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Abstract

Purpose—This study evaluates biochemical imbalances in a rat model that reflects dysfunctional 

pathways in migraine. The high sensitivity and spectral dispersion available to 1H MRS at 21.1 T 

expands metabolic profiling in this migraine model to include lactate (Lac), taurine (Tau), 

aspartate (Asp) and Gly—a mixture of glycine, glutamine and glutamate.

Methods—Sprague-Dawley male rats were administered in situ an intra-peritoneal injection of 

nitroglycerin (NTG) to induce the migraine analogue or saline as a control. A selective relaxation-

enhanced MR spectroscopy (RE-MRS) sequence was utilized to target upfield metabolites from a 

(4-mm)3 voxel for 2.5 h post-injection.

Results—Significant increases were evident for Lac as early as 10 min post NTG injection, 

peaking over 50% compared to baseline and control (Normalized Lac/NAA with NTG=1.54±0.65 

vs. with saline=0.99±0.08). Tau decreased in controls progressively over 2 h post-injection, but 

remained elevated with NTG, peaking at 105 min post-injection (Normalized Tau/NAA with 

NTG=1.10±0.18 vs. with saline=0.85±0.14). tCr under NTG showed significant decreases with 

time and compared to saline; Gly demonstrated temporal increases for NTG.

Conclusions—These changes indicate an altered metabolic profile in the migraine analogue 

consistent with early changes in neural activity and/or vasodilation consistent with progressively 

enhanced neuroprotection and osmoregulation.
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Introduction

Migraines affect approximately 38 million people in the United States, and are the 7th most 

disabling condition in the world as assessed by interference with the sufferer’s ability to 

function in everyday activities (1). Though several hypotheses implicate neuronal and 

trigeminovascular involvement with migraine onset and progression (2), an exact 

pathophysiological change is yet to be identified that can explain the onset, progression and 

termination of migraines.

Biochemical imbalances of Na+ in migraine have been identified in the cerebrospinal fluid 

(CSF) (3,4), brain (5) and alterations of Ca2+ and Na+ channels as well as the Na+/K+/

ATPase transporter (NKAT) for the rare familial hemiplegic migraine mutation (6). 

However, there is limited characterization of metabolic changes during the onset and 

progression of migraine. It follows that the identification of specific metabolic changes may 

improve understanding of migraine and open new avenues for therapy development. This 

study, therefore, evaluates biochemical and metabolic imbalances hypothesized to reflect 

dysfunctional pathways paralleling migraine impacts in humans by means of a frequently 

studied nitroglycerin (NTG) triggered animal migraine model (5, 7–9). In clinical cohorts, 

NTG typically triggers a mild headache that is short-lived and stops rapidly after 

administration is completed, based on a short (2-min) half-life (10, 11). This mild, 

immediate headache results from the acute effects of nitric oxide (NO) as a vasodilator 

impacting the intra- and extracranial vasculature. For migraineurs, however, NTG triggers a 

delayed onset of central sensitization due to the action of NO on neuronal firing that is not 

observed in non-migraineurs. This sensitization is reflected in the animal analogue.

To probe metabolic imbalances resulting from NTG exposure, in vivo proton magnetic 

resonance spectroscopy (1H MRS) is employed in this study to assess metabolic 

dysfunctions reflected in the dynamic concentrations of energetics, osmolytes and 

neurotransmitters. In previous studies at lower magnetic fields and in the occipital and 

temporoparietal regions, various metabolites have been interrogated with respect to migraine 

in patient populations: N-acetyl aspartate (NAA) (12); total creatine (tCr)—which includes 

phosphocreatine and creatine (13); total choline (Cho) (13); and Glx/GABA+, which is a 

mixture of spectral overlaps from GABA, glutamate and glutamine (14). Decreased levels of 

NAA, Cho and tCr indicate a potential impact of migraine on chronic neuronal integrity and 

decreased membrane turnover. However, these studies were conducted during the interictal 

period, and no clinical study to date has acquired 1H MRS during migraine. Preclinically, 

Ma and co-workers (15) made use of a migraine rodent model in their spectroscopy based 

study to evaluate metabolites. However, their study was performed at one time point 90 min 

after establishing the onset of the migraine analogue based on behavioral characterization. 

Additionally, their voxels were localized in the thalamus and cerebellum, and the primary 

metabolites interrogated were GLX/GABA+, creatine, choline, NAA and myoinositol (mI). 

Thus, several MRS studies have reported metabolic changes in migraine patients, but study 

designs and results have been heterogeneous, with little consistency between findings for 1H 

MRS (16, 17).
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Leveraging the sensitivity and spectral dispersion benefits of high-field MRS, the overall 

aim of the present study is to interrogate metabolites at 21.1 T dynamically and in vivo 
during acute and delayed onset of central sensitization. To enhance sensitivity while 

reducing individual experiment acquisitions times, relaxation-enhanced MR spectroscopy 

(RE-MRS) was employed to analyze quantitative changes in brain metabolites during 

progression of the migraine analogue from baseline. RE-MRS utilizes specifically designed 

RF pulses to excite metabolites of known chemical shifts over a narrow bandwidth (18, 19). 

Through bandwidth selection that avoids the excitation of bulk H2O, RE-MRS yields high 

fidelity spectra without water suppression while enhancing sensitivity and acquisition time 

efficiency by minimizing T1 exchange issues associated with conventional in vivo 
spectroscopy.

For this study, the high sensitivity and spectral dispersion available to 1H RE-MRS at 21.1 T 

expanded metabolic profiling in an animal model of migraine to include lactate (Lac), 

taurine (Tau), aspartate (Asp) and Gly, which was identified as a mixture of glycine, 

glutamine and glutamate. These substrates should provide insight into the impacts of acute 

migraine on energetics (tCr, Gly) and glycolysis (Lac, Asp) as well as neuroprotective and 

osmoregulatory mechanisms (Tau) that may be instituted as a result of increased 

neurotransmitter (Glx, Gly) or homeostatic imbalances. Behaviorally, previous research has 

established that the first noticeable central sensitization in the rat model is evident at one 

hour after the NTG trigger and plateaus over the next four hours (5, 15); building upon this 

foundation, acquisitions in the present study were focused on a novel time course of 

metabolic regulation for acute (< 45 min) and delayed changes (> 45 min). Therefore, the 

present study evaluates 1H MRS data acquired during the onset and progression in a rat 

model of acute migraine as a means of temporally mapping energetic and osmotic changes 

over a two-hour period following intraperitoneal (IP) injection of NTG.

Methods

Animal Models

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

the Florida State University in Tallahassee, FL and the Huntington Medical Research 

Institutes (HMRI) in Pasadena, CA.

While in the MRI scanner, a total of 17 Sprague-Dawley male rats (Harlan, Indianapolis, 

IN), weights between 170 and 250 g, were administered in situ an IP injection of either 10 

mg/kg of NTG (n=11) to induce central sensitization or saline (n=6) as a control. For a dose 

of 10 mg/kg IP, the clinical NTG formulation contains 30% ethanol and 30% propylene 

glycol made up in normal saline (0.9% sodium chloride injection, USP, Baxter Healthcare 

Corporation, Deerfield, IL) at 7.4 pH. There is considerable evidence that the administration 

of nitric oxide (NO) donors, such as NTG, in humans induces headaches similar to those in 

migraine attacks (11, 20). As such, NTG-induced sensitization is a widely accepted migraine 

model in rodents (5,7–9), as well as humans (10). In preclinical models, NTG causes 

allodynia and hyperalgesia (21), brain sodium elevation and activation of cFos in the 

trigeminal nucleus caudalis neurons (TNC) (5), and abnormalities in the brain stem auditory 

evoked potentials of rats (7).
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Animals were treated under anesthesia with the same procedure that consistently has 

demonstrated behavioral (aversive threshold and eye squinting) responses to NTG in 

unanesthetized rats and ex vivo cFos activation in the second order trigeminal neurons of the 

brainstem (5). For this study, rats were induced with 4% isoflurane in O2 and maintained at 

3% during surgical implantation of the IP line. During scanning, animals were maintained at 

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

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 (SA Instruments, Stony Brook, NY) and maintained 

between 30–50 breaths/min. The animals were kept at a constant temperature (26° C) in the 

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

experimentation.

MRI/S 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 (22). 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 homebuilt 1H radio frequency (RF) coil based on a linear 

birdcage design (23) was used to acquire in vivo 1H MRS.

Relaxation-Enhanced MRS (RE-MRS) was used to achieve selective spectral excitations for 

voxel sizes of (4 mm)3, without water suppression, to target upfield metabolites. In contrast 

to Shemesh et al. (19), the RE-MRS sequence was acquired with pulses selectively exciting 

and refocusing a broader band to achieve spectral information from more metabolites. 

Employing a spin-echo acquisition scheme, this selective excitation was accomplished with 

a 5-ms 10-lobe, hyperbolic sinc-shaped pulse (BW = 4095 Hz), and a 5-ms 180° refocusing 

pulse derived from the Shinnar-LeRoux algorithm (SLR), exciting a band between 0–4 ppm 

without touching the water resonance. As such, the bulk water pool acts as a sink into which 

metabolite protons can exchange without penalty against the more efficient and shorter T1 

values of metabolites (19, 24). These off-resonance pulses improve sensitivity by means of 

maintaining shorter metabolic T1s and permitting for reduced repetition and acquisition 

times. Though not evaluated here, previous studies have demonstrated that in vivo RE-MRS 

maintains long metabolic T2 (>100 ms), even under pathological conditions (19, 24). As 

such, this technique allows for the acquisition of high fidelity spectra over short acquisition 

times (~6 s for a single average) while maintaining high in vivo signal-to-noise ratios (> 

50:1) at 21.1 T (19, 24). 3D spectroscopic localization was achieved using six 5-ms adiabatic 

pulses with localization by an adiabatic selective refocusing (3D LASER) approach (25). 

The echo time (TE) of the RE-MRS spin echo was 52 ms, which with the LASER module, 

yielded a total TE of 64 ms. Using a spectral width of 15 kHz and 4096 complex points, a 

repetition time (TR) of 2500 ms with 256 averages resulted in a total scan time of 10 min per 

scan. A total of 14 scans were acquired successively starting from pre-injection to ~2.5-h 

post injection, which allowed for investigation of metabolic properties during the onset and 

progression of central sensitization.
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The voxel was localized in the right cerebral region encompassing a portion of the 

neocortex, corpus callosum and hippocampus, as demonstrated in Figure 1A. Despite the 

significant heterogeneity in terms of voxel localization in the human studies, previous 

studies have used a similar, mostly cortical voxel localization (13, 14). The selection, in this 

study, was based partially on the homogeneity of the rat brain relative to the voxel volume 

and a desire to investigate the impacts of the trigeminal afferent extensions into the cortex. 

The placement of each voxel was identified by making use of fast spin-echo localizers 

generated with spin echo Rapid Acquisition with Relaxation Enhancement (RARE) 

sequences. Considerable effort was made to create a homogenous B0 field by a combination 

of automatic shim adjustment for linear, 1st order shims and manual adjustment of higher 

order shims based on the water signal acquired from the (4-mm)3 voxel of interest. Although 

this in vivo voxel constituted a large volume evaluated at 21.1 T for a free breathing 

anesthetized rat, a nominal full width at half maximum of 40 Hz for all scans, with 

frequency linewidths achieved in the 32–35 Hz range.

Data Analysis and Statistical Tests

Data was acquired as a partial echo, and magnitude spectra were generated after apodization 

(10-Hz exponential line broadening) and Fourier transform. The spectra upfield of water 

contains important resonances including, but not limited to mI, Gly, Glx, Tau, tCr, Cho, Asp, 

NAA and Lac. These substrates are involved in cellular metabolism, with at least half of the 

metabolites specific to the CNS. The in vivo assignments of these peaks were based on the 

resonances identified in the Human Metabolome Database (26), and they are labeled on the 

representative spectra of Figure 1B. For spectra quantification, both peak height and integral 

were calculated for the above metabolites at the chemical shifts indicated in Figure 1B. In 

both quantification approaches, a 10-point (<75 Hz) range was permitted to account for any 

variability in the peak assignment. With respect to change over time, no significant 

differences were identified between integral and peak height measurements; data are 

reported subsequently based on peak height measurements to minimize the impact of 

adjacent resonant peaks or potential macromolecular baseline irregularities on the 

metabolites of interest. No modeling or deconvolution of spectral components was 

performed. Data were plotted as a function of time pre- and post-injection to develop a time 

course of metabolic changes.

This raw data time course was normalized to the NAA peak (found experimentally to be 

stable for NTG and saline over all data points) and was further referenced to the pre-

injection baseline. Individual time points from all animals in the NTG and saline groups 

based on these time series were averaged to determine trends and significance. All datasets 

were analyzed using IBM SPSS 20.0 for Windows (SPSS Inc., Chicago, IL, USA). The 

NAA-normalized intensities for each metabolite and from each scan of the time series were 

analyzed by means of a mixed model ANOVA with repeated measures to conduct within 
subject analysis. A least significant difference (LSD) post hoc test was applied for pairwise 

comparisons between time points, with p<0.05 deemed significant for temporal assessments 

within a group (NTG or saline). To assess between group effects, a multivariate ANOVA was 

applied to the same data normalized to the pre-injection ratio, with a Bonferroni’s post hoc 

test used for comparisons between NTG and saline cohorts; changes between groups were 
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deemed significant for F (1,14) = 4.60, p<0.05. This statistical approach allowed for multiple 

dependent (temporal effects) and independent (NTG vs. saline) variables to be analyzed. The 

normality and variance of the data were assessed as part of the ANOVA. Based on the 

Shapiro-Wilks W and Levene’s tests of the ANOVA, metabolic data met normality and 

sphericity requirements to justify these statistical tests.

Results

Figure 1 demonstrates the time course of metabolite signal changes relative to pre-injection 

levels in the NTG administered models (1C), which coincides with the established onset and 

progression of central sensitization using the same protocol (5), versus the saline 

administered controls (1D). As is evident, the RE-MRS sequence provides high fidelity data 

with flat baselines while avoiding the water resonance through the selective excitation of the 

targeted metabolites upfield of the bulk water resonance. This high quality in vivo spectra 

and signal enhancement resulting from reduced chemical exchange impacts (and lack of 

subsequent T1 lengthening) with bulk water allows for accurate peak assignment and 

characterization of these resonances as biomarkers for this migraine analogue. To 

demonstrate stability and selective metabolic increases, difference spectra are provided in 

Supporting Figures S1 and S2.

The effect of NTG on the individual metabolites is shown in Figures 2–6. The major changes 

are observed in Lac (Figure 2) and Tau (Figure 3), with lesser impacts to tCr (Figure 4), 

demonstrating differential acute and delayed onset impacts in response to NTG compared to 

the control (saline-injected) group. At 10 min post-injection, the first to change is Lac, 

which remains elevated 85 min after NTG administration. Significant increases in Lac were 

evident as early as 10 min post NTG administration, and achieved a peak value of over 50% 

compared to the baseline and controls at 35 min post injection. At this peak, normalized 

Lac/NAA values with respect to NTG had a mean ± standard deviation of 1.54±0.65 

compared to saline injection, which achieved a mean of 0.99±0.08.

Tau relative levels decrease progressively through 2 h in saline controls, whereas, they 

remain level or with modest increase in the NTG treated rats. Tau values peaked at 105 min 

post injection with a percent difference of 26% between the NTG injected and saline 

cohorts. At its peak, normalized Tau/NAA values for the NTG group had a mean of 

1.10±0.18 compared to the saline injected cohorts, which had decreased to 0.85±0.14 from 

baseline.

In contrast, Cho (Figure 5) in the NTG group remains consistent with the values from the 

saline controls, although both NTG and saline groups display overall decreases in Cho with 

time. Conversely, an interesting trend is evident in the profile presented by Gly (Figure 6), 

which demonstrates a delayed increase that becomes more pronounced, possibly 

corresponding to the onset of central sensitization. Data for Glx and Asp was measured but 

their concentrations remained unaltered in NTG and saline treated animals (see Supporting 

Figures S3 and S4).
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Discussion

The present study offers insight into in vivo metabolic fluxes in the brain with the onset and 

progression of an acute migraine analogue in rodents. Significant changes in Lac, Tau and 

tCr levels between the migraine (NTG-triggered) analogue and control (saline-injected) 

animals are evident as a function of time post injection. Other metabolites demonstrated no 

difference between these treatment groups, with the possible exception of Gly, which 

displayed a modest increasing trend and delayed significance for temporal and between-

group comparisons for NTG-exposed rats versus saline controls. Uniquely, these metabolites 

have not been evaluated previously in an in vivo rodent migraine model on a time course 

basis that spans both acute and delayed onset of’ NTG-triggered central sensitization. The 

time-dependent altered levels of Lac, tCr, Tau and potentially Gly may prove to be important 

biomarkers of migraine onset.

The significant increase in Lac indicates a transient effect from increased neural activity and 

a move towards either anaerobic respiration or compromised aerobic respiration in the brain, 

which gradually returns to baseline values. Lactate is well known as an end-product of 

anaerobic glycolysis (35); however, brain lactate produced through aerobic glycolysis (36) is 

constantly present in spite of adequate oxygenation, and local increases in neural activity 

rapidly and transiently elevate lactate levels (37). Moreover, lactate release and glucose 

uptake in astrocytes were stimulated by sodium-coupled uptake of glutamate (38), and 

elevated lactate previously was found to suppress neuronal firing in the hippocampus (39). 

Notably, four clinical 1H MRS studies (27–29, 40) have reported increased Lac during the 

interictal period of chronic migraineurs compared to age-matched controls but other studies 

(33, 41–44) did not achieve significant Lac changes. Elevated Lac levels were reported in the 

occipital cortex by Watanabe et al. (27) and Sandor et al. (28), in the cerebellum of the 

FHMII mutation in migraine by Grimaldi and co-workers (29) and in the thamalus by 

Mohamed et al. (40). These authors attributed higher Lac levels to increased glycolytic 

activity due to impaired oxidative metabolism and mitochondrial dysfunction in chronic 

migraineurs. However, other groups (13, 17) did not observe the same Lac changes among 

their human subjects, possibly due to low limits of detection. More consistently, the most 

reproducible findings of human 31P MRS studies of migraine are concomitantly decreased 

PCr and increased inorganic phosphate (16), with additional studies independently reporting 

decreased phosphorylation potential (31–34). These findings suggest a chronic reduction in 

the availability of free cellular energy in migraineurs and possible mitochondrial dysfunction 

(30), which may be related to the disturbed energy metabolism in the NTG rats. Thus, the 

striking and early metabolic change in brain Lac during onset and progression in the current 

study is at least indicative of short-term metabolic remodeling and is worthy of further study, 

both in clinical migraine and preclinical models.

Significant decreases in tCr levels also were evident in NTG-treated rats compared to 

controls. Although at maximum only a 3% difference compared to baseline, NTG treatment 

consistently elicited a decrease in tCr as opposed to saline. Although more study is required, 

the decrease in tCr may be evidence of: the depletion of creatine and/or phosphocreatine 

from the cerebral voxel under investigation—a result of energy requirements elsewhere in 

the sensitized brain; the uptake of creatine as a compensatory osmolyte by cells experiencing 
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osmotic stress—a neuroprotective function that may also be represented in elevated Tau 

(45); or inhibition of endogenous creatine synthesis by glial cells in the cortex (46). Most 

clinical 1H MRS studies do not identify tCr changes (16); however, a 3-year, longitudinal 

study (47) did identify a small decrease in tCr during interictal periods, which was attributed 

to reduced glial cellularity and energy production. Taken together, the decrease in tCr and 

increase in Lac represent a potential remodeling of metabolic processes related to energetics 

under the influence of acute central sensitization.

Of additional interest were the increased levels of Tau and, to a lesser extent, Gly in the 

migraine analogue compared to controls. Elevated levels of Gly have been reported (48–50) 

in the CSF in migraine, and it is interesting that a similar trend is replicated in the cerebral 

region of the rat brain after NTG administration. Previously, Tau levels were found to be 

elevated in CSF in migraine (49, 51); however, to the best of our knowledge, brain Tau levels 

have not been interrogated previously in vivo in migraine or animal models.

Taurine (2-Aminoethane Sulfonic acid), or Tau, is one of the most abundant amino acids 

found in mammals (52). Physiochemically, the sulfonic group (compared to carboxyl group 

on other amino acids) allows it a higher dissociation rate, with higher water solubility and 

low lipophilicity (52, 53). Biochemically, the distribution of Tau is ubiquitous, with higher 

levels reported in the muscles, brain and heart compared to plasma and CSF (52). Though 

Tau is touted to modulate a wide range of activities, its osmoregulatory and neuroprotective 

properties are the most pertinent within the scope of this study. The current findings 

demonstrate consistently lower Tau levels in controls over the time course of this study, 

while the relatively higher levels of Tau after NTG administration arise in the same time 

frame as the cortical vasodilation from NTG (54). Given the expected time course of the 

migraine analogue onset at greater than 45 min post NTG injection (8, 15), elevated Tau 

levels beginning and continuing past the 45-min mark can be attributed to the initial role of 

Tau in vasoregulation, but also its osmoregulatory and neuroprotective function on brain 

tissue.

The presence and effects of Tau have been studied in a wide variety of disease and disorder 

states, including but not limited to epilepsy, Alzheimer’s Disease, cardiovascular disorders 

and alcoholism (55). In cases of oxidative stress, Tau is considered to improve mitochondrial 

functioning by modulating the electron transport chain and impeding the generation of 

oxygen reactive species in hepatocytes (53). Taranukhin and co-workers (56) suggested the 

possibility of Tau counteracting alterations of membrane properties, including but not 

limited to the activity of NKAT. The phospholemman subunit of the NKAT regulates taurine 

efflux (57), thus meriting further study of Tau regulation in the migraine model.

Previously, Harrington and co-workers (58) had hypothesized the possibility of abnormally 

high activation of sodium transporters in migraineurs, with NKAT being the main exporter 

and thereby consuming almost half of normal brain’s energy in the maintenance of the 

sodium gradient (59). This hypothesis was based on findings of increased CSF sodium in 

migraineurs (4), supported by enhanced excitability of cultured hippocampal neurons 

exposed to increased extracellular sodium concentrations (21), and demonstrated by 

increased and sustained cranial sodium as assessed by 23Na MRI signal at 21.1 T in the 
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NTG-injected rat (5). Alterations in Na+ homeostasis during migraine potentially lead to the 

increased and sustained levels of Tau, which in turn impacts membrane permeability via an 

osmoregulatory mechanism coupled to excess extracellular Na+. Corresponding well with 

the established time for behavioral change of 45 min following NTG injection, the delayed 

and sustained increases in Tau for the migraine analogue rats could be indicative of its 

release kinetics, subsequent osmotic action and re-stabilization of NKAT function (52, 60, 

61). The findings from Lac and tCr appear to be indicative of altered and redistributed 

energy metabolism, possibly arising from an anatomically-specific combination of increased 

energy consumption. Supporting the protective action of Tau and its time course, the 

immediate increases in Lac and decreases in tCr may be tied to increased localized energetic 

needs resulting from enhanced neural and NKAT activity prior to and continuing through the 

onset of central sensitization.

The present study found an increasing trend in Gly, supporting either altered states of 

metabolism, stimulation and/or neuroprotection. Interestingly, Glx appeared unaltered with 

the onset and progression of central sensitization. Being a combination of excitatory and 

inhibitory neurotransmitters, Glx metabolites are involved in the modulation of pain and 

neuronal excitability (14). Taken together, the Gly trend and Glx stability hints that the 

potential increase in Gly may arise more from glycine, which could be attributable to 

changes in glycolysis that occur prior to pain. However, the current study could not resolve 

the spectral overlap of GABA, glutamate and glutamine in Glx or of glycine, glutamine and 

glutamate in Gly, leading to some ambiguity in interpretation.

Contrary to earlier some clinical reports from the interictal period (6, 12, 40, 62), the present 

findings do not display a significant deviation in the trend attributed to NAA, and the levels 

remained relatively consistent in the NTG versus saline injected rats, which is more in line 

with the majority of clinical 1H MRS migraine studies (16). NAA is widely held as a marker 

for neuronal and axonal integrity and is indicative of mitochondrial functioning as it is 

synthesized in neural mitochondria (12, 62). Physiologically, the changes in NAA seen in 

migraine and consequent mitochondrial disruption could be a result of long-term or repeated 

migraine. The current results appeared to indicate the absence of significant mitochondrial 

disturbance in NAA synthesis for this acute rat model, which permitted the use of NAA as 

an internal reference for the evaluation of other metabolites.

Likewise, acute NTG triggered rats did not demonstrate significant Cho alteration compared 

to saline controls in the current study, although Cho did decrease in both treatment groups 

over time. Constituting a less than 10% change from baseline for over 145 minutes for 

longitudinal acquisitions, the reason for this temporal Cho decrease in both groups is not 

well understood but would appear to be independent of either NTG or central sensitization. 

The total choline signal evaluated at 3.2 ppm is dominated by free choline, including less 

mobile upfield membrane cholines which could be remodeled over the hours of longitudinal 

acquisitions of this study. Interestingly, Valette et al. (63) and Boretius et al. (64) have 

indicated that choline containing compounds are impacted by the use of isoflurane. Using in 
vivo MRS, Valette et al. identified a relatively low choline apparent diffusion coefficient 

(ADC) compared to other in vivo metabolites, but an increased choline ADC (>50%) when 

increasing isoflurane from 1 to 2%. The low choline ADC was attributed to the confinement 
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of a large fraction of the total choline to a hindered intracellular compartment, and the 

increased ADC with isoflurane reduced this restriction, potentially related to increased 

permeability or membrane degradation (63). Boertius et al. indicated a reversible increase in 

choline signal with exposure to 1.75% isoflurane, attributed to the degradation of 

membrane-bound phosphatidylcholine (64). In fact, control data (Figure 4 of reference 64) 

displays a progressive decrease in total choline signal over a 130-min series of repeated in 
vivo MRS under continuous 1.75% isoflurane. This decrease over time is approximately 

10%, which matches the Cho trend of the current study (Figure 5) for nearly the same level 

of anesthesia and timeframe of observation. Based on this supporting evidence, it is likely 

that isoflurane exposure increases the choline signal at 3.2 ppm resulting from its impact on 

the degradation of membrane-associated phosphatidylcholine or other choline compounds; 

over the course of longitudinal experiments spanning hours and prolonged isoflurane 

exposure, the increased free choline is recovered back to less mobile forms of choline 

(shifted away from 3.2 ppm) progressively, reflected in the significant time-dependent 

decrease in total Cho signal at 3.2 ppm for both NTG and saline groups. Most clinical 

studies of migraine do not identify a change in choline, although one study did identify 

decreased Cho levels between chronic migraine and control groups (13) during the interictal 

period, with the alterations attributed to membrane turnover resulting from choline’s 

involvement in the synthesis of membrane constituents.

Although no clinical 1H MRS study of migraine has reported ictal findings to date (16), a 

single NTG study in rodents (15) has reported significant increases in Glu/GABA+ (+82%), 

tCr (+66%) and Cho (+67%) in the thalamus with a single acquisition 90 min after NTG 

treatment compared to saline controls. These increases are larger than any changes reported 

here and not consistent with the current findings. There are significant differences between 

this previous study and the current evaluation: data was acquired at 3 T from the thalamus 

utilizing a 10% chloral hydrate anesthetic; there was no baseline or pre-injected data 

reported; and data analysis references all metabolites (acquired with water-suppressed 

STEAM) to water (apparently acquired in a separate scan). With acquisition at a much lower 

field, the representative spectra from (15) demonstrate significantly less sensitivity and 

spectral resolution than what can be acquired at 21.1 T. As the data reported here was 

acquired in cortical regions versus the thalamic region of the previous study, these 

differences may reflect differential and more direct impacts of NTG on the 

trigeminovascular system.

It should be noted that any pre-clinical model of migraine is inherently imperfect given the 

extensive heterogeneity of migraine in the patient population. A potential limitation of the 

current study is the confounding effect of isoflurane anesthesia, although anesthetized 

controls provide a stable reference for the significant changes identified above. The 

analgesic impacts of isoflurane in this acute NTG model are not addressed or well known, 

and potentially may mask some biochemical changes related to pain perception.

Conclusions

The present study is novel as it is the first time that metabolic substrates have been evaluated 

in the living brains of an acute rodent migraine model on a time course basis. Significant 
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changes in the concentrations of Lac, Tau and tCr along with increasing trends in Gly 

compared to controls suggest impaired metabolism as well as neuroprotective action with a 

temporal dependence related to onset of the migraine analogue. For this acute model, the 

changes in Lac (an early increase) and tCr (a decrease) suggest increased neural activity 

and/or altered glycolysis, which may be consistent with an altered sodium gradient across 

neural membranes and increased NKAT activity. The significantly increased Tau could be 

indicative of an endogenous neuroprotective and osmoregulatory action to maintain 

homeostasis, including NKAT activity. These metabolic alterations in the acute model would 

be important to investigate in chronic migraine or its models. Further investigations are 

warranted to understand the altered neural activity and metabolic dysregulation that follows 

the onset and sustained impacts of acute and chronic central sensitization and migraine.
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Figure 1. 
A) Representative images demonstrate the 4×4×4-mm voxel placement in the i) coronal ii) 

axial and iii) sagittal anatomical directions. B) Representative in vivo 1D RE-MRS shows 

metabolite peak assignment. A TE = 52 ms for the RE-MRS spin-echo (TE = 64 ms 

including the LASER module) and TR = 2.5 s with 256 averages was used to achieve a total 

scan time of 10 min. C) Representative 1H metabolite spectra were acquired as time courses 

for a NTG-injected rat and D) saline-injected rat. For NTG, changes in Lac, Tau, tCr and 

Gly are evident compared to pre-injection baseline values; ethanol, as part of the NTG 

vehicle, is apparent after injection. The spectra have been plotted with sequential offsets in 

both frequency and vertical domains to better visualize the spectral time course.
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Figure 2. 
A) Average lactate signal changes (mean ± SD) as a function of time after injection. Signals 

are normalized to NAA and pre-injection intensity values, with t=0 min representative of the 

pre-injection scan acquired just before IP injection. Statistical significances are †p<0.05 

(LSD test) for temporal comparisons within NTG. (Blue error bars and brackets indicate 

NTG, whereas orange error bars indicate saline.) B) Percent difference in lactate (mean ± 

SD) with respect to the pre-injection value, with significance identified at *p<0.05 

(Bonferroni’s test) for comparisons between NTG and saline. Abbreviations: Lac, lactate; 

NAA, N-acetyl aspartate; IP, intraperitoneal; SD, Standard Deviation.
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Figure 3. 
A) Average taurine signal changes (mean ± SD) as a function of time after injection. Signals 

are normalized to NAA and pre-injection intensity values, with t=0 min representative of the 

pre-injection scan acquired just before IP injection. Statistical significances are †p<0.05 

(LSD test) for temporal comparisons within NTG and ‡p<0.05 for comparisons within saline 

cohorts. (Blue error bars indicate NTG, whereas orange error bars and brackets indicate 

saline.) B) Percent difference in taurine (mean ± SD) with respect to the pre-injection value. 

Comparisons between NTG and saline are significant at *p<0.05 (Bonferroni’s test). 

Abbreviations: Tau, taurine; NAA, N-acetyl aspartate; IP, intraperitoneal; SD, Standard 

Deviation.
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Figure 4. 
A) Average total creatine signal intensities (mean ± SD) as a function of time after injection. 

Signals are normalized to NAA and pre-injection intensity values, with t=0 min 

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

significances are ‡p<0.05 (LSD test) for temporal comparisons within saline cohorts. (Blue 

error bars indicate NTG, whereas orange error bars indicate saline.) B) Percent difference in 

total creatine (mean ± SD) with respect to the pre-injection value. Comparisons between 

NTG and saline are significant at *p<0.05 (Bonferroni’s test). Abbreviations: tCr, total 

creatine; NAA, N-acetyl aspartate; IP, intraperitoneal; SD, Standard Deviation.
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Figure 5. 
A) Average choline signal intensities (mean ± SD) as a function of time after injection. 

Signals are normalized to NAA and pre-injection intensity values, with t=0 min 

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

significances are †p<0.05 (LSD test) for temporal comparisons within NTG and ‡p<0.05 for 

comparisons within saline. (Blue error bars and brackets indicate NTG, whereas orange 

error bars and brackets indicate saline.) B) Percent difference in choline (mean ± SD) with 

respect to the pre-injection value. Comparisons between NTG and saline are significant at 

*p<0.05 (Bonferroni’s test). Abbreviations: Cho, choline; NAA, N-acetyl aspartate; IP, 

intraperitoneal; SD, Standard Deviation.
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Figure 6. 
A) Average Gly signal intensities (mean ± SD) as a function of time after injection. Signals 

are normalized to NAA and pre-injection intensity values, with t=0 min representative of the 

pre-injection scan acquired just before IP injection. Statistical significances are †p<0.05 

(LSD test) for temporal comparisons within NTG. (Blue error bars and brackets indicate 

NTG, whereas orange error bars indicate saline.) B) Percent difference in Gly (mean ± SD) 

with respect to the pre-injection value. Comparisons between NTG and saline are significant 

at *p<0.05 (Bonferroni’s test). Abbreviations: Gly, mixture of glycine, glutamine and 

glutamate; NAA, N-acetyl aspartate; IP, intraperitoneal; SD, Standard Deviation.
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