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Abstract 

Trigeminal neuropathic pain (TNP), migraine, and cluster headache (CH) profoundly impact the quality of life 
and present significant clinical challenges due to their complex neurobiological underpinnings. This review delves 
into the pivotal role of the hypothalamus in the pathophysiology of these facial pain syndromes, highlighting its 
distinctive functions and potential as a primary target for research, diagnosis, and therapy. While the involvement 
of the hypothalamus in migraine and CH has been increasingly supported by imaging and clinical studies, the pre-
cise mechanisms of its role remain under active investigation. The role of the hypothalamus in TNP, in contrast, 
is less explored and represents a critical gap in our understanding. The hypothalamus’s involvement varies signifi-
cantly across these conditions, orchestrating a unique interplay of neural circuits and neurotransmitter systems 
that underlie the distinct characteristics of each pain type. We have explored advanced neuromodulation techniques, 
such as deep brain stimulation (DBS) and optogenetics, which show promise in targeting hypothalamic dysfunction 
to alleviate pain symptoms. Furthermore, we discuss the neuroplastic changes within the hypothalamus that contrib-
ute to the chronicity of these pains and the implications of these findings for developing targeted therapies. By offer-
ing a comprehensive examination of the hypothalamus’s roles, this paper aims to bridge existing knowledge gaps 
and propel forward the understanding and management of facial neuralgias, underscoring the hypothalamus’s critical 
position in future neurological research.

Keywords  Trigeminal neuropathic pain, Hypothalamus, Neuroplasticity, Neuromodulation, Therapeutic potential of 
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Background
 Trigeminal neuropathic pain (TNP) is a form of chronic 
pain that occurs in the distribution of the trigeminal 
nerve, which is responsible for sensation in the face. TNP 
is a debilitating condition resistant to conventional thera-
pies [16, 65, 142]. The neural pathways involved in TNP 
processing encompass multiple brain regions, includ-
ing the brainstem, thalamus, cortex, periaqueductal gray 
(PAG), and nucleus accumbens core (NAc) [11, 45, 61, 
79–81, 96, 186, 190].

Traditionally known for regulating autonomic and 
homeostatic functions, the hypothalamus is recently 
being recognized as a key contributor to trigeminal pain 
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modulation. This role is more acknowledged in migraine 
and cluster headache (CH), where hypothalamic acti-
vation coincides with pain episodes and is associated 
with autonomic symptoms [41, 123, 162]. In the context 
of TNP, preclinical studies suggest that the hypothala-
mus may influence trigeminal pain processing through 
its interactions with critical pain centers such as the 
trigeminal nucleus caudalis (TNC) and PAG. Specific 
hypothalamic regions, including the posterior and lateral 
hypothalamus, have shown potential in modulating pain 
perception by regulating neurotransmitters that impact 
both sensory and emotional aspects of TNP [63, 82]. 
These findings support the hypothesis that hypothalamic 
dysfunction could contribute to the heightened pain sen-
sitivity observed in TNP, highlighting it as an intriguing 
area of interest for further exploration in the develop-
ment of future therapeutic strategies.

Despite these promising preclinical insights, the hypo-
thalamic role in TNP is still incompletely understood. 
While existing literature primarily examines the hypo-
thalamus in migraine and CH, relatively few studies focus 
specifically on TNP. Moreover, the specific mechanisms 
through which the hypothalamus exerts its influence on 
TNP—such as interactions with other pain-processing 
regions and detailed pathway dynamics—remain to 
be fully elucidated. This review aims to bridge existing 
knowledge gaps by providing a comprehensive analysis 
of hypothalamic contributions to TNP, primarily based 
on findings from preclinical studies. Although much of 
the current understanding comes from animal models, 
these insights lay a foundational framework for clinical 
research exploring the hypothalamus’s role in TNP. By 
distinguishing both the unique and shared roles of the 
hypothalamus in TNP, migraine, and CH, we hope to 
deepen understanding of its function in trigeminal pain 
modulation and inspire targeted therapeutic approaches 
for TNP in clinical settings.

Methods
Procedures of literature search and study selection
We systematically searched the literature using PubMed 
and the Scopus Index to explore the hypothalamic contri-
butions to TNP and compare these to migraine and CH. 
Our search strategy consisted of a computerized review 
of journal articles without restrictions on publication 
date, using the keywords “hypothalamus,” “hypothalamic 
stimulation,” “trigeminal neuropathic pain,” “trigeminal 
pain,” “orofacial pain,” “migraine,” “cluster headache,” and 
“pain modulation.”

To provide a thorough analysis, our review included 
both animal and human studies. Animal studies pro-
vided insight into fundamental biological mechanisms 
and potential experimental treatments, while human 

studies contributed valuable information on clinical 
manifestations, imaging results, and therapeutic out-
comes. We selected 194 unique entries, applying strin-
gent criteria focused on relevance to our topic and the 
novelty of findings concerning the hypothalamus’s role 
in TNP, migraine, and CH (Fig. 1). The first author con-
ducted the screening of papers and identified studies that 
significantly contributed to our understanding of hypo-
thalamic involvement in these conditions. We selected 
articles based on discussions of hypothalamic alterations 
in response to TNP and headache disorders, as well as 
various neuromodulation techniques targeting the hypo-
thalamus. This review integrates findings on the hypo-
thalamus in TNP, comparing and contrasting its role with 
that in migraine and CH while ensuring a rigorous selec-
tion of relevant literature.

Structure and connectivity of the hypothalamus
The hypothalamus, located beneath the thalamus as part 
of the diencephalon, is a highly conserved brain region 
involved in pain modulation across species, including 
humans, primates, and rodents [36, 159, 187]. Through 
complex networks with other brain regions, the hypo-
thalamus plays a crucial role in the central nervous sys-
tem (CNS) pathways responsible for pain processing. 
Within the hypothalamus, distinct regions—the anterior 
hypothalamus (AH), posterior hypothalamus (PH), and 
lateral hypothalamus (LH)—host specialized nuclei that 
contribute uniquely to pain processing (Fig. 2). Preclini-
cal and clinical studies have shown that these hypotha-
lamic nuclei project to various cortical and subcortical 
areas involved in pain modulation, including the pre-
frontal cortex (PFC), anterior cingulate cortex (ACC), 
periaqueductal gray (PAG), and TNC, with connections 
mediated by neurotransmitters and neuropeptides like 
glutamate, GABA, serotonin, histamine, orexin, and 
endocannabinoids [28, 51, 82, 123, 124, 144, 158, 175].

In the AH, the paraventricular nucleus (PVN) plays 
a central role in regulating stress responses and pain 
through the hypothalamic-pituitary-adrenal (HPA) axis. 
This interaction influences autonomic responses and cor-
tisol release in the stress animal models, with PVN pro-
jections carrying stress-related peptides that facilitate 
pain-related stress responses [84, 170].

The PH modulates descending pain pathways and 
maintains essential reciprocal connections with trigemi-
nal pain-processing brain areas. Clinical and preclinical 
studies indicate that the PH links the hypothalamus to 
higher-order pain processing and autonomic regulation 
through serotonin and melanin-concentrating hormone 
pathways [64, 68, 82, 123, 124, 160].

The LH, meanwhile, contains orexin-producing neu-
rons traditionally associated with energy regulation but 
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also implicated in pain modulation. Chemically-induced 
rat orofacial pain study has shown that LH’s orexiner-
gic system connects extensively with pain-processing 
regions, fostering adaptive responses to both internal and 
external stressors [55, 63].

Differences among TNP, migraine, and CH
TNP is typically caused by direct injury or dysfunction of 
the trigeminal nerve or its branches and primarily affects 
one side of the face, often corresponding to the trigemi-
nal nerve distribution. The pain experienced is intensely 
severe and constant. Nature of pain is often described 
as burning, throbbing, or aching, often combined with 
a sensation of numbness or tingling in the affected area. 
The pain may be triggered by light touch or activities that 
involve touching or moving the face, such as shaving, eat-
ing, or even exposure to air drafts, though it generally 
lacks systemic symptoms. The sensitization involves acti-
vating satellite glial cells and altering sodium and potas-
sium conductance, increasing neuronal excitability. This 
is accompanied by elevated release of pro-nociceptive 
neuropeptides like substance P and CGRP, amplifying 
pain signals relayed to the TNC and ascending through 
the trigeminothalamic pathway to key brain regions [5, 
16, 44]. Standard treatments for TNP include anticonvul-
sants and nerve blocks, with surgery being an option in 
more severe cases to alleviate the pain [16, 192].

Migraine is a complex neurological disorder influ-
enced by genetics and environmental factors, with 

neurovascular disruption, especially in the trigeminovas-
cular system, playing a central role [23]. Migraine pain, 
typically unilateral and pulsating, may include aura, dur-
ing which cortical spreading depression (CSD) activates 
trigeminal fibers and promotes the release of CGRP, 
substance P, and neurokinin A, causing vasodilation and 
neurogenic inflammation [32, 37, 157, 169]. Attacks last 
4–72  h, often with nausea, vomiting, and sensitivity to 
light and sound [23, 167]. Sensitization within the TNC 
may lead to chronic migraine via central sensitization. 
Triggers include stress, hormonal shifts, diet, sensory 
stimuli, and environmental changes [145]. Neuroimaging 
shows altered connectivity between the thalamus, hypo-
thalamus, and prefrontal cortex, indicating maladaptive 
top-down modulation. Elevated CGRP and TRP channels 
are key in pain processing and neurovascular responses 
[43, 59, 89]. Common treatments include triptans and 
NSAIDs [24, 118].

CH is marked by intense, circadian-patterned pain due 
to hypothalamic activation, which drives the trigeminal-
autonomic reflex [107, 147]. This activation underlies 
CH’s rhythmic, episodic nature, with attacks often occur-
ring at fixed times. CH is always unilateral, centering 
around the orbit and temple, with excruciating, pierc-
ing, or burning pain lasting 15–180  min, occurring up 
to eight times daily in bouts lasting weeks or months. 
Autonomic symptoms—tearing, nasal congestion, and 
ptosis—are prominent on the affected side [115, 122]. 
The pathophysiology involves the PH, which triggers 

Fig. 1  Flowchart describing the study selection methods. n = number of papers
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parasympathetic outflow via the superior salivatory 
and trigeminal nuclei [6, 56]. Hypothalamic orexin and 
hypocretin systems are upregulated, and inflammatory 
mediators like histamine increase, correlating with CH’s 
autonomic symptoms. Elevated CGRP and PACAP levels 
highlight neuropeptide involvement in CH [27, 69, 73]. 
Imaging reveals altered hypothalamic connectivity with 

autonomic and pain-processing regions. Triggers include 
alcohol, strong odors, and histamine release, with attacks 
often aligning daily during bouts [119]. Treatments 
include oxygen therapy, triptans, and preventive medica-
tions to lessen attack frequency and severity [126, 171].

All three conditions—TNP, migraine, and CH—involve 
severe, recurrent pain in the head or facial regions. 

Fig. 2  Anatomical Location and Connections of Hypothalamus. (A) Location of Hypothalamus (blue area) in the human brain and its subdivisions. 
(B) Hypothalamic connections with brain regions involved in CNS pain processing pathway and associated neurotransmitters. DH = dorsal 
hypothalamic area, LH = lateral hypothalamic area, PVN = periventricular nucleus, PH = posterior hypothalamic area, DMN = dorsomedial 
nucleus, VMN = ventromedial nucleus, AH = anterior hypothalamic area, PN = preoptic nucleus, AN = arcuate nucleus, SN = supraoptic nucleus, 
SCN = suprachiasmatic nucleus, HPTM = hypothalamus, IC = insular cortex, PFC = prefrontal cortex, MC = motor cortex, SSC = somatosensory cortex, 
NAc = nucleus accumbens core, TH = thalamus, AMD = amygdala, PAG = periaqueductal gray, PPC = posterior parietal cortex, TNC = trigeminal 
nucleus caudalis, CBM = cerebellum, ACC = anterior cingulate cortex
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They share common features such as trigeminal system 
involvement and potential triggers. Despite these simi-
larities, they differ significantly in their pathophysiology, 
pain characteristics, symptoms, duration, and treatment 
approaches. TNP typically arises from the peripheral 
nervous system (PNS), frequently attributed to damage or 
irritation of the trigeminal nerve. In contrast, some theo-
ries suggest that migraine and CHs may primarily involve 
dysregulations within specific CNS structures; however, 
this perspective remains under debate, and evidence on 
the origin of these conditions is not yet conclusive [16, 
124, 131]. In cases of TNP, the initial activation occurs at 
the TNC, followed by subsequent engagement of CNS 
pathways. Conversely, one prevailing hypothesis suggests 
that headaches may originate from the activation of noci-
ceptors associated with meningeal blood vessels, which 
could then trigger the activation of trigeminovascular 
neurons within the spinal TNC [16, 155].

Pathophysiological differences of hypothalamus in TNP 
in comparison to migraine and cluster headache
The hypothalamus is integral to the pathophysiology of 
TNP, migraine, and CH, with distinct activation patterns, 
neurochemical roles, and neural projections that differ-
entiate its functions across these conditions.

Trigeminal neuropathic pain
In the TNP processing pathway, the hypothalamus is an 
integral part, with its activation often occurring in rela-
tion to or following activation in other pain-processing 
regions, such as the TNC, thalamus, and primary and 
secondary somatosensory cortices [38, 61, 190]. However, 
TNP may not always follow a distinct onset sequence, 
with pain processing pathways varying based on indi-
vidual factors and injury characteristics. Chronic con-
striction injury of the infraorbital nerve (CCI-ION) rat 
model study has revealed that the hypothalamus could 
modulate sensory-discriminative and affective-motiva-
tional TNP dimensions through neurochemical pathways 
and its extensive connections with pain-related regions 
[82]. Central to this process are excitatory glutamater-
gic mechanisms involving NMDA and AMPA recep-
tors, which contribute to synaptic plasticity and central 
sensitization, while GABAergic neurons provide inhibi-
tory control over pain thresholds [53, 133]. Additionally, 
hypothalamic activation influences pain perception via 
the sympathetic nervous system through vasoconstric-
tion and blood flow adjustment, hormonal modulation 
through the release of vasopressin, oxytocin, and auto-
nomic as well as endocrine responses; with the HPA axis 
playing a significant role in regulating pain perception 
and stress responses in TNP [25, 86, 121, 158, 170].

The PH is central to descending pain modulation in 
TNP, primarily through GABAergic projections to the 
ventrolateral periaqueductal gray (vlPAG) and TNC [9, 
16, 50, 82]. This modulation involves both pronociceptive 
and antinociceptive effects mediated by orexin-A and 
orexin-B peptides, which regulate pain sensitivity within 
the trigeminal system [71, 74]. Rodent studies have dem-
onstrated that the A11 nucleus, which contains both 
GABAergic and dopaminergic neurons, exhibits strong 
bilateral projections to the TNC and becomes activated 
during facial nociception [1, 2]. In CCI-ION rats, PH 
activation also shows increased c-Fos, indicating height-
ened activity during TNP [2, 82, 87].

Chronic Constriction Injury of the Infraorbital Nerve (CCI‑ION)
Definition: The CCI-ION model is a well-established pre-
clinical model used to study trigeminal neuropathic pain 
(TNP). It involves creating a chronic constriction injury 
in the infraorbital branch of the trigeminal nerve, leading 
to persistent pain and hypersensitivity.

Procedure: A small skin incision, approximately 7 mm 
in length, was made along the curve of the frontal bone in 
an anterior-posterior orientation, positioned 2 mm above 
the eye of targeted side. The fascia and muscle were care-
fully separated from the bone using a periosteal elevator 
while moving laterally. Once the eye was retracted, the 
infraorbital nerve (ION) became visible on the surface 
of the maxillary bone. To prepare for ligature placement, 
about 8 mm of the ION was gently isolated from the sur-
rounding connective tissue. The nerve was then slightly 
stretched with a blunt needle featuring a curved tip to 
facilitate ligature placement. Two ligatures were placed 
3–4 mm apart, and each was gently tightened until the 
ION was minimally constricted. The incision was then 
closed using sutures.

Behavioral Manifestations: Animals exhibit behaviors 
such as face grooming, avoidance, anxiety and hypersen-
sitivity to mechanical (von Frey test) and thermal stimuli.

Relevance to Humans: The model simulates key fea-
tures of TNP in humans, including spontaneous pain and 
allodynia.

Application: CCI-ION model provides insights into 
TNP mechanisms and the role of specific pathways. CCI-
ION model is also used to evaluate potential therapeutic 
interventions for TNP.

The LH is observed to modulate arousal and pain sen-
sitivity through orexin signalling in clinical studies, with 
reciprocal projections to the TNC [35, 124]. Dysregula-
tion of orexin and cholinergic signalling in the LH height-
ened pain sensitivity and altered modulation pathways, 
exacerbating trigeminal pain disorders in chemical-
induced orofacial pain rat model [1, 102, 165, 168].
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The PVN enhances stress response via corticotropin-
releasing hormone (CRH), influencing the HPA axis. This 
response intensifies pain chronicity in TNP by releas-
ing stress-induced glucocorticoids, which aggravate 
pain through neuroinflammatory mechanisms, includ-
ing microglial activation [17, 28, 33, 179]. Through its 
ipsilaterally predominant pervicellular and magnocellu-
lar neuronal projections to the TNC, the PVN has been 
observed to impact both ascending and descending pain 
pathways in clinical and preclinical studies, distinguish-
ing its role from migraine and CH, where it predomi-
nantly exacerbates autonomic symptoms [1, 12, 127–129, 
155].

The SCN regulates circadian rhythms, indirectly mod-
ulating pain sensitivity across different times of the day in 
TNP. Clinical studies indicated that dysregulation in the 
SCN can lead to variations in pain perception and exac-
erbation of symptoms, aligning with circadian pain fluc-
tuations often reported in TNP [21, 93, 154].

Dopamine release dysregulation within the ARC influ-
ences prolactin secretion and affects emotional responses 
related to TNP perception in patients with trigeminal 
neuropathy [5, 104, 120]. Additionally, the periventricu-
lar zone, containing opioid and cannabinoid receptors, 
contributes to endogenous pain control in TNP patient 
[112]. Alterations in these receptor activities can reduce 
pain thresholds, affecting endogenous inhibition path-
ways [66, 120].

These findings collectively highlight the multifaceted 
role of the hypothalamus in the neural network manag-
ing pain, positioning it as a critical target for neuromod-
ulation therapies in severe TNP conditions (Table 1). In 
Table  1, nociceptive dural input has also been included 
as TNP because it involves the activation of trigeminal 
second-order neurons in the TNC. This input from the 
dura mater engages trigeminal nerve fibers, particularly 
Aδ and C fibers, which are responsible for transmitting 
pain sensations associated with irritation. Such stimula-
tion of trigeminal pathways leads to central sensitization 
and modulation of pain, characteristics of TNP [8].

Migraine
In migraine, the hypothalamus is involved in both the 
prodromal and headache phases and influences pain and 
autonomic dysregulation [123, 124, 130, 162]. Functional 
imaging studies have shown that hypothalamic activation 
often coincides with migraine symptoms, supporting its 
role in modulating migraine episodes [124, 139].

In migraine, the hypothalamus interacts with multiple 
brain regions—including the thalamus, periaqueductal 
gray (PAG), and TNC—primarily to regulate trigemi-
novascular responses and autonomic disturbances such 
as nausea, photophobia, and phonophobia [23, 40, 124, 

132]. However, these sensory disturbances are less pro-
nounced in TNP, where hypothalamic activation focuses 
more on descending pain modulation and central sensiti-
zation [82].

Increased activation of AH has been observed during 
migraine attacks [134]. The SCN within the AH regu-
lates circadian rhythms and has been closely linked to 
the periodicity of migraine attacks. Dysregulation in the 
SCN, often related to disturbances in sleep-wake cycles, 
is a known trigger for migraine, as altered SCN activity 
can exacerbate circadian imbalances and increase sus-
ceptibility to attacks [4, 175]. In contrast, in TNP, SCN 
dysregulation primarily affects circadian fluctuations in 
pain sensitivity without contributing to episodic patterns 
[21, 93, 154].

The PH houses the tuberomammillary nucleus (TMN) 
and increased activity of TMN has been found to be asso-
ciated with enhanced alertness and sensory responsive-
ness in transgenic mice [52]. Modulating TMN activity 
has been shown to affect migraine duration and intensity, 
underscoring its influence on migraine pathophysiology 
[72]. While the PH modulates both sensory and vascular 
responses in migraines, its role in TNP predominantly 
involves influencing nociceptive processing through 
descending pain pathways [16, 82].

The LH modulates autonomic symptoms such as nau-
sea and vomiting during migraine through its projections 
to the TNC. Both clinical research and mouse migraine 
model revealed that dysregulated LH activity can amplify 
both pain and autonomic responses, contributing to the 
sensory and autonomic disturbances characteristic of 
migraine [140, 183]. Furthermore, brain imaging inves-
tigation showed reduced regional activity within the LH 
prior to the onset of migraines in migraineurs [131]. In 
contrast, LH activation in TNP primarily regulates pain 
sensitivity through orexin signalling [35, 124].

The PVN in migraine regulates the stress response 
through corticotropin-releasing hormone (CRH), acti-
vating the HPA axis and increasing cortisol levels. This 
amplifies headache severity by engaging autonomic cent-
ers and stress responses [57, 67], , a feature less empha-
sized in TNP, where PVN activity is more directly linked 
to neuroinflammatory pathways [17, 28, 33].

Cluster headache
The hypothalamus’s involvement in circadian regulation 
and autonomic responses aligns with CH’s characteristic 
daily or seasonal attack patterns [149, 161, 188]. Neuro-
imaging studies, including PET and fMRI, consistently 
demonstrate increased PH activity in CH, implicating 
the PH in triggering severe headache episodes and influ-
encing attack frequency and intensity. While PH activa-
tion is also prominent in TNP, in CH, it is more directly 
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Fig. 3  Hypothalamus-Centric Neural Circuitry Alterations in Migraine, CH, and TNP. (A) Alterations of neural projections during migraine 
pathophysiology. (B) Alterations of neural projections during CH pathophysiology. (C) Alterations of neural projections during TNP pathophysiology. 
HPTM = hypothalamus, IC = insular cortex, SSC = somatosensory cortex, TH = thalamus, AMD = amygdala, PAG = periaqueductal gray, TNC = trigeminal 
nucleus caudalis, CBM = cerebellum, ACC = anterior cingulate cortex, LC = locus coeruleus, SSN = Superior Salivatory Nucleus
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associated with episodic patterns and vascular modu-
lation, which are not primary features in TNP [49, 115, 
123, 124, 172, 185].

The SCN within the AH plays a crucial role in regulat-
ing circadian rhythms, a prominent feature in CH given 
its tendency to follow specific daily and seasonal patterns. 
Dysregulation within the SCN can lead to disruptions 
in these rhythms, potentially triggering or exacerbating 
CH episodes [4, 134]. While the SCN also influences cir-
cadian rhythms in TNP [21, 93], its role in CH is more 
pronounced, with increased SCN activity during attacks 
leading to severe disruptions in circadian rhythms and 
heightened attack susceptibility [149, 188].

The PVN in CH plays a key role in autonomic symp-
toms such as ptosis, lacrimation, and nasal congestion 
through CRH release and HPA axis activation [155]. This 
contrasts with its role in TNP, where PVN activity con-
tributes to neuroinflammation and pain chronicity rather 
than autonomic symptoms [17, 28, 33]. Moreover, the 
PVN’s projections to brainstem autonomic centers fur-
ther enhance the severity of CH attacks, highlighting its 
distinct contributions compared to TNP.

Hypothalamus and its neural interactions in TNP and their 
role in migraine and CH
The hypothalamus is a key player in modulating pain and 
stress responses, with widespread connections to vari-
ous brain regions involved in the TNP processing path-
way. These connections and activity changes illustrate 
the complex network through which the hypothalamus 
may modulate the TNP processing pathway. They also 
highlight the neurochemical alterations that intensify 
pain perception during TNP. Figure  3 illustrates the 
hypothalamus-centered neural pathways of migraine 
and CH pathophysiology, based on findings from both 
clinical research and animal model studies. In contrast, 
TNP pathophysiology is depicted based on findings from 
preclinical rodent studies, primarily using the CCI-ION 
model.

Trigeminal nucleus caudalis
Studies in rat models have shown that several hypotha-
lamic nuclei, including the PVN, LH, A11, perifornical 
area (PFX), and retrochiasmatic area, project to the TNC, 
with a significant number of neurons from the trigemi-
nal brainstem nuclear complex (TNBC) also directly 
projecting to various hypothalamic regions [1, 54, 84, 
114]. Through its reciprocal trigeminal-hypothalamic 
connections, the PH can both suppress and amplify pain 
responses in the CCI-ION rat model, positioning it as a 
physiological regulator of TNC activity [9, 82, 94]. In the 
PVN of naïve rats, there are direct descending GABAer-
gic projections that interact and influence the activity of 

laminae I and II Aδ and C nociceptors within the TNC 
neurons [155]. Studies have shown increased activity in 
these nuclei due to elevated glutamate and diminished 
GABAergic signalling, which facilitate pain transmission 
to the thalamus and cortex, thus integrating the hypo-
thalamus into the broader neural network that governs 
pain perception [60, 82, 153].​ However, while the connec-
tion between the hypothalamus and the TNC primarily 
modulates direct pain post-injury in TNP, in migraine, 
the hypothalamus receives increased input from the TNC 
which may amplify pain and autonomic responses during 
migraine attacks [124, 155], and in CH, it is involved in 
circadian timing and the modulation of cyclical attacks 
[135].

Pons
PH has direct interaction with the A7 catecholamine cell 
group in the pons [87]. On the other hand, the parabra-
chial nucleus (PBN) receives trigeminal nociceptive sig-
nals from the TNC and after integrating nociception and 
visceral sensory information, relays to the hypothalamus. 
The hypothalamus also has significant connections with 
the reticular formation. GABAergic projections from the 
hypothalamus to the locus coeruleus in CCI-ION rats get 
dysregulated in TNP condition [95]. Increased activity in 
the reticular formation during TNP, mediated by height-
ened norepinephrine and dopamine release, enhances 
the overall sensory responsiveness and pain thresholds​ 
[60, 153]. During migraine, this connection regulates 
brainstem centers that are involved in headache onset 
and maintenance [132, 163]. In CH, the hypothalamus-
pons link is significant for its role in circadian rhythm 
regulation, which is crucial in triggering headache attacks 
[149].

Cerebellum
The hypothalamus indirectly interacts with the cerebel-
lum via brainstem nuclei, impacting coordination and 
motor responses related to sensory inputs. Clinical find-
ings suggest that during TNP, changes in GABA and 
glutamate levels alter cerebellar processing, impacting 
motor control and the coordination of pain response [7, 
65]. In migraine, this pathway may modulate coordina-
tion and autonomic responses [194], while in CH, its role 
remains unclear but could involve autonomic dysregula-
tion [188].

Periaqueductal Gray (PAG)‑Rostral Ventromedial Medulla 
(RVM) system
Both PH and LH of naïve rat were found to send direct 
projections to the PAG-RVM system [58, 94]. Addition-
ally, a stress rat model study revealed that the dorsome-
dial hypothalamus sends cholecystokinin projections to 
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the RVM [184]. In TNP, there is an increased release of 
neurotransmitters such as glutamate, endorphins, and 
enkephalins from the PAG, which typically act to inhibit 
pain. However, in CCI-ION rats, the hypothalamic inhib-
itory projections to the PAG are enhanced, paradoxically 
reducing the effectiveness of the descending pain pro-
cessing pathway and leading to heightened pain percep-
tion [13, 82, 97]. During a migraine and in the period 
immediately preceding it, altered hypothalamus-PAG 
connectivity impairs pain inhibition [20, 132, 182]. In 
CH, it contributes to both the modulation of pain and the 
onset of headache attacks [48].

Ventral Posteromedial (VPM) nucleus of the thalamus
The PH engages in a bidirectional interaction with the 
VPM thalamus. This interaction involves the PH receiv-
ing nociceptive information from the VPM thalamus 
through trigeminovascular inputs, and optogenetic inhi-
bition of the PH in CCI-ION rats has been shown to have 
a modulatory effect on the thalamus [64, 82]. In TNP, 
altered thalamic function, marked by increased gluta-
mate release, enhances pain signal transmission to the 
cortex, highlighting the critical role of hypothalamic-
thalamic interactions in pain modulation and perception 
[177, 180]. In migraine, altered hypothalamic-thalamic 
connectivity affects pain processing and transmission, 
contributing to migraine’s intense headache and sensory 
disturbances [75, 92]. During CH, this pathway serves as 
a key relay for pain signals during attacks [125].

Amygdala
In TNP, increased amygdala activity, driven by elevated 
hypothalamic CRH, exacerbates pain perception and 
emotional distress. This heightened activity is supported 
by reciprocal sensory projections between the amygda-
loid complex and the hypothalamus ​ [64, 84]. Addition-
ally, melanin-concentrating hormone (MCH) projections 
from the LH directly innervate the amygdala, reinforcing 
this interconnection that influences both chronic pain 
processing and emotional regulation in response to noci-
ceptive stimuli in mice model of inflammation [85]. For 
migraine sufferers, it influences the emotional aspects of 
headache pain [22], while in CH, it modulates both pain 
perception and the associated emotional response [151].

Nucleus Accumbens core (NAc) and Ventral Tegmental Area 
(VTA)
The carbachol-injected rat model showed that the LH-
VTA-NAc circuit plays a critical role in modulating 
pain by regulating dopamine release in the NAc [137]. 
LH sends direct MCHergic projections to NAc. In addi-
tion, LH stimulation activates orexinergic neurons that 
project to the VTA. These projections lead to dopamine 

release in the NAc, which helps reduce pain perception 
by increasing NAc activity. In contrast, blocking dopa-
mine receptors in the NAc diminishes the pain-relieving 
effects of LH stimulation in formalin-injected orofacial 
rat pain model [165]. Stimulating NAc activity has also 
been observed to improve TNP condition in CCI-ION 
rats [80]. This connection may influence pain perception 
in migraine and cluster headache (CH) through its role in 
reward pathways, potentially affecting the overall head-
ache experience. However, direct evidence for this mech-
anism is yet to be confirmed by research.

Caudate Putamen (CPu)
The PH and the premammillary region send both hista-
minergic and non-histaminergic projections to the CPu 
complex, while the LH projects MCH neurotransmission 
[85, 139, 174]. Histaminergic projections could modu-
late pain through inflammatory responses, potentially 
altering pain thresholds, and thus affecting TNP. Non-
histaminergic projections, possibly involving neuro-
transmitters like GABA or glutamate, could play crucial 
roles in either suppressing or enhancing pain perception, 
respectively. The MCH neurotransmission from the LH 
may impact sensory processing and emotional responses 
to TNP, due to its roles in sleep and energy balance. 
Therefore, while these neural interactions could hypo-
thetically suggest alterations in the hypothalamus-CPu 
pathway in response to chronic pain, further investiga-
tions are required to directly establish this implication. 
In migraine, it could be involved in modulating motor 
aspects of the condition and the pain experience [110]. 
In CH pathophysiology, its involvement is yet to be 
elucidated.

Anterior Cingulate Cortex (ACC)
The hypothalamus possesses a reciprocal affective and 
motivational connection related to pain with the ACC 
[77]. Optogenetic stimulation in the CCI-ION rat model 
revealed that ACC stimulation alters TNP, driven by 
changes in serotonin and norepinephrine levels, leading 
to increased pain-related distress and cognitive focus on 
pain​ [136]. In migraine, the ACC plays a significant role 
in the perception of pain and the emotional response to 
headaches [99]. During CH, this connection is involved 
in processing the emotional aspects of pain and modulat-
ing the headache experience [125].

Insular cortex (IC)
 The hypothalamus modulates the IC through autonomic 
pathways, affecting visceral, sensory, emotional, and 
autonomic aspects of TNP processing. Altered GABAe-
rgic and glutamatergic signalling in TNP increases IC 
activity, enhancing pain perception. Hypothalamic 
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stimulation can deactivate the insula, which may mod-
ify TNP progression. Studies on rodent trigeminal pain 
models depicted that both anterior and dorsal IC have 
strong connections with the LH, primarily via neurons 
expressing the 5-HT1A receptor, projecting to both 
rostral and caudal LH sections [79, 82, 83, 90, 100, 101, 
178]. During both migraine and CH, it might regulate the 
autonomic responses that occur during attacks, such as 
tearing and nasal congestion [135].

Motor cortex
The hypothalamus exerts an influence on the motor cor-
tex through its roles in autonomic and endocrine regu-
lation, affecting how motor responses are generated in 
response to sensory stimuli [153]. Studies have shown 
that PH stimulation results in increased spiking activity 
in the motor cortex and heightened motor cortex activity 
in CCI-ION rats has been observed to alter the TNP pro-
cessing pathway [81, 189]. For CH, this connection could 
influence motor responses related to headache attacks 
[34]. In migraine, the role of the hypothalamus-motor 
cortex connection remains to be fully elucidated.

Somatosensory cortex (SSC)
The hypothalamus influences the primary and secondary 
somatosensory cortices (SSC1 and SSC2) through tha-
lamic relay modulation. In SSC1, increased glutamatergic 
activity and reduced inhibition heighten pain perception, 
while in SSC2, altered neurotransmitter release, such as 
substance P and calcitonin gene-related peptide (CGRP), 
enhances pain signal integration. Hypothalamic stimu-
lation in both preclinical and clinical studies activates 
SSC1, directly impacting cortical processing, and the LH 
projects MCH-expressing neurons to the SSC [60, 85, 
125, 189]. In migraine and CH, this connection plays a 
role in processing sensory aspects of headache pain, con-
tributing to the intense pain experienced during attacks 
[42, 60, 125].

Posterior parietal cortex
The hypothalamus, through its connections with the 
thalamus and other cortical areas, impacts the posterior 
parietal cortex, which integrates sensory information 
with motor responses. Altered neurotransmitter release, 
including increased norepinephrine and reduced GABA, 
affects the integration of sensory inputs and motor plan-
ning, leading to maladaptive pain responses​ [98]. In 
migraine, it might be involved in spatial awareness and 
sensory integration, although its role is not fully under-
stood [150]. For CH, the involvement of this pathway is 
unclear but may relate to sensory processing [125].

Prefrontal cortex (PFC)
Specific regions such as the dorsolateral PFC (dlPFC), 
and the ventromedial PFC (vmPFC) have been implicated 
in modulating the affective and cognitive dimensions of 
pain [76, 116]. The PFC exerts a top-down modulatory 
influence on the hypothalamus, affecting pain perception 
through the regulation of descending inhibitory pathways 
and stress-related responses. In TNP, the PFC-hypotha-
lamic pathway modulates not only cognitive aspects of 
pain but also the chronicity of pain by influencing how 
the hypothalamus interacts with other pain-related 
regions such as the brainstem and thalamus. Top-down 
modulation from the PFC, particularly through the dor-
solateral PFC, can suppress or amplify pain responses via 
hypothalamic regulation of autonomic and neuroendo-
crine systems. Dysfunction in this top-down control may 
contribute to the persistence and exacerbation of pain in 
TNP [19, 143].

During migraine, the PFC’s involvement includes influ-
encing both the cognitive and emotional responses to 
headache pain. The vmPFC, in particular, plays a role 
in emotional regulation, while the dlPFC is involved in 
pain modulation and decision-making regarding pain 
management [88]. Decreased dlPFC-hypothalamic func-
tional connectivity has been observed in migraineurs, 
immediately prior to a migraine event [141]. In CH, dis-
ruptions in PFC-hypothalamic connectivity may affect 
executive functions and emotional regulation during 
attacks, potentially influencing the frequency and sever-
ity of headache episodes by altering stress and autonomic 
responses [181].

Hypothalamus (Internal Interactions)
Different hypothalamic nuclei, such as the PVN, LH, 
and A11, collaborate to regulate functions like stress 
responses, autonomic regulation, and pain modulation. 
Alterations in the balance of neurotransmitters includ-
ing CRH, orexins, and endorphins within the hypothala-
mus can lead to dysregulated pain and stress responses, 
which may exacerbate the symptoms of TNP [26, 84, 103, 
117]. Additionally, the PH is subject to strong GABAer-
gic inhibitory control; when this inhibition is reduced, 
it prompts significant increases in sympathetic activity. 
This interaction between neurotransmitter balance and 
GABAergic control observed in both naïve and CCI-ION 
rats highlights the complex neural mechanisms by which 
the hypothalamus influences autonomic and pain sys-
tems [82, 94]. However, in migraine, the hypothalamus 
is involved in regulating circadian rhythms and homeo-
static functions, which are crucial in headache manage-
ment [72, 78]. For CH, internal hypothalamic interactions 
are central in generating circadian-related triggers and 
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modulating the pain response during attacks, contribut-
ing to the characteristic periodicity of these headaches 
[73].

Other trigeminal sensory and motor nuclei in TNP
In addition to the TNC, other trigeminal sensory nuclei, 
such as the principal sensory nucleus (PSN) and the spi-
nal trigeminal nucleus oralis (Sp5O), are responsible 
for transmitting sensory information such as fine touch 
and proprioception [146, 148]. While these nuclei are 
involved in general sensory processing, their direct role 
in TNP is less understood. Changes in their activity may 
contribute to altered sensory experiences in TNP, but fur-
ther research is needed to clarify their specific involve-
ment in pain modulation within the trigeminal system.

Similarly, the motor nucleus of the trigeminal nerve 
(Mo5), which controls the muscles of mastication [148], 
may be implicated in the motor responses associated 
with orofacial pain in TNP. Although there is limited 
evidence directly linking Mo5 to TNP, motor dysfunc-
tions, such as abnormal jaw reflexes or changes in mus-
cle tone, may result from maladaptive pain-related motor 
responses. This highlights the potential for motor nuclei 
to play a role in TNP, though more focused studies are 
required.

Targeting the hypothalamus for the alteration of the TNP 
Processing Pathway
Although relatively few, several preclinical stud-
ies with neuromodulation approaches targeting the 

Fig. 4  Hypothalamic activity modulation alters the efficacy of descending pain processing pathway to inhibit trigeminal nociceptive 
transmission. (A) Enhanced hypothalamic activity leads to decreased effectiveness in descending pain processing pathways. (B) Altered 
hypothalamic activity by neuromodulation leads to increased effectiveness in descending pain processing pathways. SST = Somatostatin, 
AAV-hSyn-eNpHR3.0-EYFP = optogenetic virus
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hypothalamus have shown promise in managing TNP by 
altering the release of specific neurotransmitters involved 
in the modulation of descending pain processing path-
ways (Fig. 4). These findings suggest the need to conduct 
extensive studies in both clinical and preclinical domains 
to understand the individual variability in the structure 
and function of the hypothalamus in the aspect of TNP. 
Table  2 provides a comparative analysis of various neu-
romodulation approaches across TNP, migraine, and CH, 
to highlight the current state of technology application.

Pharmacologic approaches
Pharmacological interventions, including tricyclic anti-
depressants (TCAs) and serotonin-norepinephrine reup-
take inhibitors (SNRIs), impact pain modulation through 
multiple neural pathways, including those influencing 
the hypothalamic-brainstem connection. These drugs 
act on serotonergic and noradrenergic systems distrib-
uted throughout the brain, altering pain perception 
by modulating descending pain pathways that interact 
with hypothalamic nuclei as well as broader brainstem 
regions. Clinical studies have shown that these drugs can 
modulate neurotransmitter activity in pathways associ-
ated with trigeminal pain processing, helping to reduce 
pain perception [18, 62]. Additionally, nociceptive dural 
input rat model using intra-hypothalamic injections of 
specific receptor antagonists and agonists has highlighted 
the role of the hypothalamus in pain control; however, 
it is important to note the ethical and practical limita-
tions of translating these direct hypothalamic interven-
tions to human clinical practice. Blocking somatostatin 
(SST) receptors in the PH using SST antagonists has 
been shown to produce antinociceptive effects in animal 
models of trigeminal pain [9, 10]. Similarly, the admin-
istration of carbachol, a cholinergic receptor agonist, in 
the LH of formalin-induced orofacial rat model increased 
orexinergic neuron firing, which correlated with reduced 
pain-related behaviors in rats, indicating a decrease in 
orofacial pain perception [165]. Carbachol microinjection 
into the PH of rats also interacts with α−2 adrenoceptors 
in the spinal dorsal horn and the A7 catecholamine cell 
group in the pons, further modulating nociception and 
the descending pain processing pathway [87].

Optogenetic stimulation
Optogenetic techniques have demonstrated efficacy in 
modulating pain responses in preclinical animal models 
of TNP by targeting specific neural pathways. In CCI-
ION rats, inhibiting the PH using optogenetic approach 
reduced pain-related behaviors by enhancing activity in 
the ventrolateral periaqueductal gray (vlPAG). This mod-
ulation facilitated descending inhibitory pathways pro-
jecting to the TNC, leading to decreased trigeminal pain 

transmission and perception [82]. Additionally, optoge-
netic stimulation of dopamine D2 receptors in the A11 
nucleus of CCI-ION mice attenuated TNP, underscoring 
the importance of the dopaminergic pathway from the 
A11 nucleus to the TNC in pain modulation [114]. How-
ever, optogenetic stimulation remains a research-focused 
technique limited to animal models and has yet to be 
applied in clinical practice for human patients, given the 
ethical and practical limitations of such direct interven-
tions in humans.

Electrical stimulation
Hypothalamic stimulation, particularly in the medial pre-
optic nucleus (MPO) and the PVN, inhibits spinal cord 
neurons’ response to noxious stimuli, underscoring the 
hypothalamus’s role in antinociception. DBS in the PH 
enhances inhibitory projections to the brainstem and spi-
nal cord by modulating neurotransmitter release, includ-
ing serotonin, norepinephrine, and GABA, effectively 
reducing pain transmission and perception in patients 
with neuropathy involving the first trigeminal branch, 
and orofacial pain [50, 105]. Acute PH stimulation in 
naïve rats also contributes to pain management by inter-
rupting autonomic control circuits, inhibiting evoked 
trigeminal nerve activity [94].

Potential prospects for hypothalamus modulation in clinical 
studies
Recent neuromodulation advances emphasize the hypo-
thalamus’s crucial role in pain processing, presenting new 
therapeutic options. This suggests potential applicability 
in directly modulating hypothalamic pathways to allevi-
ate TNP symptoms. Optogenetic stimulation, provid-
ing precise neuronal control, has also shown promise in 
preclinical TNP models, where targeted hypothalamic 
modulation reduced pain behaviors [82, 114]. There-
fore, although still in the experimental stage, optogenetic 
modulation of the hypothalamus holds significant prom-
ise for translating research findings into human TNP 
management.

Deep transcranial magnetic stimulation (dTMS) and 
near-infrared (NIR) stimulation are innovative, non-inva-
sive neuromodulation techniques that offer promising 
approaches for managing TNP. dTMS, unlike conven-
tional TMS, uses specialized coils like the H-coil to reach 
deeper brain regions, such as the hypothalamus, which is 
critical in pain processing. This makes dTMS more suita-
ble for conditions involving deep brain structures, though 
its deeper penetration requires careful clinical application 
[105, 113, 166, 193]. Nanoparticle-based NIR stimulation, 
including NIR optogenetic stimulation, also enables pre-
cise modulation of deep brain areas. Nanoparticles con-
vert NIR light into localized heat or electrical signals, but 
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its use in humans remains experimental due to challenges 
like biocompatibility, nanoparticle delivery control, and 
immune response management [29, 191]. Current efforts 
focus on animal models, and more research is necessary 
to address these challenges and validate the technique for 
human clinical applications. Despite these hurdles, the 
potential for this approach in treating complex pain dis-
orders remains promising.

Both techniques reduce surgical risks and improve 
patient acceptability due to their non-invasive nature. 
Key factors for clinical use include accurate targeting 
with advanced imaging, optimizing stimulation param-
eters, and selecting appropriate patients. Additionally, 
understanding the long-term effects on brain function is 
essential. Therefore, continued research and clinical trials 
are essential to establish their efficacy and safety, poten-
tially transforming TNP treatment in the future.

Discussion
The hypothalamus has been extensively recognized for its 
role in regulating pain perception and autonomic func-
tions in humans. However, preclinical studies suggest 
that the hypothalamus’s involvement in TNP is multi-
faceted and complex, warranting specific consideration 
due to its distinct anatomical connections and functional 
roles in pain processing.

While hypothalamic DBS has been shown to increase 
pain thresholds in the trigeminal dermatome [91, 109], 
this effect primarily pertains to general nociceptive mod-
ulation rather than TNP-specific mechanisms. Preclinical 
studies have demonstrated promising results, suggest-
ing that the hypothalamus could serve as a modulator 
in TNP by influencing descending pathways involved in 
trigeminal pain processing [1, 2, 82, 114]. However, these 
findings have not yet been translated into clinical stud-
ies, highlighting a significant gap between preclinical 
evidence and clinical application. It is essential to distin-
guish between the hypothalamus’s general pain modu-
lation effects and its potential etiological role in TNP 
pathogenesis.

Presently, studies suggest that hypothalamus-induced 
changes in trigeminal neural activity include multiple 
descending pathways. While general neurotransmit-
ter systems have been identified, specific interactions 
and regulatory mechanisms are still unclear. Post-injury 
changes in neurotransmitter levels within the hypothala-
mus, including glutamate, GABA, serotonin, and endog-
enous opioids, influence pain processing and modulation 
[15, 162]. Elevated c-Fos expression in rat hypothalamic 
neurons post-CCI-ION surgery indicates increased neu-
ronal activity and involvement in TNP, highlighting the 
role of neurochemical imbalances in central sensitization 

[82]. Therefore, Investigating the molecular mechanisms 
of hypothalamic pain modulation—particularly neu-
rotransmitter interactions like serotonin, norepineph-
rine, and endogenous opioids, and receptor dynamics of 
NMDA and AMPA receptors—is crucial for advancing 
this field.

Comparative studies on hypothalamic involvement 
in TNP, migraine, and CH are limited, yet essential 
for identifying unique pathophysiological features and 
developing targeted treatments. To address this gap, it is 
necessary to conduct studies that combine clinical obser-
vations, neuroimaging, and experimental research to 
highlight the distinct and overlapping roles of hypotha-
lamic nuclei in these conditions.

Imaging small brain regions like the hypothalamus and 
brainstem presents significant challenges due to their 
size, location, and complex vascular networks [111]. 
Techniques such as fMRI, PET, and voxel-based mor-
phometry offer valuable insights into their roles in pain 
processing. However, their small size and proximity to 
structures like ventricles and large blood vessels make 
achieving precise imaging results difficult, especially in 
human studies [30]. Artifacts caused by respiratory and 
cardiac motion, along with the inherent spatial reso-
lution limits, can obscure activation patterns in these 
regions [47]. This is particularly critical for the hypothal-
amus, which is central to autonomic and pain regulation. 
Recent advances, such as ultra-high field MRI (7T MRI), 
have improved spatial resolution, allowing for better dif-
ferentiation of these areas [164]. However, capturing 
dynamic changes in activity remains challenging. Con-
tinued development of imaging technologies is crucial for 
accurately mapping the involvement of the hypothalamus 
and brainstem in conditions like TNP, migraine, and CH.

Most current studies on TNP are cross-sectional, cap-
turing only a single stage of disease progression, while 
longitudinal research on hypothalamic involvement from 
acute to chronic phases is notably limited. Conduct-
ing such studies could provide essential insights into the 
evolution of TNP, hypothalamic changes over time, and 
potential biomarkers for disease progression. To clarify 
the mechanisms by which hypothalamic nuclei influence 
TNP, future research should employ functional mapping 
and mechanistic studies using advanced neuroimaging 
and animal models. Development of targeted interven-
tions that modulate hypothalamic function—integrating 
pharmacology with neuromodulation techniques like 
TMS, DBS, and optogenetic or chemogenetic approaches 
may reveal new therapeutic pathways. In addition, cross-
disciplinary collaboration will be crucial to improve 
disease recognition and advance treatment options, ulti-
mately enhancing TNP patient outcomes.
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Conclusion
This review highlights the pivotal role of the hypothala-
mus in TNP, as observed in preclinical studies, and 
contrasts its functions with those in migraine and CH. 
Distinct hypothalamic nuclei are implicated in each con-
dition, each with varying involvement in pain modulation 
and autonomic regulation. However, laboratory stud-
ies have yet to specifically target these nuclei in TNP, 
highlighting the need for focused mechanistic research. 
Clinically, neuromodulation techniques such as DBS and 
emerging pharmacological approaches should be also 
tailored to account for these hypothalamic distinctions. 
Understanding the unique roles of the hypothalamus and 
trigeminovascular pathways across TNP, migraine, and 
CH could facilitate the development of targeted thera-
pies. Advances in mechanistic insights may lead to spe-
cific interventions that modulate TNP pathways, offering 
more effective and personalized treatment options for 
patients with this debilitating condition. Therefore, 
future research should prioritize a detailed exploration 
of these areas, supported by cross-disciplinary collabora-
tions, to deepen understanding and improve therapeutic 
outcomes for TNP patients.
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