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Familial hemiplegic migraine type 1, a monogenic migraine variant with aura, is linked to gain-of-function mutations in the CACNA1A
gene encoding CaV2.1 channels. The S218L mutation causes severe channel dysfunction, and paroxysmal migraine attacks can be accom-
panied by seizures, coma, and hemiplegia; patients expressing the R192Q mutation exhibit hemiplegia only. Familial hemiplegic migraine
knock-in mice expressing the S218L or R192Q mutation are highly susceptible to cortical spreading depression, the electrophysiological
surrogate for migraine aura, and develop severe and prolonged motor deficits after spreading depression. The S218L mutants also
develop coma and seizures and sometimes die. To investigate underlying mechanisms for these symptoms, we used multielectrode
electrophysiological recordings, diffusion-weighted magnetic resonance imaging, and c-fos immunohistochemistry to trace spreading
depression propagation into subcortical structures. We showed that unlike the wild type, cortical spreading depression readily propa-
gated into subcortical structures in both familial hemiplegic migraine type 1 mutants. Whereas the facilitated subcortical spread ap-
peared limited to the striatum in R192Q, hippocampal and thalamic spread was detected in the S218L mutants with an allele-dosage effect.
Both strains exhibited increased susceptibility to subcortical spreading depression and reverberating spreading depression waves.
Altogether, these data show that spreading depression propagates between cortex, basal ganglia, diencephalon, and hippocampus in
genetically susceptible brains, which could explain the prolonged hemiplegia, coma, and seizure phenotype in this variant of migraine
with aura.

Introduction
Familial hemiplegic migraine (FHM) is a monogenic subtype of
migraine with aura characterized by transient neurological signs
and symptoms including hemiparesis, aphasia, seizures, and
coma. Different aura signs and symptoms can coexist, typically
transforming into each other (e.g., visual followed by sensory and
motor), and resolve in the order they appear (Thomsen et al.,
2002). FHM type 1 (FHM1) is caused by missense mutations in
the CACNA1A gene (e.g., R192Q, S218L) encoding the pore-
forming �1A subunit of neuronal voltage-gated CaV2.1 channels
(Ophoff et al., 1996; van den Maagdenberg et al., 2007). In cul-

tured neurons, FHM1 mutations shift channel opening toward
more negative membrane potentials and delay channel inactiva-
tion. Channels open with smaller depolarization and stay open
longer (Tottene et al., 2002, 2005), presumably allowing more
Ca 2� to enter presynaptic terminals, resulting in enhanced glu-
tamate release. Consistent with this, excitatory neurotransmis-
sion is enhanced in pyramidal cell synapses of R192Q knock-in
mice (Tottene et al., 2009).

Spreading depression (SD), widely viewed as the electrophys-
iological event underlying migraine aura, is an intense wave of
neuronal depolarization that propagates (�3 mm/min) by way of
gray matter contiguity, regardless of functional divisions. SD is
characterized by massive K� efflux, Ca 2� influx, and glutamate
release, which are believed to depolarize adjacent neurons and
glia, thereby facilitating its spread. The transmembrane ionic and
water shifts also lead to characteristic apparent diffusion coeffi-
cient (ADC) changes on diffusion-weighted magnetic resonance
imaging (MRI), and upregulation of the immediate-early gene
c-fos, as surrogate measures of intense neuronal depolarization.
Mutant mouse models expressing the pathogenic R192Q or
S218L FHM1 mutation exhibit increased susceptibility to cortical
SD (van den Maagdenberg et al., 2004, 2010; Eikermann-Haerter
et al., 2009; Tottene et al., 2009). The S218L mutation shows
larger gain-of-function, in vitro, and higher SD susceptibility, in
vivo, compared with the R192Q variant (van den Maagdenberg et
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al., 2004, 2010; Eikermann-Haerter et al.,
2009). In contrast to pure hemiplegic mi-
graine associated with the R192Q muta-
tion, attacks in patients carrying the
S218L mutation are sometimes accompa-
nied by coma or stupor and generalized
seizures (Ophoff et al., 1996; Kors et al.,
2001). Accordingly, experimentally in-
duced cortical SD induces pure hemiple-
gia in R192Q mutant mice, whereas S218L
mutants additionally develop coma and
often fatal seizures (Eikermann-Haerter
et al., 2009; van den Maagdenberg et al.,
2010).

Experimental SD produces seizures
and coma when evoked in hippocampus
or thalamus, respectively (Jakobartl and
Huston, 1977). We investigated whether
the severe clinical phenotype observed
only with the S218L mutation could be
caused by subcortical SD involving hip-
pocampus and thalamus. We now provide
evidence for enhanced subcortical SD sus-
ceptibility in FHM1 mutant mice that fa-
cilitates SD propagation bidirectionally
between cortex, hippocampus, and thala-
mus in the S218L mutant strain. Our find-
ings suggest a role for subcortical SD as a
potential mechanism to explain hemiple-
gia, seizures, and coma in FHM1.

Materials and Methods
Experimental groups. A total of 75 male and fe-
male wild-type (WT) or FHM1 knock-in mice
[homozygous (HOM) R192Q, or HOM or
heterozygous (HET) S218L] (van den Maagden-
berg et al., 2004) were used (n � 44 for electro-
physiological recordings, n � 22 for c-fos
immunostaining, n � 4 for MRI, and n � 5 for
laser speckle flowmetry). R192Q mutant mice
were compared with their WT littermates or
C57BL/6J mice, on which the mutants were back-
crossed for �10 generations. Because none of the
end points differed between WT littermates and
C57BL/6J mice, data from WT strains were
pooled. S218L mutant mice were compared with
their WT littermates. In female mice, we did not
control for the estrus stage as we did not observe
high variability in SD susceptibility in randomly
tested female mice in our previous study (Eiker-
mann-Haerter et al., 2009). To test whether en-
hanced glutamatergic activity contributes to
subcortical spread in FHM1 mutants, a separate
group of female WT and S218L HOM mice was
treated with guanosine (7.5 mg/kg, i.p., 30 min
before SD induction), an anticonvulsant that en-
hances astrocytic glutamate uptake and sup-
presses glutamatergic transmission (Frizzo et al.,
2001, 2005; Lara et al., 2001; Soares et al., 2004).
All experiments were performed with the investi-
gator blinded to genotype, followed by confirma-
tory genotyping.

General surgical preparation. Experimental procedures were approved
by the institutional review committee. Mice were housed under diurnal
lighting conditions and allowed food and tap water ad libitum. The fem-
oral artery was catheterized for blood pressure (BP) monitoring, and the

trachea was intubated for mechanical ventilation (SAR-830; CWE) un-
der isoflurane anesthesia (2.5% induction, 1% maintenance in 70%
N2O/30% O2). Arterial blood gases and pH were measured every 20 min
and maintained within normal limits by adjusting the ventilation. Sys-

Figure 1. Electrophysiological recording sites. SD was triggered by brief topical KCl (300 mM) application onto parietal cortex and
recorded with up to four glass micropipettes (arrowheads) placed into cortex (c), striatum (s), hippocampus (h), thalamus (t). [Adapted
from Allen Mouse Brain Atlas (Internet), 2009. Seattle: Allen Institute for Brain Science. Available at http://mouse.brain-map.org].

Figure 2. Subcortical propagation of cortical SD into hippocampus and thalamus in S218L mutant mice. Representative micro-
electrode recordings show SD propagation from cortex into striatum and hippocampus or thalamus in HET or HOM S218L mutants
but not in WT mice. Thalamic or hippocampal propagation was not found in R192Q HOM mice (see Table 2). Hippocampal SDs were
often prolonged compared with other structures. Thalamic SDs were often multiphasic, sometimes coalescing into a prolonged
depolarization. The multiphasic waveform may be attributable to multiple corticothalamic propagation pathways arriving sequen-
tially at the thalamic recording site or caused by circling within thalamic nuclei.
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temic physiological parameters did not differ among groups (supplemental
Table 1, see Notes). There was no mortality during these experiments.

Electrophysiology. Mice were placed in a stereotaxic frame, and burr
holes were drilled (Fig. 1). Up to four glass microelectrodes were placed
to simultaneously record extracellular steady (DC) potential and fast
neuronal activity (electrocorticogram) at the following coordinates (pos-
terior, lateral, and ventral from bregma; in mm): cortex: 3.5, 1, 0.3; stria-
tum: �0.5, 2, 3; hippocampus: 1.8, 1.2, 1.2; thalamus: 1.8, 1.2, 3. Table 2
shows the numbers of mice and SD recordings in each experimental
group. In a subset of S218L HOM mice, simultaneous bilateral record-
ings from cortex (n � 9), hippocampus (n � 3), or thalamus (n � 4) were
obtained to examine contralateral spread. In a separate group, SD-
induced cortical blood flow changes were measured simultaneously in
both hemispheres using laser speckle imaging to detect contralateral cor-
tical spread (n � 5), as described previously (Ayata et al., 2004). Because
isoflurane and N2O, but not pentobarbital, suppress SD susceptibility
(Kudo et al., 2008), after surgical preparation anesthesia was switched to
pentobarbital, and the ventilation gas was switched to 70% N2/30% O2,
for all experiments. Pentobarbital was chosen over urethane because it
allowed us to better maintain a normal systemic physiological state in
prolonged experiments performed in this study. After 30 min, one SD
was induced through a parietal window (1.5 mm diameter, 2.5 mm pos-
terior, and 3 mm lateral from bregma) by an epidural cotton ball (1.5
mm) soaked with 300 mM KCl. After the onset of the DC shift, KCl was
removed by extensive saline wash. Fifteen minutes were allowed between
each SD induction whether induced by topical KCl or mechanically dur-
ing electrode insertion (Koroleva et al., 1991). In a separate group of
mice, we induced the cortical SD by a single pin prick and obtained
similar data (not shown).

Magnetic resonance imaging. MRI was performed in S218L HOM mice
(n � 4) using a 9.4T horizontal bore (Magnex Scientific) scanner with a
custom-made surface-radiofrequency coil, under pentobarbital anesthe-
sia. The ADC was measured with a sequence of four diffusion-weighted
echoplanar images (weighting along Z direction, b � 0 –1287.9 s/mm 2;
echo time, 20 ms; repetition time, 5000 ms; field of view, 14 mm; slice
thickness, 0.50 mm; matrix, 64 � 64). Sixteen contiguous coronal slices
were acquired to cover cerebrum with a temporal resolution of 20 s. After
surgical preparation and the onset of sequential MRI, cortical SD (CSD)
was evoked by topical application of 300 mM KCl on the parietal cortex
via a polyethylene tubing mounted above an open cranial window. Ten
seconds after topical application of 300 mM KCl, cortex was washed with
saline via a separate polyethylene tubing, to minimize cortical exposure
to high levels of K �. Imaging was continued for 15 min after CSD
induction.

c-fos immunostaining. Under pentobarbital anesthesia, one cortical
SD was induced every 15 min for a total of three cortical SDs and was
electrophysiologically confirmed (n � 6, 4, and 12 female WT, R192Q
HOM, and S218L HOM mutants, respectively). Three hours after the
induction of the first cortical SD, mice were deeply anesthetized and
transcardiac perfusion fixed. Sham animals underwent the same proce-
dure, duration, and form of anesthesia, but cotton balls soaked with
saline instead of KCl were placed on the cortex. Brains were postfixed in
2.5% paraformaldehyde, and 30 �m cryosections were immunostained
for c-fos (Moskowitz et al., 1993) and qualitatively examined at two cor-

onal levels through (1) the striatum and septal nuclei and (2) the hip-
pocampus, thalamus, and amygdala.

Data analysis. Data were analyzed using SPSS (version 11.0; SPSS).
Using pooled data from all mice and a general linear model of variance
analysis, we tested for an effect of independent-variable mutation and
genotype (fixed factors) on physiological parameters of dependent vari-
ables, latency between KCl application and occurrence of SD, and dura-
tion and amplitude of SD in the respective structures. The incidence of
subcortical SD and mechanical SD induction in respective structures
were compared among groups using the � 2 test. Data are presented as
mean � SD. p � 0.05 was considered statistically significant. Strong
statistical trends (0.05 � p � 0.10) were also shown.

Results
Electrophysiology
Topical application of 300 mM KCl consistently induced cortical
SD (Fig. 2). In WT mice, only 20 –30% of cortical SDs propagated
into the striatum, and none propagated into the hippocampus or
the thalamus (Table 1). In R192Q mutant mice, over 70% of
cortical SDs propagated into the striatum but not into other sub-
cortical structures. In contrast, all cortical SDs propagated into
the striatum, and a substantial proportion propagated into the
hippocampus in S218L mutant mice, with an allele-dosage effect.
Moreover, propagation into thalamus was found only in S218L
HOM mice. The subcortical propagation rate did not signifi-
cantly differ between male and female S218L HOM mice.
Guanosine (7.5 mg/kg, administered intraperitoneally 30 min
before SD recordings) suppressed hippocampal and thalamic
spread in female S218L HOM mice. In contrast, striatal spread
was not affected in either WT or S218L HOM. Consistent with
the faster propagation speed reported previously (Eikermann-
Haerter et al., 2009; van den Maagdenberg et al., 2010), the la-
tency between cortical and subcortical SD was significantly
shorter in both FHM1 mutants compared with WT (Table 2).
Although the overall morphology of SDs differed between cortex

Table 1. Propagation rate of cortical SDs into subcortical structures

Strain Gender Genotype Striatum Hippocampus Thalamus

R192Q Female WT 28% (7/25 CSDs in 3/4 mice) 0% (0/11 CSDs in 0/4 mice) 0% (0/14 CSDs in 0/4 mice)
HOM 71%* (10/14 CSDs in 4/4 mice) 0% (0/7 CSDs in 0/4 mice) 0% (0/7 CSDs in 0/4 mice)

S218L Female WT 22% (5/22 CSDs in 4/4 mice) 0% (0/11 CSDs in 0/5 mice) 0% (0/7 CSDs in 0/4 mice)
HET 100%*† (51/51 CSDs in 5/5 mice) 27%*† (7/26 CSDs in 5/5 mice) 0% (0/25 CSDs in 0/5 mice)
HOM 100%*† (35/35 CSDs in 7/7 mice) 72%*†‡ (13/18 CSDs in 7/7 mice) 39%*†‡ (15/39 CSDs in 9/10 mice)
WT � guanosine 29% (2/7 CSDs in 2/2 mice) NR NR
HOM � guanosine 95%* (42/44 CSDs in 5/5 mice) 41%*� (16/39 CSDs in 5/5 mice) 0%� (0/10 CSDs in 1/2 mice)

Male WT 20% (4/20 CSDs in 3/4 mice) 0% (0/10 CSDs in 0/4 mice) 0% (0/10 CSDs in 0/4 mice)
HOM 91%*# (39/43 CSDs in 5/5 mice) 70%* (14/20 CSDs in 5/5 mice) 21% (4/19 CSDs in 4/5 mice)

Structures were recorded in random order. Values indicate the proportion of CSDs propagating into indicated subcortical structures while recording from that structure and the proportion of mice that showed subcortical propagation into
indicated structures. *p � 0.05 versus WT; †p � 0.05 versus R192Q HOM; ‡p � 0.05 versus S218L HET; �p � 0.05 and #p � 0.06 versus untreated S218L female HOM. NR, Not recorded.

Table 2. Latency between KCl application and the onset of SD

Strain Gender Genotype Cortex Striatum Hippocampus Thalamus

R192Q Female WT 90 � 30 294 � 32
HOM 52 � 3* 110 � 19*

S218L Female WT 110 � 26 345 � 110
HET 41 � 5* 98 � 15* 131 � 33
HOM 31 � 4* 80 � 17* 97 � 12 † 148 � 56
WT � guanosine 73 � 8 280, 280
HOM � guanosine 29 � 4* 72 � 7 94 � 21 90

Male WT 99 � 22 267 � 112
HOM 37 � 8*# 77 � 8* 86 � 21 165 � 73

Values indicate the latency (seconds) between topical cortical KCl application and SD onset in indicated
structures. Only two cortical SDs were recorded in striatum in S218L female WT treated with guanosine;
individual values are shown. *p � 0.01 versus WT; †p � 0.05 versus S218L HET; #p � 0.10 versus S218L
female HOM. Values are mean � SD.
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and subcortical structures, SD amplitudes and durations were
comparable among WT and FHM1 mutants within each struc-
ture (Table 3).

An SD was occasionally evoked in cortex or subcortical struc-
tures during electrode insertion. These mechanical SDs occurred
with higher incidence in FHM1 mutants compared with WT (Ta-
ble 4), and when evoked in cortex, they spread into subcortical
structures similar to KCl-induced SDs. Moreover, when directly
evoked in a subcortical structure (i.e., via electrode insertion),
mechanical SDs did reciprocally spread into the cortex and other
subcortical structures, suggesting that cortico-subcortical prop-
agation can be bidirectional (Fig. 3; Table 4).

In all S218L HOM mutants (n � 7), we observed repetitive
cortical SD waves after a single KCl application despite a vigorous
saline wash (median, three SDs; interquartile range, two to five
SDs) (Fig. 4). None of the other groups showed repetitive SDs.
Recurrent cortical SDs occurred after 19 and 38% of all SD in-
ductions in male and female S218L HOM mice, respectively, and
spread into the striatum (43 and 31%), hippocampus (0 and
11%), and thalamus (33 and 10%) in clusters. Inter-SD intervals
were relatively regular, suggesting reverberating SD waves (aver-
age inter-SD intervals were 126 � 20 and 118 � 22 s in cortex,
202 � 40 and 229 � 54 s in striatum, 86 � 16 and 174 s in
hippocampus, and 144 � 64 and 187 s in thalamus in male and
female S218L HOM, respectively). Importantly, striatal but not
hippocampal or thalamic propagation was required for recurrent
SDs to occur, suggesting that they were reentry waves between
cortex and striatum, as described previously (Vinogradova et al.,
1991).

Cortical SD propagation into the contralateral cortex was not
detected (n � 2 cortical SDs in two female and n � 5 cortical SDs
in five male S218L HOM). These results using bilateral electro-
physiological recordings were also confirmed using full-field la-

ser speckle imaging to detect SD-evoked cortical blood flow
changes (n�5 cortical SDs in five S218L HOM mice) (supplemental
Fig. 1 and supplemental Movie 1, http://www2.massgeneral.org/
NCS/Supplemental_Online_Movie.mpeg) (Chang et al., 2010).
Hippocampal SDs were similarly limited to the ipsilateral
hemisphere (n � 3 hippocampal SDs in three S218L HOM
mice). In contrast, all thalamic SDs (n � 4 thalamic SDs in
four S218L HOM mice) propagated into the contralateral
thalamus with a latency of 13 � 3 s between bilateral thalamic
electrodes (�2.4 mm apart).

Last, we detected large-amplitude (1–2 mV) and rhythmic (up
to 7 Hz) spike activity, reminiscent of epileptiform afterdis-
charges, within 1–2 min after the recovery of an SD in S218L
mutants only (Figs. 2, 4). Spike activity was present in all four
structures recorded, displayed an allele-dosage effect, and was
more frequent in female mutants compared with males (supple-
mental Table 2, see Notes). Sustained seizure activity was never
observed under our recording conditions.

MRI
We consistently observed a wave of reduced ADCs, slowly prop-
agating into the striatum and the hippocampus after topical KCl
application on to the parietal cortex in all mice (n � 4 female
S218L HOM) (Fig. 5; supplemental Table 3, see Notes). In two
animals only, we detected spread into the thalamus, which prop-
agated into the contralateral thalamus in both cases. SD-related
ADC changes consistently propagated in a lateral-to-medial di-
rection within the striatum and in a medial-to-lateral direction
within the hippocampus. It was not possible to precisely determine
the propagation pathways because of the relatively rapid SD propa-
gation in S218L HOM mice (�7 mm/min) (Eikermann-Haerter et
al., 2009; van den Maagdenberg et al., 2010) compared to the slow
MRI acquisition time and repetition rate (once every 20 s).

Table 3. Amplitudes and durations of SD

Strain Gender Genotype

SD amplitude (mV) SD duration (sec)

Cortex Striatum Hippocampus Thalamus Cortex Striatum Hippocampus Thalamus

R192Q Female WT 10 � 4 30 � 2 38 � 6 41 � 6
HOM 13 � 6 31 � 10 41 � 6 45 � 9

S218L Female WT 9 � 4 21 � 7 35 � 2 37 � 2
HET 11 � 4 35 � 4 34 � 7 34 � 5 51 � 14 67 � 24
HOM 15 � 6 28 � 12 29 � 8 24 � 4 29 � 5* 35 � 10 53 � 9 29 � 9
WT � guanosine 13 � 2 13 � 6 35 � 5 27 � 3
HOM � guanosine 15 � 4 17 � 11 24 � 12 25 28 � 6 34 � 6 62 � 12 45

Male WT 15 � 4 16 � 9 32 � 5 33 � 6
HOM 15 � 2 18 � 4 # 28 � 3 12 � 4 † 33 � 11 29 � 8 72 � 27 32 � 17

Values are mean � SD. *p � 0.05 versus R192Q HOM; †p � 0.05 and #p � 0.10 versus female S218L HOM.

Table 4. Incidence of mechanical SD and reciprocal spread of subcortical SD into cortex

Strain Gender Genotype

Incidence of mechanical SD (%)
(mechanical SD/electrode insertion)

Incidenceofreciprocalspread(%)
(reciprocalspreadintocortex/mechanicalsubcorticalSD)

Cortex Striatum Hippocampus Thalamus Striatum Hippocampus Thalamus

R192Q Female WT 25% (1/4 in 1/4 mice) 0% (0/4 in 0/4 mice) 25% (1/4 in 1/4 mice) 0% (0/4 in 0/4 mice) 0% (0/1 in 0/1 mouse)
HOM 29% (2/7 in 2/4 mice) 83%* (5/6 in 4/4 mice) 43% (3/7 in 2/4 mice) 29% (2/7 in 2/4 mice) 40% (2/5 in 2/4 mice) 0% (0/3 in 0/2 mice) 0% (0/2 in 0/2 mice)

S218L Female WT 0% (0/8 in 0/4 mice) 0% (0/8 in 0/4 mice) 10% (1/10 in 2/4 mice) 13% (1/8 in 1/4 mice) 0% (0/1 in 0/2 mice) 0% (0/1 in 0/1 mouse)
HET 71%* (5/7 in 3/5 mice) 67%* (4/6 in 4/5 mice) 50% (3/6 in 3/5 mice) 38% (3/8 in 2/5 mice) 25% (1/4 in 1/4 mice) 33% (1/3 in 1/3 mice) 0% (0/3 in 0/2 mice)
HOM 58%* (7/12 in 4/6 mice) 73%* (8/11 in 5/6 mice) 67%* (12/18 in 6/6 mice) 60%* (9/15 in 6/6 mice) 25% (2/8 in 2/5 mice) 33% (4/12 in 3/6 mice) 78%† (7/9 in 5/6 mice)
WT � guanosine 0% (0/3 in 0/2 mice) 0% (0/3 in 0/2 mice)
HOM � guanosine 40%$ (2/5 in 2/5 mice) 75%* (3/4 in 3/5 mice) 50%@ (4/8 in 3/5 mice) 0% (0/2 in 0/2 mice) 0% (0/3 in 0/5 mice) 50% (2/4 in 2/5 mice)

Male WT 0% (0/7 in 0/4 mice) 0% (0/7 in 0/4 mice) 0% (0/7 in 0/4 mice) 0% (0/7 in 0/4 mice)
HOM 33%∧ (3/9 in 3/5 mice) 55%* (6/11 in 4/5 mice) 8%‡ (1/12 in 1/5 mice) 28%# (5/18 in 3/5 mice) 17% (1/6 in 1/5 mice) 0% (0/1 in 0/5 mice) 40% (2/5 in 2/5 mice)

Values indicate the proportion of electrode insertions and the proportion of mice that showed a mechanical SD and reciprocal spread. *p � 0.05, ∧p � 0.09, $p � 0.05, and @p � 0.06 versus WT; †p � 0.05 versus S218L HET and R192Q
HOM; ‡p � 0.05 and #p � 0.06 versus S218L HOM female.
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c-fos expression
Compared with sham controls and contralateral cortex, ipsilat-
eral cortical c-fos expression was increased in all mice after corti-
cal SD (Fig. 6). c-fos was upregulated in the striatum in all 12
S218L HOM and 3 of 4 R192Q HOM mice but in only 1 of 6 WT
mice. c-fos upregulation was found in hippocampus (10 of 12 mice),
and in thalamus and lateral hypothalamic area (3 of 12 mice), in
S218L HOM mutants only. Consistent with the electrophysiolog-
ical data, cortical, striatal, and hippocampal c-fos upregulation
was strictly unilateral, whereas thalamic c-fos upregulation was
bilateral. In addition, all FHM1 mutants showed strong ipsilat-
eral c-fos upregulation in amygdala, basal forebrain nuclei, nu-
cleus accumbens, and the septal nuclei, as well as in regions
interposed among these structures, whereas in WT there was only
a slight c-fos staining present in three of six mice in the amygdala
and in two of six in the septal nuclei only (Fig. 6). In sham con-
trols, staining was very light and did not differ between WT and
S218L HOM (n � 3 each; data not shown), thereby ruling out an
effect of anesthesia.

Cardiovascular physiology
Thalamic SDs were associated with abrupt BP transients 75% of
the time in all S218L HOM mice. These BP transients lasted �1

min and were hypertensive, increasing BP �25% without accom-
panying changes in heart rate (Fig. 7). Such BP fluctuations never
occurred when a cortical SD failed to propagate into thalamus
and thus were present only in S218L HOM mice.

Discussion
The mechanisms underlying the signs and symptoms of severe
aura in FHM patients are poorly understood. We recently re-
ported that after an SD, S218L mutant mice exhibit neurological
signs highly reminiscent of clinical attacks in FHM1 patients car-
rying this mutation, including hemiplegia, coma, and seizures,
whereas the R192Q mutant mice developed pure hemiplegia
(Kors et al., 2001; Eikermann-Haerter et al., 2009). Here, we pres-
ent evidence that SD propagation is enhanced in subcortical
structures in the S218L mutant mouse, facilitating the propaga-
tion of SD throughout the basal ganglia, hippocampus, and dien-
cephalon and predisposing to reverberating SD waves. The
widespread SD propagation provides a novel mechanism for the

severe neurological dysfunction during
FHM1 attacks. Furthermore, cortical SDs
propagated into striatum more consis-
tently in S218L than R192Q mutants, and
thalamic and hippocampal SDs were
observed only in S218L mutants with
an allele-dosage relationship. Hence, the
propensity of SD to traverse barriers with
low neuronal density and high white mat-
ter content corresponds to the strength of
gain of function in S218L and R192Q mu-
tant CaV2.1 channels (van den Maagden-
berg et al., 2010).

Although striatal propagation of corti-
cal SD has been reported in rats (Fifkova
and Bures, 1964; Vinogradova et al., 1991),
propagation into the hippocampus and
the thalamus appears to be a manifesta-
tion of genetically enhanced SD suscepti-
bility in FHM1 mutants. SD propagation
requires high neuronal and synaptic den-
sity and is impeded by the presence of
large extracellular space and an abun-

dance of astrocytes and myelin (Bures et al., 1974; Somjen, 2001;
Merkler et al., 2009). Consequently, white matter and areas with
lower neuronal density (e.g., subiculum) serve as natural barriers
against SD propagation. Whereas thick white matter bundles
such as corpus callosum are impervious to SD, the extracellular
K� and glutamate surge may still permeate thinner white matter
tracts and areas with low neuronal density to rekindle the process
on the other side of the barrier. FHM1 mutations augment Cav2.1
current density after weak depolarization and enhance presynap-
tic Ca 2� influx and glutamate release, thereby lowering the de-
polarization threshold for SD induction (Tottene et al., 2005,
2009; Eikermann-Haerter et al., 2009; van den Maagdenberg et
al., 2010). The S218L mutation causes larger Cav2.1 gain of func-
tion and a lower SD threshold than R192Q. The lower the SD
threshold is, the more likely the ionic and neurotransmitter fluxes to
evoke SD on the other side of the barrier and the more widespread
the SD propagation, explaining both the allele-dosage effect and the
hippocampal and thalamic spread exclusively in the S218L mutants.
Also supporting a role for glutamate in subcortical spread, guanos-
ine, which inhibits glutamatergic hyperexcitability by stimulating
astrocytic glutamate uptake (Frizzo et al., 2001; Lara et al., 2001),
suppressed hippocampal and thalamic spread in FHM1 mutants.

Figure 3. Reverse propagation of subcortical SD into cortex in S218L HOM mutants. A rep-
resentative tracing shows a thalamic SD triggered during glass micropipette insertion in S218L
HOM mice (dashed line) that preceded slow potential changes in the striatum and cortex,
suggesting that SDs can propagate from thalamus to cortex as well.

Figure 4. Recurrent cortical and subcortical SDs in S218L HOM mutants. A, B, Representative microelectrode recordings show
clusters of SD in cortex, striatum, and hippocampus (A) or thalamus (B) after a single brief epidural KCl application (dashed line) in
S218L HOM mice. The arrowhead shows a typical large-amplitude spike burst observed only in the S218L HOM mutant strain. These
afterdischarges usually lasted �1 min and started within a few minutes after the recovery of slow potential shift.

Eikermann-Haerter et al. • Subcortical Spreading Depression in FHM1 J. Neurosci., April 13, 2011 • 31(15):5755–5763 • 5759



In our previous work using combined
isoflurane and nitrous oxide anesthesia,
subcortical SD propagation rates were
much lower in both WT and FHM1 mutant
mice (Eikermann-Haerter et al., 2009). Iso-
flurane together with nitrous oxide is
known to suppress SD susceptibility (Kudo
et al., 2008). To avoid this confound, in the
present study we used pentobarbital anes-
thesia, which has the least suppressive effect
on CSD compared with other anesthetics
that have been tested (Kitahara et al., 2001;
Kudo et al., 2008), and detected widespread
subcortical propagation in the FHM1 mu-
tants. However, compared with the awake
state, pentobarbital may still increase SD
threshold (Whieldon and Van Harreveld,
1951; Van Harreveld and Stamm, 1953).
Therefore, in unanesthetized FHM1 mu-
tants, SDs might propagate even farther and
exhibit longer-lasting reentrant patterns be-
tween different cortical and subcortical
structures.

Results using diffusion-weighted MRI
and c-fos immunoreactivity as surrogates of
SD propagation were consistent with the
electrophysiological data and reflected SD
propagation into striatum, hippocampus,
and thalamus of S218L mutant mice. Diffu-
sion-weighted MRI is an established
method to map SD propagation in which
transient ADC reductions spatiotemporally
correlate with the electrophysiological
changes during SD (de Crespigny et al.,
1998). Enhanced expression of the c-fos also
shows spatial correspondence to SD propa-
gation (Moskowitz et al., 1993; Shimazawa
et al., 1995). Although subcortical c-fos ex-
pression might reflect increased cortico-
subcortical efferent activity during a cortical
SD, more typically, cortical SD leads to sup-
pression of glucose metabolism in subcorti-
cal structures (Shinohara et al., 1979),
suggesting that suppression of neuronal ac-
tivity (e.g., cortex) in the wake of SD has the
opposite effect on efferent input to target
structures.

Despite observing afterdischarges in the
wake of an SD in the S218L mutant, we be-
lieve contiguous spread, rather than seizure
activity, was responsible for subcortical SD
occurrence. First, the SD latencies between
cortical and subcortical structures were lon-
ger than expected if evoked synaptically via
corticofugal axonal projections (Koroleva
and Vinogradova, 1990). Second, ADC re-
ductions were slow and contiguous between
cortex and subcortical structures, which is
not consistent with seizure activity (Engel-
horn et al., 2007).

We observed transient BP elevations
during SD in S218L HOM mice. Because
the occurrence of these hypertensive epi-

Figure 5. Diffusion-weighted MRI of SD propagation. Serial magnetic resonance images in a representative S218L HOM mouse
show ADC changes during cortical SD (orange) spreading into striatum (blue), hippocampus (red), and dorsomedial thalamus
(green). Three consecutive coronal slices are shown over time (acquired at 20 s interval; voxel dimensions: 0.5, 0.2, 0.2 mm). The
top row shows average baseline ADC maps to serve as an anatomical reference. Arrows indicate the SD wavefront. Striatal ADC
changes corresponding to SD propagation typically occurred in a lateral-to-medial direction, whereas changes in hippocampus
propagated in a medial-to-lateral direction. Hippocampal ADC changes persisted longer than in all other regions.
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sodes was tightly linked to thalamic SDs (i.e., never observed in
the absence of a thalamic SD), and because hypothalamic nuclei
showed diffuse c-fos upregulation, we speculate that BP tran-
sients were triggered by direct propagation of SD into the hypo-
thalamus, rather than upstream modulation of hypothalamic
autonomic output by SD in amygdala. It should be noted that
although SD is limited to gray matter nuclei, the associated ionic
shifts can influence conduction in white matter bundles embed-
ded in gray matter, causing additional signs and symptoms unre-
lated to the involved gray matter (Bures and Hartman, 1967;
Bures et al., 1967; Bures and Fifkova, 1968).

Probable subcortical propagation pathways
Amygdala is a likely path for cortico-subcortical SD propagation
because of its lower proportion of myelin and direct gray matter
contiguity with striatum, entorhinal and piriform cortices, and
basal forebrain nuclei (Fifkova and Bures, 1964; Fifkova and
Syka, 1964; Krivanek and Fifkova, 1965; Bures et al., 1974; De-

Luca et al., 1975; Vinogradova et al., 1991). Subiculum may be an
alternative pathway into hippocampus, despite its diminished
neuronal density (Bures et al., 1974). Human brain, of course, has
a greater abundance of white matter than rodents. Nevertheless,
these anatomical relationships are preserved in mammalian
brains. For example, human entorhinal cortex still forms a gray
matter bridge between hippocampus and neocortex. Amygdala,
phylogenetically the oldest part of basal ganglia, is immediately
anterior and superior to hippocampus, in contiguity with stria-
tum, claustrum, uncus, and subiculum. Therefore, we speculate
that in highly susceptible FHM1 patients (e.g., S218L carriers),
cortical SD may propagate into subcortical tissues and possibly
reverberate within and/or among the cortex and gray matter nu-
clei, leading to a prolonged and severe clinical state including
encephalopathy and coma. It is equally plausible that SD may
originate within the susceptible subcortical nuclei in FHM1 pa-
tients de novo. Changes in glucose metabolism and ADC have
been detected in subcortical structures using diffusion-weighted

Figure 6. Enhanced c-fos expression in cortex and subcortical structures in S218L mutant mice. c-fos immunohistochemistry in coronal sections taken from representative WT and S218L HOM
mice 3 h after three consecutive cortical SDs triggered 15 min apart is shown. Coronal sections were taken from two different levels (striatum and hippocampus) in whole brain. Both the number of
labeled cells plus staining intensity were increased in S218L mutant brain compared with wild type. Higher-magnification images show that c-fos was expressed throughout cortex in both strains,
although this increase appeared more prominent in the S218L HOM mutant. c-fos expression was upregulated in striatum (S) in all mutants (n � 12) but only one WT mouse (n � 6). c-fos
upregulation in hippocampus (H) or thalamus (T) was observed in the mutants only. Mutants also showed c-fos upregulation in septal nuclei (SN; 100%), hypothalamus (HT; 50%), and
amygdala (A; 100%). c-fos expression was observed in cells bridging contiguous structures such as striatum and amygdala, striatum and septal nuclei, and thalamus and hypothalamus
(arrows). Scale bar, 500 �m.
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MRI and 18F-2-fluoro-2-deoxy-D-glucose
positron emission tomography during
FHM attacks (Chabriat et al., 2000; Guts-
chalk et al., 2002).

Speculations on subcortical SD and the
clinical features of FHM
Many of the FHM1 aura symptoms and
signs can be linked to dysfunction in sub-
cortical structures. For example, hemipa-
resis can be caused by SD within the basal
ganglia, as shown in experimental animals
(Weiss and Fifkova, 1963; Trachtenberg et
al., 1970; Jakobartl and Huston, 1977).
One-third of FHM1 patients develop se-
vere attacks with transient impairment of
consciousness ranging from stupor to
sometimes fatal coma, more commonly
associated with a subset of mutations in-
cluding S218L (Terwindt et al., 1998; Bat-
tistini et al., 1999; Ducros et al., 1999,
2001; Chabriat et al., 2000; Vahedi et al.,
2000; Kors et al., 2001; Curtain et al., 2006;
Stam et al., 2009). Thalamic SD may be
the mechanism for the depressed level of
consciousness in FHM1 patients, because
bilateral thalamic dysfunction can cause
stupor and coma (Saper, 1985), and we
observed bilateral thalamic SD in S218L HOM mutants. Hip-
pocampus is highly susceptible to SD (Bures et al., 1974), and SD
has been observed in human hippocampus (Sramka et al., 1977;
Avoli et al., 1991). Importantly, hippocampal SD can trigger sei-
zure activity. Clinically, 20% of FHM patients carrying the S218L
mutation develop seizures during attacks (Thomsen et al., 2002).
Similarly, we observed generalized seizures in S218L HOM mice
after a cortical SD (Eikermann-Haerter et al., 2009). Hippocam-
pal dysfunction may be associated with amnesia, and limbic dis-
turbances such as dysphoria, yawning, and fluid retention can
occur during migraine attacks (Cutrer and Olesen, 2006).
Amygdala may also play a role in the development of complex
neuropsychiatric, autonomic, and neuroendocrine symptoms
during an attack (Olesen, 2006).

Conclusion
Our data show that SD is a remarkable phenotype in FHM1 mu-
tant mice. Both S218L and R192Q mutants show enhanced stri-
atal SD as a possible cause for transient hemiplegia in FHM1. In
addition, the S218L mutant shows widespread SD propagation in
the forebrain, including thalamus and hippocampus, two find-
ings that may explain coma and seizures during some attacks in
patients carrying the S218L mutation. Therefore, subcortical SD,
either arising de novo or propagating from cortex, might account
for the severe attacks with hemiplegia, coma, and seizures in
FHM1 patients.

Notes
Supplemental material for this article is available at http://www2.
massgeneral.org/NCS/Supplemental_Online_Movie.mpeg. This mate-
rial has not been peer reviewed.
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