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Interictal abnormalities of gamma band activity in visual evoked
responses in migraine: an indication of thalamocortical
dysrhythmia?
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Between attacks, migraineurs lack habituation in standard visual evoked potentials (VEPs). Visual stimuli also evoke high-frequency oscillations in the gamma
band range (GBOs, 20–35 Hz) assumed to be generated both at subcortical (early
GBOs) and cortical levels (late GBOs). The consecutive peaks of GBOs were
analysed regarding amplitude and habituation in six successive blocks of 100
averaged pattern reversal (PR)-VEPs in healthy volunteers and interictally in
migraine with (MA) or without aura patients. Amplitude of the two early GBO
components in the first PR-VEP block was significantly increased in MA patients.
There was a significant habituation deficit of the late GBO peaks in migraineurs.
The increased amplitude of early GBOs could be related to the increased
interictal visual discomfort reported by patients. We hypothesize that the hypofunctioning serotonergic pathways may cause, in line with the thalamocortical
dysrhythmia theory, a functional disconnection of the thalamus leading to
decreased intracortical lateral inhibition, which can induce dishabituation.
䊐Gamma band, habituation, migraine, thalamocortical dysrhythmia, visual evoked
potentials
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Introduction
A lack of habituation of pattern reversal visual
evoked potentials (PR-VEPs) during the repetition
of the same stimuli has been observed in migraine
patients between attacks (1).
This abnormality has been attributed to increased
cortical excitability (2), possibly due to deficient
intracortical inhibition (3) or to a reduced preactivation level of the visual cortex, which may be due
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to insufficient activation by aminergic projections
from the brainstem (4).
Several electrophysiological methods, including
evoked potentials, electromyography and transcranial magnetic stimulation, have been used to study
this apparent controversy, but without solving it
(5). Beyond the classical broadband components
of standard evoked potentials, we have recently
studied in migraine patients the high-frequency
oscillations embedded in somatosensory evoked
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potentials and have found indications of a reduced
activity of thalamo-cortical afferents (6), which
would support the hypothesis that a decreased
cortical preactivation level is the culprit in the
habituation deficit in migraine.
In PR-VEPs, another type of high-frequency oscillation has mainly been analysed: gamma-band
oscillations (GBOs). They can be identified after
appropriate digital high-pass filtering (> 20 Hz) as
high-frequency (~20–80 Hz) rhythmical oscillatory
activities embedded in the conventional scalprecorded evoked potentials. GBOs have been
recorded in animals (7–10) as well as in humans
with depth (11) and scalp electrodes (12, 13).
GBOs have been attributed to the activity of
inhibitory interneurons in cortical/subcortical
structures (14), to synchronized thalamocortical discharges (15–17) and to the activity of cortical fast
rhythmic bursting cells, so-called ‘chattering’ cells
(9).
Two independent groups of investigators, using a
particular algorithm applied to multichannel recordings (18) and a factorial analysis (19), have found that
two separate components can be identified in visualevoked GBOs: the first probably generated in subcortical structures, the second originating in the
occipital cortex itself, probably in area V1.
In order to investigate more precisely the potential role of thalamocortical loops and inhibitory
interneurons in the habituation deficit of visual
information in migraineurs, we have performed
a concomitant study of low- and high-frequency
visual cortical activities.

Materials and methods
Subjects
Thirty migraineurs (nine male and 21 female, mean
age 29 ⫾ 9 years) were enrolled. According to the
diagnostic criteria defined by the 2nd edition of the
International Classification of Headache Disorders
(ICHD-II, 2004), 15 patients had migraine without
aura (MoA, code 1.1; five male and 10 female, mean
age 31 ⫾ 10 years; mean attack frequency 1.7 ⫾ 1.5/
month) and 15 migraine with aura (MA, code 1.2.1;
four male and 11 female, mean age 30 ⫾ 10 years;
mean attack frequency 1.5 ⫾ 1.2/month). Multiple
diagnoses were not allowed. The migraine patients
were compared with 15 healthy subjects of comparable age and gender distribution (six male and nine
female, mean age 27.7 ⫾ 8 years). The latter had
never presented disabling headaches or aura-like
symptoms, had no recurrent (> 1–2/year) mild

headache and were not aware of any first- or seconddegree family member suffering from disabling
headaches. Subjects taking any medication on a
regular basis were excluded, as well as subjects who
did not reach a best corrected visual acuity of > 8/10.
Migraine patients had to be attack free for at least
3 days before and after the recordings (the latter
checked by telephone interview) and without prophylactic antimigraine therapy in the previous
3 months.
All participants were given a complete description of the study and signed informed consent in
accordance with the declaration of Helsinki, and the
study was approved by the Ethics Committee of the
Faculty of Medicine, University of Liège, Belgium.

Data acquisition
Subjects under examination were seated in a semidark, acoustically isolated room in front of the
display surrounded by a uniform field of luminance
of 5 cd/m2. Prior to the recording, each subject was
adapted to the ambient room light for 10 min to
obtain a constant pupil diameter. Stimulation was
monocular after occlusion of the other eye. Visual
stimuli consisted of full-field checkerboard patterns
(contrast 80%, mean luminance 250 cd/m2) generated on a TV monitor and reversed in contrast at a
rate of 3.1/s. At the viewing distance of 80 cm, the
single check edges subtended 15 min of visual
angle. Subjects were instructed to fixate a red dot in
the middle of the screen with the left eye covered
by a patch to maintain stable fixation. The bioelectric signal was recorded from the scalp by means of
pin electrodes positioned at Oz (active electrode)
and at Fz (reference electrode, 10/20 system); a
ground electrode was placed on the right forearm.
The evoked potential signals were amplified by
CEDTM 1902 preamplifiers (band-pass 0.05–2000 Hz,
Gain 1000) and recorded by a CEDTM 1401 device
(Cambridge Electronic Design Ltd, Cambridge,
UK). During uninterrupted stimulation 600 sweeps
of 200 ms duration were sampled at 4000 Hz.
The recordings were partitioned in six sequential
blocks of 100 responses, of which at least 85
artefact-free sweeps were averaged off-line (‘block
averages’) using the SignalTM software package
version 2.14 (CED Ltd).

Data analysis
Broadband PR-VEPs
We considered as broadband (B-B) PR-VEPs the
averaged visual signals digitally filtered between 1
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Visual evoked gamma-band in migraine
and 35 Hz (Barlett-Hanning window, 701 filters’
coefficients) The various components were identified according to their respective latencies: N1 as
the most negative peak between 60 and 90 ms after
the stimulus, P1 as the most positive peak following
N1 at a latency of 80–120 ms. The peak-to-peak
amplitude of N1–P1 was measured.
Gamma-band oscillations
Digital zero-phase shift band-pass filtering between
20 and 35 Hz (Barlett-Hanning window, 701 filters’
coefficients) was applied off-line in order to extract
the GBOs superimposed on the broadband components N1 and P1 of the PR-VEP. In all traces it was
possible to identify within the 200-ms poststimulus
time period four separate bursts of wavelets and
separate them into four negative (termed n0 to n3)
and three positive peaks (from p1 to p3) (12). By
analogy with previous studies (19), the first three
peak-to-peak amplitudes (n0–p1, p1–n1, n1–p2)
were considered as the early GBO bursts and the
last 3 (p2–n2, n2–p3, p3–n3) as the late GBO bursts
(Fig. 1).
To avoid variability due to interindividual differences in PR-VEP amplitude, habituation of broadband N1–P1 and of GBO amplitudes was defined as
the percentage change of the peak-to-peak amplitude between the first and the sixth block of
averages.
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The normal distribution of data for each group of
subjects was tested with the Shapiro–Wilks test.
Values were expressed as means ⫾ SD. Multivariate
analysis of variance was performed taking as
within-subjects factors block amplitudes and the
percentage change of the sixth block compared with
the first and as between-subjects factor ‘Group’
[healthy volunteers (HV), MoA, MA] with a
posthoc least-significant difference test. Values with
a non-gaussian distribution were compared with
the Mann–Whitney U-test and a Bonferroni
correction.
Moreover, in order to determine which factors
could explain most of the variance observed for B-B
VEPs and VEP GBOs, a factor analysis was performed using a principal component analysis and a
varimax orthogonal rotation method (19). Only
factors explaining a variance > 1 were considered
significant.

Results
Examples of VEP recordings before and after highfrequency filtering, obtained from a healthy subject
and from a MA patient, are shown in Fig. 1.
Mean data and relative statistical analyses of
electrophysiological data are presented in Tables 1
and 2.

B-B PR-VEP
Statistical analysis
The Statistical Package for the Social Sciences
(SPSS) for Windows, version 15.0 was used for all
analyses (SPSS Inc., Chicago, IL, USA). VEP BB and
GBO data were similarly analysed.
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Figure 1 Illustrative recordings of the conventional
broadband (1–35 Hz) (upper) and gamma band (20–35 Hz)
(lower) pattern reversal visual evoked potentials in a
healthy volunteer (HV) and migraine with aura (MA)
patient. The six components (n0–p1, p1–n1, n1–p2, p2–n2,
n2–p3, p3–n3) of the gamma bursts are identified.
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In B-B (1–35 Hz) PR-VEP neither N1 and P1 latencies nor N1–P1 amplitudes were significantly different between HV, MoA or MA in any of the six
averaged blocks (P > 0.05).
The mean percentage change of PR-VEP N1–P1
amplitude between the first and sixth blocks was
-9.1 ⫾ 10.8% in HV, +13.8 ⫾ 25.3% in MoA and
+12.1 ⫾ 29.7% in MA. This difference was significant between HV and MoA (P = 0.017), and
between HV and MA (P = 0.010, see Table 1 and
Fig. 2).
The VEP amplitude change between first and
sixth blocks was negatively correlated with the first
block amplitude in the HV (r = -0.514, P = 0.05) and
MoA groups (r = -0.641, P = 0.01 in MoA). A tendency to a similar correlation occurred in MA
patients (r = -0.456, P = 0.088).

GBOs
After band-pass filtering between 20 and 35 Hz, a
burst of time-locked wavelets of oscillations
(GBOs) was observed in every subject and in each
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Table 1 Peak-to-peak amplitudes and percentage amplitude changes between first and sixth blocks of averages for
broadband visual evoked potentials and gamma band oscillations (GBOs) in healthy volunteers (HV), migraine with aura
(MA) and migraine without aura (MoA)
HV (n = 15)
Amplitude
(mV)
1st block
GBOs (20–35 Hz)
n0–p1

MA (n = 15)
Potentiation (%)
(6th block-1st
block/1st block)

0.91 ⫾ 0.33

-7.0 ⫾ 47.9

p1–n1

1.53 ⫾ 0.48

-9.5 ⫾ 24.8

n1–p2

1.69 ⫾ 0.56

-8.5 ⫾ 18.1

p2–n2

1.39 ⫾ 0.48

-11.7 ⫾ 20.1

n2–p3

0.96 ⫾ 0.40

-15.7 ⫾ 18.6

p3–n3

0.62 ⫾ 0.33

-6.3 ⫾ 35.6

Broadband (1–35 Hz)
N1–P1
4.97 ⫾ 2.25

-9.12 ⫾ 10.8

MoA (n = 15)

Amplitude
(mV)
1st block

Potentiation (%)
(6th block-1st
block/1st block)

Amplitude
(mV)
1st block

Potentiation (%)
(6th block-1st
block/1st block)

1.33 ⫾ 0.54
P = 0.026*
P = 0.024**
2.11 ⫾ 0.75
P = 0.043*
P = 0.05**
2.27 ⫾ 0.72
NS
1.65 ⫾ 0.49
NS
0.89 ⫾ 0.32
NS
0.47 ⫾ 0.25
NS

-8.8 ⫾ 39.9
NS

0.91 ⫾ 0.45
NS

-8.3 ⫾ 26.0
NS

-8.5 ⫾ 21.9
NS

1.55 ⫾ 0.75
NS

-6.7 ⫾ 17.8
NS

-7.1 ⫾ 14.6
NS
-4.4 ⫾ 22.1
NS
4.9 ⫾ 45.7
P = 0.009*
27.3 ⫾ 91.9
P = 0.007*
P = 0.048**

1.78 ⫾ 0.83
NS
1.45 ⫾ 0.62
NS
0.94 ⫾ 0.33
NS
0.65 ⫾ 0.32
NS

-3.5 ⫾ 20.2
NS
1.1 ⫾ 25.7
P = 0.041*
4.0 ⫾ 32.4
P = 0.025*
-8.9 ⫾ 63.1
NS

12.1 ⫾ 29.7
P = 0.010*

4.04 ⫾ 1.81
NS

13.8 ⫾ 25.3
P = 0.017*

5.57 ⫾ 2.37
NS

*HV vs. MoA or MA; **MoA vs. MA.
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Figure 2 Conventional broadband pattern reversal visual
evoked potentials (1–35 Hz): amplitude change over six
blocks of averages (mean ⫾ standard deviation). HV,
Healthy volunteers; MoA, migraine without aura; MA,
migraine with aura.

sequential block of averages. In agreement with
Sannita et al. (12), we found the highest interindividual amplitude variability for the last p3–n3 GBO
component (Fig. 1 and Table 1). In fact, distributions
were not normal for this component, which was
then compared between groups with nonparametric statistics (see Methods).

Wavelet peaks were not significantly different in
latency between subject groups (HV, MoA, MA)
along the six sequential blocks of averages.
In the first block of averages, the amplitude of the
two early GBO components n0–p1 and p1–n1 was
significantly greater in MA compared with HV
(P = 0.026 and P = 0.043, respectively) or with MoA
(respectively P = 0.024 and P = 0.050). The difference
was not significant between MoA and HV, nor
between any of the three subject groups for the
three late peaks p2–n2, n2–p3 and p3–n3 (Table 1
and Fig. 3).
When the percentage amplitude change between
first and sixth blocks was calculated for each GBO
component, there was a slight habituation, i.e.
amplitude decrease, for the three early wavelets
(n0–p1, p1–n1 and n1–p2) in all subject groups
(Fig. 4).
By contrast, for the remaining GBO components
p2–n2, n2–p3 and p3–n3, an amplitude increase (i.e.
potentiation) was found, reaching the level of statistical significance for the fourth (p2–n2) and fifth
(n2–p3) GBO component in the MoA group
(P = 0.041 and P = 0.025, respectively) and for the
fifth (n2–p3) and sixth (p3–n3) components in the
© Blackwell Publishing Ltd Cephalalgia, 2007
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Figure 3 Visual evoked potential gamma band oscillations
(20–35 Hz): peak-to-peak amplitude of the six components
in the first block of 100 averages (mean ⫾ standard
deviation). HV, Healthy volunteers; MoA, migraine
without aura; MA, migraine with aura.

% amplitude change between
1st and 6th block

B-B VEP, Broadband visual evoked potential; GBO, gamma band oscillation; HV, healthy volunteers; MoA, migraine without aura; MA, migraine with aura.
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Table 2 Factor analysis on the B-B VEP and GBOs amplitude change (6th block-1st block/1st block) in the three groups of subjects (in bold: principal component
loadings > 0.7000)
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Figure 4 Gamma band oscillations (GBOs) (20–35 Hz):
amplitude change (%, mean ⫾ standard error) between
first and sixth blocks of 100 averagings for the six
components of the visual evoked potential gamma burst
(*P < 0.05 MA vs. HV; ‡P < 0.05 MoA vs. HV). HV, Healthy
volunteers; MoA, migraine without aura; MA, migraine
with aura.

MA group (P = 0.009; P = 0.007) compared with HV.
The potentiation of the sixth (p3–n3) component
was significantly greater in MA than in MoA
(P = 0.048) (Fig. 4).
Principal component analysis of all measured
VEP components identified three factors explaining
most of the variance of the percentage amplitude
change between first and sixth averaged blocks.
Factor 1 is represented chiefly by the early GBO
components (from n0–p1 to n1–p2 for HV and MA,
from n0–p1 to p2–n2 for MoA), factor 2 by the late
GBO components (p2–n2 and n2–p3 for HV and
MA) and by habituation slope and amplitude of the
B-B VEP N1–P1 component for MA, factor 3 by the
late GBO components n2–p3 and p3–n3 for MoA as
well as the habituation slope and amplitude of the
B-B VEP N1–P1 component for HV and MoA
(Table 2).
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There were no significant correlations between
the measures performed on B-B VEPs and those
obtained for VEP GBOs.

Discussion
This study has confirmed our previous findings
showing an interictal habituation deficit of the B-B
PR-VEP in patients suffering from MA or MoA
when compared with healthy volunteers (see
Schoenen et al. for a review (5)).
As seen in previous studies, the amplitude in the
first block of 100 averages was negatively correlated
with habituation over six blocks in HV and MoA,
but there was a trend for such correlation in MA, as
reported by others (20). This could be related to the
trend for greater first block amplitude in the B-B
VEP of MA patients, confirming once more the
inverse relationship between initial amplitude and
habituation (21).
The absence of correlation between B-B VEPs and
gamma band oscillations may indicate that these
activities evoked by the same stimulus have different generators and different functional significance.
This is supported by the principal component
analysis, which shows that separate factors are
responsible for the variance in habituations of B-B
VEPs and of GBOs.
To the best of our knowledge, this is the first
study to explore visual evoked potential GBOs in
migraine patients. Before discussing the possible
significance of our findings for the pathophysiology
of migraine, it seems therefore adequate to review
briefly the present knowledge about the neural
generators of GBOs.
After appropriate visual stimulation, subpopulations of neurons in the lateral geniculate nuclei
(LGN) (10) and visual cortex (7–9, 14) tend to
synchronize and generate several successive bursts
of oscillations at gamma band frequencies (20–
80 Hz) (15–17). There is evidence that oscillatory
responses are strongly correlated between retina,
lateral geniculate nucleus and cortex, indicating
that cortical neurons can become synchronized by
oscillatory activity relayed through the lateral geniculate nucleus (22). On the cortex this oscillatory
activity can be easily recognized after adequate
band-pass filtering of the conventional visual
evoked responses (12). A discrete network of inhibitory interneurons and fast spiking burst pyramidal
cells, named ‘chattering cells’ (9), seems to be
responsible for the coherent spatiotemporal oscillatory patterns at the cortical level.

The bursts of GBOs are likely to have different
generators, depending on their latency. Using
factor analysis, Carozzo et al. (19) have found that
the variance in early and that in late gamma
waves were explained by different factors and
have proposed that this might be due to different
precortical and cortical contributions. A subcortical
contribution to visual-evoked GBOs has been suggested previously after multichannel scalp recordings (18).
We found that the amplitude of the early burst of
GBOs is increased in MA patients when compared
with controls. This increase persists, although not
always at the level of significance, during the whole
session of visual stimulation in all sequential blocks
of averages. Interestingly, increased susceptibility to
illusions when exposed to high-contrast squarewave grating stimuli has been chiefly found in
migraine patients having auras (23), and this visual
discomfort seems to be directly linked with a rise in
gamma band activity in the visual cortex (24). Interestingly, unpleasant visual information presented in
a checkerboard background with a spatial frequency
of 2.2 cycles per degree (similar to our study)
induced an increase of cortical visual oscillatory
activity in the 20–35 Hz range (gamma band)
between 60 and 90 ms following stimulus onset (25).
In both MA and MoA groups the dishabituation
phenomenon involves the later, rather than the
earlier GBOs. It begins at the end of the early burst
of oscillations (n1–p2) and becomes significant only
in the later bursts (p2–n2, n2–p3 and p3–n3).
Assuming that early and late GBOs are generated, respectively, at precortical and cortical levels
and considering that the last component (n1–p2) of
the early GBO peaks is in the same latency range as
the N1–P1 wave of the B-B PR-VEP, which has a
cortical origin, the n1–p2 component probably corresponds to the arrival of the visual information in
the cortex (thalamocortical terminals), whereas the
later components are strictly related to cortical
activities. This would suggest that the VEP habituation deficit in migraine is chiefly, if not exclusively,
restricted to the cortical level.
The cellular and molecular mechanisms of
habituation in CNS information processing are multifactorial and still poorly understood. Although
habituation occurs at multiple stages in sensory
pathways, it is known to be more pronounced and
modality dependent at cortical than at subcortical
levels (26). Our results provide direct evidence in
favour of this difference, because they show that in
healthy volunteers habituation is more pronounced
in the late GBOs, considered to be generated in the
© Blackwell Publishing Ltd Cephalalgia, 2007
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visual cortex, than in the early GBOs, assumed to
be of subcortical origin.
High-frequency oscillations in thalamocortical
neurons have been attributed to changes in dendritic and astrocytic calcium conductance (27, 28).
In particular, thalamic T type Ca2+ channels are
responsible for the frequency modulation of thalamic oscillations (17, 29). A change of thalamocortical activity due, for example, to anatomical or
functional dysconnection of the thalamus can
indeed favour low-frequency activity, which at the
cortical level will reduce lateral inhibition and
enhance high-frequency phase-locked discharges in
cortical networks of inhibitory interneurons. This
could underlie the so-called thalamocortical dysrhythmia syndromes (17, 30). Evidence favouring
abnormal thalamic activity also comes from the
analysis of high-frequency somatosensory evoked
potentials, thought to reflect thalamocortical
activity, in migraine patients between attacks (6).
Migraine might thus be characterized interictally by
functional dysconnection of the thalamus leading to
increased gamma band oscillations in the cortex, as
in other thalamocortical dysrhythmias, and to
reduced cortical habituation.
We have previously postulated that hypofunctioning serotonergic projections to the thalamus and
cortex could be responsible for the habituation
deficit and change in high-frequency oscillations
found interictally in migraine (4, 6). There is circumstantial evidence that migraine is a disorder
with low CNS serotonin transmission (31), and this
may cause a deficit in habituation (32). Various
neurotransmitters are able to modulate thalamic
and cortical high-frequency oscillations. For
example, cholinergic activation increases gamma
band activity and its frequency tuning (33, 34). In
animals, microinjections of noradrenaline or serotonin into the cholinergic nuclei of the basal forebrain
differentially modulate high-frequency gamma
activity (35): noradrenaline produces an increase in
gamma activity and waking, whereas serotonin
decreases gamma activity with no effect on the
sleep–wake cycle. We therefore propose that hypofunctioning serotonergic pathways may cause a
functional dysconnection of the thalamus leading to
thalamocortical dysrhythmia, which will induce
both the abnormality of evoked gamma band oscillations and the habituation deficit in the visual
cortex. This hypothesis can be tested in future
studies on migraineurs by comparing surrogate
markers of CNS serotonin activity with VEP GBOs,
and by recording GBOs during a migraine attack
(when serotonin activity increases) (31), and after
© Blackwell Publishing Ltd Cephalalgia, 2007
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preventive antimigraine therapy with selective
serotonin reuptake inhibitors, both conditions that
are known to normalize the habituation deficit of
B-B VEPs (20, 36).

Acknowledgements
The authors thank Tracie Dornbusch for technical assistance
in preparing the article. This work was supported by
research convention no. 3.4563.04 of the National Fund for
Scientific Research (Belgium) to J.S.

References
1 Schoenen J, Wang W, Albert A, Delwaide PJ. Potentiation
instead of habituation characterizes visual evoked potentials in migraine patients between attacks. Eur J Neurol
1995; 2:115–22.
2 Aurora SK, Ahmad BK, Welch KMA, Bdardhwaj P,
Ramadan NM. Transcranial magnetic stimulation confirms hyperexcitability of occipital cortex in migraine.
Neurology 1998; 50:1111–14.
3 Mulleners WM, Chronicle EP, Palmer JE, Koehler PJ,
Vredeveld JW. Visual cortex excitability in migraine with
and without aura. Headache 2001; 41:565–72.
4 Schoenen J. Deficient habituation of evoked cortical
potentials in migraine: a link between brain biology,
behavior and trigeminovascular activation? Biomed Pharmacother 1996; 50:71–8.
5 Schoenen J, Ambrosini A, Sàndor PS, Maertens de Noordhout A. Evoked potentials and transcranial magnetic
stimulation in migraine: published data and viewpoint on
their pathophysiologic significance. Clin Neurophysiol
2003; 114:955–72.
6 Coppola G, Vandenheede M, Di Clemente L, Ambrosini
A, Fumal A, De Pasqua V et al. Somatosensory evoked
high-frequency oscillations reflecting thalamo-cortical
activity are decreased in migraine patients between
attacks. Brain 2005; 128:98–103.
7 Schroeder CE, Tenke CE, Givre SJ. Subcortical contributions to the surface-recorded flash-VEP in the awake
macaque. EEG Clin Neurophysiol 1992; 84:219–31.
8 Jagadeesh B, Gray CM, Ferster D. Visually evoked oscillations of membrane potential in cells of cat visual cortex.
Science 1992; 257:552–4.
9 Gray CM, McCormick DA. Chattering cells: superficial
pyramidal neurons contributing to the generation of
synchronous oscillations in visual cortex. Science 1996;
274:109–13.
10 Podvigin NF, Bagaeva TV, Boykova EV, Zargarov AA,
Podvigina DN, Pöppel E. Three bands of oscillatory activity in the lateral geniculate nucleus of the cat visual
system. Neurosci Lett 2004; 361:83–5.
11 Lachaux JP, Rodriguez E, Martinerie J, Adam C, Hasboun
D, Varela FJ. A quantitative study of gamma-band activity
in human intracranial recordings triggered by visual
stimuli. Eur J Neurosci 2000; 12:2608–22.
12 Sannita WG, Lopez L, Piras C, Di Bon G. Scalp-recorded
oscillatory potentials evoked by transient pattern-reversal

8

13

14

15

16

17
18

19

20

21

22

23

24

G Coppola et al.
stimulation in man. EEG Clin Neurophysiol 1995; 96:206–
18.
Bodis-Wollner I, Davis J, Tzelepi A, Bezerianos T. Wavelet
transform of the EEG reveals differences in low and in
high g responses to elementary visual stimuli. Clin Electroencephalogr 2001; 32:139–44.
Whittington MA, Traub RD, Jefferys JGR. Synchronized
oscillations in interneuron networks driven by metabotropic glutamate receptor activation. Nature 1995;
373:612–15.
Steriade M, Contreras D, Amzica F, Timofeev I. Synchronization of fast (30–40 Hz) spontaneous oscillations in
intrathalamic and thalamocortical networks. J Neurosci
1996; 16:2788–808.
Llinás R, Ribary U, Contreras D, Pedroarena C. The
neuronal basis for consciousness. Phil Trans R Soc Lond
1998; 353:1841–9.
Llinás R, Steriade M. Bursting of thalamic neurons and
states of vigilance. J Neurophysiol 2006; 95:3297–308.
Buchner H, Gobbelé R, Waberski TD, Wagner M, Fuchs
M. Evidence for independent thalamic and cortical
sources involved in the generation of the visual 40 Hz
response in humans. Neurosci Lett 1999; 269:59–62.
Carozzo S, De Carli F, Beelke M, Saturno M, Garbarino S,
Martello C et al. Factor structure of the human gamma
band oscillatory response to visual (contrast) stimulation.
Clin Neurophysiol 2004; 115:1669–76.
Ozkul Y, Bozlar S. Effects of fluoxetine on habituation of
pattern reversal visually evoked potentials in migraine
prophylaxis. Headache 2002; 42:582–7.
Áfra J, Proietti Cecchini A, Sàndor PS, Schoenen J. Comparison of visual and auditory evoked cortical potentials
in migraine patients between attacks. Clin Neurophysiol
2000; 111:1124–9.
Castelo-Branco M, Neuenschwander S, Singer W. Synchronization of visual responses between the cortex,
lateral geniculate nucleus, and retina in the anaesthetized
cat. J Neurosci 1998; 8:6395–410.
Chronicle EP, Mulleners WM. Visual system dysfunction
in migraine: a review of clinical and psychophysical
findings. Cephalalgia 1996; 16:525–35.
Adjamian P, Holliday IE, Barnes GR, Hillebrand A,
Hadjipapas A, Singh KD. Induced visual illusions and
gamma oscillations in human primary visual cortex. Eur
J Neurosci 2004; 20:587–92.

25 Keil A, Stolarova M, Moratti S, Ray WJ. Adaptation in
human visual cortex as a mechanism for rapid discrimination of aversive stimuli. Neuroimage 2007; 36:472–9.
26 Chung S, Li X, Nelson SB. Short-term depression at
thalamocortical synapses contributes to rapid adaptation
of cortical sensory responses in vivo. Neuron 2002; 34:437–
46.
27 Pedroarena C, Llinás R. Dendritic calcium conductances
generate high-frequency oscillation in thalamocortical
neurons. Proc Natl Acad Sci USA 1997; 94:724–8.
28 Parri HR, Crunelli V. The role of Ca2+ in the generation
of spontaneous astrocytic Ca2+ oscillations. Neuroscience
2003; 120:979–92.
29 Chemin J, Monteil A, Perez-Reyes E, Bourinet E, Nargeot
J, Lory P. Specific contribution of human T-type calcium
channel isotypes (a1G, a1H and a1I) to neuronal excitability. J Physiol 2002; 340:3–14.
30 Llinás R, Ribary U, Jeanmonod D, Kronberg E, Mitra PP.
Thalamocortical dysrhythmia: a neurological and neuropsychiatric syndrome characterized by magnetoencephalography. Proc Natl Acad Sci USA 1999; 96:15222–7.
31 Ferrari MD, Odink J, Tapparelli C, Van Kempen GM,
Pennings EJ, Bruyn GW. Serotonin metabolism in
migraine. Neurology 1989; 39:1239–42.
32 Evers S, Quibeldey F, Grotemeyer KH, Suhr B, Husstedt
IW. Dynamic changes of cognitive habituation and serotonin metabolism during the migraine interval. Cephalalgia 1999; 19:485–91.
33 Munk MH, Roelfsema PR, König P, Engel AK, Singer W.
Role of reticular activation in the modulation of intracortical synchronization. Science 1996; 272:271–4.
34 Steriade M, Curró D, Paré D, Oakson G. Fast oscillations
(20–40Hz) in thalamocortical systems and their potentiation by mesopontine cholinergic nuclei in the cat. Proc
Natl Acad Sci USA 1991; 88:4396–400.
35 Cape EG, Jones BE. Differential modulation of highfrequency gamma-electroencephalogram activity and
sleep–wake state by noradrenaline and serotonin microinjections into the region of cholinergic basalis neurons.
J Neurosci 1998; 18:2653–66.
36 Judit Á, Sándor PS, Schoenen J. Habituation of visual and
intensity dependence of auditory evoked cortical potentials tend to normalize just before and during the
migraine attack. Cephalalgia 2000; 20:714–19.

© Blackwell Publishing Ltd Cephalalgia, 2007

