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The trigeminal nerve, the fifth cranial nerve, is known to innervate much of the cerebral
arterial vasculature and significantly contributes to the control of cerebrovascular tone in
both healthy and diseased states. Previous studies have demonstrated that stimulation
of the trigeminal nerve (TNS) increases cerebral blood flow (CBF) via antidromic,
trigemino-parasympathetic, and other central pathways. Despite some previous reports
on the role of the trigeminal nerve and its control of CBF, there are only a few studies that
investigate the effects of TNS on disorders of cerebral perfusion (i.e., ischemic stroke,
subarachnoid hemorrhage, and traumatic brain injury). In this mini review, we present
the current knowledge regarding the mechanisms of trigeminal nerve control of CBF,
the anatomic underpinnings for targeted treatment, and potential clinical applications of
TNS, with a focus on the treatment of impaired cerebral perfusion.

Keywords: trigeminal nerve, trigeminal nerve stimulation, cerebral blood flow, cerebral perfusion,
cerebrovascular resistance, neurogenic control of cerebral vasodilation

INTRODUCTION

Disordered cerebral perfusion, specifically inadequate perfusion leading to neurological injury,
plays a major role in multiple disease processes including, but not limited to, acute ischemic stroke
(AIS) (Prabhakaran et al., 2015), subarachnoid hemorrhage (SAH) (Ciurea et al., 2013; Baggott and
Aagaard-Kienitz, 2014), and traumatic brain injury (TBI) (Vella et al., 2017; O’leary and Nichol,
2018). Cerebral blood flow (CBF) is normally determined by cerebral perfusion pressure (CPP) and
cerebrovascular resistance (CVR). In turn, CVR is itself dependent on the degree of vasodilation,
resistance, and blood viscosity (Fantini et al., 2016). The brain relies mostly on changes in vessel
caliber and systemic arterial pressures to maintain CBF (Ter Laan, 2014). In pathologic states,
these normal homeostatic mechanisms may be impaired, resulting in neuronal injury and death
(Silverman and Petersen, 2020). As such, improving CBF, either by vasodilation or by elevating
mean arterial pressure (MAP) to improve CPP, can be used to prevent ischemic injury and preserve
at risk tissue. While numerous pharmacological strategies to improve cerebral perfusion have been
put forth for the treatment of injured brains (Brott and Bogousslavsky, 2000; Prabhakaran et al.,
2015; Lawton and Vates, 2017; Anghinah et al., 2018), most have failed to show even marginal
benefit, emphasizing the importance of developing novel strategies.

Neurogenic control of CBF and autoregulation via the trigeminal nerve is of special interest
as a mechanism that can be potentially harnessed to induce cerebral vasodilation, restore
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cerebral autoregulation, and improve cerebral perfusion. The
trigeminal nerve is the largest cranial nerve, arising from
the pons and dividing at the trigeminal ganglion into three
branches (ophthalmic, maxillary, and mandibular) innervating
most of the face, dura, and intracranial vessels (Kumada et al.,
1977; DeGiorgio et al., 2011), with points easily accessible for
percutaneous or transcutaneous manipulation. It also directly
connects to vasomotor centers in the brainstem, chief among
them the rostral ventral lateral medulla (RVLM) (Kumada
et al., 1977; Goadsby et al., 1996; DeGiorgio et al., 2011).
There have been promising initial reports on harnessing the
trigeminal nerve via electrical stimulation (TNS) to restore
homeostasis in the setting of disordered perfusion (Salar et al.,
1992; Atalay et al., 2002; Shiflett et al., 2015; Chiluwal et al.,
2017; Li et al., 2019). However, the study of the trigeminal nerve
on cerebral vasculature has, up until this point, been mostly
focused on its effect on disordered intra and extracranial CBF
in the setting of migraine (Vecchio et al., 2018; Ashina et al.,
2019; Iyengar et al., 2019). Furthermore, although TNS plays
a pivotal role in the regulation of CBF, the effects of TNS on
a perfusion-compromised brain remain unclear. In this review,
we discuss the current understanding of mechanisms by which
the trigeminal nerve controls CBF, the anatomic underpinnings
of this control, and its potential in treatment of diseases of
insufficient cerebral perfusion.

MECHANISMS BEHIND TRIGEMINAL
NERVE CONTROL OF CEREBRAL
BLOOD FLOW

Stimulation of the trigeminal nerve has a threefold effect on
cerebral vasculature, with each individual action leading to
increased CBF (Figure 1). There is an antidromic impulse from
the trigeminal nerve itself, which induces release of vasoactive
peptides onto the cerebral vasculature, a parasympathetic reflex
arc driven by sensory afferents of the trigeminal nerve, and a
direct, central effect mediated through the RVLM. Each of these
will be described in brief.

Antidromic Pathway
The sensory branches of the trigeminal nerve spread across most
of the face and directly innervate much of the cerebral vasculature
(Shankland, 2000). Stimulation of these sensory nerves activates
a pathway originating at the trigeminal ganglion that leads
to antidromic release of neurotransmitters, vasodilation, and
increases in CBF (Goadsby et al., 1988; Mense, 2010; Goto et al.,
2017). This antidromic pathway was clearly delineated in 1974,
when, after applying a parasympathetic blockade, TNS continued
to induce elevations in CBF (Lang and Zimmer, 1974). Calcitonin
gene-related peptide (CGRP), an extremely potent vasodilator,
is likely the neurotransmitter that drives this vasodilatory effect
(Edvinsson et al., 1987). Given the high concentration of CGRP
in the trigeminal ganglion, it is likely produced in the ganglion
and then transported to the free nerve endings surrounding
the cerebral blood vessels, driving vasodilation, decreasing
CVR, and increasing CBF (Messlinger, 2018). Other vasoactive

peptides, including pituitary adenylate cyclase-activating peptide
(PACAP), nitric oxide (NO), substance P, adenosine triphosphate
(ATP), and neurokinin A, have been identified in either the free
sensory nerve endings or the trigeminal ganglion (Uddman and
Edvinsson, 1989; Gulbenkian et al., 2001), and are released as co-
transmitters (Goto et al., 2017). However, it seems that CGRP has
the most robust effect (Goadsby, 1993). The focal vasodilatory
effect of CGRP release may be a promising mechanism to address
diseases of cerebral vasospasm, as evidenced by previously
observed increases in CGRP and decreased vasoconstriction in a
rat model of SAH with TNS (Li et al., 2021). Though previous
clinical studies in humans have shown that CGRP infusion
following SAH can normalize cerebrovascular tone (Juul et al.,
1994), further applications have been limited by the side effects
inherent in the systemic application of a vasodilatory agent
(European CGRP in SAH study, 1992; Kokkoris et al., 2012).

Trigeminal Parasympathetic Pathway
Given the extensive spread of the trigeminal nerve, it is
unsurprising that it would intersect and overlap with other
cranial nerves (Tubbs et al., 2005; Shoja and Oyesiku, 2014),
potentially allowing stimulation of the trigeminal nerve to
cross-stimulate these intersecting nerves. One such nerve is
the facial nerve, whose parasympathetic branches intersect with
the trigeminal nerve at the sphenopalatine ganglion (SPG)
and potentially the brainstem (Tubbs et al., 2005; Nturibi
and Bordoni, 2020). While TNS-induced release of CGRP
increases CBF, previous animal models have demonstrated that
inhibition of CGRP does not completely abolish the response
(Goadsby, 1993), partially due to the trigemino-parasympathetic
reflex arc. Stimulation of sensory afferents from the trigeminal
nerve results in parasympathetic vasodilation of the cerebral
vasculature via interactions with the facial nerve and SPG
(Lambert et al., 1984; Goadsby and Edvinsson, 1993; Branston,
1995). Though immunohistochemical studies have demonstrated
that CGRP-containing sensory neurons are found in the SPG
(Csati et al., 2012), parasympathetic nerve fibers have been
found to release vasoactive molecules including acetylcholine
(Ebersberger et al., 2006; Shelukhina et al., 2017), vasoactive
intestinal peptide (Edvinsson et al., 1988; Goadsby and Shelley,
1990), PACAP (Uddman et al., 1993; Zagami et al., 2014),
and NO (Goadsby et al., 1996), but not the aforementioned
CGRP. This does ultimately result in increased CBF, decreased
CVR, and cerebral vasodilation, but not via the same operative
vasodilator (Goadsby et al., 1984). Though it has been seen
that facial nerve stimulation and activation of the SPG may be
protective in cerebrovascular disease (Borsody et al., 2013, 2014;
Borsody and Sacristan, 2016; San-Juan et al., 2019), this has
not been harnessed through the trigeminal nerve. It is thought
that the decrease in CVR subsequently protects against impaired
perfusion and worsening ischemia, with studies suggesting a
large role for the parasympathetic system in pathologic states
(Hamel, 2006).

Central Pathway
The third pathway originates in the trigeminal ganglion
itself through its brainstem projections (McCulloch et al.,
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FIGURE 1 | Schematic representation of the mechanisms behind trigeminal nerve control of cerebral blood flow. (1) The antidromic pathway: stimulation of sensory
branches of the trigeminal nerve activates a pathway originating at the trigeminal ganglion that leads to antidromic release of neurotransmitters, vasodilation, and
increases in CBF. It is presented in purple. (2) The trigeminal parasympathetic pathway: stimulation of sensory afferents from the trigeminal nerve results in
parasympathetic vasodilation of the cerebral vasculature via interactions with the facial nerve and SPG. It is presented in green. (3) The central pathway: activation of
RVLM causes cerebral vasodilation as well as inducing increased MAP leading to increased CBF. It is presented in blue. ATP, adenosine triphosphate; CBF, cerebral
blood flow; CGRP, calcitonin gene-related peptide; MAP, mean arterial pressure; NO nitric oxide; PACAP, pituitary adenylate cyclase-activating peptide; SPG,
sphenopalatine ganglion; TG, trigeminal ganglion; RVLM, rostral ventrolateral medulla; VIP, vasoactive intestinal peptide.

1999; Golanov et al., 2000; Panneton and Gan, 2014). Once
blood vessels leave the Virchow–Robin space, they lose their
extrinsic innervation and are subsequently governed by intrinsic
innervation projecting mostly from subcortical structures
(Hamel, 2006). The trigeminal ganglion projects directly to the
RVLM, an important medullary nucleus associated with systemic
vasomotor control (Golanov et al., 2000; Panneton and Gan,
2014). With stimulation of the trigeminal nerve, a group of
cells in the RVLM activate and cause peripheral vasoconstriction
and subsequent MAP increase via adrenergic signaling pathways,
ultimately directing blood toward ischemia prone organs such
as the brain (McCulloch et al., 1999). Activation of RVLM
also induces elevations in CBF independent of systemic blood
pressure (BP), cerebral oxygen consumption, and metabolic
demand, in an NO-dependent manner, via intrinsic projections
(Golanov and Reis, 1994; Golanov et al., 2000). As such,
stimulation of the RVLM induces elevations in CBF both
from peripheral shunting by increasing MAP (Dutschmann and
Herbert, 1998; McCulloch et al., 1999), therefore increasing CPP
via vasodilation of the cerebral microvessels through intrinsic
neuronal projections (Golanov and Reis, 1994; Golanov et al.,
2000). This mechanism takes advantage of both maintaining, and
in fact increasing, systemic BP, while simultaneously reducing

CVR to preferentially shunt blood to the brain and increase
CBF and may be especially useful in certain pathologic states
such as SAH or for the prevention of secondary injury in
the setting of TBI.

NEUROANATOMICAL BASIS OF
TRIGEMINAL NERVE CONTROL OF
CEREBRAL BLOOD FLOW

Stimulation of the trigeminal nerve may be topographically
oriented, with specific branches leading to increased CBF in
specific regions of the intracranial arterial tree (Figure 1). The
majority of the intracranial blood vessels and dura are innervated
by the ophthalmic division of the trigeminal nerve, the maxillary
division innervates the skin over the midface, and the mandibular
division innervates the jaw as well as the tongue (Brown,
1997). Research has shown that stimulation of each division has
differential effects on the CBF (Table 1).

Ophthalmic Division (V1)
The ophthalmic division of the trigeminal nerve innervates most
of the cerebral blood vessels and the dura, as well as the skin
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TABLE 1 | Effects of electrical stimulation of the trigeminal nerve on cerebral blood flow.

Stimulation
target

Stimulation
method

Study group Stimulation parameters Result of stimulation on CBF Adverse events Study

Frequency Pulse
amplitude

Pulse
width

Waveform Burst
width

Observation Location

Opthalmic
division

Minimally invasive
EA, supraorbital
nerve

Awake, resting
humans

100 Hz 0.25 ms 1 min ↑ CBF Prefrontal
cortex

No adverse
events occurred

Suzuki et al.,
2020

Invasive, right
nasociliary nerve

Anesthetized rats 3, 10, 30, and
60 Hz

5 V 0.5 ms Square
Monophasic

90 s ↑ CBF w/↑
frequency

Ipsilateral
parietal cortex

No adverse
events reported

Suzuki et al.,
1990

Invasive, nasociliary
nerve

Anesthetized,
paralyzed cats

0.5, 1.5, 10, and
20/s

100 uA 0.25 ms Square ↑ CBF Posterior
parietal cortex

No adverse
events reported

Edvinsson
et al., 1998

Non-invasive,
transcorneal,
nasociliary nerve

Anesthetized rats
with SAH

30 Hz 3 mA 1 ms Biphasic 30 s ↑ CBF
↓ CVR
w/and w/out SAH

Middle cerebral
artery

No adverse
events reported

Atalay et al.,
2002

Non-invasive,
nasociliary nerve

Anesthetized
rabbits

10 Hz 1, 2, 3, 4,
and 5 V

0.5 ms Square 90 s ↑ CBF as a function
of voltage (1–5 V)

Premotor
cortex

No adverse
events reported

Gürelik et al.,
2004

Subcutaneous Anesthetized rats
with MCAO

25 Hz 60 µA 0.5 ms Rectangular
Cathodal

75 min Not stated for
electrical

Parietal cortex No adverse
events reported

Shiflett et al.,
2015

Invasive and
subcutaneous
Intermittent

Anesthetized rats
with TBI

25 and 100 Hz 1–3 V 0.5 ms Rectangular
Biphasic

1 min ↑ CBF and ↓CVR
w/and w/out TBI

Ipsilateral
cortex

No adverse
events reported

Chiluwal et al.,
2017

Maxillary
division

Percutaneous,
infraorbital nerve

Anesthetized rats 2 Hz 1.2 mA 1 ms 210 s ↑ CBF Barrel cortex No adverse
events reported

Weber et al.,
2003

Percutaneous,
infraorbital nerve

Anesthetized rats 0.25, 0.5, 1.0,
2.0, 3.0, 5, 8,
10, and 12 Hz

2 mA
1–6 mA
(1 Hz)

0.1 ms Square 60 s ↑ CBF as a function
of frequency, up to
3 Hz

Barrel cortex No adverse
events reported

Just et al.,
2010

Percutaneous,
infraorbital nerve

Anesthetized rats
with HS

25 Hz 7 V 0.5 ms Rectangular
Biphasic

1 min ↑ CBF after
hemorrhagic shock

ML: +2 mm;
AP: −2 mm

No adverse
events reported

Li et al., 2019

Percutaneous,
infraorbital nerve

Anesthetized rats 50 and 133 Hz 0.25–3 V 1 ms Rectangular
Biphasic

1 min ↑ CBF
↓ CVR
↑ CGRP

ML: +2 mm;
AP: −1 mm

No adverse
events reported

Li et al., 2021

Mandibular
division

Invasive, cut end of
lingual nerve

Anesthetized rats 1–30 Hz 1–30 V 2 ms 20 s No effect Parietal cortex No adverse
events reported

Ishii et al., 2014

Invasive, cut end of
lingual nerve

Anesthetized cats 10 Hz 5–40 V 2 ms 20 s No effect on CBF Frontal cerebral
cortex

Sato et al.,
1997

Ganglion Invasive Anesthetized cats 10/s 500 uA 0.25 ms Square ↑ CBF Frontal and
parietal cortex

No adverse
events reported

Goadsby and
Duckworth,
1987

Invasive Anesthetized cats 0.5, 1, 2, 5, 10,
and 20/s

250 uA 0.25 ms Square 30 s ↓ CVR Parietal cortex No adverse
events reported

Goadsby et al.,
1997

Invasive, distal end Isolated canine
brains attached to
anesthetized
canines

50 Hz 10 V 1 ms Rectangular
Square

20 ms ↑ CBF
↓ CVR

Global No adverse
events reported

Lang and
Zimmer, 1974

Invasive Anesthetized pigs 45/s 2.5 V
75 A

0.2 ms 3 h ↑ CBF w/and w/out
SAH

Global No adverse
events reported

Salar et al.,
1992
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over the forehead. The nasociliary nerve, which originates from
the ophthalmic branch of the trigeminal nerve, contains major
vasodilatory innervation for the middle cerebral artery (MCA)
(Suzuki et al., 1989; Hosaka et al., 2016), and its stimulation
results in the release of vasoactive neuropeptides from the
free nerve ending, such as PACAP, substance P, and CGRP
(Atalay et al., 2002; Gürelik et al., 2004; Ayajiki et al., 2005).
Clearly, stimulation of V1 induces CBF increases due to the
activation of all three mechanisms discussed above (Goadsby,
1993). Interestingly, stimulation of the dura along the superior
sagittal sinus leads to elevated CBF, which is relatively more
than when the trigeminal ganglion alone is stimulated (Goadsby
and Duckworth, 1987). Further, it has been demonstrated in the
setting of experimental TBI that stimulation of the nasociliary
branch of the ophthalmic division of the trigeminal nerve can
increase both CBF and brain tissue oxygenation (Chiluwal et al.,
2017), and TNS following SAH retains the effect of elevated CBF
and decreased CVR (Atalay et al., 2002). Importantly, the findings
of greater CBF and vasodilation have been preliminarily observed
in humans, with demonstrations of increased vessel diameter
with pain stimulation of the V1 territory (May et al., 2001)
and increased CBF with electroacupuncture of the supraorbital
nerve (Suzuki et al., 2020). Given that increases in CBF have
been demonstrated in experimental pathological models, and an
increase in CBF has been observed in healthy humans, it is not
an unreasonable assumption that stimulation of V1 represents a
promising therapeutic target.

Maxillary Division (V2)
The maxillary division innervates the skin over the midface and
upper lip and maintains projection to the medullary dorsal horn
and RVLM (Panneton and Gan, 2020). Though few papers have
addressed the role of the maxillary division of the trigeminal
nerve in altering CBF (Li et al., 2019, 2021), previous research
has demonstrated clinical utility of V2 stimulation in the setting
of epilepsy (DeGiorgio et al., 2003, 2006, 2009; Pop et al.,
2011; Gil-López et al., 2020). Li et al. (2019) demonstrated
that stimulation of the infraorbital branch of the maxillary
nerve leads to improved cerebral perfusion in the setting of
central hypovolemia. In this animal model, stimulation of the
infraorbital nerve induced MAP and CBF increases, leading to
improved brain tissue oxygenation. Further, in later experiments
(Li et al., 2021), the observed increase in CBF was shown to be
mediated via vasodilation and associated with increases in brain
CGRP levels. Through combined monitoring of intracranial
pressure, MAP, and CBF, they also demonstrated that TNS is
capable of maintaining targeted cerebral perfusion thresholds
in addition to vasodilation. They further demonstrated in an
animal model of SAH that constriction of the internal carotid
artery (ICA), one of the cerebral vessels affected by SAH, was
significantly improved with TNS treatment.

Mandibular Division (V3)
The mandibular division provides sensation to the jaw, lower
lip, and anterior two-thirds of tongue. It is the only division
of the trigeminal nerve that has motor fibers which innervate
the muscles of mastication (Shankland, 2001). In contrast to the

above sections of the trigeminal nerve, whose stimulation results
in increased CBF, stimulation of the mandibular division has an
unclear effect on CBF, with electrical stimulation of the lingual
nerve increasing blood flow within the ICA, common carotid
artery, lower lip, and palate (Sato et al., 1997; Ishii et al., 2014; Lapi
et al., 2014, 2016). While this increase in blood flow is mediated
via vasodilation, and the mandibular division is known to cause
the release of CGRP into the bloodstream (Hill and Elde, 1988;
Tsai et al., 1988; Kudo et al., 2019), it is not clear whether the said
vasodilation and CGRP release are present within the cerebral
intracranial vasculature. That being said, physical mandibular
extension (submaximal mouth opening) has been shown to cause
NO-related pial arteriolar vasodilation driven by trigeminal nerve
afferents, ultimately resulting in CBF increases (Lapi et al., 2014,
2016). In contrast, direct electrical stimulation of the lingual
nerve has not been shown to increase CBF (Sato et al., 1997;
Ishii et al., 2014). Though both methods stimulate the mandibular
division, the differing stimulation methods and anatomical
localization support the hypothesis that differential trigeminal
stimulation results in geographically distinct vasodilatory effects.

Trigeminal Ganglion
The trigeminal ganglion (Gasserian ganglion), located in the
base of the skull, receives sensory input from all the branches
of the trigeminal nerve and projects subsequently to numerous
brainstem nuclei (Kumada et al., 1977; DeGiorgio et al., 2011).
Direct stimulation of the trigeminal ganglion in experimental
models has been found to lead to CBF increases and reductions in
systemic BP (Lang and Zimmer, 1974; Goadsby and Duckworth,
1987; Salar et al., 1992; Goadsby et al., 1997). A frequency-
dependent decrease in CVR and carotid flow has been observed
when stimulating the ganglion, while stimulation of the superior
sagittal sinus results in a resistance reduction within the cerebral
circulation, with a negligible effect upon carotid flow (Goadsby
et al., 1997). Given that stimulation of the ganglion led to CBF
increases and BP reductions, the driver of elevated CBF was likely
cerebral vasodilation rather than BP elevation. Stimulation of the
trigeminal ganglion drives the release of CGRP from the free
nerve endings of the trigeminal nerve (Iyengar et al., 2019), as
well as direct release from the ganglion itself (Eftekhari et al.,
2010). Even though all three branches of the trigeminal nerve
feed into the same ganglion, they do not have the same effect
upon stimulation.

THE EFFECT OF TRIGEMINAL NERVE
STIMULATION ON DISORDERED
CEREBRAL PERFUSION

The trigeminal nerve plays a pivotal role in CBF regulation by
inducing cerebral vasodilation as well as by increasing systemic
BP. Given this unique ability, it is somewhat surprising that
this mechanism has only recently been applied to disorders of
the cerebral perfusion. While inhibition of CGRP has proven
effective in the setting of migraine (Edvinsson et al., 2018),
which is a disorder of aberrant vasodilation by trigeminovascular
system, very few studies have applied this principle to impaired
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CBF. Pathologies such as AIS, SAH, and TBI, all demonstrate
disordered cerebral perfusion (Ciurea et al., 2013; Baggott and
Aagaard-Kienitz, 2014; Prabhakaran et al., 2015; Vella et al., 2017;
O’leary and Nichol, 2018) and could potentially benefit from
stimulation of the trigeminal nerve.

In the setting of SAH, there are only three articles which
have addressed possible therapeutic application of TNS. One
demonstrated that Gasserian ganglion stimulation following
SAH increased CBF (Salar et al., 1992), another showed
that nasociliary stimulation (V1) following SAH resulted in
elevated CBF and decreased CVR (Atalay et al., 2002), and
the last showed that infraorbital stimulation (V2) resulted
in increased CBF and CGRP levels, decreased CVR, and
dilated ICA (Li et al., 2021). Similarly, the current literature
on TNS for the treatment of ischemic stroke is quite
limited. In a rat model of AIS, the authors found that
TNS induced elevations in CBF and decreases in CVR,
ultimately resulting in decreases in ischemic lesion volume
(Shiflett et al., 2015). Other studies have demonstrated that
electro-acupuncture of the scalp, at points innervated by the
trigeminal nerve, led to decreased infarct volume and improved
neurological function in animal models (Wang et al., 2014;
Zheng et al., 2020). Additionally, the one paper which assessed
the effect of TNS immediately following TBI indicated that
it led to increased CBF due to decreased CVR, resulting in
increased brain oxygenation and decreased neuroinflammation
(Chiluwal et al., 2017).

As opposed to the systemic administration of medication,
electrical TNS may be ideal for the treatment of these various
pathologies as it is generally safe, has very few potential side
effects, with no reported significantly adverse events (Table 1),
can be administered to the targeted area non-invasively, and
can be interrupted at any time (Gildenberg, 2006; Krames et al.,
2009; Famm et al., 2013; Riederer et al., 2015; Leonard et al.,
2017; Redgrave et al., 2018; Chou et al., 2019). However, with
electrical non-invasive stimulation, the stimulation parameters
need to be optimized, and the ideal target region for stimulation
must be determined (Table 1). Currently, pre-clinical studies
exhibit variability in electrical stimulation parameters, with little
to no consistency even within publications from the same group.
Given that few studies to date have determined if TNS is
purely an “on–off” phenomenon, or if voltage and frequency
can be tailored to elicit specific responses, this research would
be critically important in the clinical setting. Further, it is vital
that research be completed into the determination of why and
to what degree stimulation of different trigeminal branches

results in different effects. Though it is quite possible that
the functional separation of the branches is due to the wide
physical territory it spans, and the variation in surrounding
anatomical structures, it is also possible that the reason is
far more complex and could complicate future applications.
Therefore, it is clear that a great deal of further investigation is
needed into the potential effects of trigeminal nerve stimulation,
its role in modulating cerebral perfusion, the sensitivity of
different stimulation targets, and whether these effects are indeed
significantly cerebro-protective.

CONCLUSION

Many studies to date have demonstrated the successful regulation
of CBF by TNS (Figure 1 and Table 1), providing the basic
framework upon which to build future investigations into its
potential applicability to various disorders of cerebral perfusion.
Stimulation of the trigeminal nerve clearly has a significant
impact on cerebral perfusion in both normal conditions and
pathologic states; however, the potential of this approach to
improve the recovery of patients with disordered perfusion has
yet to be explored. In order to harness TNS for clinical application
in diseases of inadequate cerebral perfusion, it is important to
establish a better understanding of the molecular, physiologic,
and anatomic underpinnings of TNS, and to establish which
parameters are optimal in each disease state.

AUTHOR CONTRIBUTIONS

TW and KP performed the literature search and compiled the
manuscript. KS drew the figure and revised the manuscript.
HW and RN critically reviewed and revised this review article.
CL conceptualized the theme of the review and edited the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

Some of the work described in this article was supported
by the US Army Medical Research and Materiel Command
(USAMRMC) under award number W81XWH-18-1-0773 and
National Institute of Neurological Disorders and Stroke of the
National Institutes of Health under award number R21NS114763.

REFERENCES
Anghinah, R., Amorim, R., Paiva, W. S., Schmidt, M. T., and Ianof, J. N. (2018).

Traumatic brain injury pharmacological treatment: recommendations. Arquiv.
Neuro Psiquiatr. 76, 100–103. doi: 10.1590/0004-282X20170196

Ashina, M., Hansen, J. M., Do, T. P., Melo-Carrillo, A., Burstein, R., and
Moskowitz, M. A. (2019). Migraine and the trigeminovascular system-40
years and counting. Lancet Neurol. 18, 795–804. doi: 10.1016/S1474-4422(19)
30185-1

Atalay, B., Bolay, H., Dalkara, T., Soylemezoglu, F., Oge, K., and Ozcan, O. E.
(2002). Transcorneal stimulation of trigeminal nerve afferents to increase
cerebral blood flow in rats with cerebral vasospasm: a noninvasive method to
activate the trigeminovascular reflex. J. Neurosurg. 97, 1179–1183. doi: 10.3171/
jns.2002.97.5.1179

Ayajiki, K., Fujioka, H., Shinozaki, K., and Okamura, T. (2005). Effects of capsaicin
and nitric oxide synthase inhibitor on increase in cerebral blood flow induced
by sensory and parasympathetic nerve stimulation in the rat. J. Appl. Physiol.
98, 1792–1798. doi: 10.1152/japplphysiol.00690.2004

Frontiers in Neuroscience | www.frontiersin.org 6 April 2021 | Volume 15 | Article 649910

https://doi.org/10.1590/0004-282X20170196
https://doi.org/10.1016/S1474-4422(19)30185-1
https://doi.org/10.1016/S1474-4422(19)30185-1
https://doi.org/10.3171/jns.2002.97.5.1179
https://doi.org/10.3171/jns.2002.97.5.1179
https://doi.org/10.1152/japplphysiol.00690.2004
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-649910 April 7, 2021 Time: 15:0 # 7

White et al. Trigeminal Nerve Control of CBF

Baggott, C. D., and Aagaard-Kienitz, B. (2014). Cerebral vasospasm.
Neurosurg. Clin. N. Am. 25, 497–528. doi: 10.1016/j.nec.2014.
04.008

Borsody, M. K., and Sacristan, E. (2016). Facial nerve stimulation as a future
treatment for ischemic stroke. Brain circulation 2, 164–177. doi: 10.4103/2394-
8108.195281

Borsody, M. K., Yamada, C., Bielawski, D., Heaton, T., Castro Prado, F., Garcia, A.,
et al. (2014). Effects of noninvasive facial nerve stimulation in the dog middle
cerebral artery occlusion model of ischemic stroke. Stroke 45, 1102–1107. doi:
10.1161/STROKEAHA.113.003243

Borsody, M. K., Yamada, C., Bielawski, D., Heaton, T., Lyeth, B., Garcia, A., et al.
(2013). Effect of pulsed magnetic stimulation of the facial nerve on cerebral
blood flow. Brain Res. 1528, 58–67. doi: 10.1016/j.brainres.2013.06.022

Branston, N. M. (1995). The physiology of the cerebrovascular parasympathetic
innervation. Br. J. Neurosurg. 9, 319–329. doi: 10.1080/02688699550041331

Brott, T., and Bogousslavsky, J. (2000). Treatment of acute ischemic stroke. N. Engl.
J. Med. 343, 710–722. doi: 10.1056/NEJM200009073431007

Brown, J. A. (1997). The trigeminal complex. Anatomy and physiology. Neurosurg.
Clin. N. Am. 8, 1–10.

Chiluwal, A., Narayan, R. K., Chaung, W., Mehan, N., Wang, P., Bouton, C. E.,
et al. (2017). Neuroprotective effects of trigeminal nerve stimulation in severe
traumatic brain injury. Sci. Rep. 7:6792. doi: 10.1038/s41598-017-07219-3

Chou, D. E., Shnayderman Yugrakh, M., Winegarner, D., Rowe, V., Kuruvilla,
D., and Schoenen, J. (2019). Acute migraine therapy with external trigeminal
neurostimulation (ACME): a randomized controlled trial. Cephalalgia 39, 3–14.
doi: 10.1177/0333102418811573

Ciurea, A. V., Palade, C., Voinescu, D., and Nica, D. A. (2013). Subarachnoid
hemorrhage and cerebral vasospasm - literature review. J. Med. Life 6, 120–125.

Csati, A., Tajti, J., Tuka, B., Edvinsson, L., and Warfvinge, K. (2012). Calcitonin
gene-related peptide and its receptor components in the human sphenopalatine
ganglion – interaction with the sensory system. Brain Res. 1435, 29–39. doi:
10.1016/j.brainres.2011.11.058

DeGiorgio, C. M., Fanselow, E. E., Schrader, L. M., and Cook, I. A. (2011).
Trigeminal nerve stimulation: seminal animal and human studies for epilepsy
and depression. Neurosurg. Clin. N. Am. 22:449. doi: 10.1016/j.nec.2011.07.001

DeGiorgio, C. M., Murray, D., Markovic, D., and Whitehurst, T. (2009). Trigeminal
nerve stimulation for epilepsy: long-term feasibility and efficacy. Neurology 72,
936–938. doi: 10.1212/01.wnl.0000344181.97126.b4

DeGiorgio, C. M., Shewmon, A., Murray, D., and Whitehurst, T. (2006). Pilot study
of trigeminal nerve stimulation (TNS) for epilepsy: a proof-of-concept trial.
Epilepsia 47, 1213–1215. doi: 10.1111/j.1528-1167.2006.00594.x

DeGiorgio, C. M., Shewmon, D. A., and Whitehurst, T. (2003). Trigeminal
nerve stimulation for epilepsy. Neurology 61, 421–422. doi: 10.1212/01.wnl.
0000073982.42650.57

Dutschmann, M., and Herbert, H. (1998). The medical nucleus of the solitary tract
mediates the trigeminally evoked pressor response. Neuroreport 9, 1053–1057.

Ebersberger, A., Takac, H., Richter, F., and Schaible, H. G. (2006). Effect of
sympathetic and parasympathetic mediators on the release of calcitonin gene-
related peptide and prostaglandin E from rat dura mater, in vitro. Cephalalgia
26, 282–289. doi: 10.1111/j.1468-2982.2005.01035.x

Edvinsson, L., Ekman, R., Jansen, I., McCulloch, J., and Uddman, R. (1987).
Calcitonin gene-related peptide and cerebral blood vessels: distribution and
vasomotor effects. J. Cereb. Blood Flow Metab. 7, 720–728. doi: 10.1038/jcbfm.
1987.126

Edvinsson, L., Haanes, K. A., Warfvinge, K., and Krause, D. N. (2018). CGRP as the
target of new migraine therapies - successful translation from bench to clinic.
Nat. Rev. Neurol. 14, 338–350. doi: 10.1038/s41582-018-0003-1

Edvinsson, L., McCulloch, J., Kelly, P. A., and Tuor, U. I. (1988). Role of vasoactive
intestinal peptide and peptide histidine isoleucine in the cerebral circulation.
Ann. N. Y. Aca. Sci. 527, 378–392. doi: 10.1111/j.1749-6632.1988.tb26994.x

Edvinsson, L., Mulder, H., Goadsby, P. J., and Uddman, R. (1998). Calcitonin
gene-related peptide and nitric oxide in the trigeminal ganglion: cerebral
vasodilatation from trigeminal nerve stimulation involves mainly calcitonin
gene-related peptide. J. Autonom. Nerv. Syst. 70, 15–22. doi: 10.1016/s0165-
1838(98)00033-2

Eftekhari, S., Salvatore, C. A., Calamari, A., Kane, S. A., Tajti, J., and Edvinsson,
L. (2010). Differential distribution of calcitonin gene-related peptide and its

receptor components in the human trigeminal ganglion. Neuroscience 169,
683–696. doi: 10.1016/j.neuroscience.2010.05.016

European CGRP in Subarachnoid Haemorrhage Study Group (1992). Effect of
calcitonin-gene-related peptide in patients with delayed postoperative cerebral
ischaemia after aneurysmal subarachnoid haemorrhage. Lancet (Lond. Engl.)
339, 831–834.

Famm, K., Litt, B., Tracey, K. J., Boyden, E. S., and Slaoui, M. (2013). Drug
discovery: a jump-start for electroceuticals. Nature 496, 159–161. doi: 10.1038/
496159a

Fantini, S., Sassaroli, A., Tgavalekos, K. T., and Kornbluth, J. (2016). Cerebral blood
flow and autoregulation: current measurement techniques and prospects for
noninvasive optical methods. Neurophotonics 3:031411. doi: 10.1117/1.NPh.3.
3.031411

Gildenberg, P. L. (2006). History of electrical neuromodulation for chronic pain.
Pain Med. 7, S7–S13. doi: 10.1111/j.1526-4637.2006.00118.x

Gil-López, F., Boget, T., Manzanares, I., Donaire, A., Conde-Blanco, E., Baillés, E.,
et al. (2020). External trigeminal nerve stimulation for drug resistant epilepsy: a
randomized controlled trial. Brain Stimulat. 13, 1245–1253. doi: 10.1016/j.brs.
2020.06.005

Goadsby, P. J. (1993). Inhibition of calcitonin gene-related peptide by h-CGRP(8-
37) antagonizes the cerebral dilator response from nasociliary nerve stimulation
in the cat. Neurosci. Lett. 151, 13–16. doi: 10.1016/0304-3940(93)90033-h

Goadsby, P. J., and Duckworth, J. W. (1987). Effect of stimulation of trigeminal
ganglion on regional cerebral blood flow in cats. Am. J. Physiol. 253(2 Pt 2),
R270–R274. doi: 10.1152/ajpregu.1987.253.2.R270

Goadsby, P. J., and Edvinsson, L. (1993). The trigeminovascular system and
migraine: studies characterizing cerebrovascular and neuropeptide changes
seen in humans and cats. Ann. Neurol. 33, 48–56. doi: 10.1002/ana.410330109

Goadsby, P. J., Edvinsson, L., and Ekman, R. (1988). Release of vasoactive peptides
in the extracerebral circulation of humans and the cat during activation of
the trigeminovascular system. Ann. Neurol. 23, 193–196. doi: 10.1002/ana.
410230214

Goadsby, P. J., Knight, Y. E., Hoskin, K. L., and Butler, P. (1997). Stimulation of
an intracranial trigeminally-innervated structure selectively increases cerebral
blood flow. Brain Res. 751, 247–252. doi: 10.1016/s0006-8993(96)01344-3

Goadsby, P. J., Lambert, G. A., and Lance, J. W. (1984). The peripheral pathway
for extracranial vasodilatation in the cat. J. Auton. Nerv. Syst. 10, 145–155.
doi: 10.1016/0165-1838(84)90053-5

Goadsby, P. J., and Shelley, S. (1990). High-frequency stimulation of the facial
nerve results in local cortical release of vasoactive intestinal polypeptide in
the anesthetised cat. Neurosci. Lett. 112, 282–289. doi: 10.1016/0304-3940(90)
90217-w

Goadsby, P. J., Uddman, R., and Edvinsson, L. (1996). Cerebral vasodilatation
in the cat involves nitric oxide from parasympathetic nerves. Brain Res. 707,
110–118. doi: 10.1016/0006-8993(95)01206-0

Golanov, E. V., and Reis, D. J. (1994). Nitric oxide and prostanoids participate in
cerebral vasodilation elicited by electrical stimulation of the rostral ventrolateral
medulla. J. Cereb. Blood Flow Metab. 14, 492–502. doi: 10.1038/jcbfm.1994.61

Golanov, E. V., Ruggiero, D. A., and Reis, D. J. (2000). A brainstem area
mediating cerebrovascular and EEG responses to hypoxic excitation of rostral
ventrolateral medulla in rat. J. Physiol. 529(Pt 2), 413–429. doi: 10.1111/j.1469-
7793.2000.00413.x

Goto, T., Iwai, H., Kuramoto, E., and Yamanaka, A. (2017). Neuropeptides and
ATP signaling in the trigeminal ganglion. Jpn. Dent. Sci. Rev. 53, 117–124.
doi: 10.1016/j.jdsr.2017.01.003

Gulbenkian, S., Uddman, R., and Edvinsson, L. (2001). Neuronal messengers in
the human cerebral circulation. Peptides 22, 995–1007. doi: 10.1016/s0196-
9781(01)00408-9
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