
Common hippocampal structural and functional changes in
migraine

Nasim Maleki,
Departments of Anesthesia and Radiology, Center for Pain and the Brain, MCL, MGH and CHB,
Children’s Hospital Boston and Harvard Medical School, Boston, MA, USA

Lino Becerra,
Departments of Anesthesia and Radiology, Center for Pain and the Brain, MCL, MGH and CHB,
Children’s Hospital Boston and Harvard Medical School, Boston, MA, USA; Department of
Psychiatry, P.A.I.N. Group, McLean Hospital and Harvard Medical School, Belmont, MA, USA;
Departments of Psychiatry and Radiology, Massachusetts General Hospital, Harvard Medical
School, Charlestown, MA, USA

Jennifer Brawn,
Departments of Anesthesia and Radiology, Center for Pain and the Brain, MCL, MGH and CHB,
Children’s Hospital Boston and Harvard Medical School, Boston, MA, USA

Bruce McEwen,
Laboratory of Neuroendocrinology, The Rockefeller University, New York, USA

Rami Burstein, and
Department of Anesthesia, Beth Israel Deaconess Hospital, Harvard Medical School, Boston,
MA, USA

David Borsook
Departments of Anesthesia and Radiology, Center for Pain and the Brain, MCL, MGH and CHB,
Children’s Hospital Boston and Harvard Medical School, Boston, MA, USA; Department of
Psychiatry, P.A.I.N. Group, McLean Hospital and Harvard Medical School, Belmont, MA, USA;
Departments of Psychiatry and Radiology, Massachusetts General Hospital, Harvard Medical
School, Charlestown, MA, USA

Abstract
The hippocampus is classically involved in memory consolidation, spatial navigation and is
involved in the stress response. Migraine is an episodic disorder characterized by intermittent
attacks with a number of physiological and emotional stressors associated with or provoking each
attack. Given that migraine attacks can be viewed as repeated stressors, alterations in hippocampal
function and structure may play an important role in migraine pathophysiology. Using high-
resolution magnetic resonance imaging, hippocampal morphometric and functional differences (in
response to noxious heat stimulation) were compared in age and gender-matched acute episodic
migraineurs with high (HF) versus low (LF) frequency of migraine attacks. Morphometric results
were compared with age and gender-matched healthy control (HC) cohort. Significant larger
bilateral hippocampal volume was found in LF group relative to the HF and HC groups suggestive
of an initial adaptive plasticity that may then become dysfunctional with increased frequency.
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Functional correlates of greater deactivation (LF > HF) in the same hippocampal regions in
response to noxious stimulation was also accompanied by overall reduction in functional
connectivity of the hippocampus with other brain regions involved in pain processing in the HF
group. The results implicate involvement of hippocampus in the pathophysiology of the migraine.
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Introduction
The hippocampus is classically known to be involved in memory and learned behavior
(Eichenbaum et al. 1999; van der Flier and Scheltens 2009) and seizure activity
(Schwartzkroin 1994). It is a key brain region providing inhibitory feedback to the
hypothalamic-pituitary-adrenal axis (HPA axis) that controls reactions to stress.
Hippocampus is intimately affected by stress and glucocorticoids, working in concert with
excitatory amino acids and other intracellular and extracellular mediators (McEwen
1999,2001; McEwen and Gianaros 2010b; Rodrigues et al.2009); and these mediators, as a
consequence of their increased levels and activity under prolonged stress, may alter
hippocampus both structurally (regeneration of neurons, loss of synapses) and functionally
(abnormal level of neurotransmitters, impaired inhibition) (Rothman and Mattson 2010) and
cause damage. The initial changes influenced by these mediators however may be
completely adaptive to maintain homeostasis in the face of new challenges or stressors
(McEwen 1999).

There is growing support for the concept of hippocampus being involved in pain processing
(Khanna and Sinclair 1989; Liu and Chen 2009; McKenna and Melzack 1992; Prado and
Roberts 1985; Rains 2009; Sauro and Becker 2009; Yeung et al. 1977). More recent imaging
studies of pain in humans report hippocampal activation in a variety of conditions (e.g.,
Becerra et al. 2001; Ploghaus et al.2003) and such activation may be associated with
processing related to anxiety (Bingel et al. 2011; Ploghaus et al. 2001). One notion based on
such studies is that the hippocampal formation amplifies aversive effects as a protective
mechanism to define appropriate behavioral responses.

Migraine is an episodic pain disorder characterized by intermittent attacks. A number of
physiological and emotional stressors are associated with or provoke each migraine attack
which may result in deleterious effects on the hippocampus through repeated glucocorticoid
release (Ising and Braun 2000) as well as increased excitatory amino acid activity (McEwen
1999). Given that migraine is a complex behavior that includes prodromal phase with
underlying behavioral changes (e.g., tiredness, yawning) and also changes in brain systems
(viz., cortical spreading depression) (Eikermann-Haerter and Ayata 2010; Dreier 2011)
differences in the appraisal of pain and sensitivity may differ across patients as a function of
the attack frequency and such changes may alter neural networks that are involved in
perceptual, autonomic and other components of pain (Piche et al. 2010). Such changes may
also be maladaptive in the long term (allostatic load) (McEwen 1998; McEwen 2001, 2008)
by potentially causing damage with repeated stressful challenges and/or by failure to shut off
the response after the challenge is past. The role of the hippocampus in migraine pathology
however has not been characterized. In our prior studies in migraine patients, we reported
hippocampal and temporal lobe dysfunction when compared with healthy controls (Moulton
et al. 2010) suggesting that hippocampal–temporal regions are altered by migraine.
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In this study, we hypothesized that the increased frequency of migraine attacks which leads
to increased repeated exposure to the stressors in migraine would involve differences in
hippocampus as a function of the frequency of migraine attacks. Hippocampal
morphometric and functional differences were compared in acute episodic migraineurs for
whom the migraine attacks had progressed and had high frequency of migraine attacks to
those who had low frequency migraine attacks. By evaluating multimodal aspects of
hippocampal function and structure, a pattern of significant alteration in this region in
migraine patients is presented.

Methods
Subjects

The study met the criteria of the Helsinki accord for experimentation of pain in human
subjects (http://www.history.nih.gov/research/downloads/helsinki.pdf) and approved
informed consent forms were obtained from all subjects. Migraine subjects included in the
study were chosen from screening a group of 60 patients, out of which 10 subjects were
selected for each group, matched for age, age of onset, and medication type. The subjects (1)
met the criteria for episodic migraine as classified as per the International Classification for
Headache (ICHD-2; http://www.i-h-s.org/upload/ct_clas/ihc_II), (2) had Beck Depression
Inventory II (BDI-II) scores ≤25, (3) suffered from episodic migraine for three years or
longer, (4) had no migraine 72 h prior to the scan and no symptoms of developing one
during or 24 h after the scan, (5) LF sufferers (3M, 7F, age 40.2 ± 3.6) had 1–2 and HF
sufferers (3M, 7F, age 43.9 ± 3.4) had 8–14 headache days per month; and (6) stable
frequency levels were present for at least a year prior to the scan and (7) all subjects were
right handed. For comparison, morphometric data of age- and gender-matched healthy
controls (3M, 7F, age 39.1 ± 3.2) with no history of migraine were acquired and analyzed.
None of the participants reported the use of either opioids or barbiturates (Bigal et al. 2008).

Quantitative sensory testing
Quantitative sensory testing (QST) was performed using a 1.6 cm × 1.6 cm contact
thermode (TSA-II, Medoc Advanced Medical Systems, Ramat Yishai, Israel) prior to the
MR session to determine the pain threshold for each subject. The temperature increased
from a 32 °C baseline temperature at the 1 °C/s rate until stopped by the subject at the first
onset of pain. This test was repeated three times and the thresholds were averaged and the
corresponding temperature was recorded as the pain threshold (THR). QST was performed
on the dorsum of the hand on the predominant side of migraine attacks. If there was no
predominant side, the QST was performed on the left side. 1/20 patients had only left side
and 2/20 had only right-sided attacks with the rest experiencing migraine attacks on both
sides with either equal attacks on both sides (5/20), or predominant left-sided (5/20) or
predominantly right-sided attacks (7/20).

Noxious thermal stimulation
Similar to QST, thermal stimulation side was the migraine dominant side. If there was no
predominant side, the stimulation was delivered to the left hand. For stimulation during
functional imaging, three blocks of stimulation (30 s baseline/15 s stimulation @THR + 1)
were delivered from a baseline temperature of 32 °C. The rate of temperature change was 4
°C/s. The 15 s pain stimulation period did not include the ramp-up and ramp-down periods
of the thermode from the baseline temperature. The ramps were modeled in defining the
explanatory variables (EVs) for fMRI data analysis. During the stimulations and fMRI data
collection, subjects rated their pain using a visual analog scale (VAS) system.
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Imaging
All data were collected on a 3 Tesla Siemens Trio scanner with an 8-channel phased array
head coil (Erlangen, Germany). For structural data, high-resolution T1-weighted datasets
were collected from each patient using a 3D MPRAGE pulse sequence (TR/TE/TI =
2,100/2.74/1,100 ms, FA = 12, 128 sagittal slices, res = 1.33 × 1.0 × 1.0 mm3). For
acquiring functional data, a gradient-echo (GE) echo planar imaging (EPI) sequence (TE/TR
= 30/2,500, res = 3.5 × 3.5 × 3.5 mm3, matrix = 64 × 64, 74 volumes, 41 slices) was used.

Data analysis
Structural analysis—Segmentation was performed with the automatic parcellation tools
of the Freesurfer image analysis software (http://www.surfer.nmr.mgh.harvard.edu/). These
tools enable labeling subcortical and cortical tissue classes using an atlas-based Bayesian
segmentation procedure (Fischl et al. 2002). The processing steps included motion
correction of the volumetric T1-weighted MPRAGE images, followed by removal of non-
brain tissue (Segonne et al. 2004), automated Talairach transformation, and segmentation of
the subcortical white matter and deep gray matter volumetric structures (Fischl et al. 2002,
2004) including the left and right hippocampus in each subject. Using IBM SPSS 19.0
statistics package, analysis of variance (ANOVA) was used to compare hippocampal
volume in the three cohorts for both left and right hippocampus separately. Post hoc
pairwise group comparisons were explored with Tukey’s honestly significant difference.
Pearson correlation values were calculated for the left/right hippocampal volumes and an
estimate of the total number of migraine attacks experienced throughout life for each patient.
One subject from the HF cohort and two subjects from the LF cohort were not able to
specify the exact age of their migraine onset instead they remembered the age range (ex.
started during high school years). For these subjects, number of migraine attacks was
estimated using the lower end range, mid range, and higher end range values. The estimated
linear correlation between the hippocampal size and the number of migraine attacks was still
significant for all of these scenarios. These subjects were not included in the final correlation
analysis results reported due to the lack of information on the exact age of migraine onset
for them. As a separate control, anatomical data of a separate cohort of 22 migraine patients
(11 women and 11 men) were also analyzed and the correlation of the total number of
attacks (frequency × duration) experienced throughout life (ranging from 140 to 4,100 with
no significant difference between men and women) with the hippocampal volume was
measured.

Functional analysis—fMRI analysis was carried out using FMRIB Software Library
(FSL) (http://www.fmrib.ax.ac.uk/fsl), version 4.1.3. The initial two volumes were removed
from each of the functional scans to allow for signal equilibration. The pre-statistical
processing for each subject consisted of skull stripping using a brain extraction tool (BET)
with bias field correction and neck removal and motion correction. The volumes were
spatially smoothed with a 5-mm full-width at half-maximum filter, and a 60-s high-pass
temporal filter was applied. First-level fMRI analysis of single subject data was performed
using FMRI Expert Analysis Tool (FEAT) Version 5.98. Patients with right-sided migraines
had their images flipped along the y axis to correspond with the majority of the patients with
left-sided migraine. The recorded temperature traces for each subject during the MRI scan
were rescaled from 0 to 1 and were used as explanatory variables (EVs) along with their
temporal derivatives to achieve a better fit to the data. EVs were convolved with a gamma
function (phase shift = 0 s, half width = 3 s, and a mean lag = 6 s) as the hemodynamic
response function. The ramp ups and ramp downs were modeled in defining the explanatory
variables (EVs) for fMRI data analysis. Subjects’ brains were spatially normalized to the
MNI152 brain for group analysis. Normalization was performed using FLIRT (FMRIB’s
Linear Image Registration Tool) following a two-stage process: first a low-resolution image
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of the whole brain (that was acquired with the similar imaging parameters as to the FMRI
acquisition separately) was linearly registered to the high-resolution structural MPRAGE
image. Then, the MPRAGE image was linearly (affine) registered to the standard image
(MNI 152 average brain). These two transformations were combined, to transform the low-
resolution FMRI images (and the statistic images derived from the first-level analyses)
straight into standard space, when applied later, during group analysis.

Group activation maps were generated by fMRI expert analysis tool (FEAT) fMRIB’s Local
Analysis of Mixed Effects (FLAME1). Statistical parametric maps were thresholded using a
Gaussian Mixture Model (GMM) technique (Pendse et al. 2009). In this approach, the
overall z statistic distribution is modeled by combination of Gaussian distributions
representing “deactivation”, “null” and “activation” distributions. Various causes, such as
unmodeled structured noise, signal inhomogeneities, variance in vascular flow or BOLD
response could cause a deviation in the theoretical N(0,1) “null” distribution. Hence, instead
of basing inference on a fixed parametric form (such as N(0,1)), the “null” distribution is
adaptively estimated from the data. Alternative hypothesis testing is then performed based
on the “activation” and “deactivation” maps thresholded at posterior probability P > 0.5.

Functional connectivity (Fc) analysis—The strength of correlation of fMRI response
across voxels in the brain with anatomical hippocampus ROI was measured using a seed
correlation-based approach (Fox et al. 2005; Zhang et al. 2008) for each subject and the two
cohorts were compared using mixed effects group analysis (FLAME1). The ROIs for the Fc
analysis were extracted by automatic segmentation of the T1-weighted anatomical volumes
for each subject individually using Freesurfer (http://www.surfer.nmr.mgh.harvard.edu/).
Preprocessing steps were similar to the steps described for functional analysis above. For
each subject, the WM and CSF masks were created in anatomical space using Freesurfer
tools (http://www.surfer.nmr.mgh.harvard.edu/). All time courses in the brain were
orthogonalized with respect to the eigen time courses of WM and CSF masks that were
computed by singular value decomposition (SVD) (Golub and Loan 1996). fMRI time
courses from each seed ROI were also extracted using SVD. The time courses were
normalized for general linear model (GLM) analysis. The resulting GLM analysis parameter
estimates (correlation coefficients) were transformed into normally distributed quantities
using a Fisher z transform, registered to MNI space and entered into a mixed effects group
analysis (FLAME1). The group statistical parametric maps were threshold using a GMM
technique (see above).

Results
Psychophysical results

There was no significant difference in the patients’ headache intensity [LF: 7.7 ± 2.4 (mean
± SD), HF: 7.2 ± 1.8 (mean ± SD)] on a 0–10 subjective scale. However, the headache
unpleasantness rating was significantly different between the two groups, 8.5 ± 1.8 (mean ±
SD) and 6.7 ± 1.4 (mean ± SD) in the LF and HF group, respectively (P < 0.028). There
were no significant differences between the QST thresholds (LF: 46.06 ± 4.26 °C and HF:
45.89 ± 2.77 °C). Beck depression index (BDI) ratings for subjects were all <10, and not
significantly different of (LF: 2.1 ± 2.5 and HF: 1.9 ± 2.4). HF group had suffered from an
average of 9.3 ± 2.6 (mean ± SD) attacks per month, whereas the LF group had an average
of 1.7 ± 0.5 attacks per month. HF migraineurs on average had suffered from an average of
2,474 ± 1210 (mean ± SD) migraines throughout their lives compared with an average of
185 ± 75 (mean ± SD) attacks for LF migraineurs.
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Structural differences in hippocampus
Significant hippocampal volumetric differences were observed among the three cohorts
(left: F = 3.3, P = 0.047; and right: F = 5.061, P = 0.011). Tukey’s test results were as
follows (left: HC vs. LF: P < 0.040; LF vs. HF: P < 0.050) and (right: HC vs. LF: P < 0.019;
LF vs. HF: P < 0.020). Figure 1 shows the volumetric comparisons for both the (1) raw and
(2) normalized hippocampal volumes [normalized to an estimate of the total intracranial
volume (eTIV) (Buckner et al. 2004)]. A paired t test was also performed to determine if
there were any differences between left and right hippocampus across all of the subjects.
The difference between the left and right hippocampus was not significant (P = 0.186),
while the correlation between the left and right hippocampal volumes was significantly high
(r = 0.703, P = 0.0003). Moreover, smaller hippocampal volume was observed in LF [left r =
−0.62 (P < 0.05), right r = −0.64 (P < 0.043)] and HF [left r = −0.63 (P < 0.033), right r =
−0.58 (P < 0.049)] cohorts with an increase in the estimate of the total number of migraine
attacks that the patients had experienced throughout their lives (Fig. 2). There was a strong
correlation between the total number of attacks and the hippocampus volume as for left
hemisphere r = −0.55 (P < 0.009) and for right hemisphere r = −0.468 (P < 0.032) in a
separate control cohort of 22 episodic migraineurs (Online Resource 1).

Differences in response to painful stimulation
Contrast analysis of the HF versus LF migraine group in response to the “pain threshold +1
°C” stimuli, Fig. 3, revealed significantly higher deactivation response in bilateral
hippocampus (posterior probability >0.5, corrected for multiple comparisons using GMM)
in the LF patients relative to HF patients, Table 1. It should be noted here that the analysis
that was performed was a whole brain analysis and differences in activation response to
noxious stimulation were observed in other cortical and subcortical regions of the brain that
are not the focus of this paper and will be discussed elsewhere.

Differences in the functional connectivity of hippocampus
Significant differences in functional connectivity of the hippocampus were observed in the
high frequency versus the low frequency migraine patients during intermittent heat stimuli
(pain threshold +1 °C on hand). Functional connectivity contrast maps (HF–LF) are
presented in Fig. 4. Significantly reduced functional connectivity with hippocampus was
observed in high frequency versus low frequency migraine patients in contralateral supra
marginal gyrus, bilateral temporal pole, contralateral fronto-orbital, bilateral NAc, bilateral
anterior insula, bilateral middle frontal and contralateral paracingulate.

Discussion
The results of this study suggest significant functional and morphological differences in the
hippocampus in migraine patients: (1) significant larger bilateral hippocampal volume was
found in LF group relative to the HF and HC groups suggestive of an initial adaptive
plasticity in the LF group that may then become dysfunctional with increased frequency, (2)
the evidence for hippocampal dysfunction related to functional correlates of greater
deactivation in the hippocampus (LF > HF) was also accompanied by overall reduction in
functional connectivity of the hippocampus with other brain regions involved in pain
processing in the HF group, (3) although no differences were observed for pain intensity
between the two groups, significant differences in pain unpleasantness (LF > HF),
suggestive of alterations in brain systems involved in affective processing that includes the
hippocampus (see below).
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Pain unpleasantness and migraine frequency
We found no difference in response to pain intensity (neither for pain threshold) between the
two groups. We did expect that there may have been differences in pain intensity based on
the data from the field that has suggested, but not defined an increased frequency in
allodynia in patients with increased migraine frequency, particularly in chronic daily
headache when compared with healthy controls (Schwedt et al. 2011). The reason for this
could be that both groups may have had allodynia in their sensitized state, but differences
were not observed because of the sensitivity of the quantitative sensory testing. In support of
this, as noted in the data from Schwedt et al., no differences were observed between
migraine groups (episodic and chronic). However, we did find a significant difference to
pain unpleasantness. Although coupled with stimulus intensity, unpleasantness is a term that
has been used in the field to describe the subjective experience of the emotional component
of pain (i.e., experience of aversion associated with pain) that may include suffering.
Howard Fields (1999) has construed pain unpleasantness as (1) primary or stimulus bound
unpleasantness; or (2) secondary unpleasantness, a higher level process that has a highly
variable relationship to stimulus intensity and is largely determined by memories and
contextual features. Thus, our data may reflect a contribution of hippocampal function in
emotional processing of pain that may become more severe with increased attacks.

Alterations in hippocampal volume
We are unaware of other reports in the literature on the concurrent hippocampal changes
with the migraine disease. The results show a larger volume in LF migraineurs compared
with healthy controls. The hippocampal volume in the HF group is comparable to the HC
group. The LF migraineurs had ≤2 attacks per month, but significantly the volume trend was
to the normative levels with increased number of total attacks (see Fig. 2). We interpret
these results as either (1) initial adaptive plasticity of the hippocampus (see Glasper et al.
2011) or (2) a larger hippocampus (i.e., a pre-existing condition) in migraineurs that then
decreases with increased attack frequency. Evidence for the first interpretation has come
from animal models on neurogenesis in the structure that is known to persist into adulthood.
Stress may mediate adaptive structural plasticity through remodeling of dendrites and
synapses (McEwen 2010). With repeated stress involved in migraine attacks including pain
(Milde-Busch et al. 2011; Peterlin et al.2009), glucocorticoids, cortical spreading
depression, gonadal hormones (Craft et al. 2004), elevated and prolonged levels of
excitatory amino acids may be released. What begins as a structural and protective response
ends up as potential damage to the structure (McEwen 2001). While the HF group has a
smaller average hippocampal volume than the LF group the negative correlation with the
total number of attacks trend is suggestive of continued morphological rearrangements that
may result in abnormal function. Indeed, our findings in the HF group of altered function
(increased activity in the hippocampus with a noxious stressor), altered functional
connectivity with other brain structures, and alterations in pain unpleasantness in this group
are supportive of this notion. Certainly in animals chronic stress can damage the
hippocampus, human conditions such as post-traumatic stress disorder. It does not seem that
migraineurs have a persisting/genetic contribution relating to having a larger hippocampus
since our preliminary studies in pre-adolescent children with and without migraine do not
seem to differ. The issue is salient since hippocampal volume has been shown to predict
vulnerability to stress in post-traumatic stress disorder (Gilbertson et al. 2002). To clarify
these observations, studies in larger cohorts and comparisons between HF and chronic daily
headache will be necessary.

The plasticity of the hippocampal volume relates to mechanisms that enhance or diminish
dendritric complexity, synapse number, dentate gyrus neuronal number and even novel
neural connections (Bourne and Harris 2008; Leuner and Gould 2010; McEwen 2001;
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McEwen and Gianaros 2010a, b). Plasticity of hippocampal volume is also observed across
a number of conditions including: (1) decreased volume in Alzheimer’s disease (Devanand
et al. 2007); major depression (Sheline 2003); Cushing’s disease (Starkman et al. 1999);
PTSD (Woon et al. 2010); schizophrenia (Koolschijn et al. 2010); a 20-year history of
chronic perceived stress (Gianaros et al. 2007); chronic inflammation (Marsland et al. 2008);
jet lag (Cho 2001); and acute, or as noted above, in chronic pain (Zimmerman et al. 2009);
(2) increased volume is observed after electroconvulsive therapy (Nordanskog et al. 2010)
and sustained, moderate exercise (Erickson et al. 2011); and (3) vary in volume in the
rostrocaudal extent of the structure with acquisition of special skills (Hufner et al. 2010).
Thus, our observation of altered volume in the hippocampus, while not new in central
nervous system (CNS) diseases and after chronic stress conditions, is new in the context of
migraine and in the context of migraine frequency.

As has been shown in the rodent models of neuropathic pain hippocampus volume loss may
be a result of mechanisms that could include dendritic pruning in medial prefrontal cortex
(Metz et al. 2009) and as such may correlate with abnormal function. Dendritic spines are
the targets of excitatory inputs in the CNS and these spines are modulated by inhibitory
GABAergic synapses. Glutamatergic input from cortical pyramidal cells and subcortical
sources transmits activity generated through sensory inputs as well as spontaneous activity
of the nervous system while dendritic GABAergic inputs regulate these dendritic
computations of pyramidal cells (Klausberger 2009). Based on these insights on potential
dendritic changes that may alter volume, the repeated (presumably excitatory) inputs to the
hippocampus with repeated migraine attacks may drive the changes (McEwen 1999). A
similar trend has been observed in subgenual prefrontal cortex in major depression disease
(Drevets et al. 1997) where smaller volume and increased activity are reported, which is
consistent with an excitatory amino acid induced dendritic shrinkage. Elevated levels of
glucocorticoids that occur during stress may play an important contributing role in the
process of neuronal cell death in other conditions such as major depression (Sapolsky 2000).
Support for abnormal glutamatergic effects on the hippocampus associated with pain have
come from both animal and human studies (Niddam et al. 2011; Zimmerman et al. 2009).

Finally, it should be noted that the accuracy of the hippocampal segmentation using
Freesurfer has been verified by comparison to the manual tracing with a correlation of r =
0.82 with the manual segmentation (Morey et al. 2009). Moreover, our estimated
hippocampal volume in healthy subjects was in agreement with the reported measurements
values (4,190 ± 526.7 mm3) of the hippocampal volume using Freesurfer in a healthy cohort
(35.4 ± 11 years) (Morey et al. 2009).

Alterations in hippocampal function
We observed significant differences in hippocampal function between the two groups. In
addition, these changes were observed to be in the same regions that volumetric alterations
are reported here. Similar functional–structural alterations have been reported in the
literature for other brain structures (DaSilva et al. 2008) but not for the hippocampus. The
hippocampus is one of a number of brain regions involved in stress. Termination of the
stress response under the acute stress is through a negative feedback to the hypothalamic–
pituitary axis. However, ongoing stress may impair the feedback mechanisms and result in
prolonged responses (McEwen 2001). Diminished connectivity was observed with HF < LF
for the hippocampus. Our connectivity analysis shows decreased connectivity between
regions that included the temporal lobe, insula and nucleus accumbens (see Fig. 4),
suggestive of diminished functional outputs. Altered function in the hippocampus may have
significant consequences on other systems as has been reported for the hippocampal-
accumbens system (see Nason et al. 2011). Such alterations in outputs may also have other
effects, for example, hippocampal spreading depression which activates the caudal
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trigeminal nucleus in rodents (Kunkler and Kraig 2003). In our prior report, painful heat
produces hyperexcitability in temporal pole in episodic migraine vs. controls, that also
shows an increased connectivity with the hippocampus and the trigeminal nucleus (Moulton
et al. 2010). The decreased functional connectivity observed here for HF versus LF may
reflect diminished interactions with brain regions involved in cognitive, associative and
measures of interoception (insula) as they may contribute to the “migraine” experience.
Alternatively, the decreased connectivity may also be interpreted as increased connectivity
in the LF group which may be explained in the context of the initial changes of the brain in
the form of larger hippocampal volume in the LF cohort that would facilitate increased
functional connectivity of the hippocampus in the LF cohort with the rest of the brain
specially the areas in pain processing.

Caveats
The number of subjects studied in this study is relatively small in favor of having two
cohorts of patients at the two extremes of the disease while controlling for multiple
variables, such as age, duration of the disease and etc. Since aside from the frequency, the
patients were highly matched, we believe that the despite the small sample size the other
sources of variability were well accounted for. Our voxel-based comparisons show
significance after correction for multiple comparisons utilizing robust adaptive techniques,
such as, mixture modeling to determine statistical significance minimizing false positive as
well as false negatives.

Although the subjects were matched, a mixed male/female sample was used in this study.
Recent studies have suggested sex-related differences in migraine both in structure and
function (Liu et al. 2011; Maleki et al. 2012). Given the sample size and the number of male
participants we were not able to determine the influence of sex on the observed differences
in the hippocampal volume as a function of migraine attack frequency. However, given our
findings on the sex-related structural differences in migraine in (Maleki et al. 2012), where
there were no sex-related differences in hippocampus volume in migraineurs, but in
parahippocampal gyrus, we believe that it is acceptable to assume that the frequency of
attacks will have the same effect on the hippocampal volume in both male and female
migraineurs.

In the patient cohorts, the only difference between the cohorts was related to triptan use.
This is a potential confounder of the data in that the drug may itself produce changes in
brain structure and function, albeit intermittent use with the use with migraine attacks. While
the direct effects of triptans are still a matter of debate (Tfelt-Hansen 2010), and longitudinal
studies will be needed to clarify their impact on the central nervous system central nervous
system central nervous system, there are studies supporting direct effects of triptans on CNS
(Boshuisen and den Boer 2000; Cupini and Calabresi 2005; Dodick and Martin 2004).

Conclusions
Our results support a role of the hippocampus in migraine where structural and functional
changes may be the result of repeated stress and, as a consequence, that, in turn, alter
biological responses (including the stress response) over time, as a negative cascade adding
to the disease burden through allostatic overload. These responses would appear to be
maladaptive, and lead to allostatic load over time, and have significant implications for
disease progression.
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Fig. 1.
Differences in hippocampal volume. The bar plots show the hippocampus volume
comparisons for low frequency (LF), high frequency (HF) and healthy controls (HC). LF
migraineurs had a significantly larger hippocampal volume. (i) Raw volume comparisons—
for the statistical analysis the left and right hippocampal volumes of the cohorts were
compared while using the total intracranial volume and age as covariates. (ii) The same
comparison for normalized volumes (normalized to the total intracranial volume) volumes.
Bar heights represent the mean value for each volumetric measurement. Error bars represent
the 95 % confidence interval of the mean. Asterisk denotes a significance level of the
corresponding P value reported (see text)
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Fig. 2.
Migraine attacks and hippocampal volumetric differences. The plots represent the
correlation between the left and right hippocampal volumes and estimate of the total number
of migraine attacks in low frequency (LF left panel) and high frequency (HF right panel)
migraine patients. Average hippocampal volume in healthy control (HC) subjects are also
shown in gray scale colors in each panel for comparison
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Fig. 3.
Response to pain. Contrast analysis of the HF versus LF migraine group in response to the
“pain threshold +1 °C” stimuli revealed significantly higher deactivation in bilateral
hippocampus in the LF patients
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Fig. 4.
Functional connectivity contrast maps. Functional connectivity contrast map of the
hippocampus during intermittent heat stimuli (pain threshold +1 °C on hand) in high versus
low frequency migraine patients. PCC posterior cingulate cortex, PCin paracingulate, SM
supramarginal, SF superior frontal, Ins (ant) anterior insula, TP temporal pole, NAc nucleus
accumbens, FO frontal orbital, MF middle frontal, PAG periaqeductal gray
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Table 1

Hippocampal clusters resulting from contrast analysis of low versus high frequency (LF>HF) migraine
patients in response to noxious heat (threshold +1 °C)

Region Laterality z stat X (mm) Y (mm) Z (mm) Vol (cm3)

Hippocampus L −2.8757 −34 −14 −22 0.512

Hippocampus R −2.1564 24 −12 −16 0.872
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