matrix of 26 × 

26 to yield an in-plane acquisition resolution of 1.1 × 1.1 mm. A weighted Gaussian 

sampling profile was employed to phase-encode these 26 × 26 CSI voxels and provide 

filtering during the acquisition; 500 phase encodes were used. With 420 complex points 

recorded from a spectral bandwidth of 10 kHz, each 3-mm slice was acquired with a 500-μs 

Gaussian pulse with a 90° flip angle. This excitation yielded maximum signal for a 

repetition time (TR) of 180 ms and effective dwell time (time between the end of excitation 

and start of acquisition) less than 660 μs. Six averages yielded a total of 3000 repetitions for 

the complete data acquisition of a single slice, which permitted the complete dataset for four 

slices to be acquired in nine minutes and corresponds to the time course of a previous study 

that assessed metabolic changes in NTG-triggered rats [1] while still yielding a sodium SNR 

in excess of 30:1.

A total of 27 repeated scans were acquired starting from pre-injection (at 11:00 am on each 

experiment day), with 1 hour of baseline scanning, followed by 3-h post injection scanning 

(initiated at 12:00 pm on each experiment day). This longitudinal time course allowed for 

investigation of bulk sodium changes during the onset and propagation of central 

sensitization, while controlling for any cyclical or circadian variations in biological sodium 

fluxes.

2.3 Phantom Measurements

A phantom was utilized to generate a standard curve to calibrate the mean signal for total 

sodium signal to absolute values for bulk sodium concentration changes (Supplementary 

Fig. 5). The phantom consisted of four pipettes filled starting with 7.4-pH phosphate 

buffered saline and titrated to yield sodium concentrations of 137, 68, 34 and 8 mM. An 

identical protocol to the in vivo CSI was used to acquire this data to calibrate 23Na signal to 

sodium concentration. Corresponding well to bulk 23Na relaxation in the CSF, T1 and T2* 

relaxation of this phantom were determined to be 56 and 51 ms, respectively. Although 

relaxation shortens in brain tissue (apparent T1 = 41 ms and apparent fast T2* = 33 ms), this 

phantom calibration was applied to both CSF and brain sodium concentrations due to the 

long TR and zero echo time of the FID-based CSI acquisition, which emphasizes bulk 

sodium and mitigates impacts from slightly different relaxation times.
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2.4 Data Analysis

Prior to image reconstruction, the 2D CSI datasets were zero-filled to 512 points in the 

spectral dimension and a 64 × 64 image matrix in the spatial dimensions to achieve an image 

resolution of 0.47×0.47×3 mm. During fast Fourier transform, 20-Hz exponential line 

broadening was applied in the spectral dimension. CSI data sets were imported into an 

image rendering, quantification and analysis software package (AMIRA 5.4.3, FEI 

Visualization Sciences Group, Boudreaux, FR). Reconstructed 23Na images were analyzed 

using a 100-point range centered around the transmit frequency. No additional filtering or 

windowing was applied to achieve visualization of the 23Na CSI data.

The high SNR and image resolution did not require registration of 23Na images to the 

associated reference 1H scans for segmentation of specific anatomical regions. Images were 

manually segmented via anatomical landmarks identified with aid of the scalable rat brain 

atlas [41,44]. The regions of interest (ROI) selected were the eyes, olfactory bulb, third 

ventricle, neocortex, fourth ventricle, cerebellum, brainstem and cisterna magna along with a 

muscular region in the rat jaw to serve as an extracranial control for 23Na signal (Fig. 2). 

The mean signal intensities from each ROI were calibrated to the phantom measurements to 

determine total sodium concentration. All values from pre-injection baseline scans were 

averaged together to determine a pre-injection value. To determine trends and significances, 

individual time points in the cohorts were further converted to, and analyzed as, percent 

change with respect to the pre-injection baseline average.

2.5 Statistical Analysis

All datasets were analyzed using IBM SPSS 20.0 for Windows (IBM, Armonk, NY, USA). 

For ROI analysis, the relative values from each scan time series were compared, between 

groups and time points, using a mixed model ANOVA with repeated measures (P<0.05) and 

are presented as mean ± standard deviation. Tukey’s post hoc test for multiple comparisons 

was used to assess between group effects, with P<0.05 deemed to be statistically significant. 

For repeated measures to assess within group effects, a least significance difference (LSD) 

post-hoc test was used for pairwise comparison; temporal assessments within groups were 

deemed significant for P<0.05.

3. Results

As is evident, 23Na CSI provides improved image quality with spatial resolution compared 

to conventional acquisition methods (Fig. 1), albeit at the limited expense of acquisition 

time. The high SNR and image resolution, accordingly, did not necessitate registration to 

associated 1H reference images (Fig. 1 & Fig. 2) for anatomical segmentation.

In preclinical rodent models of migraine, NTG-induced central sensitization is a well-

characterized model that has demonstrated increased brain sodium levels [24], 

hypersensitivity to pain based on behavioral response [18,24,28,31,53], altered cerebral 

blood flow [22,27], increased cFos expression in the trigeminal nucleus caudalis (TNC) 

[24,54], increased expression of nitric oxide synthase [21,42] and abnormalities in brainstem 

auditory evoked potentials (BAEPs) of rats [4]. In clinical cohorts, NTG administration 
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triggers a mild immediate headache, which is stronger in migraine sufferers than in healthy 

subjects and derives from the acute vasodilatory effects of nitric oxide (NO) impacting the 

cerebral vasculature. Not evident in non-migraineurs, the NTG-triggered headache develops 

into a delayed migraine headache in migraineurs. It is not clear how NTG triggers the onset 

of this migraine, but the central sensitization of this effect is paralleled in the rodent 

analogue [5,11]. The behavioral onset of central sensitization in the NTG-triggered rodent 

model has been reported 1-h post administration [24].

The effect of the onset and progression of central sensitization on total 23Na concentrations 

in comparison to the saline and vehicle controls is evident in Figures 3 (A-H). 

Administration of NTG appears to initiate a progressive and sustained sodium increase in 

specific anatomical locations compared to control cohorts. Significances are reported as 

early as 45-min post injection in the brainstem (p = 0.004) and extra-cerebral CSF (p = 

0.003) (Fig. 3 A-D), followed by the cisterna magna (p = 0.030) (Fig. 3 E-F) and cerebellum 

(p = 0.042) (Fig. 3 G-H). Compared to saline baseline, at 36-min post injection, the first 

significant percent change of total sodium is evident in the NTG-triggered brainstem, with a 

4.65 ± 2 mM increase; the brainstem observed a maximal change of 22 ± 5 mM over 2-h 

post injection. The cisterna magna peaked at 13 ± 7 mM, and the extracerebral CSF 

displayed a peak difference from the saline control at 9 ± 3 mM at 1.5-h post injection.

The third ventricle (Supplementary Fig. 1) and olfactory bulb (Supplementary Fig. 2) 

showed slight increases, but these paralleled, for the most part, the control cohorts. Due to 

volume averaging, the olfactory bulb segmentation encompasses the entire bulb along with 

associated CSF. Similarly, the dorso-lateral third ventricle segmentation may include 

potential averaging with some of the lateral ventricles. The eyes (Supplementary Fig. 3), 

neocortex (Supplementary Fig. 4) and muscle (Supplementary Fig. 4)—an extracranial 

control for this study—remained unaltered for the duration of the time course with no 

significant differences between the NTG, vehicle and saline cohorts. Based on the negligible 

temporal changes presented by saline and vehicle, sodium changes can be attributed to the 

impacts of NTG triggering and not due to other common experimental conditions, such as 

isoflurane anesthesia, animal positioning or dehydration. Rodent cohorts injected with 

vehicle were comparable to saline cohorts throughout the course of the study. Though 

ethanol was not assumed to be inert, the findings for NTG triggering appear to be indicative 

of central sensitization mediated through NTG actions and not via ethanol’s effect on central 

nervous system (CNS) functions. Thus, for this acute model, comparisons to saline serve as 

an appropriate control, though this might not be reflected in more chronic NTG-triggered 

migraine models that require repeated injections.

4. Discussion

The present study is the first to report sodium alterations localized with this degree of spatial 

and temporal resolution in an acutely triggered central sensitization model. Using naïve 

rodents, the current study probed acute ionic imbalances instituted during the latency period 

before perceived pain, identified as <45 min post-NTG administration in rodents, as well as 

longitudinally for up to 3 h during the onset and consolidation of central sensitization. The 

impacts of NTG-triggered central sensitization were combined in Figure 4 for all ROI to 
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outline an anatomical basis and temporal course of impact. The temporal 23Na MRI map 

reveals elevated sodium in localized anatomical regions as early as 36-min post-NTG 

administration, with the brainstem and extra-cerebral CSF demonstrating rapid and sustained 

increases reaching significance with a 5-mM increase over baseline. The prodromal 

recruitment of the brainstem prior to the onset of behavioral sensitization provides evidence 

of its early involvement, likely impacting second order neurons of the trigeminovascular 

system (TGVS) in the trigeminal nucleus caudalis (TNC). CSF demonstrates a gradient of 

progressive effects both in time and concentration. Interestingly, extra-cerebral CSF 

proximal and anterior to the brainstem demonstrate early increases in sodium that mirror 

brainstem changes, reaching significance at 87 min in the cisterna magna.

A key TGVS player, the brainstem modulates nociceptive input beyond its primary role in 

receiving environmental stimuli, integrating such information and distributing it to cortical 

regions [10,43]. Cerebral blood vessels and meninges are surrounded by peripheral branches 

of axons from the trigeminal ganglion [3,20]. Second order neurons in the TNC receive 

nociceptive input from the trigeminal ganglion, which combine with cervical afferents in the 

trigeminocervical complex (TCC). Under modulations by the brainstem, the TCC conveys 

stimuli to the thalamus, hypothalamus, and somatosensory cortex via ascending and 

descending pathways [20,51]. The combined cervical and trigeminal afferents and their 

higher order projections potentially explain the distribution of migraine pain over the 

occipital and frontal regions [3] as well as increased sensitization to stimuli such as light and 

sound. Aptly, the brainstem is an integration center for the ascending and descending 

pathways from and to the cortex, thalamus and hypothalamus, along with neural projections 

associated with the TCC [2].

The brainstem previously has been implicated in PET and fMRI studies in chronic 

migraineurs using NTG-triggered [2,7,13] and spontaneous migraine [57]. Weiller and 

colleagues reported persistence of brainstem activation even following sumatriptan, 

concluding that activation is not just a nociceptive response [57]. The functional and 

behavioral manifestations strongly indicate a major role for the brainstem in migraine 

propagation. These studies relied on glucose metabolism (PET) and oxygenated blood flow 

changes (fMRI), thereby utilizing secondary markers of migraine onset. Furthermore, these 

clinical studies constituted evaluations of chronic migraineurs, for which long-term glucose 

metabolism and blood flow may be potentially altered, thereby obscuring acute changes that 

may be evident during the initial onset of migraine. Afridi et al. [2] and Weiller et al. [57] 

analyzed the laterality of brainstem activation, but also hypothesized potential brainstem 

dysfunction in chronic migraineurs, suggesting a distinct metabolic or structural alteration 

compared to non-migraineurs. Instituted in otherwise naïve rats, the current NTG-triggered 

study implicates early brainstem involvement in central sensitization. Replicating a similar 

pattern of activation using sodium as the probing agent, the current study calls into question 

whether a pre-existing metabolic or structural dysfunction is at the root of chronic migraine.

The cerebellum is the last to gain significance at greater than 117 min after NTG injection. 

Given the downstream association of the cerebellum with inputs from the TGVS and 

somatosensory cortex, the delayed but higher (13 mM) sodium impacts observed may reflect 

nociceptive and potential vestibular impacts of migraine in this acute model. A number of 
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studies hint at cerebellar dysfunction in migraine: gray and white matter abnormalities 

[15,36], cerebral function tests to assess spatiotemporal and motion processing 

[30,33,34,39], ASL perfusion effects [29,56] and a recent fMRI study [35] tracing 

connectivity between the cerebellum and rostral pons, thalamus and aqueduct have 

demonstrated differences in the cerebella of chronic migraineurs in the interictal state and 

with the onset of nociceptive pain. Moulton and coworkers [38] demonstrated BOLD 

activation in multiple cerebellar areas as a response to aversive sensory input and nociceptive 

stimulus processing. Corresponding well with these earlier findings, the present sodium data 

implies that the cerebellum plays more than just a passive role in motor response, potentially 

mediating noxious stimuli processing.

The question of a “migraine generator” has evoked tremendous interest and both a brainstem 

and hypothalamic origin have been suggested [12,48]. Sodium increases that precede 

behavioral changes support the theory of sodium flux as potentially causative. Spatially 

unique changes of sodium that arise first in the brainstem and extra-cerebral CSF are more 

in line with a posterior fossa located migraine generator, but a diffuse territory for 

pleiotropic effects may arise from different CSF locations. The presented data is supportive 

of this interpretation but not definitive, as different sodium concentrations may have 

differential effects anatomically. Further studies are actively investigating the mechanism for 

changes in sodium. Not surprisingly, future studies also will need to evaluate other migraine 

triggers (CGRP among these) to determine the ubiquity of sodium involvement.

The present study has certain limitations. The 2D multi-slice 23Na acquisition is subject to 

volume averaging in the third dimension, which limits higher order segmentations in 

functionally connected neuroanatomical regions of the TGVS. In-depth segmentation of the 

ventricular system also is warranted given the choroid plexus hypothesis. Future studies will 

address these targets. The current study also interrogates total sodium concentration, but 

does not seek to differentiate between intracellular versus extracellular sodium (beyond 

regional segmentation) or the neural versus vascular origins of the 23Na signal. Sodium 

signal increases could originate from sodium transport between these compartments rather 

than a total increase. However, based on relaxation, acquisition parameters and relatively fast 

exchange mechanisms, compartmental movement of sodium alone would not account for 

signal or concentration increases. Also, previous data from chronic migraineurs reported 

increases of 23Na in only the CSF and not plasma [23], supporting a brain basis rather than a 

systemic source.

The current data only indicate an increase in the net sodium, which in the CSF regions could 

suggest an increased production of CSF due to pump impairments at the choroid plexuses, 

increased sodium distribution from the CSF or reduced drainage of the CSF. The Na+/K+/

ATPase transporter (NKAT), which is the primary regulator of brain sodium, consumes 50% 

of brain energy to maintain homeostasis [6,58], and is the likely mechanism available to 

induce the substantial extracellular sodium increases (>5 mM) observed in this study. NTG 

acts as a NO donor, regulating cGMP and CGRP, with NKAT modulation a downstream 

impact of these pathways. CGRP pathways mediate CAM-kinase II, PKA and PKC, 

potentially playing a role in central sensitization and the alteration of ionic channels. 

Tassorelli et al. made use of brain sections after systemic NTG injection to demonstrate 
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increased cGMP immunoreactivity in the TNC and somatosensory cortex for a time course 

study (1-5 h post injection) [52].

It stands to reason that elevated extracellular sodium would increase neural excitability. 

Additional studies performed at 21.1 T in NTG-triggered rodents over a similar post-

injection timeframe demonstrate that lactate production is enhanced early (35 min after 

NTG) in the sensitized brain [1]. The increasing [Na+] of the brainstem and extracerebral 

CSF reported in this study likely arises from or induces increased NKAT activity. As a 

probable consequence of increased NKAT and neural activity, elevated brain lactate is 

evident on the same timescale that recently was reported in the same model system [1]. 

Furthermore, osmoregulatory molecules—taurine being the most dominant—remain 

elevated in NTG-treated animals. These energetic and neuroprotective events implicate the 

potential involvement and eventual dysregulation of NKAT as a primary link in the eventual 

chain of migraine propagation. Based on the current study as well as metabolic MRS 

findings, Fig. 4B proposes an organization of neurophysiological events that leads to the 

onset and propagation of central sensitization. It is believed that neuronal excitability stems 

from sodium imbalances due to altered NKAT activity. These ionic imbalances trigger/

activate the TCC highlighted by significant changes observed in the brainstem, which 

propagate via either (i) activation of associated structures and pain pathways or (ii) 

decreased modulation of control pathways, both leading to central sensitization.

Given the metabolic and CSF alterations observed, the time course of events suggests the 

involvement of the CSF as either a primary source or the main conduit by which sodium 

imbalances are propagated, with subsequent metabolic alterations promulgated downstream. 

Under this hypothesis, ionic imbalances would deplete energy and lead to metabolic strain 

that would modulate TGVS and pain pathways. As such, CSF sodium and its influence on 

osmoregulation and energetics have early and widespread impacts that initiate a cascade of 

dysregulation that results in migraine. The current study implicates unique, location-specific 

sodium imbalances in the cascade of central sensitization, and raises a fundamental question 

regarding these ionic imbalances: is the activation of the brainstem fundamental to migraine 

or is it a consequence of activation of trigeminovascular pathways?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative sodium and proton MR images displaying relative acquisition locations 
in the rodent brain
Coronal images (A–D) from a 2D multi-slice 23Na CSI acquired at 1-mm in-plane resolution 

with a 3-mm slice and (E-H) 117×117-mm 1H multi-slice fast spin-echo images acquired 

with the same FOV, slice thickness and slice locations. The 3D volume was rendered from a 
1H multi-slice data to indicate the 23Na CSI slice locations and thicknesses (blue) relative to 

the brain (yellow) and a center-slice 1H anatomical reference (grayscale).
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Figure 2. Representative coronal images for image segmentation 23Na CSI (top row) with 1H fast 
spin-echo anatomical references (bottom row)
Regions of interest identified were: (A&E) eyes & olfactory bulb; (B & F) dorsolateral third 

ventricle, neocortex and muscle; (C & G) extracerebral CSF; (D & H) cisterna magna, 

brainstem and cerebellum.
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Figure 3. Temporal plots for percent change in 23Na concentration
Percent change in 23Na concentration (% change ± SD) for (A-B) brainstem, (C-D) 

extracerebral CSF, (E-F) cisterna magna and (G-H) cerebellum as a function of time after 

injection. Signals were normalized to a pre-injection average baseline, with t=0 

representative of the pre-injection scan acquired just before the IP injection. Utilizing a 

mixed model ANOVA, statistical significances are *p<0.05 (Tukey’s post-hoc) for 

comparisons between (left columns) NTG and saline as control & (right columns) NTG and 

vehicle as an additional control. For temporal comparisons within the individual cohorts’ 
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statistical significances are identified by †p<0.05 (LSD). (Blue error brackets indicate NTG, 

whereas orange brackets indicate saline.)

Abbreviations: B, Baseline; PI, Pre-Injection; Inj, Injection point; IP, intraperitoneal; SD, 

Standard Deviation.
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Figure 4. Temporally significant sodium increases suggest a hypothesized cascade of 
neurophysiological events leading to central sensitization
A) Onset of temporal significance for specific brain regions, post administration of NTG to 

trigger a migraine analogue in rodents. B) Potential neurophysiological cascade of events, 

elaborated in text, that lead to the onset and progression of NTG triggered acute migraine. 

The dashed arrows are representative of the hypothesized chain of events that lead to or 

attenuate the cascade whereas the solid lines are representative of the functional changes 

taking place.
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