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Abstract
Spreading depolarization (SD) is assumed to be the pathophysiological correlate of mi-
graine aura, leading to spreading depression of activity and a long-lasting vasoconstric-
tion known as spreading oligemia. Furthermore, cerebrovascular reactivity is reversibly 
impaired after SD. Here, we explored the progressive restoration of impaired neurovas-
cular coupling to somatosensory activation during spreading oligemia. Also, we evalu-
ated whether nimodipine treatment accelerated the recovery of impaired neurovascular 
coupling after SD. Male, 4–9-month-old C57BL/6 mice (n = 11) were anesthetized with 
isoflurane (1%–1.5%), and SD was triggered with KCl through a burr hole made at the 
caudal parietal bone. EEG and cerebral blood flow (CBF) were recorded minimally inva-
sively with a silver ball electrode and transcranial laser-Doppler flowmetry, rostral to SD 
elicitation. The L-type voltage-gated Ca2+ channel blocker nimodipine was administered 
i.p. (10  mg/kg). Whisker stimulation-related evoked potentials (EVPs) and functional 
hyperemia were assessed under isoflurane (0.1%)–medetomidine (0.1 mg/kg i.p.) anes-
thesia before, and repeatedly after SD, at 15-min intervals for 75 minutes. Nimodipine 
accelerated the recovery of CBF from spreading oligemia (time to full recovery, 52 ± 13 
vs. 70 ± 8 min, nimodipine vs. control) and exhibited a tendency to shorten the dura-
tion of the SD-related EGG depression duration. The amplitudes of EVP and functional 
hyperemia were markedly reduced after SD, and progressively recovered over an hour 
post-SD. Nimodipine exerted no impact on EVP amplitude but consistently increased 
the absolute level of functional hyperemia from 20 min post-CSD (93 ± 11% vs. 66 ± 13%, 
nimodipine vs. control). A linear, positive correlation between EVP and functional hyper-
emia amplitude was skewed by nimodipine. In conclusion, nimodipine facilitated CBF 
restoration from spreading oligemia and the recovery of functional hyperemia post-SD, 
which were linked to a tendency of an accelerated return of spontaneous neural activity 
after SD. The use of nimodipine in migraine prophylaxis is suggested to be re-visited.
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1  |  INTRODUC TION

A longstanding assumption posits that the mechanism underlying 
migraine aura is spreading depolarization (SD) (Lauritzen, 1994; Leao 
& Morison, 1945). In support of the view that SD is related to mi-
graine aura, the cerebral blood flow (CBF) response coupled with 
SD—especially its concluding spreading oligemic element—has been 
identified in migraine patients with single photon emission computed 
tomography (SPECT), positron emission tomography (PET), or blood-
oxygen-level-dependent magnetic resonance imaging (BOLD MRI) 
(Hadjikhani et al., 2001; Lauritzen et al., 1983; Olesen et al., 1981; 
Woods et al.,  1994). In addition to regular auras, some auras re-
corded in these imaging studies were probably triggered by cerebral 
microemboli emerging during the intracarotid injection of the tracer 
(Lauritzen et al., 1983; Olesen et al., 1981). In further support of the 
link between migraine and SD, transgenic experimental models of 
familial hemiplegic migraine (FHM) display increased SD suscep-
tibility (Unekawa et al., 2018; van den Maagdenberg et al., 2004). 
Also, experimentally triggered SD in mice has recently been linked 
to trigeminal pain and anxiety (Harriott et al.,  2021). Collectively, 
mounting clinical and experimental observations suggest that SD 
is highly likely the cause of migraine aura and may also trigger tri-
geminal sensory activation to initiate headache pain (Brennan & 
Pietrobon, 2018).

SD is a transient (0.5–1 min) mass depolarization of a critical tis-
sue volume that propagates at a low rate of millimeters per minute in 
the gray matter (Somjen, 2001). In visual aura experience, a narrow 
scintillating rim moving over the visual field is followed by a sco-
toma. While the scintillating rim is thought to correspond to a high-
frequency burst of population spikes (Herreras et al., 1994), the blind 
field represents SD, outlasted by a prolonged (5–15 min) depression 
of spontaneous activity (Lashley, 1941; Lauritzen, 1994; Leao, 1944; 
Milner, 1958). SD, together with the successive activity depression 
appears as a transient signal intensity attenuation or power reduc-
tion in the full band electrocorticogram, propagating from one con-
tact point to the next (Leao, 1944).

SD is accompanied by a typical CBF response starting with a 
variable, short drop of CBF (early hypoperfusion) and dominated 
by a subsequent, large, transient hyperemia in naïve, optimally per-
fused tissue. In the mouse, the initial drop of CBF is more prom-
inent than in phylogenetically higher mammals, and the upcoming 
hyperemia barely reaches pre-SD baseline CBF (Ayata et al., 2004). 
As noted above, the response is concluded by long-lasting oligemia 
subject to variations depending on the species, type of anesthesia, 
and other conditions (Ayata & Lauritzen, 2015). Spreading oligemia 
is also a surrogate phenomenon to enable the detection of SD with 
neuroimaging in migraine patients (Hadjikhani et al., 2001; Olesen 
et al., 1981). Furthermore, the oligemic phase of the CBF response 

appears to be coincident with the reversible impairment of cere-
brovascular reactivity (CVR) to a hypercapnic challenge in anesthe-
tized rodents (Fabricius et al., 1995; Florence et al., 1994; Lacombe 
et al., 1992; Wahl et al., 1987). Similarly, diminishing CVR with breath 
holding was measured during the inter-ictal periods in migraineurs 
(Akin & Bilensoy, 2006; Dzator et al., 2021). In addition to CVR, SD 
has also been shown to impair neurovascular coupling achieved by 
subtantia innominata stimulation (Lacombe et al., 1992), infraorbital 
nerve stimulation (Enager et al., 2004), transcallosal fiber stimulation 
(Piilgaard & Lauritzen, 2009), or optogenetic activation of the barrel 
cortex (Böhm et al., 2020).

There is persistent need to treat cerebrovascular disorders with 
pharmacological means. Nimodipine, an L-type voltage-gated cal-
cium channel (VGCC) blocker is an approved agent with high affinity 
to L-type VGCCs on cerebrovascular smooth muscle cells (Freedman 
& Waters, 1987), and is clinically applied to prevent delayed ischemic 
deficit after subarachnoid hemorrhage (SAH) (Carlson et al., 2020). 
Importantly, recent clinical studies have associated the development 
of delayed ischemic deficit with SD occurrence (Dreier et al., 2022; 
Lückl et al., 2018). Prophylactic nimodipine may prevent poor out-
come related to delayed cerebral ischemia in some SAH patients 
(Feigin et al., 1998), possibly by targeting the CBF response to SD 
(Dreier et al., 1998; Menyhárt et al., 2018; Windmuller et al., 2005). In 
the management of migraine, prophylactic treatment with nimodip-
ine appeared effective at reducing migraine headache frequency 
and severity in some trials (Gelmers,  1983; Havanka-Kanniainen 
et al.,  1985). Yet, nimodipine achieved small or no effect in other 
trials (“European multicenter trial of nimodipine in the prophy-
laxis of classic migraine (migraine with aura). Migraine-Nimodipine 
European Study Group (MINES),”  1989a; “European multicenter 
trial of nimodipine in the prophylaxis of common migraine (mi-
graine without aura). Migraine-Nimodipine European Study Group 
(MINES),”  1989b), and the assessment of its efficacy was compli-
cated by a high degree of placebo responders (Toldo et al., 2012). 
Treating migraine with nimodipine in the 1980s centered on the con-
cept that migraine was primarily a cerebrovascular disorder (Leone 
et al., 1990). With the advanced understanding of the role of SD in 
migraine, nimodipine application in migraine management is worth 
re-examination (Carlson et al., 2020).

In the present study, we set out to explore the dysfunction and 
progressive restoration of neurovascular coupling with somato-
sensory stimulation after SD, with the aim to screen the temporal 
resolution of SD-related impairment. The efficacy of neurovascular 
coupling associated with somatosensory stimulation was assessed 
repeatedly over 75 min following SD. Importantly, we investigated 
the possibility to accelerate the recovery of impaired neurovas-
cular coupling by pharmacological means. To this end, we applied 
nimodipine known to potentiate both functional hyperemia to 

K E Y W O R D S
cerebral blood flow, migraine with aura, neurovascular coupling, nimodipine, spreading 
depolarization, spreading oligemia
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890  |    MENYHÁRT et al.

somatosensory stimulation (Szabó et al., 2019) and the CBF response 
coupled with SD (Menyhárt et al., 2018; Szabó et al., 2019). Also, we 
explored nimodipine action on the SD-associated EEG depression 
and the coupled CBF response. The results here may present new in-
dications to re-visit the use of nimodipine in the clinical management 
of migraine with aura.

2  |  METHODS

The ethical approach conformed to previously reported guide-
lines (Szabó et al.,  2021; Toth et al.,  2021), and the experiments 
are reported in compliance with the ARRIVE guidelines (Percie du 
Sert et al., 2020). The experimental procedures were approved by 
the National Food Chain Safety and Animal Health Directorate of 
Csongrád County, Hungary, and were performed according to the 
guidelines of the Scientific Committee of Animal Experimentation of 
the Hungarian Academy of Sciences (updated Law and Regulations 
on Animal Protection: 40/2013. (II. 14.) Gov. of Hungary), fol-
lowing the EU Directive 2010/63/EU on the protection (Ref. nr. 
XXXII/4050/2020 and I-74-23/2022. MÁB).

The animals were housed according to standard conditions re-
ported earlier (Szabó et al., 2021; R. Toth et al., 2021). Adult male 
4–4.5-month-old C57BL/6 mice (26 ± 33  g, n  =  11, Charles River 
Laboratories, from the husbandry of the Biological Research Centre, 
Szeged, Hungary) were used in this study. No SD-related sex-
ual dimorphism has been expected (Balkaya et al.,  2019; Harriott 
et al., 2021). Standard rodent chow and tap water were supplied ad 
libitum. The animals were housed under constant temperature, hu-
midity, and lighting conditions (23°C, 12:12 h light/dark cycle, lights 
on at 7 a.m.).

The estimation of sample size adhered to previously applied 
principles (Menyhárt et al., 2021; Szabó et al., 2021). Our pilot ex-
periments indicated differences between the experimental groups 
(nimodipine vs. control) and reached the confidence level of 95% and 
a power of 80% at low sample size (α = 0.05). To support 80% power, 
the animal number was at least 5 animals/group. Statistical analyses 
were conducted in SigmaPlot 12.5 (Systat Software, Inc., San Jose, 
CA, USA), sample size calculation and power analysis were run in 
GPower 3.1 (Heinrich Heine University of Düsseldorf, Germany).

Mice were arbitrarily taken from the animal housing facility to be 
prepared for experiments. The experiments were conducted during 
the light phase of the daily cycle. The mice were anesthetized with 
1.5–2% isoflurane in N2O:O2 (2:1), mounted on a stereotactic frame 
and were allowed to breathe spontaneously through a head cone 
during surgical interventions. Body temperature was kept at 37.2°C 
by a feedback-controlled heating pad (Harvard Apparatus, Holliston, 
MA, U.S.A.). The skin on the skull was retracted and the right parietal 
bone was thinned under saline cooling with a high-precision electri-
cal drill (ProLab Basic, Bien Air 810, Switzerland). Lidocaine (EGIS, 
Cat. Nr. OGYI-T-3047/03) was administered locally for pain relief. 
A small craniotomy was created at the caudal edge of the parietal 
bone for the induction of SD. The craniotomy was constantly kept 

moist by artificial cerebrospinal fluid (aCSF; mM concentrations: 
126.6 NaCl, 3 KCl, 1.5 CaCl2, 1.2 MgCl2, 24.5 NaHCO3, 6.7 urea, 
3.7 glucose bubbled with 95% O2 and 5% CO2 to achieve a constant 
pH of 7.4).

For the minimally invasive recording of EEG and CBF, a silver ball 
electrode (Ag/AgCl reference electrode, WPI Instruments, Sarasota, 
USA) and a Laser-Doppler needle probe (Probe 403 connected to 
PeriFlux 5000; Perimed AB, Sweden) were positioned adjacent to 
each other on the thinned skull above the somatosensory cortex 
representing the vibrissae. An Ag/AgCl reference electrode was 
implanted under the skin of the animal's neck. The electrophysio-
logical signal was recorded via a high input impedance head stage 
(NL100AK, NeuroLog System, Digitimer Ltd., United Kingdom), con-
nected to an AC coupled pre-amplifier (NL104, NeuroLog System, 
Digitimer Ltd., United Kingdom) and a differential amplifier (NL106 
NeuroLog System, Digitimer Ltd., United Kingdom) with associ-
ated filter modules (EEG filtered in wideband range: >1 Hz, NL125 
NeuroLog System, Digitimer Ltd., United Kingdom) and conditioner 
systems (NL530, NeuroLog System, Digitimer Ltd., United Kingdom). 
Electrical signals were digitalized at a sampling frequency of 1 kHz 
by a dedicated data acquisition device (MP150, Biopac Systems, Inc., 
USA) controlled through the Acknowledge software (Acknowledge 
4.2, Biopac Systems, Inc., USA). Laser-Doppler flowmetry (LDF) was 
used to record changes in local CBF. The LDF signal was digitalized 
and acquired, together with the EEG, essentially as described above.

EEG was used to confirm successful SD initiation, and the quan-
titative evaluation of the SD-related EEG depression and somato-
sensory evoked potentials (EVP). Somatosensory stimulation was 
achieved by the mechanical stimulation of the entire, intact (no 
trimming), left vibrissal pad at 2 Hz for 30 s by a custom-made de-
vice. The stimulation was repeated twice 2 min apart in a block of 
stimulation.

Before data acquisition the concentration of inhaled isoflurane 
was reduced to 0.3%–0.1%, and medetomidine was applied (0.5 mg/
kg, i.p., twice at a 10 min interval) to complement anesthesia. This 
approach allowed the reliable evolution of functional hyperemia. 
After recording baseline EEG and CBF for 10  min, the first block 
of vibrissal pad stimulation was performed. Ten minutes later, SD 
was triggered by placing a tiny piece of filter paper (1 mm × 1 mm) 
soaked in 1 M KCl in the craniotomy. The filter paper was removed 
when EEG depression was seen, and the craniotomy was rinsed with 
aCSF to prevent the occurrence of further SD events. Over the next 
75 min, vibrissal pad stimulation blocks were repeated first 2 times 
at an interval of 10 min, then an additional 2 times at an interval of 
15 min. Shortly after the last block of stimulation, the experiments 
were terminated by overdosing isoflurane (5%), and data acquisition 
was suspended 10 min after cardiac arrest. The experimental proto-
col is illustrated in representative recordings (Figure 1).

Nimodipine (Sigma, Cat. Nr. N149-100 mg), an L-type voltage-
gated calcium channel blocker was administered to some mice 
(n = 6; 10 mg/kg, 500 μL, i.p. bolus) (Ahmadi et al., 2012; Ingwersen 
et al., 2018) (Ahmadi et al.,  2012; Ingwersen et al.,  2018), 10–
12 min before SD initiation and about 20 min before the first block 
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    |  891MENYHÁRT et al.

of somatosensory stimulation subsequent to SD (n = 6) (Figure 1). 
Every other mouse received vehicle (0.1% DMSO in saline, VWR 
Chemicals, Cat. Nr. 23500.260) in an equal volume and used as con-
trol (n = 5).

Variables (i.e., the EEG and LDF signals) were simultaneously 
acquired, displayed live, and stored using a personal computer 
equipped with the software AcqKnowledge 4.2 for MP 150 (Biopac 
Systems, Inc., Goleta, USA). Data analysis was assisted by the in-
built instructions of the software AcqKnowledge 4.2. EVPs during 
whisker stimulation were analyzed in the original LFP recordings ac-
quired at 1 kHz. Raw LDF recordings were downsampled to 1 Hz and 
then expressed relative to baseline by using the average CBF value 
of the first 5 minutes (100%) and the recorded biological zero ob-
tained after terminating each experiment (0%) as reference points.

The experimenter was aware of the animal's group during ex-
perimentation. Data analysis was performed by another investigator, 
blind to the experimental condition (experimental group assignment 
was performed by a different person than the data analyst). No ani-
mal was excluded from the analysis.

The SD-related EEG depression and EEG recovery, as well as the 
potential drug effect were characterized by the EEG power taken 
over 1-min-long epochs prior to whisker stimulation blocks, at seg-
ments free of any noise. Also, the delay from SD induction to the 
recovery of EEG activity to 50 and 75% amplitude was taken as read-
outs of the duration of the SD-related EEG depression. As reported 
earlier (Szabó et al., 2019), it was required for EVPs that the segment 
under analysis (10 s) was completely free of harmonic network oscil-
lations (~50 Hz, produced by the feedback controlled on–off switch 

of the heating blanket) or any accidental noise produced by manip-
ulations by the experimenter. The peak amplitude of EVPs was as-
sessed to reveal SD-related change or drug effect, if any.

CBF changes were expressed relative to baseline by using the 
average CBF of the first 5 minutes of baseline taken before the first 
whisker stimulation block (100%) and the recorded biological zero 
after terminating each experiment (0%). Resting CBF between stim-
ulations was measured as the mean of the same epochs used for 
the calculation of EEG power. The efficacy of functional hyperemia 
to somatosensory stimulation was characterized by measuring the 
maximum amplitude of the CBF response (mean of the plateau of the 
hyperemic response).

Data are given as mean ± stdev. Statistical analysis was con-
ducted according to established standards (Menyhárt et al., 2021; 
Szabó et al., 2019; Toth et al., 2021) with the software IBM SPSS 
29 (Armonk, NY: IBM Corporation, U.S.A.) and SigmaPlot 12.5 
(Systat Software, Inc., San Jose, CA, USA). No test for outliers 
was conducted; all data were used for statistical analysis. The 
distribution of the data was tested with a Shapiro–Wilk normality 
test. Since all datasets passed the normality test, we proceeded 
with a repeated measures paradigm followed by a Sidak post hoc 
test. Simple group comparisons were evaluated with a Student 
or a Welch independent samples t-test. Correlation analysis was 
conducted with a Pearson two-tailed model. Further analysis and 
comparison of regression lines was achieved with an analysis of 
covariance (ANCOVA) model. Levels of significance were set at 
p < 0.05* or p < 0.01**. Distinct statistical methods are provided in 
each Figure legend.

F I G U R E  1  Experimental protocol (a) illustrated by a representative electroencephalogram (EEG) (b) and the corresponding power 
spectrum (c) to show the spontaneous depression of electrical activity associated with spreading depolarization (SD), as well as the signature 
of mechanical whisker stimulation performed twice in a stimulation block. The EEG signal was acquired via a silver ball electrode placed on 
the thinned skull surface. The corresponding red trace (d) indicates local cerebral blood flow (CBF) changes acquired with transcranial laser 
Doppler flowmetry (LDF) using a needle probe adjacent to the EEG electrode over the somatosensory cortex of an anesthetized mouse.
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3  |  RESULTS

3.1  |  The SD-related EEG depression and spreading 
oligemia

We recorded here EEG to disclose the signature of SD. In each ex-
periment, SD was confirmed in the EEG recording (Leao, 1944), and 
the characteristic CBF response in the CBF traces (Ayata et al., 2004; 
Ayata & Lauritzen, 2015). The SD-related EEG depression and EEG 
recovery, as well as the potential drug effect were characterized by 
the EEG power taken over defined epochs prior to whisker stimula-
tion blocks, and the time taken for the EEG activity to recover from 
the depression to 50% and 75% amplitude. (Figure 2). The EEG was 
depressed significantly up to 10 min after SD induction (EEG power: 
32.4 ± 14.2 and 40.6 ± 24.2% of baseline; minimum activity and 
10 min after SD onset, respectively). Its gradual recovery was con-
firmed by the return of the EEG power approaching pre-SD baseline, 
increasingly more obvious starting from 20 min after SD induction 

(53.0% ± 30.2% of baseline) (Figure 2a). Nimodipine did not facilitate 
the recovery of EEG activity from SD significantly at this sample size 
(Figure  2b). The non-significant but consistent nimodipine effect 
was corresponding to shorter time taken after SD induction to reach 
50% and 75% of the pre-SD EEG amplitude as compared to control 
(50%, 11 ± 3 vs. 29 ± 22 min; 75%, 19 ± 10 vs. 43 ± 29 min, nimodipine 
vs. control) (Figure 2b).

Baseline CBF was level (not rising) before the first whisker stim-
ulation block, and between the first whisker stimulation block and 
SD in both the control and nimodipine-treated groups. The CBF 
response to SD evolved in line with the known kinetics in the in-
tact mouse cerebral cortex (Ayata et al., 2004)(Figure 1). An early 
hypoperfusion transient was followed by a hyperemic component 
(Figures 1 and 2c), the hyperemic peak occasionally falling short of 
pre-SD baseline CBF (Figure 2d). Nimodipine moderated the early 
hypoperfusion element, as reflected by the smaller drop of CBF (to 
46.3 ± 14.7% vs. 20.8 ± 12.7%, nimodipine vs. control) (Figure  2e), 
but exerted no improvement on the hyperemic phase of the CBF 

F I G U R E  2  Spreading depolarization (SD) recognized by EEG power reduction, and the associated spreading oligemia after SD elicitation. 
(a) EEG power relative to baseline, sampled at the minimum of the SD-related EEG depression, before (−10 min) and after SD initiation (10–
75 min). (b) Time taken for the EEG activity to recover from the depression to 50% and 75% amplitude. (c) Cerebral blood flow (CBF) changes 
relative to baseline, before (−10 min), and after SD elicitation (10–75 min) (scatter plot). (d) Traces representative of the CBF response to SD 
in a control and a nimodipine-treated mouse. (e) CBF minimum reached during the early hypoperfusion element of the CBF response to SD. 
(f) Time taken for CBF to recover to baseline (prior to SD elicitation). (g) Correlation between CBF and EEG power analyzed with two-tailed 
Pearson correlation, p < 0.01**. Data in (a–c) and (e, f) are expressed as mean ± stdev; a Shapiro–Wilk test confirmed normal distribution for 
all datasets. In (a–c), a two-way ANOVA paradigm considering the impact of SD and treatment was applied for statistical analysis (p < 0.05* 
and p < 0.01**) followed by a Sidak post hoc test (p < 0.05* & 0.01** vs. pre-SD, and p < 0.05# & p < 0.01## nimodipine vs. respective control). 
In (e), an independent samples Student's t-test was used (p < 0.05*). In (f) Welch independent samples t-test was used (and p < 0.01**). 
Degrees of freedom are given next to the statistic output in brackets in all panels.
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response. SD was followed by a prominent spreading oligemia (CBF 
minimum of 56.3 ± 10.3% relative to baseline) (Figures 1 and 2c)—the 
concluding element of the CBF response (Ayata & Lauritzen, 2015). 
Nimodipine administration did not affect the oligemic CBF minimum 
(52.4 ± 23.4% and 56.3 ± 10.3%, nimodipine and control).

CBF taken between somatosensory stimulations over the 
post-SD oligemia approached baseline gradually (Figure  2c). CBF 
did not return completely to pre-SD baseline over the 75 min pe-
riod after SD elicitation in three mice in the control group. The delay 
to full CBF recovery required more than 65 min in two additional 
mice. In contrast, CBF in the nimodipine group was not significantly 
lower than baseline 45 min after SD initiation (Figure 2c) and fully 
recovered with a delay of 51 ± 13 min (Figure 2f). In fact, CBF in the 
nimodipine-treated animals was markedly improved compared to 
controls from 20 min after triggering SD (74.6 ± 11.8 vs. 58.3 ± 6.7, 
nimodipine vs. control) (Figure 2c). Finally, the level of CBF and the 
corresponding EEG power displayed a good positive linear correla-
tion (Figure 2g).

3.2  |  Somatosensory evoked field potentials and 
functional hyperemia

The amplitude of EVPs is known to be proportional to the number of 
neurons firing or the strength of subthreshold postsynaptic currents 
in the dendrites of a neuronal population (Langdon & Sur, 1990). In 
our experiments, EVP amplitude 10 min after SD elicitation was re-
duced to half of the pre-SD value (128.3 ± 35.2 vs. 241.7 ± 37.8 μV, 
10 min vs. −10 min with respect to SD). EVP amplitude returned to 
baseline 60 min after SD initiation (213.7 ± 48.7 and 241.7 ± 37.8 μV, 
60 min and −10 min with respect to SD elicitation). Nimodipine treat-
ment exerted no effect on EVP amplitudes (Figure 3a,b).

Functional hyperemia to somatosensory stimulation was charac-
terized by its absolute amplitude (peak relative to pre-SD baseline) 
and relative amplitude (difference between pre-stimulation baseline-
to-peak). Both the absolute and relative amplitude of functional 
hyperemia proved to be considerably impaired shortly after SD elici-
tation (absolute, 75.7 ± 17.1% vs. 125.8 ± 14.9%; relative, 14.8 ± 10.1% 

F I G U R E  3  The impact of spreading depolarization (SD) and nimodipine treatment on somatosensory evoked potentials (EVPs) and 
associated functional hyperemia. (a) Electrocorticographic EVP signatures are shown as mean ± stdev of all analyzed events. (b) EVP 
amplitude before (−10 min) and after SD elicitation (10–75 min). (c) Laser-Doppler flowmetry signatures of functional hyperemia shown as 
mean ± stdev of all analyzed events. (d) Relative functional hyperemia amplitudes (height of bars) fitted on the corresponding pre-stimulation 
CBF level to appreciate absolute hyperemia amplitudes (top of the bars). Data in (b) and (d) are given as mean ± stdev; a Shapiro–Wilk test 
confirmed normal distribution for all data sets. A two-way ANOVA paradigm considering the impact of SD and treatment was applied for 
statistical analysis (p < 0.05* and p < 0.01**) followed by a Sidak post hoc test (p < 0.05* and 0.01** vs. pre-SD, and p < 0.01## nimodipine vs. 
respective control). In (d), statistics for the absolute amplitude of functional hyperemia are shown. Degrees of freedom are given next to the 
statistic output in brackets in both panels.
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vs. 27.1 ± 13.1%; 10 vs. −10  min with respect to SD) (Figure  3c,d). 
The absolute amplitude of functional hyperemia recovered to the 
optimal amplitude taken during baseline 75 min after SD initiation in 
the control group, and as early as 45 min in the nimodipine-treated 
group (Figure  3d). Furthermore, nimodipine considerably increased 
the absolute amplitude of hyperemia compared to control between 
20 and 60 min after SD initiation (e.g., at 30 min: 107.2 ± 10.8% vs. 
75.7 ± 17.1%, nimodipine vs. control) (Figure 3d). Yet, no direct impact 
of nimodipine was statistically confirmed on the relative amplitude of 
functional hyperemia (repeated measures: Ftreat = 0.225).

Finally, we set out to explore whether resting CBF predicted the 
strength of neuronal activation in response to stimulus, and whether 
the efficacy of neurovascular coupling (i.e., greater neuronal activ-
ity coupled by greater CBF response (Fox & Raichle, 1985)) was al-
tered by nimodipine treatment. Accordingly, the amplitude of EVP 
was correlated with pre-stimulus CBF and the relative amplitude of 
the corresponding functional hyperemia. A significant, positive, linear 
correlation was found between resting CBF prior to stimulation and 
EVP amplitude in both the control and nimodipine groups (Figure 4a). 
Furthermore, a potential nimodipine effect drawn from the compar-
ison of the regression lines was tackled with an ANCOVA model. No 
difference between the slopes was indicated (F = 0.189, p = 0.655), 
but a group effect was seen in the intercept (F = 30.533, p < 0.01**).

The relative amplitude of functional hyperemia increased with 
greater EVP amplitude in a linear fashion (Figure  4b). Comparison 
of the regression lines for the control and nimodipine groups with 
ANCOVA disclosed that the two lines were not parallel (F = 3.862, 
p = 0.051).

4  |  DISCUSSION

4.1  |  The efficacy of neurovascular coupling in the 
wake of spreading depolarization

Neurovascular coupling, the signaling mechanism that links func-
tional hyperemia to increased neural activity is a measure of cer-
ebrovascular health (Stackhouse & Mishra,  2021). Furthermore, 
local CBF increase serves as a surrogate measure of neural activ-
ity in noninvasive clinical neuroimaging (i.e., BOLD MRI) (Howarth 
et al., 2021). Here, we present that functional hyperemia in response 
to somatosensory stimulation becomes markedly attenuated follow-
ing SD, with gradual recovery to pre-SD magnitude over the first 
hour post-SD (Figure  3). Also, the suppression of neuronal activ-
ity was clearly reflected by the decreased amplitude of EVPs after 
SD (Figure  3), coincident with the degree of spreading oligemia 
(Figure 4). This stands in line with a previous experimental observa-
tion that the CBF response to neuronal activation achieved with tran-
scallosal electric stimulation declined (Piilgaard & Lauritzen, 2009), 
and the amplitude of EVP triggered by infraorbital nerve or transcal-
losal stimulation decreased after SD (Enager et al., 2004; Piilgaard & 
Lauritzen, 2009). The weakened hyperemic response observed here 
may be considered analogous to reduced baseline-to-peak changes 

of the functional near infrared spectroscopy (fNIRS) signal in spo-
radic hemiplegic migraine patients during a finger opposition task 
(Lo et al.,  2020). A recent meta-analysis cautiously suggests that 
neurovascular coupling in migraine patients appears to be impaired, 
but calls for future confirmatory studies (Dzator et al., 2021). Our ex-
perimental findings on the SD-related EEG depression support this 
view, taken that SD plays a significant role in the pathophysiology of 
migraine (Brennan & Pietrobon, 2018). All things considered, the as-
sessment of neurovascular coupling in migraine needs to be further 
explored and may possibly bear neurologic diagnostic value.

The impairment of functional hyperemia following SD has been 
suggested mechanistically linked to reduced CVR or the post-SD 
suppression of neural function (Piilgaard & Lauritzen,  2009). CVR 
is taken as a measure of endothelial dysfunction and the ability of 
cerebral vessels to dilate in response to a chemical stimulus causing 
nitric oxide release. The impairment of CVR assessed with hyper-
capnic challenge was found to persist for over an hour after SD in 
anesthetized rodents (Akin & Bilensoy, 2006; Fabricius et al., 1995; 
Florence et al.,  1994; Lacombe et al.,  1992), and breath holding 
during the inter-ictal period also attested diminishing CVR in mi-
graineurs (Akin & Bilensoy,  2006; Dzator et al.,  2021). Persistent 
vasoconstrictive tone underlying post-SD spreading oligemia, which 
is thought to be mediated by 20-hydroxy-eicosatetraenoic acid 
(20-HETE) or cyclooxygenase-1- (COX-1) and COX-2-derived pros-
tanoids (Fordsmann et al., 2013; Gariepy et al., 2017) may also re-
strain post-SD vasodilation. In our study, the amplitude of functional 
hyperemia proved to be proportional to EVP amplitude after SD 
(Figure 4b), which suggests that the post-SD suppression of neural 
activity must have been implicated, at least in part, in the attenua-
tion of the CBF response. Also, functional hyperemia amplitude was 
increasing together with the gradual recovery of CBF from post-SD 
oligemia (Figure  3d). This is thought to indicate that the progres-
sive resolution of the sustained post-SD vasoconstriction probably 
allowed for the evolution of the functional hyperemic response. In 
conclusion, both post-SD suppression of neural activity and post-SD 
vasoconstrictive tone could possibly contribute to the weakening of 
functional hyperemia shortly after SD in our model.

4.2  |  The impact of nimodipine

Prophylactic treatment with nimodipine appeared effective at 
reducing migraine headache frequency and severity in some 
earlier clinical trials (Battistella et al., 1990; Gelmers, 1983; Havanka-
Kanniainen et al.,  1985). Nimodipine has been best known for 
its anti-vasoconstrictor effect in cerebral vessels (Freedman & 
Waters, 1987), and was proposed to alleviate migraine by counter-
acting cerebral vasoconstriction (Leone et al.,  1990). Furthermore, 
L-type VGCCs, the targets of nimodipine were implicated in calci-
tonin gene-related peptide (CGRP) release in the trigeminovascular 
system, a central element of the pain pathway in migraine (Amrutkar 
et al., 2011). Still, nimodipine's action on SD in the context of migraine 
remained elusive. In our experiments, pre-treatment with nimodipine 
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exerted a tendency to shorten the SD-related EEG depression 
(Figure 2). Shorter SD duration achieved by nimodipine administra-
tion was previously reported in acute brain injury states, including 
experimental cerebral ischemia (Szabó et al., 2019; Tóth et al., 2020) 
and some patients of aneurysmal subarachnoid hemorrhage (SAH) 
(Carlson et al., 2021). Nimodipine may directly act on neuronal L-type 
VGCCs (Gould et al., 1985; Scriabine et al., 1989), but it is not likely 
that the facilitated restoration of spontaneous neural activity (EEG) 
was realized by direct nimodipine action, because nimodipine blocks 
slow inward calcium currents and suppresses neuronal (over)excita-
tion (Scriabine & van den Kerckhoff, 1988). Also, nimodipine proved 
to be ineffective on the EVP amplitude during spreading oligemia 
here (Figure  3), consistent with our earlier finding in the ischemic 
cerebral cortex (Szabó et al., 2019). Taken together, the nimodipine-
related accelerated recovery of the spontaneous neural activity from 
SD seen here must be secondary to CBF recovery from spreading 
oligemia. Indeed, the EEG power return was coincident with elevat-
ing CBF during spreading oligemia (Figure 2). Interestingly, the CBF 
minimum of spreading oligemia remained unaffected by nimodipine. 
The unchanged CBF minimum during spreading oligemia may be the 
reason why the beneficial effect of nimodipine on CBF recovery from 
post-SD spreading oligemia has been so far overlooked.

Nimodipine also attenuated the early hypoperfusion element of 
the CBF response to SD here (Figure 2). Of note, the early hypoper-
fusion component of the CBF response to SD is quite prominent in 
the mouse cortex as compared to the rat and other species, possibly 
because of a higher sensitivity of mouse cerebral vessels to vaso-
constrictive potassium concentrations (Ayata et al., 2004; Ayata & 
Lauritzen, 2015). The attenuation of the hypoperfusion seen here is 
consistent with previous observations made in experimental rat mod-
els of subarachnoid hemorrhage that nimodipine antagonized the 
early and dominating vasoconstrictive element of the CBF response 
to arising SD (Dreier et al., 1998; Dreier et al., 2002). Furthermore, 
nimodipine reduced the SD-related early hypoperfusion potentiated 

with high extracellular K+ concentration in the optimally perfused 
rat cortex (Menyhárt et al.,  2018). The greater magnitude of the 
early vasoconstriction has been accepted to predict delayed repo-
larization after SD (Dreier, 2011). Following this argument, the atten-
uation of the early hypoperfusion element of the SD-coupled CBF 
response by nimodipine here could have contributed to the acceler-
ated recovery of spontaneous neural activity from SD.

Finally, nimodipine augmented functional hyperemia indirectly, 
as the treatment increased the absolute—but not the relative—
amplitude of the response because of the progressive resolution 
of spreading oligemia (Figure 3). This is consistent with earlier ob-
servations made in the optimally perfused rat cerebral cortex that 
nimodipine treatment increased baseline CBF from which functional 
hyperemia took off, thereby increasing the absolute amplitude of 
the flow response (Szabó et al., 2019). Nimodipine did not potentiate 
EVP or the relative amplitude of functional hyperemia when experi-
mental groups were compared (Figure 3). According to the ANCOVA 
analysis, however, nimodipine appeared to interact with the efficacy 
of neurovascular coupling, the signaling mechanism adjusting the 
local CBF response to neural activity, by supporting greater hyper-
emia corresponding to smaller EVP amplitudes. Finally, the overall, 
absolute flow response to somatosensory stimulation peaked sig-
nificantly higher after nimodipine treatment and was restored to 
baseline level sooner than in the control condition, which is consid-
ered beneficial, because the higher level of perfusion supports the 
more rapid return of neural function.

4.3  |  Limitations

The choice of mice for this study may be perceived as a limitation. 
The late oligemic element of the CBF response to SD is usually more 
pronounced in mice than in phylogenetically higher mammals such 
as humans (Dreier & Reiffurth, 2015). Although vasoconstriction is 

F I G U R E  4  Correlation between resting 
pre-stimulus cerebral blood flow (CBF) 
and somatosensory evoked potential 
(EVP) amplitude (a), and EVP amplitude 
and the relative amplitude of the coupled 
functional hyperemia (b). A two-tailed 
Pearson correlation analysis was applied, 
p < 0.01**.
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implicated to a greater extent in the hemodynamic response to SD 
in the naïve mouse brain, CBF is still sufficient to provide the energy 
required to initiate rapid repolarization of neurons and restoration of 
ion gradients to terminate SD. Therefore, SD in mice in naïve tissue 
does not last markedly longer than in higher mammals despite more 
pronounced vasoconstriction. The greater post-SD oligemia in the 
mouse and its reliable detection may, in fact, be considered as an op-
portunity to investigate the phenomenon in more detail.

5  |  CONCLUSION

In conclusion, here we demonstrate that neurovascular coupling 
becomes reversibly impaired after SD, and gradually recovers over 
an hour after SD. We postulate that both the suppression of neural 
activity and the vasoconstrictive tone persistent after SD contrib-
ute to the impairment of functional hyperemia. We also show that 
nimodipine pre-treatment facilitates CBF recovery from spreading 
oligemia and attenuates the early hypoperfusion element of the 
CBF response to SD. Furthermore, nimodipine tends to shorten the 
SD-related EEG depression, which must originate in the nimodipine-
linked elevation of CBF. Finally, nimodipine elevates the level of 
functional hyperemia and restores it more rapidly, which must be 
related to the acceleration of CBF recovery from spreading oligemia.

Migraine aura, which is thought to be linked to SD, is part of the 
clinical presentation of up to a third of migraine patients (Ferrari 
et al.,  2022). Patients often report visual aura symptoms; in addi-
tion, sensory loss, dysphasia, and altered olfaction are also common 
(Hansen et al.,  2016). The nimodipine-related facilitated recovery 
of neurovascular coupling and spontaneous neural activity after 
SD may offer the opportunity to reduce aura burden. In view of 
the presented experimental data, and taken the developments in 
pharmaceutical technology (Heng, 2018; Tóth et al., 2020) and per-
sonalized medicine, the use of nimodipine in migraine prophylaxis 
(especially with a focus on a rapid recovery from aura) is suggested 
to be re-visited.
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