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Abstract Electrical stimulation of the greater occipital
nerve (GON) has recently shown promise as an effective
non-pharmacological prophylactic therapy for drug-resis-
tant chronic primary headaches, but the neurobiological
mechanisms underlying its anticephalgic action are not
elucidated. Considering that the spinal trigeminal nucleus
(STN) is a key segmental structure playing a prominent
role in pathophysiology of headaches, in the present study
we evaluated the effects of GON electrical stimulation on
ongoing and evoked firing of the dura-sensitive STN neu-
rons. The experiments were carried out on urethane/chlo-
ralose-anesthetized, paralyzed and artificially ventilated
male Wistar rats. Extracellular recordings were made from
11 neurons within the caudal part of the STN that received
convergent input from the ipsilateral facial cutaneous
receptive fields, dura mater and GON. In each experiment,
five various combinations of the GON stimulation fre-
quency (50, 75, 100 Hz) and intensity (1, 3, 6 V) were
tested successively in 10 min interval. At all parameter
sets, preconditioning GON stimulation (250 ms train of
pulses applied before each recording) produced suppres-
sion of both the ongoing activity of the STN neurons and
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their responses to electrical stimulation of the dura mater.
The inhibitory effect depended mostly on the GON stim-
ulation intensity, being maximally pronounced when a
stimulus of 6 V was applied. Thus, the GON stimulation-
induced inhibition of trigeminovascular nociceptive pro-
cessing at the level of STN has been demonstrated for the
first time. The data obtained can contribute to a deeper
understanding of neurophysiological mechanisms under-
lying the therapeutic efficacy of GON stimulation in pri-
mary headaches.
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Introduction

In recent years neurophysiologists and physicians have
shown increasing interest in the use of non-pharmacolog-
ical interventions to manage different types of drug-resis-
tant primary and secondary headaches. Attention is focused
mainly on the invasive and non-invasive methods of elec-
trical stimulation of various central and peripheral nervous
structures, as evidenced by numerous studies and reviews
published in the field (Schwedt 2009; Broggi et al. 2010;
Jenkins and Tepper 2011a, b; Magis and Schoenen 2012;
Hoffmann and Magis 2013; Jiirgens and Leone 2013;
Martelletti et al. 2013; Rasskazoff and Slavin 2013; Lam-
bru and Matharu 2014).

On the basis of information accumulated to date, the
electrical stimulation of the greater occipital nerve (GON),
in regards to its efficacy, safety and the extent of invasion,
seems to be the favored method of anticephalgic electro-
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neuro stimulation (Lambru and Matharu 2012; Palmisani
et al. 2013; Mammis et al. 2015). Indeed, clinical studies
that have employed different designs reported the suc-
cessful use of GON electrical stimulation for the treatment
of such chronic, medically intractable nosologies as
occipital neuralgia (Johnstone and Sundaraj 2006), hemi-
crania continua (Burns et al. 2008; Pascual 2009), SUNCT
and SUNA (Lambru et al. 2014), cluster headache (Burns
et al. 2009; Fontaine et al. 2011; Magis and Schoenen
2011a, b) and migraine (Saper et al. 2011; Notaro et al.
2014; Tavanaiepour and Levy 2014; Young 2014; Dodick
et al. 2015), although in a number of controlled trials on the
effectiveness of GON stimulation in chronic migraine the
primary endpoint was not achieved (Chen et al. 2015). The
efficacy of GON stimulation in medically refractory hypnic
headache (Son et al. 2012), headache in patients with
Chiari malformation (Vadivelu et al. 2012), medication
overuse headache (Serra and Marchioretto 2012), chronic
tension-type headache (Bono et al. 2015) and cervicogenic
headache (Rodrigo-Royo et al. 2005; Shin et al. 2011) has
also been demonstrated. The general analysis of all studies
cited above indicates that, as a rule, more than half of
patients receiving GON stimulation procedure had sub-
stantial reductions in frequency and/or intensity of their
headache attacks, displayed quality of life improvement
and a decrease in the use of abortive and/or prophylactic
anticephalgic drugs.

However, in spite of the successful use of GON elec-
trical stimulation for the treatment of headaches, the pre-
cise mechanisms underlying its therapeutic action remain
unclear. The current explanations of the observed anti-
cephalgic effect are highly speculative and mostly limited
to a vague assumption of the GON stimulation-induced
inhibition of the Ad and C fiber afferent activity as well as
the activation of the spinal and suprasegmental structures
involved in nociceptive signal processing (Schwedt 2009;
Jenkins and Tepper 2011a; Lambru and Matharu 2012;
Serra and Marchioretto 2012; Lambru et al. 2014; Tava-
naiepour and Levy 2014; Mammis et al. 2015). For the
most part, these conclusions are based on single neu-
roimaging data (Matharu et al. 2004; Magis et al. 2011) and
arise from application of the gate control theory (Melzack
and Wall 1965) to the trigemino-cervical convergence
mechanisms (Bartsch and Goadsby 2002, 2003a, b; Pio-
vesan et al. 2003; Bartsch 2005).

The lack of a clear concept is fully understandable and
mainly due to the deficiency of studies investigating the
effects of the GON electrical stimulation in an animal
model of headache. Previously it has been demonstrated
that stimulation of the GON increases metabolic activity in
the trigeminal nucleus caudalis and cervical dorsal horn of
the cat (Goadsby et al. 1997) as well as heightens the
trigeminocervical neuron excitability to the meningeal
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input in rats (Bartsch and Goadsby 2002). However, these
findings contribute to the understanding of mechanisms
underlying cervicogenic headache and support the exis-
tence of a structural and functional continuum between the
trigeminal nucleus caudalis and C1-C3 spinal dorsal horn
rather than explain the GON stimulation-induced relief of
cephalalgia. Furthermore, the GON stimulation parameters
and protocols applied in the studies cited do not correspond
to those used in clinical practice (Lambru and Matharu
2012; Lambru et al. 2014).

In rats, previously sensitized by epidural infusion of
inflammatory media based on a validated model of chronic
migraine, the GON electrical stimulation was shown to
increase mechanical von Frey thresholds for the head,
forepaw and hind paw skin (De La Cruz et al. 2015). These
data provide evidence in support of the GON stimulation-
induced anti-allodynia effect, suggesting an inhibitory
action of the procedure on central sensitization, but do not
clarify the underlying mechanisms.

Considering all the above in combination with data on
the prominent role of the spinal trigeminal nucleus (STN)
in the pathophysiology of headaches (Goadsby 2005;
Goadsby et al. 2009; Messlinger 2009; Tajti et al. 2011), in
the present work we investigated the effects of GON
electrical stimulation with parameters comparable to the
ones used in the clinic on activity of the dura-sensitive
spinal trigeminal neurons in a rat model of trigemino-
durovascular nociception. We monitored the spike activity
of the STN cells with convergent meningeal, orofacial and
cervico-occipital inputs and studied the changes in their
ongoing firing and responses to electrical stimulation of the
dura mater under preconditioning electrical stimulation of
the GON. In order to evaluate the effectiveness of various
GON stimulation parameters, five different intensity—fre-
quency combinations were tested.

Materials and methods

Experiments were performed on 11 male Wistar rats (body
weight 250-315 g) that were housed in the vivarium of the
Pavlov Institute of Physiology (Saint Petersburg, Russia).
The animals were maintained 2-5 per cage on a 12-h
light/dark schedule and supplied with food and water
ad libitum. All experiments were carried out in accordance
with the International Association for the Study of Pain
Ethical Guidelines and the European Community Council
Directive (86/609/EEC). The experimental protocol was
approved by the Institutional Animal Care and Use Com-
mittees of the Pavlov Institute of Physiology and the First
Saint-Petersburg Pavlov State Medical University. All
efforts were made to minimize the number of animals used
and their suffering.
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Anesthesia and surgical preparation

Anesthesia was induced by administering urethane
(800 mg/kg, i.p.; ICN Biomedicals, Aurora, OH, USA) and
a-chloralose (60 mg/kg, i.p.; MP Biomedicals, Solon, OH,
USA). The main experimental procedures were performed
as described previously (Sokolov et al. 2010, 2012; Lyu-
bashina et al. 2012). Briefly, once a surgical level of
anesthesia was achieved, each animal was placed on a
thermostatically controlled heating pad. A catheter was
inserted into the femoral artery for continuous monitoring
of blood pressure, and the femoral vein was cannulated for
administration of anesthetics and myorelaxants. After the
trachea was intubated, the head of the animal was fixed in a
stereotaxic frame. The distal part of the left GON was
exposed before its entering the subaural area, put on hook
silver bipolar stimulating electrodes and kept moist with
warm mineral oil (37 °C).

The muscles of the dorsal neck were separated along
the midline and C1 laminectomy was performed. The
medulla and the Cl spinal cord were exposed by
removing the atlanto-occipital membrane and the dura
mater. Thereafter a longitudinal left-side parietal cran-
iotomy was performed. The bipolar stimulating elec-
trodes with resistance of 50 KQ were placed on the dura
mater in close proximity to the superior sagittal sinus or
visible blood vessels and the area was covered with
mineral oil. The electrodes consisted of two varnish-in-
sulated silver wires with beads (0.3 mm in diameter) at
the end. The animal was paralyzed with pipecuronium
bromide (i.v., 1.2 mg/kg initially, maintenance 0.6 mg/kg
as required; Gedeon Richter, Budapest, Hungary) and
artificially ventilated at a rate of 75-100 cycles/min
(24 ml per cycle) using room air. Rectal temperature
was monitored and kept between 37 and 38 °C. The
sufficient depth of anesthesia was judged from the
absence of gross (>20 % from the baseline level) blood
pressure fluctuations in response to noxious stimulation;
supplementary  anesthetic ~was administered when
necessary.

Dural and GON electrical stimulations

For electrical stimulation of the dura mater, single rectan-
gular pulses of 300-700 pA (15-35 V) with a duration of
0.4-0.8 ms were used. The pulses were delivered by a
computer-controlled stimulator at intensity of 1.5 times the
neuronal response threshold. Stimuli applied to the GON
were varied in their parameters; five intensity—frequency
combinations were tested successively in each animal: (1)
1V,50Hz; 2) 1V, 100 Hz; 3) 6 V, 50Hz; (4) 6V,
100 Hz; (5) 3 V, 75 Hz. In all cases, the duration of current
pulses was 0.4 ms.

Extracellular recordings

Neuronal activity within the left spinal trigeminal nucleus
was recorded extracellularly by varnish-insulated tungsten
microelectrodes (tip diameter 1 pm, impedance 1 MQ;
World Precision Instruments, Sarasota, FL, USA). The
electrodes were lowered into the spinal cord at the C; level
using an electronic microdrive unit with steps of 4 pm. The
signals were amplified and fed into an IBM-compatible
computer A/D converter through a multifunctional acqui-
sition card (sampling period 25 ps, hardware filters
100-5000 Hz). Online acquisition, processing and dis-
playing of data were carried out using custom-written
software. The three-level amplitude discrimination was
used online to isolate the activity of single units from
stimulus artifacts, adjacent cell potentials and noise.

Recordings of neuronal activity were analyzed as peri-
stimulus time histograms in which signals gated through
the amplitude discrimination were collected into successive
1 ms bins. For the analysis of dural stimulation-evoked
responses, the histograms were constructed online from 20
recordings (one per 3 s) and assessed over 50 ms period
after each electrical stimulus. For ongoing activity, the
pseudo-stimulation was used, which consisted in using the
same software as for constructing histograms of evoked
responses, except that electrical stimulation was not actu-
ally applied. The histograms were created automatically
from 20 recordings (one per 3 s) and the ongoing firing was
estimated within 250 ms after each pseudo-stimulus. All
recorded units apart from responses to the dural electrical
stimulation and mechanical stimulation of their facial
cutaneous receptive fields (von Frey filaments, North Coast
Medical, Morgan Hill, CA, USA) were also tested for
convergent cervico-occipital input by single-pulse electri-
cal stimulation of the GON. Only neurons demonstrating
all three kinds of responses were selected for further
testing.

Experimental protocol and data processing

Effects of the GON stimulation on activity of spinal
trigeminal neurons were evaluated in a preconditioning
paradigm. Preconditioning stimuli applied to the GON
consisted of 250 ms train of pulses stopped immediately
before each dural electrical stimulus or, in the case that the
ongoing activity was tested, before each pseudo-stimulus.
Recordings of neuronal activity with simultaneous creation
of peristimulus time histograms were performed just prior
and under preconditioning GON stimulation with certain
parameters. Various GON stimulation parameter combi-
nations were tested successively in 10 min interval. In all
experiments, only one unit was recorded in each animal. At
the end of the experiment, the animals were given a lethal
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dose of urethane (>3 g/kg, i.v.). An electrolytic lesion
through the recording electrode was made and the spinal
cord was removed for routine histological verification of
the lesion sites.

Using peristimulus histograms, the ongoing and elec-
trically evoked activities of the spinal trigeminal neurons
were presented as a mean number of spikes per second
(spikes/s) or a mean number of spikes per stimulus (spikes/
stimulus), respectively. In order to estimate the effects of
GON stimulation, the ongoing firing and evoked responses
were normalized and expressed as percentages of the mean
value prior to the nerve stimulation.

Statistical analysis

Based on the results of the Shapiro—Wilk test of normality,
the nonparametric Friedman, Wilcoxon signed rank and
Mann—-Whitney—Wilcoxon tests were used to assess the
significance of GON stimulation-induced changes in neu-
ronal firing. A value of p < 0.05 was considered to repre-
sent a statistical significance. The data are presented as the
mean value + SEM. For the analysis, the Origin 7.5
(OriginLab, Northampton, MA, USA) and GraphPad InStat
3.02 (GraphPad Software, La Jolla, CA, USA) software
packages were employed.

Results

Extracellular recordings were made from 11 neurons
within the caudal part of the spinal trigeminal nucleus that
received convergent input from the ipsilateral facial cuta-
neous receptive fields, dura mater and GON. The recorded
cells were located in the region of the nucleus defined by a
rostrocaudal direction from 1.2 to 3.2 mm caudal to the
obex and mediolaterally from 1.0 to 2.2 mm left to the
middle line at the depth of 0.2-1.1 mm from the dorsal
surface of the spinal cord. Six neurons were located in
laminae II-1II, and five cells were located in lamina IV
(Fig. 1a).

All the neurons had facial cutaneous mechanoreceptive
fields, mostly restricted to the first division of the trigem-
inal nerve, including periorbital area (n = 4), dorsum
(n = 2) and lateral surface of the nose (n = 5; Fig. 1b);
they responded to both noxious (pinch) and non-noxious
(touch) mechanical stimulation and were therefore classi-
fied as wide-dynamic range neurons. Recorded units
showed a wide range of frequencies of initial ongoing
activity within an interval of 4-35 spikes/s (Fig. 1c). The
mean rate of ongoing firing was 15.6 &+ 3.4 spikes/s
(n = 11). All tested neurons showed an excitatory response
to electrical stimulation of the dura mater with the mean
latency of 10.0 &= 0.9 ms n = 11) mostly corresponding to
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activation of Ad-fibers (Fig. 1d). The number of spikes in
the response varied between 2 and 6 per one trial. At
baseline, the mean rate of evoked firing was 4.0 £ 0.5
spikes/stimulus (n = 11).

Single-pulse electrical stimulation of the GON
(0.4-2V, 0.4 ms) elicited in all cells a short-latency
response consisting of 3-5 spikes that occurred at 68 ms
(Fig. le). Six neurons showed low threshold to the GON
stimulation (0.4-0.8 V), whereas in five cells the threshold
current intensity was between 1 and 2 V. The cells
belonging to the low-threshold or higher-threshold group
differed neither in the initial rate of ongoing activity
(p = 0.9, U = 15, Mann—Whitney—Wilcoxon test), nor in
the baseline dural stimulation-evoked firing (p = 0.54,
U = 11, Mann—Whitney—Wilcoxon test). Moreover, they
did not demonstrate any specific feature regarding cuta-
neous receptive fields and/or location within the spinal
trigeminal nucleus.

Effects of GON stimulation on the ongoing neuronal
activity

At all parameter sets applied, preconditioning GON stim-
ulation caused a decrease in ongoing activity of the spinal
trigeminal neurons (n = 11, p < 0.0001, Fr = 29.95,
Friedman test) as compared to the initial level. However,
strength of the effect depended on the stimulation protocol.
To assess the individual action of each parameter combi-
nation more precisely, the firing frequency under a given
GON stimulation protocol was compared in pairwise
fashion to the discharge rate recorded just prior the onset of
the stimuli tested. Under GON stimulated with 1 V current
pulses at 50 Hz, the mean rate of the ongoing firing
decreased to 79 £ 13 % (11.2 £ 2.7 versus 15.6 + 3.4
spikes/s before the stimulation, n = 11), but the reduction
was not significant (p = 0.18, Wilcoxon signed rank test;
Fig. 2a). When stimulus frequency was changed to 100 Hz,
the neuronal discharge rate declined to 74 £ 16 % of the
pre-stimulation value, although the alteration still did not
reach the level of significance (p = 0.15, Wilcoxon signed
rank test).

The inhibitory effect of the GON stimulation substantially
enhanced as the current intensity was increased to6 V. When
a stimulus of such amplitude was applied to the GON with a
50 Hz frequency, ongoing firing of the spinal trigeminal
neurons fell to 29 =8 % (4.6 £ 1.6 versus 16.2 + 3.4
spikes/s prior the stimulation, n = 11; Figs. 2a, 3); the
decrease was maximally significant compared to the pre-
stimulation level (p = 0.0009, Wilcoxon signed rank test,
Bonferroni correction p = 0.0045). Increasing stimulation
frequency did not lead to a greater effect. Under GON
stimulated with 6 V current pulses delivered at 100 Hz, the
spinal trigeminal neurons showed only moderately
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Fig. 1 Localization and neuronal properties of recording sites in the
spinal trigeminal nucleus. a Locations of recording sites for all
experiments at the Cl level. I-IX laminae, CCN central cervical
nucleus, IBN internal basilar nucleus, LatC lateral cervical nucleus,
LSp lateral spinal nucleus, Pyt pyramidal tract. b The cutaneous
receptive field of all neurons studied. c—e Representative native
oscillographic recordings and corresponding online-produced

significant (p = 0.0098, Wilcoxon signed rank test, Bon-
ferroni correction p = 0.049) reduction in the mean dis-
charge rate to 48 + 15 % of that before the stimulation
(4.8 £ 2.0 versus 13.3 & 2.1 spikes/s, n = 11).

At lower parameters, those of 3 V intensity and 75 Hz
frequency, stimulation of the GON produced maximally
significant decrease in the ongoing neuronal activity to
40 £ 9 % (5.2 £ 1.6 versus 12.8 + 1.7 spikes/s prior the
stimulation, n = 11, p = 0.0009, Wilcoxon signed rank
test, Bonferroni correction p = 0.0045). The Friedman test
revealed a substantial difference between the actions of
various parameter combinations (n = 11, p = 0.0004,
Fr = 20.39). The inhibitory effects of the 6 V/50 Hz and
3 V/75 Hz stimulations of the GON were statistically
comparable (p = 0.13, Wilcoxon signed rank test), but
both were greater than those of the 1 V/50 Hz intensity—
frequency combination (p = 0.02 and p = 0.0098, corre-
spondingly, Wilcoxon signed rank test) and 1 V/100 Hz
parameter set (p = 0.019 and p = 0.014, correspondingly,

25 ms
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histograms demonstrating the ongoing activity of the spinal trigem-
inal neuron (c), the trigeminal neuronal response to electrical
stimulation of the dura mater (d) and the neuronal response to
single-pulse electrical stimulation of the greater occipital nerve (e).
The histograms are produced from 20 recordings, bin = 1 ms. The
arrow indicates the stimulus artifact

Wilcoxon signed rank test; Fig. 2a). However, the statis-
tical analysis based on Bonferroni correction did not con-
firm the significant differences between the actions of the
6 V/50 Hz and 1 V/50 Hz (p = 0.1), the 6 V/50 Hz and
1 V/100 Hz (p = 0.095), as well as the 3 V/75 Hz and
1 V/100 Hz stimulations (p = 0.07). Meanwhile, the sig-
nificant difference can be still found between the 3 V/
75 Hz and 1 V/50 Hz parameter sets (p = 0.049).

It should be noted that the 1 V/50 Hz combination was
more effective in the cells showing low (<1 V) threshold to
the single-pulse stimulation of the GON as compared to the
neurons demonstrating higher threshold (p = 0.004, U = 0,
Mann—Whitney—Wilcoxon test). None of the GON stimu-
lation parameter sets produced long-lasting changes in
ongoing activity of the spinal trigeminal neurons. The mean
rate of firing which was recorded in 10 min after each suc-
cessive GON stimulation, just prior the next one, at any time
point did not differ from its initial level (15.6 £ 3.4 spikes/s,
n=11,p = 0.99, Fr = 0.24, Friedman test).
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Fig. 2 Effects of preconditioning stimulation of the greater occipital
nerve (GON) with various parameters on ongoing (a) and dural
stimulation-evoked (b) activity of the spinal trigeminal neurons. Each
filled column represents corresponding mean firing rate under GON
stimulation with certain intensity and frequency (percentage versus
level just prior the nerve stimulation). Data are shown as mean
value &= SEM. Significant differences are indicated as follows:
#p < 0.05, #p < 0.01, #p < 0.001 versus corresponding pre-stimu-
lation level; *p < 0.05, **p < 0.01, ***p < 0.001 versus other
stimulation parameter combinations; the Bonferroni corrections are
omitted

Effects of GON stimulation on the responses
to electrical stimulation of the dura mater

Under preconditioning activation of the GON, the dural
stimulation-evoked responses of the studied spinal
trigeminal neurons also declined in comparison to the ini-
tial level (n = 11, p < 0.0001, Fr = 27.45, Friedman test).
Depending on the GON stimulation parameters, the sup-
pressive effect was more or less pronounced. In all cases,
there was no correlation between the sensitivity of a given
neuron to single-pulse stimulation of the GON (belonging
to the distinguished low-threshold or higher-threshold
group) and changes in its evoked activity occurred under
precondition activation of the nerve. When a stimulus of
1 V was applied to the GON with a 50 Hz frequency, the
neurons showed a decrease in the mean rate of evoked
firing to 88 = 8 % of that just prior the stimulation
(3.6 £ 0.5 versus 4.0 £ 0.5 spikes/stimulus, n = 11;
Fig. 2b). However, the reduction was not statistically sig-
nificant (p = 0.10, Wilcoxon signed rank test). At 1 V
intensity and 100 Hz frequency, stimulation of the GON
resulted in further decrease in the neuronal responses to
82 + 8 % of the value preceding the onset of the stimuli,
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although the alteration still did not reach the level of sig-
nificance (p = 0.12, Wilcoxon signed rank test).

Increasing stimulus intensity produced an enhancement
of the GON stimulation-induced inhibitory effect. Under 6 V
current pulses delivered to the GON at 50 Hz, the evoked
activity of the spinal trigeminal neurons significantly fell to
53 & 10 % of that just prior the stimulation (2.8 £ 0.6
versus 4.6 + 0.6 spikes/stimulus, n = 11, p = 0.002, Wil-
coxon signed rank test, Bonferroni correction p = 0.01;
Figs. 2b, 4). When the GON stimulation frequency was
doubled to 100 Hz, the neurons demonstrated equal decrease
in the mean rate of the evoked discharges to 53 £ 10 %
(2.9 £ 0.8 versus 5.0 £ 0.8 spikes/stimulus before the onset
of the stimuli, n = 11, p = 0.003, Wilcoxon signed rank
test, Bonferroni correction p = 0.015).

When a stimulus of 3 V was applied to the GON with a
75 Hz frequency, the reduction in the neuronal responses
was less prominent (to 68 £ 8 %; 3.4 £ 0.8 versus
47 &£ 0.9 spikes/stimulus just prior the stimulation,
n = 11). Nevertheless, the alteration was maximally sig-
nificant compared to the level preceding the onset of the
stimulation (p = 0.0009, Wilcoxon signed rank test, Bon-
ferroni correction p = 0.045).

The Friedman test revealed a significant difference
between the actions of various parameter combinations
(n =11, p = 0.001, Fr = 18.4). Thus the suppression of
the evoked firing of the spinal trigeminal neurons was
significantly greater under the 6 V/50 Hz and 6 V/100 Hz
stimulations of the GON as compared to the 1 V/50 Hz
combination (p = 0.0049 and p = 0.0049, correspond-
ingly, Wilcoxon signed rank test, Bonferroni corrections
p = 0.025 and p = 0.025) and 1 V/100 Hz parameter set
(»p = 0.003 and p = 0.007, correspondingly, Wilcoxon
signed rank test, Bonferroni corrections p = 0.015 and
p = 0.035; Fig. 2b). In turn, the inhibitory effect of the
3 V/75 Hz intensity—frequency combination was more
profound than that of the 1 V/50 Hz parameter (p = 0.04,
Wilcoxon signed rank test), though the difference did not
reach statistically significance after Bonferroni correction
(» =0.2).

None of the GON stimulation parameter sets produced
long-lasting changes in the evoked neuronal activity, which
in 10 min after each successive GON stimulation, just prior
the next one, did not differ from its initial level (4.0 & 0.5
spikes/stimulus, n = 11, p = 0.46, Fr = 3.61, Friedman
test).

Discussion
This is the first study to demonstrate that preconditioning

high-frequency suprathreshold electrical stimulation of the
greater occipital nerve produces suppression of both the
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Fig. 3 Representative native oscillographic recordings and corre-
sponding off-line processed histograms demonstrating inhibitory
effect of preconditioning stimulation of the greater occipital nerve
(GON) with 6 V intensity and 50 Hz frequency on ongoing activity of

ongoing activity of the convergent spinal trigeminal neu-
rons and their responses to electrical stimulation of the dura
mater. The inhibitory effect depended on the stimulation
parameters, being maximally pronounced when a stimulus
of 6 V was applied to the GON. This finding is in agree-
ment with the clinical data, which indicated a greater
efficiency of suprathreshold GON stimulation (Slotty et al.
2015).

The presented work was performed using an electro-
physiological model of trigemino-durovascular nocicep-
tion (Akerman et al. 2013). This model is based on
current knowledge about structural organization and
functions of the trigeminovascular system and its role in
the pathogenesis of primary headaches. The thin Ad and
C trigeminal afferent inputs from the dura mater and
large cerebral vessels are known to be the main sources
of pain in headaches (Goadsby et al. 2009; Messlinger
2009). According to the clinical observations made in the
1940s, electrical or mechanical stimulation of intracranial
vessels like the dural sinuses and the middle meningeal
artery inflicts a migraine-like headache that occurs
mostly within the distribution of the first division of the
trigeminal nerve (Penfield and McNaughton 1940; Ray
and Wolff 1940).

25 ms

the spinal trigeminal neurons. Activity of the same neuron is shown
prior (a) and under GON stimulation (b). The black line indicates the
time of the GON electrical stimulation. The histograms are produced
from 20 recordings each, bin = 1 ms

It was observed in rats and cats that electrical stimula-
tion of the superior sagittal sinus or the trigeminal ganglion
led to both disturbances of cerebral blood flow and changes
in neuropeptides’ plasma levels similar to those noted in
migraine or cluster headache attacks (Edvinsson and
Uddman 2005). Moreover, such stimulation increased the
levels of c-fos (Hoskin et al. 1999; Mitsikostas and San-
chez del Rio 2001; Schuh-Hofer et al. 2006) and spike
activity of the spinal trigeminal neurons (Storer et al.
2001, 2003; Akerman et al. 2007; Sokolov et al.
2010, 2012, 2015; Lyubashina et al. 2012), which are
shown to be intimately involved in the modulation of
nociceptive transmission from intracranial tissues (Schurks
and Diener 2008; Goadsby et al. 2009). Thus, the dural
electrical stimulation proves to be a valid method of acti-
vating the trigeminovascular system and mimicking noci-
ceptive processes occurring during headache.

The model of trigemino-durovascular nociception is
thought to be very informative in regards to studying the
pharmacodynamics of drugs with clinically proven anti-
cephalgic activity (Jakubowski et al. 2005, 2007; Sokolov
et al. 2008, 2010; Storer and Goadsby 2013) as well as to
searching for new medications to treat headache (Akerman
et al. 2007; Charbit et al. 2009; Lambert et al. 2009;
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Andreou et al. 2015; Sokolov et al. 2015). However, apart
from evaluation of various pharmacological substances’
effects, the model allows uncovering the mechanisms
underlying action of non-pharmacological primary head-
ache treatments, specifically different types of electrical
neurostimulation. Indeed, in our previous study we have
shown that continuous electrical stimulation of the cervical
vagus nerve altered activity of the spinal trigeminal neu-
rons, producing predominantly inhibitory effect on their
dural stimulation-evoked as well as ongoing firings (Lyu-
bashina et al. 2012); these findings directly contribute to
the current knowledge of neurophysiological processes
involved in providing therapeutic efficacy of the vagus
nerve stimulation (VNS) in drug-resistant chronic
headaches.

In the present study, preconditioning electrical stimu-
lation of the greater occipital nerve resulted in similar,
while much more pronounced and unequivocal, changes
in trigeminal neuronal activity. This observation corre-
lates well with the preferential use of the GON electrical
stimulation, as evidently more effective type of
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electrotherapy, for non-pharmacological treatment of
intractable headaches (Magis and Schoenen 2011a; Jiir-
gens and Leone 2013; Rasskazoff and Slavin 2013;
Lambru and Matharu 2014) and allows us to look on
VNS and GON stimulations as being comparable head-
ache treatments sharing common anticephalgic action
mechanisms. The last assumption needs explanation from
the neurophysiological point of view.

The caudal portion of the STN, in other words, the
trigeminal nucleus caudalis, extends to the level of C2—-C3,
forming a very broad overlapping zone with the ipsilateral
dorsal horn of the upper cervical spinal cord segments, that
is within the C1-C2 segments the STN grey matter is
immediately adjacent to the grey matter of the spinal dorsal
horn. This fact determines the morphological and func-
tional unity of these structures suggesting that they may be
considered as a single neuroanatomical formation, known
as the “trigeminocervical complex” (Bartsch and Goadsby
2002, 2003a, b; Storer et al. 2003; Schurks and Diener
2008; Goadsby et al. 2009). Evidently, the effects of GON
stimulation on activity of the STN dura-sensitive neurons
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are enabled due to the convergence of the greater occipital
nerve and trigeminal afferents on such cells (Bartsch and
Goadsby 2002, 2003a; Bartsch 2005).

It is the convergence of meningeal and cervical noci-
ceptive inputs on the STN neurons is thought to be a cause
for the neck pain being both a trigger and a complication of
headache attacks or an accompanying symptom (Bogduk
2001; Bartsch 2005; Goadsby 2005; Schurks and Diener
2008; Watson and Drummond 2012; Ashina et al. 2015).
The so-called myofascial trigger points (mechanical stim-
ulation of which can provoke an episode of cephalalgia,
whereas local anesthetic infiltration prevents or stops the
attack) are frequently revealed in the cervico-occipital
region of patients with migraine, tension-type and cluster
headaches, confirming thus the existence of the cervico-
trigeminal convergence as well as explaining the successful
use of botulinum toxin in the preventive therapy of primary
headaches (Mauskop 2004; Calandre et al. 2006, 2008;
Garcia-Leiva et al. 2007; Alonso-Blanco et al. 2012;
Robertson and Garza 2012).

It has been reported that painful stimulation of the GON
in healthy volunteers induced ipsilateral headache (Piove-
san et al. 2001, 2003). In rats, electrical stimulation of the
GON, as well as chemical activation of its cutaneous or
muscle afferents, have been found not only to facilitate
spike activity and c-fos expression in the spinal trigeminal
neurons, but also substantially increase their excitability to
dural stimulation (Bartsch and Goadsby 2002; Le Doare
et al. 2006; Panfil et al. 2006). In turn, chemical activation
of the dural afferents significantly facilitated trigeminal
neuronal responses to electrical stimulation of the GON
and to mechanical stimulation of the deep paraspinal
muscles (Bartsch and Goadsby 2003a). These findings
confirm the existence of anatomical basis for the devel-
opment of cervicogenic cephalalgias (Bogduk 2001; Chou
and Lenrow 2002; Biondi 2005), tension-type headaches
(Ashina et al. 2005; Fernandez-de-las-Pefas et al. 2008;
Watson and Drummond 2012), as well as for the spreading
of migraine pain to occipital and cervical areas (Goadsby
2005), suggesting thus an important role of the trigemino-
cervical convergence in the pathogenesis of primary
headaches.

In the light of the above, the use of the GON blockade
with local anesthetics or corticosteroids as a therapy for
drug-resistant cluster headache and migraine seems to be
quite reasonable (Ambrosini et al. 2005; Ashkenazi and
Levin 2007; Saracco et al. 2010). In turn, the opposite
procedure—electrical stimulation of the GON—despite its
potentiality to induce headache attacks, has been shown to
be effective in the treatment of various types of cephalalgia
(Magis and Schoenen 2011a, b; Lambru et al. 2014;
Tavanaiepour and Levy 2014; Dodick et al. 2015). The
dual clinical data suggest that trigemino-cervical

convergence mechanisms can be inhibitory or excitatory,
and thus can inhibit, induce or potentiate pain. The type of
convergence has been proposed to depend on underlying
disease and nociceptive status of the patient rather than on
intensity of the GON stimulation (Piovesan et al. 2007).
For example, the electrical stimulation of the GON can
relieve pain in migraine attacks, but is able to induce
headache during interictal periods.

Such a point of view seems quite suitable for explana-
tion of the results obtained in the present study. Indeed, in
our experiments two afferent inflows induced by electrical
stimulations of trigeminal and cervico-occipital sensory
fibers converged onto single neurons of the STN. Theo-
retically, the interaction between these afferent inputs
might equally be synergistic (resulting in increased neu-
ronal responses to dural stimulation) or antagonistic (when
the dural stimulation-evoked firing is suppressed by stim-
ulation of the GON).

In our experiments, the second type of the interaction
was only revealed, indicating the predominance of inhibi-
tory cervico-trigeminal convergence mechanisms. In con-
trast to this, the study done by Bartsch and Goadsby (2002)
showed that supramaximal electrical stimulation of the
GON enhanced afferent dural input in 8 of 20 tested
trigeminal neurons, while in 4 neurons an initial decrease
in excitability to dural electrical stimulation was observed
within the first 10 min after GON stimulation. This dis-
crepancy could probably be explained by the difference in
the chosen parameters and protocol of the nerve stimula-
tion. Indeed, in the work cited above a single session of
continuous GON stimulation (2 ms, 5-30 V) was applied
at 0.5 Hz for between 20 s and 5 min, whereas in the
present study we used short-time (250 ms) high-frequency
(50-100 Hz) trains of suprathreshold pulses (1-6 V) with a
duration of 0.4 ms, which were repeatedly delivered to the
GON (20 trains, one per 3 s). In our experiments, GON
stimulation in the chosen mode effectively inhibited not
only the dural electrical stimulation-evoked responses, but
also the ongoing activity of trigeminal neurons, indicating
thus the GON stimulation-induced decrease in the STN
general neuronal excitability.

Since all neurons tested in this study received conver-
gent excitatory inputs from both the occipital and the dural
afferents, it seems quite possible that preconditioning high-
frequency electrical stimulation of the GON could induce
in a given convergent neuron a progressively increasing
refractory state in which the neuronal susceptibility to all
subsequent stimuli, including those from the dura mater,
was depressed. A consequence of this might be the atten-
uation of the dural stimulation-evoked responses as well as
the ongoing activity of the STN neurons we observed under
preconditioning GON stimulation. However, it has been
demonstrated previously that stimulation of the GON,
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although with other stimulus parameters, resulted in a
sensitization of the spinal trigeminal neurons, as mani-
fested by steady increase in their excitability (Bartsch and
Goadsby 2002). Thus, the same type of the nerve stimu-
lation, depending on its mode, frequency and intensity, is
able to cause opposite changes in the STN neuronal
activity.

It cannot be ruled out that the long-term application of
high-frequency GON stimulation of an optimal intensity in
headache patients may result in the STN neurons becoming
insensitive (habituated) to intracranial painful stimuli. It is
pertinent to note here that both habituation and sensitization
can occur in the trigeminal system (Condes-Lara et al. 1981;
Goadsby 2005; Serrao et al. 2010), and an imbalance
between these processes, or more simply, the deficiency of
habituation, plays a key role in the pathogenesis and
chronification of headaches (Perrotta et al. 2008; Coppola
et al. 2013; Kalita et al. 2014). Interestingly, severe cuta-
neous allodynia is associated with substantially decreased
response to treatment with occipital transcutaneous electri-
cal stimulation in patients with chronic migraine and chronic
tension-type headache (Bono et al. 2015), suggesting thus
that the higher and more steady the level of trigeminal neu-
rons’ sensitization, the more problematic the attempt to
reduce their excitability by the occipital nerve stimulation.

Apart from the speculations on the development of
refractoriness in the STN cells, the GON stimulation-in-
duced reduction in the neuronal activity may be explained
by the involvement of yet unidentified central and/or
peripheral inhibitory mechanisms (Bartsch and Goadsby
2011). Second-order neurons of the trigemino-cervical
complex are known to provide substantial inputs to various
supraspinal sites, including the brainstem structures of the
endogenous antinociceptive systems (Noseda et al. 2008;
Liu et al. 2009; Edvinsson 2011), which, in turn, are
involved in the descending modulatory control of
trigeminovascular nociception (Schurks and Diener 2008;
Goadsby et al. 2009; Abdallah et al. 2013). It is entirely
possible that the GON stimulation-evoked discharges of the
spinal trigeminal neurons can contribute to the activation of
subcortical pain-modulating centees, promoting thus the
descending inhibition of the meningeal afferent signal
processing in the STN (Bartsch 2005). However, the
development of such inhibition seems to require some time.

It has been suggested that anticephalgic action of GON
stimulation is realized via slow neuromodulatory processes
at the level of upper brain stem or diencephalic centers
(Magis et al. 2007). As seen on positron emission tomog-
raphy scan, the occipital nerve stimulation in patients with
cluster headache (Magis et al. 2011) and chronic migraine
(Matharu et al. 2004) appears to stimulate normalization of
metabolism and regional blood flow changes in several
suprasegmental areas of the pain neuromatrix. The authors
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noted, however, that it took at least 1 month to see the
improvements, whereas in our experiments the neuronal
effect of GON stimulation became apparent almost
immediately.

In the light of the above, the results of the present study
may be explained by the gate control theory (Melzack and
Wall 1965), which asserts the existence of negative feedback
between activity of large-caliber non-nociceptive afferents
and transmission of pain signals at the segmental level
(Schwedt 2009; Lambru and Matharu 2012). According to
this theory, electrical stimulation of thick AP fibers in the
GON can cause inhibition of nociceptive stimuli delivered
by AJ trigeminal afferents, with a consequent attenuation of
the STN evoked neuronal activity. Such mechanism can
work if at the same time thin nociceptive fibers are inacti-
vated, which has indeed been shown to occur at stimulation
frequencies of more than 10 Hz (Weidner et al. 2003) due to
a progressive inactivation of sodium channels (De Col et al.
2008). The suppression of trigeminal Ad input may be
realized directly within the STN via, for example, facilitation
of GABA/glycine-ergic inhibitory interneurons and the fol-
lowing pre- and/or post-synaptic suppression of nociceptive
signal transmission in the first synapse of the trigeminal
pathway (Sokolov et al. 2014). However, further studies are
needed to confirm or refute this assumption.

Magis and colleagues, with reference to Bartsch and
Goadsby (2003a) and Le Doaré and co-authors (2006),
wrote in 2011: “It was speculated that ONS might exert its
action by decreasing excitability of second order nocicep-
tors in trigeminal nucleus caudalis on which converge
cervical, somatic trigeminal and visceral trigeminovascular
afferents.” We suppose that the results of the present study
provide convincing evidence in support of this hypothesis
and at this point it can be suggested with certainty that one
of the main components of neural mechanism underlying
anticephalgic action of GON electrical stimulation is the
suppression of nociceptive processing at the level of STN.
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