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Simple Summary: The complex known as the twelve cranial nerves are mainly the head wiring system, helping
us see, smell, hear, taste, move our eyes and face, and even control our heart and digestion. Knowing how these
nerves work is vital for professionals to diagnose and treat various conditions. For example, understanding the
optic nerve can help eye doctors correct vision problems, while knowledge of the facial nerve assists to
understand the importance of facial expressions. These nerves also control our everyday activities like eating,
speaking, and staying balanced. Thus, doing research about the cranial nerves helps to keep us healthy and
improve our quality of life.

Abstract: The twelve cranial nerves play a crucial role in nervous system, orchestrating a myriad of functions
vital for our everyday life. These nerves are each specialized for particular tasks. Cranial Nerve I, known as the
olfactory nerve, is responsible for our sense of smell, allowing us to perceive and distinguish various scents.
Cranial Nerve II, or the optic nerve, is dedicated to vision, transmitting visual information from the eyes to the
brain. Eye movements are governed by Cranial Nerves III, IV, and VI, ensuring our ability to track objects and
focus. Cranial Nerve V controls facial sensation and jaw movement, while Cranial Nerve VII, the facial nerve,
facilitates facial expressions and taste perception. Cranial Nerve VIII, or the vestibulocochlear nerve, plays a
critical role in hearing and balance. Cranial Nerve IX, the glossopharyngeal nerve, affects throat sensation and
taste perception. Cranial Nerve X, the vagus nerve, is a far-reaching nerve, influencing numerous internal
organs such as the heart, lungs, and digestive system. Cranial Nerve XI, the accessory nerve, is responsible for
neck muscle control, contributing to head movement. Finally, Cranial Nerve XII, the hypoglossal nerve,
manages tongue movement, essential for speaking, swallowing, and breathing. Understanding these cranial
nerves is fundamental in comprehending the intricate workings of our nervous system and the functions that
sustain our daily lives.
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1. Introduction

The cranial nerves, comprising a set of twelve paired peripheral nerves, serve as conduits of
information between the central nervous system and various regions of the head, neck, and upper
torso. Emerging directly from the brain or the brainstem, these nerves are critical mediators of both
motor and sensory functions, and they are integral to a multitude of physiological processes,
including vision, olfaction, audition, and complex facial movements. Unlike spinal nerves, which
emanate from segments of the spinal cord, cranial nerves have a direct connection to specific brain
regions, thereby forming a crucial interface for the transmission of specialized sensory and motor
signals. From a clinical perspective, understanding the anatomy, functional roles, and pathways of
cranial nerves is indispensable for the diagnosis and treatment of various neurological conditions,
including cranial nerve neuropathies and certain types of facial pain syndromes. Therefore, the study
of cranial nerves has significant implications for scientific research and for medical practice and
healthcare outcomes. This review aims to provide an in-depth exploration of the cranial nerves,
elucidating their anatomy, functions, and relevance in both health and disease.

© 2023 by the auth Distributed under a Creative Commons CC BY license.
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2. Cranial Nerve I: Olfactory Nerve

The first cranial nerve or olfactory nerve is crucial to regulate this sensory system. All
mammalian species possess an olfactory sensory system that enables the detection of environmental
odors. The efficacy of odor detection is influenced by the composition of gases, vapors, and
particulates in the environment. The prevalence of each constituent determines the type of odor
perceived [1,2]. Odor detection occurs because the sensed particle is volatile and becomes hydrated
within the olfactory epithelium, rendering it chemically active. The sensitivity of odor detection
varies across non-human mammalian species and is generally superior to that in humans.
Specifically, the human olfactory epithelium has an area of 2 cm? a thickness of 70 um, and
approximately 6 million receptors. In contrast, the canine olfactory epithelium spans around 100 cm?
and contains nearly 200 million receptors [3,4]. A highly organized anatomical framework exists to
facilitate odor perception, beginning with the nostrils, which funnel environmental air containing
odorant particles into the nasal cavity. This cavity houses olfactory receptors, which are bipolar nerve
cells that form the olfactory epithelium [5]. These receptor cells have dendrites positioned on the
epithelial surface and axons that constitute the olfactory nerve. These axons proceed toward the main
olfactory bulb, forming clusters of neurons known as glomeruli [6]. Each glomerulus receives input
from thousands of different olfactory cells that contain the same type of receptor molecule, facilitating
the initial level of synaptic processing. Glomeruli play a critical role in olfactory information
translation by classifying various types of odorants [7].

The subsequent level of odor processing occurs in the piriform cortex, which is composed of
astrocytes, interneurons, and primarily the dendrites of mitral and tufted cells. Synaptic interactions
between the axons of olfactory receptor cells and the dendrites of mitral and tufted cells occur in the
glomeruli. These second-order neurons form synapses with various types of interneurons or with
GABAergic granule cells [8]. This establishes reverberating circuits for both negative and positive
feedback loops. The axons of the mitral and tufted cells join to form the olfactory tract, conveying
information ipsilaterally to various brain areas, including the anterior olfactory nucleus, olfactory
tubercle, piriform cortex, amygdala, and entorhinal cortex [9]. The olfactory system is unique in its
potential for recovery following injury to the olfactory bulb, especially when such injury occurs
during early developmental stages [10]. The shape of the olfactory bulb is correlated with olfactory
function, irrespective of age, gender, and volume. However, its shape undergoes changes with age,
which are associated with olfactory disorders [11].

In rodents and some other mammals, the vomeronasal or Jacobson's organ serves as an auxiliary
olfactory organ. Unlike the main olfactory system, it is anatomically distinct and specializes in the
detection of non-volatile pheromones [12]. In humans, this organ is present, but its detection of
pheromones is not consciously perceived, although it does influence sexual behavior [13-15].

3. Cranial Nerve II: Optic Nerve

Vision serves as one of the quintessential sensory modalities in humans, facilitating not only
environmental awareness but also muscular coordination for spatial navigation. The visual process
initiates with the capture of light, which is modulated in terms of color and object shape to formulate
the phenomenon commonly referred to as “seeing”. Initially, light traverses the cornea, a highly
differentiated and transparent tissue specialized for the refraction and transmission of light [16]. As
the outermost layer of the eye, the cornea is in perpetual contact with the environment and overlays
other ocular structures such as the iris, pupil, and anterior chamber [17]. Boasting a refractive power
of 43 diopters, the cornea represents the epithelial tissue contributing most significantly to the eye's
focusing capability. This focusing capacity is primarily attributed to the interface created between the
tear film and the cornea, the latter of which also has a high density of sensory nerve endings
originating from the trigeminal nerve.

Upon passing through the cornea, light impinges on the central aperture of the iris, commonly
known as the pupil, which serves as a conduit between the anterior and posterior chambers of the
eye [18]. The muscle governing the iris adjusts the amount of light striking the pupil through a
network of smooth circular and radial muscle fibers. These fibers contract to either constrict or dilate
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the pupil in response to variations in light intensity [19,20]. This contractile modulation is
orchestrated by the pretectal olivary nucleus, which sends projections to postganglionic fibers that
release acetylcholine, thereby activating the iris sphincter muscle and inducing pupil contraction.
Pupil constriction occurs through two distinct mechanisms: 1) Parasympathetic innervation of the
sphincter muscle triggered by sympathetic pathway activation leads to muscle relaxation; and 2)
Excitation of the alpha-1 adrenergic pathway results in contraction of the dilator muscle. Both
processes necessitate changes in calcium concentration for effective modulation [21-25].

After its interaction with the iris, light proceeds to the lens, a structure that shares several
attributes with the cornea, such as transparency, colorlessness, biconvexity, flexibility, and
avascularity [26,27]. Positioned posterior to the iris and vitreous humor, and anterior to the vitreous
body, the lens owes its transparency to the highly ordered arrangement of its constituent cells, known
as fibers, and the extracellular matrix [1]. Such matrix is confined within the lens capsule, while the
fibers—composed of crystallin proteins—form a syncytium, functioning as a singular unit that
intercommunicates and absorbs short wavelengths. Remarkably, the lens serves as an absolute
barrier to wavelengths shorter than 300 nm [29,30]. The primary function of the lens is to focus
incoming rays to form a coherent image on the retina, regardless of the object's distance. This is
enabled by the lens's variable refractive index, which arises from a central concentration of crystallin
proteins that gradually diminishes towards the outer layers. In addition, the lens achieves this
focusing ability through alterations in its curvature and thickness, a phenomenon referred to as
“accommodation”. The degree of lens accommodation is one of the metrics utilized by the brain in
estimating the distance of an observed object [31-35].

Following its passage through the lens, light waves traverse the vitreous humor to finally
converge upon the retina. The retina is a complex structure comprising ten distinct layers which
serves as a highly specialized and stratified tissue designed for the efficient transduction of optical
signals into neural impulses, thereby facilitating the perception of the visual environment. The layers
categorized from the most superficial to the innermost regions, are summarized as follows [36,37]:

1. Pigmented Epithelium: A layer that contains melanin, accounting for its coloration.
Photoreceptor Cell Layer: This is the location of cones and rods, the sensory cells responsible for
detecting light.

3. Outer Limiting Membrane: Formed by adherent junctions (zonulae adherentes) between
photoreceptor cells and Miiller cells, this layer provides structural integrity.

4. Outer Nuclear (Granular) Layer: The layer that harbors the nuclei of the photoreceptor cells.

5. Outer Plexiform (Synaptic) Layer: The site where photoreceptor cells synapse with bipolar cells.

6. Inner Nuclear (Granular) Layer: This contains the nuclei of bipolar cells, horizontal cells, and
amacrine cells.

7. Inner Plexiform (Synaptic) Layer: A region that facilitates the synaptic connections between
bipolar, amacrine, and ganglion cells.

8. Ganglion Cell Layer: Comprising the ganglion cells, this layer serves as the output structure for
transmitting visual information to the brain.

9. Optic Nerve Fiber Layer: Constituted by axons emanating from the ganglion cells, this layer
contributes to the formation of the optic nerve.

10. Inner Limiting Membrane: This layer serves to demarcate the retina from the vitreous humor,
acting as a boundary.

Upon entering the eye, a light ray embarks on a journey that commences at the cornea, traverses
the aqueous humor, progresses through the lens, and navigates through the vitreous humor before
culminating at the retina [38]. Within the retinal structure, diffused light is absorbed by the
pigmented epithelium, while direct light impinges upon photoreceptor cells, namely cones and rods
[39,40]. A crucial consideration in this process is the intricate relationship between photoreceptor cells
and the pigmented epithelium. This is embodied in the phenomenon known as the retinal visual
cycle. This cycle encompasses the re-isomerization of trans-retinol, the inactive component, to cis
retinol, the active component, a conversion facilitated by pigmented epithelial cells [41,42]. In
photoreceptor cells, retinol covalently binds to opsin, forming 11-cis-retinal, the active isomer. Upon
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the absorption of photons from visible light, these photoreceptor cells convert cis-retinal into 11-
trans-retinal. This molecular transformation induces a conformational change in the protein, thereby
initiating the visual process. In essence, these photopigments detect and transduce light stimuli into
electrical signals through a cascade of biochemical events termed phototransduction. Given that the
cis-retinal isomer is requisite for maintaining photoreceptor activation, it must be reconverted to its
original cis form. This reconversion occurs exclusively in the pigmented epithelium through a series
of enzymatic reactions executed within these cells [43,44].

Wavelengths themselves do not possess inherent color; however, they are commonly grouped
into categories based on perceived coloration: short wavelengths are associated with the color "blue,"
medium wavelengths correspond to "green," and long wavelengths are identified as "red" [45]. For
colors to be perceived, photoreceptor cells such as cones play a pivotal role in photopic vision,
requiring bright light conditions. Cones are specifically endowed with photosensitive pigments
known as opsins. Each subtype of cone contains a unique pigment, conferring sensitivity to a specific
range of wavelengths. Erythropsin in type L cones is most sensitive to long wavelengths around 700
nm, where red light is prevalent. Chloropsin in type M cones responds to medium wavelengths
situated between 530-570 nm, corresponding to green light. Cyanopsin in type S cones shows the
greatest sensitivity to short wavelengths around 430 nm, where blue light is localized [46,47].

Notably, cone responses do not directly inform about the absorbed wavelengths but rather the
total number of absorbed photons, a principle known as univariance [48]. On the other hand, rods
are responsible for scotopic vision, which operates under low-light conditions. These photoreceptors
contain the photosensitive pigment rhodopsin, a protein highly sensitive to wavelengths near 500
nm, where green-blue light is concentrated. Remarkably, rods can detect a single photon of light [49-
51]. Thus, the specialized photoreceptors—cones for photopic vision and rods for scotopic vision—
enable the diverse range of human visual experiences. Each type contributes uniquely to the
perception of color and luminance, shaped by their respective spectral sensitivities.

Upon absorption of light, photoreceptor cells undergo a chemical change that is subsequently
converted into an electrical signal. This electrical signal is transmitted to bipolar cells [52], with which
they make synaptic contacts. Further, the signal proceeds to ganglion cells, where the optic nerve is
formed. This nerve serves as the conduit for transmitting visual information to the brain for
processing and interpretation [53,54]. The optic nerve, formed by axonal extensions of ganglion cells,
is sensory in nature and connects the neural retina to the brain. These nerves are unmyelinated within
the retina but become myelinated by oligodendrocytes upon exiting it [55]. Structurally, the optic
nerves are cylindrical and paired, comprising approximately 770,000 to 1.7 million fibers originating
from ganglion cells [56]. The optic nerve head is primarily composed of four regions: the nerve fiber
layer, the prelaminar region, the lamina cribrosa, and the retrolaminar region. Upon traversing the
lamina cribrosa, the nerves are coated with pia mater and dura mater and proceed through the optic
canal of the sphenoid bone, above the diaphragm sellae and into the suprasellar venous sinus [57].

Beyond the ocular globe, the optic nerve is categorized into three segments: intracranial,
intracanalicular, located within the optic canal and the lesser wing of the sphenoid bone, and pre-
chiasmal, before the optic chiasm formation [58]. At the optic chiasm, fibers from each eye intersect
such that the optic tract comprises both ipsilateral temporal fibers and contralateral nasal fibers. Most
of these fibers synapse in the lateral geniculate body of the thalamus and terminate in the visual
cortex, also known as striate cortex or V1 or Brodmann Area 17 (BA17). A minority of these fibers
project into the pretectal nucleus of the midbrain via tectospinal or tectobulbar pathways, synapsing
in motor centers for the control of pupillary reflex relative to light intensity. Others project to the
superior colliculus, also in the midbrain, which regulates saccadic eye movements. Fibers projecting
to the suprachiasmatic nucleus in the hypothalamus are involved in perceiving diurnal light changes
and sending information to the pineal gland.

In general terms, visual information is conveyed from the eyes to the retina and subsequently
converges in the lateral geniculate nucleus (LGN) of the thalamus. From the LGN, signals are routed
ipsilaterally to their destination, the visual cortex located in the occipital lobe. Within the visual
cortex, stimuli are processed and integrated to make sense of incoming information, resulting in the
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perception of distance, depth, motion, shape, and color. This integrative process occurs within a
neural network distributed across various areas and pathways in the visual cortex. These areas
include the primary or striate visual cortex (V1) and extrastriate cortical regions (V2, V3, V4, V5, V6).
Each of these regions corresponds to Brodmann areas; specifically, V1 corresponds to Brodmann Area
17, while V2 through V5 are situated within Brodmann Areas 18 and 19. Functional specialization
exists within these cortical regions, each responding to specific types of visual stimuli. For example,
V2 receives direct input from V1 and is primarily involved in color perception and orientation. V3,
which receives projections from both V1 and V2, is associated with shape perception. Region V4 is
predominantly engaged in color processing, and V5 is crucial for motion analysis [59-61].

4. Cranial Nerve III: Oculomotor Nerve

The third cranial nerve, also known as the oculomotor nerve, plays a pivotal role in regulating
eye movements. This nerve not only innervates the muscles responsible for eye motion but also
includes a parasympathetic component essential for controlling pupillary and extraocular muscle
functions. It originates from a nucleus located in proximity to the midline of the mesencephalon,
specifically at the level of the superior colliculus [62]. The neurons of this nerve are primarily found
in two distinct regions: the General Somatic Efferent component (GSE) and the parasympathetic
component. The nerve terminals of the GSE neurons innervate the extrinsic eye muscles and traverse
anteriorly to the red nucleus before exiting from the anterior surface of the mesencephalon through
the interpeduncular fossa [63,64]. The GSE component is responsible for voluntary contractions of
the extrinsic eye muscles that govern eye movements within the ocular orbit. Additionally, it controls
the levator palpebrae superioris muscle, responsible for eyelid elevation [65].

The parasympathetic component of the nerve originates from the Edinger-Westphal nucleus,
which is situated within the mesencephalon [66,67]. Recent research has delineated that this nucleus
is part of the broader oculomotor nuclear complex, consisting of two cellular populations: the
preganglionic Edinger-Westphal (EWpg) and central projection Edinger-Westphal (EWcp)
populations. The EWpg population is considered a part of the oculomotor nuclear complex and is
responsible for sending parasympathetic fibers ipsilaterally to innervate the medial and inferior
rectus muscles [68,69].

The complex pathway of the oculomotor nerve involves traversing specific arteries and entering
specialized anatomical sites, contributing to its multifaceted functionality. The nerve passes between
two critical arteries: the superior cerebellar artery and the posterior cerebral artery. Subsequently, it
enters the sphenoid bone at a location referred to as the cavernous sinus. Upon exiting this region,
the somatic component of the nerve divides into an upper division, which innervates the superior
rectus muscle and the levator palpebrae superioris muscle, and a lower division [70,71]. The
parasympathetic component continues its course in conjunction with the lower division, exiting the
skull via the superior orbital fissure. This allows it to enter the orbit where it innervates the inferior
oblique, medial rectus, and inferior rectus muscles. At this point, the sympathetic nerve branches off,
giving rise to the ciliary branch [72].

The ciliary branch enters the ciliary ganglion, where it synapses with a cluster of motor neurons.
The terminals of these neurons innervate the ciliary muscle and the pupillary constrictor muscle, both
located within the eyeball. The primary function of the pupillary constrictor muscle is to contract the
pupil, maintaining its normal physiological state, which is in contrast to sympathetic innervation that
promotes pupillary dilation. Another muscle controlled by the ciliary branch is the ciliary muscle,
encircling the lens's circumference. When the ciliary muscle relaxes, the lens assumes a flattened
shape referred to as an unaccommodated lens. This state is observed when focusing on distant
objects, as the lens remains unaccommodated [73]. Conversely, for near vision, the ciliary muscle
contracts, causing the lens to become more convex. This alteration in lens shape enhances the clarity
of nearby objects by focusing the image directly onto the retina.

The entry of light triggers reflexes at the Edinger-Westphal nucleus, which originates from the
pretectal olivary area in mammals. Neurons in the pretectal nuclei respond to varying light intensities
and play a crucial role in mediating unconscious behavioral responses to acute changes in light. Light
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stimulation of this area induces pupillary constriction, while lesions result in a loss of the pupillary
reflex [74,75]. When an object appears in the visual field, not only are the eyes oriented towards it,
but often head and body movement are required for accurate object localization. These movements
occur in a highly coordinated manner, facilitating precise object location. Complete dysfunction of
the oculomotor nerve can lead to exotropia, or outward eye deviation, and eye elevation, resulting in
diplopia (double vision). Additional symptoms may include ptosis, the inability to lift the eyelid.

5. Cranial Nerve IV: Trochlear Nerve

The fourth cranial nerve, also known as the Trochlear Nerve, plays a vital role in regulating
ocular muscles, contributing significantly to binocular vision coordination and the ability to track
moving objects. Its fibers originate from a unique source, the Somatic Efferent Column of Cells
(SECC). Questions have arisen regarding the SECC as the nucleus's origin due to its ventral midbrain
location. Seminal work by Santiago Ramén y Cajal in 1911 provided empirical evidence supporting
its distinction from other columnar neurons. The pathway of these fibers has been a subject of debate,
with some researchers suggesting crossing to the opposite side [76]. The Trochlear nerve was initially
omitted from Galen's list of cranial nerves, likely due to accidental removal during brain extraction
procedures. It wasn't until 1664 that Thomas Willis expanded the list, accurately describing the fourth
nerve and labeling it the "pathetic" nerve due to its role in governing eye movements in response to
emotional and natural instincts [77].

The Trochlear nerve is thin and elongated, making it susceptible to injury. It is the thinnest
among cranial nerves in terms of axonal count [78]. During embryological development, it originates
from the mesencephalon and crosses within the brainstem. After emerging from the brainstem, it
follows the lateral wall of the cavernous sinus, entering through the superior orbital fissure to supply
the contralateral superior oblique muscle. The superior oblique muscle's primary functions include
intorsion, depression (adduction focusing), and abduction of the eye [79]. As the nerve courses
downward around the cerebral peduncles before branching towards the cavernous sinus and orbit,
it runs alongside the Cranial Nerve III, between the posterior cerebral and superior cerebellar arteries
[80-82]. It then innervates the superior oblique muscle. This muscle originates near the common
tendinous ring on the orbital roof, and its tendon passes through the trochlea, a fibrous loop in the
frontal bone. It inserts at the posterior half of the eye.

The trochlear nucleus, located in the midbrain near the midline, innervates primarily the
contralateral superior oblique muscle. The crossed axons emerge from the dorsal midbrain, caudal to
the inferior colliculus, to form the fourth cranial nerve. It courses ventrally around the cerebral
peduncle and continues in the interdural segment along with its dural sheath, running along the
cavernous sinus's lateral wall. Due to its diminutive size, high-resolution T2-weighted images are
required for visualization.

A group of diseases known as congenital cranial denervation disorders results from atypical
growth or axonal connections in cranial nerve nuclei, leading to abnormal innervation patterns
affecting facial and ocular musculature. High-resolution, thin-section MRI aids in diagnosis,
including Congenital Oculomotor Nerve Paralysis, Congenital Trochlear Nerve Paralysis, Mobius
Syndrome, Duane Retraction Syndrome, Congenital Extraocular Muscle Fibrosis, Synergistic
Divergence, and Synergistic Convergence [83].

An uncommon disorder affecting the fourth cranial nerve, the Superior Oblique Myokymia, is
characterized by sudden, monocular episodes of high-frequency, low-amplitude eye movements.
These can occur both vertically and torsionally. Patients often report monocular oscillopsia,
characterized by images that appear to move upward, and occasionally experience vertical diplopia.
Episodes may last from a few seconds to several minutes and can recur multiple times per day,
gradually tapering off over weeks, months, or even years. Although triggered by looking in the
direction of the superior oblique muscle, most cases do not have any identifiable precipitating factors.
Diagnosis primarily entails a comprehensive medical history as eye movements are subtle and best
observed through slit-lamp examination during clinical evaluation [84].
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The Brown's Syndrome, first documented in 1950, manifests as a restriction in upward eye
movement during adduction, often accompanied by positive forced ductions in the same gaze
position. While generally congenital, the syndrome can also arise from external factors such as
inflammation, trauma, or surgeries affecting the superior oblique tendon or trochlea. The origin of
Brown's Syndrome can be either structural or innervational. When the cause is related to innervation,
it falls under the broader category of congenital cranial denervation disorders. Affected individuals
typically adopt an atypical head posture, characterized by an upward tilt and elevated chin. This
unique head position helps to avoid diplopia and facilitate binocular vision; thus, amblyopia is
uncommon. The recommended treatment varies with the severity of the ocular misalignment. For
milder cases, observation may suffice. Surgical interventions can include superior oblique tenotomy
or recession, supplemented with silicone expander placement in the superior oblique muscle. For
inflammation-induced Brown’s Syndrome, corticosteroids, administered through local or systemic
injections, and nonsteroidal anti-inflammatory drugs have been employed.

Ocular neuromyotonia is a rare disorder affecting ocular motility, characterized by involuntary
contractions of one or more extraocular muscles. These spasms may occur spontaneously or may be
triggered by focusing on a particular point for an extended period. The underlying etiology is
hypothesized to be due to irregular and recurrent discharge of one of the cranial nerves responsible
for controlling eye movements, leading to persistent and inappropriate contraction of the extraocular
muscles. In instances where ocular neuromyotonia affects the superior oblique muscle, the patient
will exhibit hypotropia of the affected eye, often accompanied by exotropia, and will be unable to
elevate the eye during adduction. Therapeutic interventions that have shown efficacy in treating
ocular neuromyotonia include membrane-stabilizing medications such as gabapentin,
carbamazepine, lacosamide, and phenytoin.

6. Cranial Nerve V: Trigeminal Nerve

The intricate framework responsible for processing sensory information and executing motor
responses relies on the interaction between the central and peripheral nervous systems. Within this
complex system resides the fifth cranial nerve pair, commonly known as the trigeminal nerve. This
cranial nerve plays a crucial role in transmitting both sensory and motor signals to and from facial
structures, contributing significantly to various daily functions, including the transmission of painful
stimuli, facial tactile perception, and mastication. As our understanding of the anatomy, physiology,
and associated disorders of the trigeminal nerve advances, its profound impact on an individual's
quality of life becomes increasingly evident. Despite this, clinical management remains a significant
challenge.

The trigeminal nerve carries sensory innervation and somatic supply to the face through three
main branches: ophthalmic or V1, maxillary or V2, and mandibular or V3. The V3 branch provides
motor innervation to masticatory muscles, including the mylohyoid, the anterior belly of the
digastric, and the tensor veli palatini and tensor tympani muscles. While this cranial nerve lacks
autonomic fibers, some of its branches combine with parasympathetic fibers from other cranial nerves
to innervate glands such as the lacrimal, parotid, submandibular, and sublingual glands [85-87].

Classified as a mixed nerve, the trigeminal nerve comprises fibers that provide general sensory
innervation to head structures, except for the occipital and retroauricular regions, which receive
innervation from branches of the cervical plexus and the facial or Cranial Nerve VIIL The trigeminal
sensory nuclei in the brainstem serve as endpoints for sensory fibers responsible for pain,
temperature, touch, pressure, vibration, and proprioception in the skin of one side of the face and
head, extending from the vertex forward. These fibers also innervate the conjunctiva, the eyeball, part
of the external tympanic membrane, mucosa of the anterior two-thirds of the tongue, palate, nasal
cavities, paranasal sinuses, meninges above the tentorium (supratentorial), and the upper and lower
dental arches [88]. Motor fibers, known as special visceral or branchial efferents, originate from the
trigeminal motor nucleus to innervate muscles derived from the first pharyngeal or branchial arch.

The spinal tract nucleus of the trigeminal nerve comprises three distinct segments: pars oralis,
pars caudalis, and pars interpolaris. These subnuclei transmit sensations of pain and temperature.
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The primary sensory nucleus processes tactile sensations and light touch. The mesencephalic nucleus
handles the transmission of facial proprioception. All these nuclei communicate with the ventral
posteromedial nucleus of the thalamus, where they synapse before proceeding to the primary
somatosensory nucleus located in the parietal lobe. The motor nuclei supply innervation to the
muscles of the first branchial arch, including the masticatory muscles [89].

The ophthalmic division, also known as V1, represents the smallest of the three divisions of the
trigeminal nerve and is responsible solely for sensory or afferent functions. It supplies sensory
branches to various areas, including the ciliary body, cornea, iris, lacrimal gland, conjunctiva, nasal
cavity mucous membrane, frontal sinus, sphenoidal sinus, forehead skin, nose, eyebrows, eyelids,
dura mater, and the posterior region of the falx cerebri. Additionally, it provides sensitivity to the
skin and mucous membranes of the nasal bridge, medial half of the upper eyelid, medial forehead
region, and scalp up to the vertex. The lacrimal nerve conveys information from the lateral upper
eyelid [90].

In contrast, the intermediate-sized maxillary nerve, also known as the superior maxillary nerve,
represents the second division of the trigeminal nerve. It provides sensory innervation to structures
in and around the maxillary bone and the middle area of the face, including the skin of the mid-face,
lower eyelid, lateral nose region, upper lip, nasopharynx mucous membrane, palate, maxillary sinus,
soft palate, palatine tonsils, gums, and maxillary teeth. The maxillary nerve comprises four groups
of branches based on their anatomical origin: those from the skull, the pterygopalatine fossa, the
infraorbital canal, and the face. It extends anteriorly over the dural lateral wall of the cavernous sinus,
positioned beneath the ophthalmic nerve. It enters the middle cranial fossa through the foramen
rotundum, supplying innervation to the supratentorial meninges of the anterior and middle cranial
fossae. Additionally, it provides sensitivity to the skin and mucous membranes between the lower
eyelid, nasal cavity, and palate. The maxillary nerve forms from the convergence of four distinct
nerve branches: zygomatic, infraorbital, superior alveolar, and palatine.

The mandibular division of the trigeminal nerve, the largest among its three divisions, is also
known as the inferior maxillary nerve or nerve mandibularis. Unlike the purely sensory ophthalmic
and maxillary divisions, the mandibular division is a mixed nerve, encompassing both sensory and
motor functions within its various branches. This division consists of two distinct roots: 1) a
significant sensory root originating from the lower angle of the Gasserian ganglion, and 2) a smaller
secondary motor root originating from the pons of the central nervous system. It carries sensory
innervation from the teeth, gums, skin of the temporal area, lower third of the face, lower lip, and
ear, as well as motor innervation to the muscles of the first branchial arch, including the muscles of
mastication, tensor veli palatini, tensor tympani, mylohyoid muscle, and the anterior belly of the
digastric muscle. In the infratemporal fossa, the mandibular nerve gives rise to four main branches
associated with the buccal, auriculotemporal, inferior alveolar, and lingual nerves.

In pathology, Trigeminal Neuralgia (TN) is the most prevalent type of craniofacial neuropathic
pain, known for producing excruciating pain. It affects an estimated 4 to 13 individuals per 100,000
per year. The pain is characterized by sharp, sudden sensations resembling electric shocks or burning,
typically localized to regions innervated by one or more branches of the trigeminal nerve. TN has
three types: idiopathic trigeminal neuralgia (without identifiable causes), classical trigeminal
neuralgia (associated with neurovascular compression at the trigeminal root entry region), and
secondary trigeminal neuralgia (caused by underlying medical conditions, including multiple
sclerosis) [91]. Carbamazepine remains the preferred treatment, with second-line medications such
as lamotrigine and baclofen. In some cases, gabapentin in conjunction with local ropivacaine
injections may be effective.

When the motor root of the trigeminal nerve is affected by isolated lesions, it can lead to atrophy
and weakness of the masticatory muscles, resulting in jaw deviation towards the opposite side and
flaccidity of the mylohyoid and anterior belly of the digastric muscles. Rarely, abnormal or excessive
activity of the masticatory muscles can occur in motor root lesions, leading to hemimasticatory
spasm, characterized by involuntary, unilateral, and paroxysmal contractions of the temporalis and
masseter muscles.
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Pathological processes affecting the trigeminal nerve may also result from extracranial factors,
including head and neck neoplasms, metastatic tumors, and inflammatory conditions such as orbital
pseudotumors, abscesses, and sinusitis. Neurovascular compression affecting the trigeminal nerve in
the prepontine cistern, particularly by the superior cerebellar artery, can lead to treatment-resistant
trigeminal neuralgia [92].

The optimal management of pathological processes affecting the trigeminal nerve involves a
precise examination of the affected anatomical section of the nerve. Sensory disturbances and
symptoms may vary, including pain, burning sensations, numbness, or loss of sensitivity. Specific
clinical symptoms depend on the division of the trigeminal nerve involved. When the V1
(ophthalmic), V2 (maxillary), or V3 (mandibular) divisions are compromised, patients may
experience various sensory or motor issues. Examination and diagnosis should consider the affected
nerve division to tailor appropriate treatment [93].

Trigeminal nerve lesions can range from minor hematomas to complete nerve rupture, often
resulting from physical trauma, such as dental extractions. The extent of nerve alteration is
categorized by Seddon's classification, comprising three types: neuropraxia, axonotmesis, and
neurotmesis [94].

7. Cranial Nerve VI: Abducens Nerve

The Abducens Nerve, or Cranial Nerve VI, plays a crucial role in nervous system. Specifically,
it regulates a vital extra-ocular muscle, the lateral rectus, which is essential for eye movement. The
nerve's name is derived from its unique function in innervating the lateral rectus muscle, responsible
for abducting or moving the eyeball outward. This motor nerve is pivotal in coordinating eye
movements, ensuring visual stability, and is essential for focus and spatial perception. Anatomically,
the abducens nerve consists solely of motor fibers originating from a single nucleus located in the
pons, proximal to the facial nerve nucleus. It is characterized by a medial eminence protruding from
the floor of the fourth ventricle. Although some species like chickens, rabbits, and humans were once
believed to possess an accessory nucleus, it is now understood that this accessory nucleus is absent
in primates. In species where it exists, it often associates with Cranial Nerves V and VII, contributing
to ocular protection.

The nerve emerges from the brainstem, courses toward the cavernous sinus, and enters the
superior orbital fissure before reaching the orbital cavity. It is particularly susceptible to injury among
extraocular muscles due to its sharp turn at the petrous portion of the temporal bone before entering
the cavernous sinus. Notably, it is the only cranial nerve to innervate an extraocular muscle typically
affected bilaterally. Damage to this nerve results in uncoordinated horizontal eye movements and an
inability of the affected eye to abduct laterally.

The axons of this nerve originate from the ventral aspect of the brainstem at the junction between
the pons and the medulla. These axons travel rostrally and somewhat laterally within the
subarachnoid space of the posterior cranial fossa before penetrating the dura mater lateral to the
dorsum of the sphenoid's sella turcica [95]. These axons originate from lower motoneurons in the
nucleus and interneurons that transmit signals via the medial longitudinal fasciculus to the lower
motoneurons of the opposite oculomotor nucleus's medial rectus muscle. This intricate neuronal
network ensures smooth coordination of lateral eye movements. Damage to these axons leads to
medial strabismus and the loss of the nictitating reflex, which is typically used to assess the nerve's
normal function [96].

Embryologically, this cranial nerve originates from the basal plate of the embryonic pons. As it
ascends from the ventral pontomedullary junction, it encounters arteries and veins of the posterior
circulation, including the anteroinferior cerebellar artery. Remarkably, the interdural segment of this
nerve is notably longer than that of other oculomotor cranial nerves. It enters the petroclival venous
confluence, passes through Dorello's canal, and eventually enters the cavernous sinus, adjacent to the
cavernous segment of the internal carotid arteries. The foraminal segment of cranial nerves VI, III,
and IV passes through the superior orbital fissure to enter the extraforaminal segment of the orbit,
where it innervates the lateral rectus muscle between its posterior and anterior two-thirds [97].
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Dysfunction of the abducens nerve can result from central lesions affecting its nucleus, such as
strokes, particularly in the pons, or space-occupying lesions like aneurysms, abscesses, or tumors.
Elevated intracranial pressure due to subdural hematomas, sagittal sinus thrombosis, or abscesses
can compromise the nucleus or efferent fibers of the abducens nerve as they diverge from the
brainstem toward the orbit, leading to nerve malfunction. Cerebrospinal fluid (CSF) leakage has also
been associated with traction on the abducens nerve, potentially causing sixth nerve palsy [98].
Determining if sixth nerve palsy exclusively affects this nerve is challenging, as it often coincides with
dysfunction in other neurological structures. Causes of unilateral abducens nerve palsy may include
trauma, vascular deficiencies (often related to diabetes), lumbar punctures (which can result in slight
brain sagging due to CSF loss), stretching (as in a pinched nerve), tumors, and multiple sclerosis (MS).
The likelihood of recovery ranges from 30% to 60%, with lower rates in cases of bilateral palsy.

The majority of abducens nerve disorders manifest as lateral rectus muscle palsy. Clinically, this
is often observed as the patient's inability to focus on an object located on the side affected by the
disorder. Unilateral and acquired paralysis of the sixth cranial nerve is the most common clinical
presentation. Microvascular ischemia is the most frequent etiological factor, and individuals with
preexisting conditions like diabetes, hypertension, or atherosclerosis are more susceptible to
developing sixth nerve palsy. While rare, congenital sixth nerve palsy can occasionally be associated
with complications during childbirth or other intrinsic disorders [99].

Patients with microvascular ischemia often experience a sudden onset of diplopia (double
vision), often accompanied by pain. To alleviate symptomatic double vision, these patients may use
an eye patch on the affected eye. The diplopia is typically horizontal and binocular, worsening when
the patient looks toward the affected side. Additionally, the patient may tilt their head toward the
affected eye to mitigate the effects of double vision. Other neurological symptoms, such as headaches,
nausea, and vomiting, may also be present and should prompt further diagnostic evaluation.
Infections of the petrous temporal bone, known as petrositis, can compromise the nerve, resulting in
lateral rectus weakening and medial deviation of the affected eye, a condition referred to as
Gradenigo's syndrome [100].

8. Cranial Nerve VII: Facial Nerve

The seventh cranial nerve, also known as the facial nerve, is a composite entity encompassing
motor, general sensory, special sensory, and visceral components. It originates embryologically from
the second pharyngeal arch and emerges ventrolaterally from the lower pons. Significant milestones
in the understanding of this nerve include Gabriel Fallopius' seminal work in 1550 detailing its course
through the temporal bone. In 1829, British neurologist Sir Charles Bell made another
groundbreaking contribution by distinguishing that while cranial nerve V handles sensory
innervation of the face, cranial nerve VII controls its motor function [101-103]. We now know that
the facial nerve is responsible for various functions in the head and neck. It innervates the muscles
responsible for facial expression, motor fibers of the middle ear, taste receptors in the anterior two-
thirds of the tongue, parasympathetic fibers to the salivary glands, and somatic afferent fibers to the
external auditory canal and auricle [104,105].

The complex trajectory of the facial nerve begins from its origin in the pons and extends to its
terminal distribution in the face. The motor nuclei of this nerve are located beneath the floor of the
fourth ventricle. As the nerve extends, its motor fibers encircle the nuclei of the abducens nerve (CN
VI). Upon exiting the pons at the cerebellopontine angle, these motor fibers take an anterolateral
direction. While traversing the pons, these motor fibers intersect with special visceral sensory fibers
originating from the solitary nucleus, responsible for taste sensation. They also intersect with
parasympathetic motor fibers that regulate salivary gland function [106]. The nerve enters the
temporal bone through the internal auditory meatus. Within the petrous part of the temporal bone,
it navigates through the facial canal, which is divided into three segments: labyrinthine, tympanic,
and mastoid. Originating from the base of the skull, the nerve exits through the stylomastoid foramen
and courses through the parotid gland. The mastoid segment gives rise to the nerve of the stapedius
muscle and the chorda tympani. The sensory fibers originating from receptors in the anterior two-
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thirds of the tongue reach the geniculate ganglion via the chorda tympani. These fibers traverse along
the nervus intermedius through the internal auditory meatus and the cerebellopontine cistern,
ultimately terminating in the solitary tract nucleus. The parasympathetic fibers of the nervus
intermedius originate from the superior salivary nucleus. At the geniculate ganglion, the greater
petrosal nerve supplies parasympathetic fibers to the lacrimal gland as well as to the mucosa of the
mouth, nose, and pharynx [107-109].

In humans, this mixed nerve comprises approximately 7,000 fibers, the majority of which are
myelinated and range in diameter from 7 to 10 um. The superior terminal motor branches of the facial
nerve traverse the parotid plexus and advance anteriorly through the zygomatic arch towards the
frontal, orbicular, and corrugator muscles. Additional branches extend horizontally towards the
zygomatic, orbicularis oculi, and adjacent muscles enveloping the buccal region, including the
buccinator and masseter muscles. Furthermore, an inferior cervical branch innervates the platysma
muscle, which lies superficially and contributes to skin tautness in the neck. This muscle may become
visibly prominent during facial gestures. According to traditional anatomical teachings, there are five
recognized terminal branches of the facial nerve: the temporal, zygomatic, buccal, marginal
mandibular, and cervical branches.

The motor function that supplies the muscles responsible for facial expressions, as well as the
stapedius muscle in the ear, originates from the facial nucleus within the pons. This motor component
then courses alongside Cranial Nerve VI [110]. Predominantly, the study of the seventh cranial nerve
focuses on its somatic motor component, which is responsible for innervating muscles present in the
face and, to a lesser extent, the neck. In total, this nerve innervates 28 muscles, each with various roles
in controlling the movement of the eyelids, eyebrows, lips, mouth, cheeks, and chin [111].

The facial nerve is implicated in various diseases, the most common of which is Bell's palsy. This
condition is characterized by facial paralysis, and its etiology often remains idiopathic. Several
theories suggest that vascular spasms of the arteries in the facial canal, which supply blood to the
nerve, may contribute to this condition. Alternatively, inflammation and swelling of the nerve within
the bony canal may also play a role in the development of Bell's palsy. Facial paralysis has substantial
impacts on both functionality and appearance, resulting in profound psychological and aesthetic
challenges. Numerous approaches for relief have been explored, including primary repair and the
utilization of nerve grafts or conduits. Tissue engineering has emerged as a pivotal field in the
development of synthetic materials that can mimic nerve properties, thus minimizing any further
patient harm. Moreover, ongoing research is increasingly examining the potential benefits of
incorporating neurotrophic factors or stem cells within or around the repair site to further enhance
neuronal recovery [112].

Additionally, other conditions can affect the motor functionality of the seventh cranial nerve.
These include tumors infiltrating the temporal bone, temporal bone fractures, Ramsay-Hunt
syndrome (characterized by herpes zoster affecting the geniculate ganglion and causing severe facial
paralysis along with vesicular rashes in the external auditory canal), acoustic neuromas, basilar artery
dilatations due to aneurysms, leprosy, and infectious mononucleosis. The latter has the potential to
manifest as sudden-onset, single or multiple cranial paralyses, with bilateral facial paralysis being
the most common combination. Furthermore, the motor function of the seventh cranial nerve can also
be impacted by myasthenia gravis.

In other mammals such as dogs, the facial nerve shares characteristics with its human
counterpart. Originating from the rostral and ventral medulla, it controls muscles responsible for
facial expression, taste sensation in the rostral two-thirds of the tongue, and skin sensitivity on the
inner surface of the auricle. Typical reactions observed in dogs associated with proper facial nerve
function include symmetrical facial expression, normal movements of lips, ears, and eyelids, as well
as the presence of the palpebral reflex. Ears respond to stimulation by moving, and there is an
immediate negative taste response. On the sensory level, a behavioral reaction occurs, and the ears
contract. Altered mental state or deficits in the seventh cranial nerve also indicate a central vestibular
disorder; however, certain polyneuropathies may affect this nerve as well [113].
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Rats, serving as a model for rodents, possess a substantial number of facial muscles, amounting
to 20 in total, but a debate persists regarding the specific similarities between facial muscles in
monotremes and in other mammals [114]. Mammalian facial muscles represent a subgroup of the
hyoid muscles, the muscles innervated by the seventh cranial nerve. In strepsirrhines, the facial
muscles resemble those in non-primate mammals such as tree shrews. Notably, there are some
differences; strepsirrhines possess a muscle known as the depressor supercilii, which is generally not
differentiated in tree shrews. Conversely, strepsirrhines lack two muscles commonly differentiated
in these mammals: the zygomatico-orbicularis and the sphincter colli superficialis. In contrast,
macaques often lack certain muscles, such as the risorius, anterior auricular, and temporoparietal
muscles, which are present in hominids like humans. However, they possess muscles that are
typically not differentiated in certain hominid groups. For instance, the cervical platysma in
orangutans, panins, and humans, and the posterior auricular in orangutans.

Lampreys and hagfish are the only representatives of the most ancient branch of vertebrates.
The facial nerve in lampreys comprises both motor and sensory fibers and is divided into four
primary branches: buccal, hyomandibular, thyroid, and pharyngeal. The buccal branch, located
anteriorly, innervates the neuromasts, which are sensory organs situated in the epithelial pit. These
neuromasts extend from the front of the eyes to the tip of the snout. It has been documented that this
branch fuses with the ophthalmic branch of the trigeminal nerve along its distal course [115]. The
efferent nuclei responsible for facial (VII) and octolateral (VIIleff) functions in adults display
significant variability in terms of their spatial arrangement and target destinations. Nonetheless, it
has been observed that in most species, branchiomotor neurons VII (VIIbm) and (VIlleff)
predominantly originate in the r4 region. Consequently, divergent locations found in adult
specimens are primarily attributed to variations in the extent of caudal and lateral migration. In
lampreys, the VIIbm nucleus can be traced from Mauthner's cell in caudal r4 to the vicinity just
behind the accessory Mauthner cell in caudal r5, across all developmental stages from early larvae to
post-morphic adults. In adult lampreys, the VIlleff neurons are situated ipsilaterally near both
Mauthner's cell and the VIIbm neurons, suggesting that they derive from the r4 region [116].

9. Cranial Nerve VIII: Vestibulocochlear Nerve

The eighth cranial nerve, known as the vestibulocochlear nerve, is responsible for both hearing
and balance perception. It comprises two subunits: the vestibular nerve, responsible for detecting
head movement and position, and the cochlear nerve, tasked with transmitting auditory signals from
the inner ear to the central nervous system. Formerly referred to as the auditory nerve, it exits the
brainstem as two subdivisions, with the vestibular segment located ventrally to the cochlear segment
[117].

During embryonic development, the otic placode gives rise to both the vestibule and the cochlea.
The vestibulocochlear nerve emerges from the pons, travels upward and outward through the
cerebellopontine angle, and enters the internal auditory canal (IAC) via the acoustic porus. Within
the IAC, it splits into three separate nerve structures: the cochlear nerve, the superior vestibular
nerve, and the inferior vestibular nerve. The cochlear nerve lies inferiorly and anteriorly, beneath the
facial nerve, while the superior vestibular nerve is posterior and superior, and the inferior vestibular
nerve is posterior and inferior [118].

Bipolar neurons in the vestibular ganglion, along with efferent neurons, travel in the cochlear
and vestibular nerves. The vestibulocochlear nerve has a notably elongated central myelinated
section compared to other cranial nerves. This characteristic contributes to a higher incidence of
schwannomas originating from this nerve, complicating surgical procedures where differentiation
between central and peripheral nerve lesions is crucial. The criteria for this differentiation are the
nerve sections proximal to the spiral and vestibular ganglia [119]. The distal axons of bipolar neurons
extend to the semicircular canals, innervating the utricle and saccule, enter the cerebellopontine
angle, and merge with the vestibular nuclear complex before reaching motor nuclei in the brainstem,
upper spinal cord, cerebellum, and thalamus.
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The vestibular system includes three semicircular canals, the utricle, and the saccule. Maculae,
specialized areas within the utricle and saccule, contain ciliated cells acting as sensory transducers.
The crests of the semicircular canals also feature these ciliated cells. The membranous labyrinth
extends across the saccule and the utricle, each housing a macula covered by a gelatinous layer called
the otolithic membrane, composed of small calcium carbonate particles known as otoconia. These
otoconia either rest on the otolithic membrane's surface or embed within its upper layer. The primary
function of the utricle and saccule is to detect head orientation and movements relative to gravity.
When the head moves, gravity pulls the otolithic membrane, causing the ciliated cells' stereocilia to
shift in response.

Sound waves travel through the external auditory canal, vibrating the tympanic membrane.
These vibrations pass through the middle ear cavity, aided by the malleus, incus, and stapes
(ossicles), reaching the oval window of the cochlea, the spiral part of the bony labyrinth housing the
cochlear duct. The ossicles not only transmit sound energy from the tympanic membrane to the oval
window but also amplify the pressure applied to the oval window. The cochlea connects to the
middle ear cavity via two bony apertures: the vestibular window (oval window), covered by the
stapes, and the cochlear window (round window), covered by a thin, flexible diaphragm. As the
stapes oscillates within the oval window, pressure waves form in the perilymph. These waves
traverse the cochlea, inducing vibrations in the round window's diaphragm. The round window's
flexibility allows for slight fluid movement, facilitating sound propagation.

The nuclei that constitute the vestibulocochlear nerve are categorized into distinct subgroups:

1. Cochlear nuclei: These small structures in the brainstem play a vital role in auditory processing.
a. Ventral cochlear nuclei: Located in the anterior and lateral regions of the inferior peduncle.
b. Posteroventral and anteroventral cochlear nuclei: Encompassed within the anterior part.
c.  Dorsal cochlear nuclei: Situated posteriorly and laterally to the brainstem's surface, around
the cerebellar peduncle.

2. Vestibular nuclei: These neuronal cell bodies reside within the brainstem.

a. Medial vestibular nucleus: Located in the upper medulla, adjacent to the fourth ventricle's

floor.

b. Lateral vestibular nucleus: Found in the upper medulla, lateral to the medial nucleus.

c. Inferior vestibular nucleus: Positioned in the lower medulla, beneath the medial and lateral

nuclei.

d. Superior vestibular nucleus: Located in the upper pons, above the inferior and medial

nuclei.

Cochlear nerve damage can result from sensory receptor organ impairment, leading to
sensorineural or endocochlear deafness, or damage affecting the nerve or central cochlear pathways,
known as retrocochlear sensorineural deafness. Various tests, including vocal audiometry, pure-tone
audiometry, and auditory evoked potentials, are used to evaluate hearing conditions [120]. Damage
to the vestibular nerve can cause symptoms such as vertigo, affecting balance, and nystagmus. When
evaluating patients with sudden or severe vertigo, it is crucial to determine if the situation is
emergent, confirm the presence of vertigo, localize the anatomical lesion, and assess the potential
impact on the individual.

Vertigo, the sensation of motion, can manifest as illusions of environmental movement or self-
motion, including tilting, dropping, and lateral pulsion. Oscillopsia, a perceived object oscillation
while walking or driving, occurs with open eyes, indicating deficits in vestibulo-ocular reflexes [121].
Benign paroxysmal positional vertigo (BPPV) is a common cause of vertigo characterized by brief
episodes of dizziness resulting from otoconia displacement within the semicircular canals.

Dizziness, different from vertigo, is more often associated with medical issues like
cardiovascular and psychiatric conditions than with vestibular disorders. It is essential to
differentiate between vertigo and other potential causes, including hyperventilation, presyncope,
and imbalance.

Additional vestibular and auditory pathologies include:
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9.1. Vestibular Schwannomas

Vestibular schwannomas, also known as acoustic neuromas, are typically benign tumors that
exhibit slow growth in the region of the cochlear-vestibular nerve within the internal auditory canal
and/or cerebellopontine angle (CPA). These tumors predominantly arise from Schwann cells of the
vestibular nerves and account for approximately 10% of all intracranial neoplasms and 80% of all
CPA tumors. Patients presenting with vestibular schwannoma symptoms often exhibit unilateral
otological manifestations, such as asymmetric hearing loss or tinnitus localized to one side of the
head. Imbalance is a common symptom, and in certain cases, patients may experience vertigo. Rare
instances of facial nerve weakness have been reported. Approximately 10% of cases may result in
sudden hearing loss. These tumors are predominantly sporadic and appear exclusively on one side
of the head [122].

9.2. Meniere’s Disease

The hallmark of Meniere's disease is the onset of "attacks" characterized by episodes of vertigo,
tinnitus, and hearing loss. Vertigo may last from 20 minutes to several hours, followed by a protracted
period of discomfort. Patients are generally asymptomatic between these episodes. Additional
symptoms may include postural and gait instability, sudden episodes of falls (known as Tumarkin
crises), and nausea. Although the exact incidence of Meniere's disease remains elusive, estimates
suggest 15.3 cases per 100,000 individuals [123].

9.3. Vestibular Neuritis

Viral inflammation of the vestibular nerve is believed to result in an imbalance in vestibular
tonic activity, leading to vestibular neuritis. If a patient experiences sudden-onset vertigo lasting
hours or days, evaluation for vestibular neuritis, labyrinthitis, and other life-threatening causes of
acute vestibular syndrome, such as posterior circulation stroke, is imperative. The aim of the medical
evaluation, physical examination, and ancillary testing is to confirm the diagnosis of vestibular
neuritis and rule out central causes of dizziness, including cerebellar hemorrhage and infarction.
Typical symptoms for patients with vestibular neuritis include nausea, vomiting, sweating, and
malaise.

9.4. Vestibulocochlear Nerve in Canines

In canines, the vestibulocochlear nerve comprises both a vestibular component, responsible for
balance, and a cochlear component, responsible for hearing. In instances where an animal has
suffered either a central (pertaining to the nuclei and pathways) or peripheral (pertaining to the
receptors) vestibular injury, the animal will exhibit symptoms such as vestibular ataxia, nystagmus,
head tilt, and a propensity to lean towards the affected side in the case of a unilateral injury. To
determine whether the vestibular syndrome is central or peripheral, a postural reaction assessment
should be performed. Hemiparesis is the resultant condition if the lesion is unilateral, while
tetraparesis ensues if the lesion is bilateral. When presented with an auditory stimulus, the animal is
expected to turn its head toward the sound source. However, the critical factor determining this
response is the animal's level of attentiveness. This process is known to be bilateral.

9.5. Congenital Vestibular Disease in Animals

Reports of congenital vestibular disease have been documented in both feline and canine species.
Distinctive breeds in cats, such as the Burmese, Tonkinese, Persian, and Siamese, as well as popular
canine breeds like Dobermans, Fox Terriers, German Shepherds, and English Cocker Spaniels, have
all been subjects of study. Bilateral congenital vestibular disease has been specifically observed in
Beagles and Dachshunds. Clinical symptoms generally manifest between three and four weeks post-
birth. Affected animals may exhibit a range of symptoms including head tilt, incoordination, spinal
curvature, involuntary eye movements, and, in some cases, hearing loss. If the disease affects both
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hemispheres of the animal's brain, atypical lateral head movements unrelated to standard nystagmus
may occur [124].

9.6. Geriatric Vestibular Syndrome in Canines

Canine geriatric vestibular syndrome, also known as idiopathic vestibular syndrome, mirrors its
feline counterpart. However, it is common among older dogs and is associated with sudden-onset
peripheral vestibular disease of unknown etiology. These cases are often misdiagnosed as "strokes"
due to the abrupt and dramatic presentation of clinical symptoms. Nonetheless, vascular accidents
as a cause of vestibular disease are extremely rare in canines. Like in cats, no specific treatment exists
for this condition; supportive care, such as controlling vomiting in the initial stages and ensuring
adequate nutrition and fluid intake, is recommended. Although cases should resolve spontaneously,
some residual symptoms like head tilt may persist.

9.7. Acute Idiopathic Vestibular Syndrome in Felines

Acute idiopathic vestibular syndrome is a prevalent peripheral vestibular disease in cats,
characterized by sudden and unexplained onset. Its clinical symptoms are consistent with an abrupt
disruption of the peripheral vestibules, including horizontal or rotary nystagmus, head tilt towards
the side of the lesion, leaning or falling to one side, and in severe cases, vomiting, circling, and tilting
towards the side of the lesion. Specific impairments, such as frontal deafness and unilateral deafness,
may take time to recover or could be permanent.

10. Cranial Nerve IX: Glossopharyngeal Nerve

Cranial Nerve IX, also known as the Glossopharyngeal Nerve, plays a crucial role in connecting
the brain with the tongue, pharynx, and certain internal organs. Due to its complex structure and
multifaceted functions, this nerve is integral to various activities such as taste perception, swallowing,
blood pressure regulation, and sensation in specific areas of the neck and head. The term
"glossopharyngeal” refers to both the tongue and the pharynx. The physical tongue, which weighs
between 56 to 85 grams in adults, is often larger than commonly perceived. The pharynx, meaning
"throat," is the connecting tube that links the oral and nasal cavities to the esophagus and larynx. The
pharyngeal cavities play a role in respiratory and digestive functions, as well as in sound production
or phonation. Circular constrictor muscles assist in propelling food towards the esophagus during
swallowing, while longitudinal muscles elevate the pharynx's walls above the food bolus.

The Glossopharyngeal Nerve comprises approximately five to six compact fiber bundles
emerging from the medulla oblongata, positioned anteriorly to the vagal fibers. These fiber bundles
proceed towards the anteromedial region of the jugular foramen before descending in a curved path,
with a convex shape situated posteriorly and inferiorly to the root of the tongue. Here, it bifurcates
into its terminal branches. Within the lateral wall of the pharynx, the nerve positions itself and courses
medially at the base of the tongue via the lateral area of the stylopharyngeus muscle before entering
the tongue. Two sensory ganglia exist within the nerve: the superior ganglion is identifiable as a
minor protrusion of the nerve at the jugular foramen, while the larger inferior (petrosal) ganglion
resides below it.

According to Wilson-Pauwels (2006), the Glossopharyngeal Nerve encompasses five modalities:
general sensory, visceral sensory, special sensory, branchial motor, and visceral motor. The general
sensory modality is responsible for providing general sensation to the posterior third of the tongue,
tonsils, external ear skin, internal ear surface, tympanic membrane, and pharynx. The visceral sensory
modality offers subliminal sensitivity from the carotid body (chemoreceptors) and the carotid sinus
(baroreceptors). The special sensory modality, which is unique and distinct, is responsible for
transmitting the sense of taste from the posterior part of the tongue. The branchial motor modality
innervates the stylopharyngeus muscle. Lastly, the visceral motor modality, specifically the
parasympathetic efferent, is accountable for activating the parotid gland and regulating blood vessels
of the carotid body. Furthermore, the nerve plays a variety of other functions, including motor
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support for the stylopharyngeus muscle, parasympathetic innervation to the parotid gland, and
transmitting sensory information from the carotid sinus and carotid body, as well as conveying
sensory information from the external auditory meatus and the tympanic membrane.

The nuclei associated with the glossopharyngeal nerve include [125]:

1. Ambiguous nucleus: Responsible for the motor functions of the stylopharyngeus and superior
pharyngeal constrictor muscles, located in the upper part of the medulla oblongata, adjacent to
the inferior olivary nucleus, and containing a collection of efferent cell bodies.

2. Inferior salivary nucleus: Serving as a parasympathetic center that activates salivary glands.

3. Inferior solitary nucleus and tract: Responsible for the sensory nucleus that deals with special
visceral information.

4.  Nucleus of the spinal trigeminal tract: Collecting general somatic information related to the
trigeminal nerve.

A study by Doty [126], revealed that the nerve projects to regions previously underestimated,
specifically extending to the lateral area of the middle portion of the tongue. This finding corroborates
anatomical descriptions from 19th-century textbooks and is substantiated by electrogustometry tests.
These implications are both foundational and practical, deepening our understanding of the dorsal
tongue’s sensory innervation and providing crucial information for assessing the neural basis of
various tongue disorders, including age-related, viral, drug-related, and regional conditions.

Various disorders can affect the glossopharyngeal nerve or its nuclei, such as injuries impacting
the ambiguous nucleus, infarcts in the territory of the posterior inferior cerebellar artery, motoneuron
disorders like amyotrophic lateral sclerosis, or peripheral involvement due to tumors or other lesions
in the jugular foramen area.

The rare disorder known as glossopharyngeal neuralgia is characterized by severe, paroxysmal
pain localized in the ear, deep in the neck, the tonsil, or the base of the tongue. The pain is triggered
by speaking, chewing, and swallowing and can be associated with coughing and, in some cases,
syncope due to afferent activation of the baroreceptors. The etiology of glossopharyngeal neuralgia
can be idiopathic but may also be induced by massive lesions, infections, glossopharyngeal neuroma,
or Eagle syndrome, which is presumed to occur when an elongated styloid process irritates the
Cranial Nerve IX [127,128].

In a case study reported by Tomas [129], a considerable tumor in the right cerebellopontine angle
was detected. The chief complaint of the 10-year-old patient was hearing loss. Initial imaging led the
medical team to suspect a vestibular Schwannoma. However, surgical intervention revealed that the
tumor had originated from the glossopharyngeal nerve. Schwannomas affecting this nerve are
exceedingly rare and frequently mimic the clinical and radiographic appearances of the more
prevalent vestibular Schwannoma.

In rat snakes, the glossopharyngeal, vagal, and hypoglossal nerves originate from an average of
seven small roots located in the posterior part of the myelencephalon. Unlike garter snakes, there is
uncertainty regarding whether the three roots arising from the dorsal surface are sensory, and the
remaining four roots emerging from the ventral face are motor. These roots typically converge
intracranially to form a single craniocervical trunk. A small cluster of sensory cell bodies was found
at the root junction through histological examination, representing the combined glossopharyngeal
and vagal sensory ganglia. The trunk usually exits the skull through the internal jugular foramen. In
some instances, the hypothetical hypoglossal root separates from the other two nerves intracranially,
exits the skull through multiple small hypoglossal foramina, and then joins with the extracranial
glossopharyngeal and vagal roots [130].

In canines, the glossopharyngeal nerve is responsible for the innervation of the pharyngeal
muscles. Furthermore, it gathers sensory information from the internal acoustic meatus and the
tympanic membrane, along with the tenth pair of cranial nerves. The nerve also carries gustatory
sensations from the root of the tongue and the anterior part of the pharynx. Additionally, the afferent
fibers of the nerve terminate in the carotid sinus, responsible for detecting changes in arterial
pressure. The parasympathetic component of the nerve innervates the parotid and zygomatic
salivary glands.
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In lampreys, the glossopharyngeal and vagal nerves are implicated in both sensory and motor
functions of the pharyngeal and visceral areas. The glossopharyngeal nerve bifurcates into two main
branches: one innervates the epithelial pits located on the dorsal face of the head, whereas the other
further divides into two sub-branches. One sub-branch is responsible for activating striated muscles
in the first branchial segment and contains respiratory motoneurons for the caudal half of gill 1 and
the rostral half of gill 2. The second sub-branch mediates sensory inputs to organs in this region. By
13 days post-fertilization in the larval stage of sea lampreys, the ventral peripheral branch of the
glossopharyngeal nerve is observable in P1 prolarvae, emanating from the third pharyngeal pouch.
The dorsal branch, on the other hand, appears in P5 prolarvae. Glossopharyngeal motoneurons are
solely present in thombomere 6 (r6) and form a dense nucleus wherein the ventral nerve enters,
slightly caudal to the posterior lateral line nerve, near the r6-r7 boundary. Upon entering the brain,
two roots are distinguished: a dorsal sensory root composed of thin fibers, and a ventral motor root
composed of even finer fibers.

In reptiles such as the Alligator mississippiensis, the glossopharyngeal nerve originates in the
medulla and is responsible for conveying both sensory and motor signals. It exits the cranial cavity
laterally through the jugular foramen located in the occipital bone. Upon exiting, it forms the petrosal
ganglion and travels ventrally alongside the external carotid artery. The nerve courses along the
dorsal edge of the muscle constrictor colli profundus and between the muscle branchiohyodieus
dorsalis and ventralis, supplying innervation to these two muscles. It then passes laterally to the
hyoid and medially to the muscle geniohioideus before reaching the ventral edge of the tongue.
During ontogeny, the nerve takes an increasingly complex route to its destination in response to the
increasingly horizontal orientation of the hindbrain [131].

11. Cranial Nerve X: Vagus Nerve

The tenth cranial nerve, commonly known as the Vagus Nerve, is responsible for approximately
75% of all parasympathetic innervation in visceral organs. It reaches and innervates a multitude of
organs, including the respiratory tract, heart, gastrointestinal tract up to the descending colon,
pancreas, gallbladder, and liver. The dorsal vagal nucleus is in charge of generating parasympathetic
output to the respiratory and gastrointestinal tracts, while the ventrolateral region of the ambiguous
nucleus directs output to the heart. Most postganglionic neurons of the Vagus Nerve are in ganglia
forming plexuses near their target tissues [132]. Beyond these roles, the vagus nerve is associated
with mood regulation and the stress response, making it crucial in maintaining overall physiological
balance or homeostasis.

The sensory nature of the dorsal nucleus of the nerve was once the prevailing belief among
prominent anatomists. However, in 1891, Forel introduced the notion that this nucleus was motor in
function and connected to the roots of the vagus nerve. This idea was later substantiated by
Marinesco in 1899, who further linked the nucleus to the innervation of smooth muscles in the
respiratory and digestive systems rather than the larynx. It was not until the 20th century that the
inferior salivary nucleus was assigned to the visceral motor component of the glossopharyngeal
nerve. Bechterew, Duval, Obersteiner, and Guden posited that some motor fibers of cranial nerves IX
and X originated from a distinct nucleus, situated between the fibers of the hypoglossal nerve and
the substantia gelatinosa of the trigeminal nerve, known as the ambiguous nucleus. This nucleus was
further subdivided into cell subgroups designated to innervate the muscles of the last pharyngeal
arches.

The vagus nerve has an extensive trajectory and impacts multiple bodily functions such as
speech, digestion, respiration, cardiac activity, and possibly the immune system. It traverses the skull,
neck, and thorax before terminating near the lower abdominal area, in the vicinity of the left colic
angle. While this extension is generally acknowledged in textbooks, research suggests that vagal
innervation may also extend to pelvic organs, thereby expanding its sphere of influence. The term
"vagus" originates from the Latin word meaning "wandering," aptly describing the nerve's extensive
journey from the brainstem to the large intestine. Emerging from the medulla oblongata as a series
of eight to ten fiber rootlets located just dorsal to the inferior olive, the nerve serves as the primary
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overseer of visceral functions and the regulation of the parasympathetic nervous system. These
rootlets converge into a flat cord that exits the skull through the jugular foramen. The nerve houses
two separate sensory ganglia, the superior (jugular) and the inferior (nodose). The superior ganglion
is situated within the jugular fossa of the petrous temporal bone, which, along with the occipital bone,
creates the jugular foramen. In this area, the vagus nerve is near the jugular bulb, an enlargement of
the proximal internal jugular vein. The adventitia of the jugular bulb contains the jugular glomus.

The vagus nerve is organized into four groups of fibers, i.e., brachial motor fibers (BMF),
parasympathetic fibers (PF), somatosensory fibers (SF), and visceral sensory fibers (VSF). The BMF
originate from the ambiguous nucleus in the medulla oblongata; they are primarily responsible for
innervating the muscles in the pharynx and larynx and are associated with the third, fourth, and sixth
branchial arches. The PF arise from the dorsal motor nucleus, also situated in the medulla oblongata;
the preganglionic axons innervate the heart and thoracoabdominal viscera, including the anterior
and mid-gut, while the postganglionic neuronal cell bodies are generally located within the walls of
their respective target organs, such as the heart and the myenteric plexus. The SF are directed towards
the sensory nucleus of the trigeminal nerve; originating from the posterior wall of the external
auditory canal and the posterior surface of the tympanic membrane, these fibers proceed through the
otic branch of the nerve to the trunk at the jugular foramen, and the cell bodies of these fibers are
located in the superior jugular ganglion. The VSF are targeted at the solitary tract nucleus; they
encompass taste fibers from the epiglottis and visceral fibers from the hypopharynx, larynx,
esophagus, trachea, thoracic, and abdominal viscera, along with pressure and chemoreceptors from
the aorta, and their cell bodies are situated in the inferior nodose ganglion.

On the other hand, the nuclei associated with the vagus nerve are the dorsal vagal nucleus
(DVN), the ambiguous nucleus (AN), the solitary nucleus (SN), and the trigeminal spinal tract
nucleus (TSN). The DVN is located laterally in the fourth ventricle's floor and contains
parasympathetic secretomotor fibers that innervate mucous membranes in the thorax, abdomen,
pharynx, and laryngeal mucosa. The AN is in the upper spinal cord, dorsal to the inferior olivary
nucleus, housing efferent cell bodies that lead to the striated muscles of the larynx and pharynx,
specifically the pharyngeal constrictors. The SN receives gustatory information along with Cranial
Nerves VII and IX, while the inferior solitary nucleus receives visceral sensations via branches
towards the nodose ganglion. The TSN receives general somatic information from the ipsilateral side
[133].

Specific supply and functions of the vagus nerve are as follows.

11.1. Cardiac Innervation

Extensive anastomoses are observed between vagal fibers to the heart and post-ganglionic
sympathetic cardiac nerves. These intricate connections facilitate the formation of both ventral and
dorsal cardiopulmonary plexuses. These plexuses subsequently give rise to cardiac nerves that are
responsible for innervating intrinsic subpericardial ganglia. Notably, the sinoatrial node receives
predominant innervation from the right vagus nerve, while the atrioventricular node is principally
innervated by the left vagus nerve. Furthermore, the vagus nerve exhibits an inhibitory effect on heart
rate, reduces atrioventricular conduction, and prolongs the refractory period of the ventricles.

11.2. Respiratory System Innervation

Vagal fibers responsible for signaling the respiratory pathways and lungs traverse via the
anterior and posterior pulmonary branches. These fibers significantly contribute to the formation of
the pulmonary plexus. The primary physiological outcomes mediated by these fibers include
bronchoconstriction and an augmentation in mucus secretion.

11.3. Gastrointestinal Innervation

Vagal inputs exert a major influence on the stomach and esophagus but also extend to the
proximal small intestine and specific colonic regions. Esophageal branches emerge both above and
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below the pulmonary branches, culminating in the formation of the esophageal plexus. The anterior
and superior portions of the stomach receive innervation from the left vagus nerve, while the
posterior and inferior surfaces are innervated by the right vagus nerve. The vagus nerve plays a dual
role in gastrointestinal motility: it relaxes smooth muscle in the proximal stomach and stimulates
motility in the distal stomach, leading to gastric emptying and increased acid secretion. Within the
intestinal tract, vagal efferents exercise modulatory control over various local reflexes that are
mediated by neurons of the enteric nervous system. This system comprises sensory neurons, motor
neurons, and interneurons that form local integrating circuits and reflexes involved in the regulation
of peristalsis and secretion [134].

11.4. Vagal Role in Homeostasis

The vagus nerve is also termed the 'guardian of the body' because it serves as a complex
neuroendocrine-immune network pivotal in maintaining homeostasis. Functioning as a control
center, it establishes neuronal connections to various brain regions, assimilating interoceptive
information and delivering adaptive modulatory feedback. While most of the central fibers are
unmyelinated C fibers originating from visceral organs, myelinated A and B fibers perform critical
roles in somatic sensory, motor, and parasympathetic innervation. Primary vagal fibers are
cholinergic, yet non-cholinergic and non-adrenergic neurotransmitters are also involved. Recent
studies indicate that the vagus nerve also modulates mood, inflammation, and pain [135].

11.5. Reflexive Functions

The vagus nerve governs a variety of reflex actions including swallowing, coughing, yawning,
sneezing, and hiccuping. However, only the gag reflex is suitable for needle testing during
neurological evaluations. This reflex engages afferent fibers from the glossopharyngeal nerve (and
occasionally the vagus nerve) and efferent motor fibers from the vagus nerve to the pharynx, soft
palate, and tongue. The reflex is activated by tactile stimulation of the pharynx or the posterior
portion of the tongue, resulting in symmetrical contraction and elevation of the pharynx as well as
tongue retraction [136]. A patient who exhibits damage to the laryngeal section of the nerve may
manifest several symptoms. These include hoarseness, dysphagia, and aspiration when consuming
liquids, and the gag reflex becomes impaired. It is noteworthy that the afferent limb of this reflex is
carried by cranial nerve IX. Also, the uvula deviates from the side of the lesion, and the palate fails
to elevate [137].

11.6. Implications in Eating Disorders

Individuals with bulimia nervosa display an abnormal lack of satiety post-meal, a sensation
heavily influenced by the function of the vagus nerve. Additionally, these individuals exhibit higher
pain thresholds, which can be modulated by stimulation of the nerve. Thus, the vagal reflex
responsible for satiety and disrupted in bulimic individuals could potentially be stabilized through
vagal stimulation, emerging as a potential treatment modality. On the other hand, recent research is
exploring vagotomy as a less invasive alternative to gastric bypass surgery for weight loss. This
approach suppresses hunger pangs and is occasionally performed in conjunction with gastric
banding, leading to an average weight loss of 43% within six months when complemented by a
balanced diet and physical activity.

11.7. Neurological Syndromes and Vagal Disorders

Various neurological syndromes related to vagus nerve disorders exist, including Wallenberg's
syndrome, Cestan-Chenais syndrome, Vernet's syndrome, Collet-Sicard syndrome, Garcin's
syndrome, Villaret's syndrome, and Tapia's syndrome. These conditions manifest with ipsilateral
paralysis and anesthesia of the pharynx and larynx, causing dysphonia and dysphagia [138].
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11.8. The Vagus Nerve in Dogs

In dogs, the vagus nerve is responsible for innervating the intrinsic muscles located in the larynx,
also known as the recurrent laryngeal nerve. It collects sensory information from the mucosa in the
larynx and the caudal half of the pharynx. Its parasympathetic component innervates the heart and
viscera within the thoracic and abdominal cavities, as well as the mucosa in the larynx and pharynx.
Clinical indicators include the pharyngeal reflex, which is shared with cranial nerve IX. Lesions on
either or both sides, coupled with swallowing difficulties, may result in hoarseness due to cartilage
and vocal fold displacement. When stimulated, the animal exhibits auricular movement and head
withdrawal, indicating that the vagus nerve serves as an afferent pathway distributed along the
seventh cranial nerve.

12. Cranial Nerve XI: Accesory Spinal Nerve

Cranial Nerve XI, also known as the accessory spinal nerve in honor of Thomas Willis, possesses
distinctive anatomical characteristics. Unlike other cranial nerves, the majority of its origin is situated
in the spinal cord. Historically, the terms "accessory nerve" and "spinal accessory nerve" were used
interchangeably. However, contemporary anatomical literature distinguishes between the two,
categorizing the accessory nerve into two distinct components: the spinal root, originating from the
spinal cord, and the cranial root, emerging from the brainstem [139]. It ascends through the foramen
magnum into the skull before exiting through the jugular foramen. Importantly, this nerve
exclusively innervates two muscles, neither of which are in the head, although both are crucial for
head movement. These muscles are the sternocleidomastoid and the trapezius, innervated by
proprioceptive sensory fibers originating from the primary ventral branches of the second, third, and
fourth cervical nerves, which subsequently become part of the extracranial accessory nerve [140]. In
the late 19th century, it was discovered that the accessory nerve has two distinct points of origin: one
originating from the medullary or caudal part of the medulla oblongata and another from the cranial
part. Roller first established the medullary origin in 1881, later confirmed by Van Gehuchten in 1900.
Santiago Ramoén y Cajal described the morphological features of the nucleus. The cranial origin was
located in the caudal portion of the ambiguous nucleus, which provided fibers for the innervation of
intrinsic laryngeal muscles.

On the other hand, several authors have proposed that the accessory nerve comprises only the
spinal root, separate from the cranial root. An alternative classification system suggests that the
cranial root should be designated as the caudal segment of the vagus nerve. This idea has been
supported by studies in various animal species. Nevertheless, research on human cadavers has
confirmed that the cranial root does indeed play a role in the accessory nerve and constitutes one of
the two roots contributing to the accessory nerve in its entirety. Some authors suggest that the cranial
fibers diverge from the spinal nerve trunk (referred to as the internal branch) shortly afterward to
merge with the proper vagus nerve, situated above the nodose ganglion. These fibers are responsible
for innervating the muscles of the larynx and pharynx, including those involved in speech
production. Other authors propose that the spinal segment of the accessory nerve progresses toward
the subarachnoid spaces located in the anterior portion of the spinal cord before traversing the
foramen magnum and joining cranial nerves IX and X along their path through the cistern [141].

A cluster of nerve fibers and nuclei can be found in the lateral section of the ventral gray horn
of the cervical spinal cord, where the cell bodies of the accessory spinal motor neurons reside. These
appear to be in a caudal extension of the ambiguous nucleus. Other muscles controlled by the
ambiguous nucleus are classified as branchiomeric, although there is debate about whether this
applies to the trapezius and the sternocleidomastoid, given their uncertain branchial arch origin. It is
worth noting that muscles associated with the branchial arch are linked to cranial extremity and
alimentary tube nutrition, whereas the accessory spinal nerve controls head and neck movements
during food foraging, as seen in giraffes.

Upon exiting the jugular foramen, the accessory nerve takes a posterior trajectory within the
styloid process. It then descends at an angle before finally entering the upper part of the
sternocleidomastoid muscle. Some fibers terminate within this muscle, while the remaining fibers
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traverse it to emerge at the midpoint of its posterior border. These fibers then cross over the posterior
triangle of the neck, above the levator scapulae, and are situated very close to the superficial cervical
lymph nodes. Approximately five centimeters above the clavicle, the nerve runs beneath the anterior
edge of the trapezius muscle to provide its innervation.

Finally, Cranial Nerve XI is often overlooked in the context of vertebrate neuroanatomy due to
its extracranial origin from cervical nerve roots and its trajectory towards cervical musculature.
Although it traverses the jugular foramen from the cranial cavity, it is not classified as a cranial nerve.
The spinal accessory nucleus has varying locations across different vertebrates. Its motor neurons
share structural similarities with those of the hypoglossal nerve. In lampreys, the existence of an
accessory nucleus remains unproven. It is posited that lampreys lack a muscle function that
functionally correlates with the cucullaris muscle in fish, believed to be homologous to the
mammalian trapezius and sternocleidomastoid muscles. Given the absence of a scapular girdle,
theoretically, there should be no accessory nerve in these creatures to innervate this musculature.
However, recent developments suggest that homologs of the migratory gnathostome muscle
precursors from the two rostral somites give rise to the inferior and superior optical muscles in
lampreys. In canines, the accessory or spinal nerve comprises two separate roots. The spinal root
consists of multiple fibers exiting at the midpoint between the dorsal and ventral roots of the first five
spinal nerves. Conversely, the cranial root integrates into the vagus nerve and serves to innervate
specific neck muscles, namely the trapezius, omotransversarius, cleidocephalic, and thyrohyoid
muscles. Damage to this nerve results in degeneration, weakening, or complete paralysis of these
muscles.

Some clinical manifestations of this cranial nerve are:

12.1. Vernet Syndrome

Named after the French neurologist Maurice Vernet (1887-1974), this syndrome is characterized
by motor paralysis affecting cranial nerves IX, X, and XI. The most common etiological factors include
malignant tumors, aneurysms, or basal skull fractures. Clinical features manifest as severe ipsilateral
paralysis and atrophy of the sternocleidomastoid and upper trapezius muscles, coupled with the
absence of the gag reflex and diminished sensation on the posterior aspect of the tongue. Primary
tumors such as paraganglioma, meningioma, schwannoma, and metastatic tumors located at the base
of the skull are frequently implicated in Vernet syndrome. However, the syndrome can also result
from meningitis, external otitis, sarcoidosis, Guillain-Barré syndrome, and traumatic fractures [142].
Additionally, rare cases have implicated varicella-zoster virus, giant cell arteritis, and acute otitis
media as causative agents. Vascular events such as a large extracranial aneurysm of the internal
carotid artery or thrombosis of the internal jugular vein have also manifested as Vernet syndrome.
Iatrogenic cases associated with carotid endarterectomy, leading to edema of the posterior
pharyngeal wall or swelling in the parapharyngeal space, have been documented.

12.2. Villaret Syndrome

First described by Maurice Villaret (1877-1946), another French neurologist, in 1917, Villaret
syndrome was initially discovered in soldiers with multiple injuries to the lower cranial nerves as
part of the jugular foramen syndrome. Villaret is known for his research on precise localization of
vascular lesions in the brain. Villaret syndrome occurs when ipsilateral Horner's syndrome coexists
with impairment of cranial nerves IX, X, XI, and XII. Clinical indications include loss of taste in the
posterior third of the tongue, sensory information loss in the soft palate, dysarthria, ipsilateral tongue
deviation, and the triad of ptosis, miosis, and anhidrosis representing Horner's syndrome. This
syndrome develops from the compression of four lower cranial nerves and fibers of the cervical
sympathetic plexus at the base of the skull, particularly in the retroparotid space. Although advanced
lung cancer patients frequently exhibit central nervous system invasion, the presentation of newly
diagnosed pulmonary adenocarcinoma with Villaret syndrome is exceedingly rare.
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13. Cranial Nerve XII: Hypoglossal Nerve

The twelfth cranial nerve, commonly referred to as the hypoglossal nerve, is a purely motor
nerve consisting of somatic motor fibers. Its primary function is to control tongue movements, which
are essential for tasks such as swallowing, speaking, and breathing. It originates from the hypoglossal
nucleus in the medulla oblongata of the brainstem, traverses the posterior cranial fossa, and exits via
its dedicated foramen, known as the hypoglossal canal, proceeding to the neck. The nerve comprises
a set of fibers that facilitate instinctive tongue movements. Individual differences in specific tongue
movements, such as curling, likely result from variations in the neural connections associated with
this nerve [143,144].

During embryonic development, the hypoglossal nerve originates from the basal plate of the
developing medulla oblongata. It emerges from the posterior and inferior regions of the hypoglossal
nucleus within the medulla. The nerve fibers carrying information away from the brain traverse
through the medulla in an anterior direction. They exit via the preolivary sulcus located at the
anterior and lateral part of the medulla. Subsequently, these fibers extend outward and enter the
hypoglossal canal, situated below the jugular foramen and the jugular tubercle in the inferior occipital
bone. The nerve continues to the hyoid bone, running between the posterior belly of the digastric
muscle, and then along the hyoglossus muscle. Here, the motor branches of the nerve innervate most
of the tongue musculature [145,146]. The genioglossus muscle is responsible for protruding the
tongue forward from its base, while the hyoglossus muscle functions to retract and depress the side
of the tongue. The styloglossus muscle serves to elevate the tongue. The intrinsic tongue muscles,
comprising the superior and inferior longitudinal, transversus, and verticalis muscles, play a critical
role in altering the tongue's shape. These muscles enable actions like shortening, narrowing, and
curling the tongue.

Throughout its course, the hypoglossal nerve establishes connections with other nerves at
various points. Upon emerging from the hypoglossal canal, the nerve interacts with the inferior
ganglion of CN X. At the level of the atlas, it receives sympathetic fibers from the superior cervical
ganglion. Lastly, at the base of the tongue, the hypoglossal nerve communicates with the lingual
branch of the mandibular nerve, responsible for providing general tactile sensation to the anterior
two-thirds of the tongue [147].

The hypoglossal nerve is susceptible to damage during medical procedures involving the tongue
and upper neck region. The clinical consequences of such injury can vary from tongue atrophy to
complex cranial nerve paralysis. Procedures such as head and neck cancer surgeries, anastomosis
between the hypoglossal and facial nerves, tumors involving the jugular foramen, and carotid
endarterectomy pose a particular risk to the hypoglossal nerve. As a consequence, the
implementation of nerve stimulation and monitoring techniques has become indispensable for the
accurate identification of the nerve. Such treatment modalities are also employed for managing
obstructive sleep apnea in both pediatric and adult populations [148]. Furthermore, injuries to the
cranium, meninges, or posterior fossa could result in multiple cranial nerve palsies, including
hypoglossal nerve paralysis. It is noteworthy that bilateral hypoglossal lesions are uncommon in the
peripheral nervous system, and simultaneous involvement of both sides of the tongue is typically
associated with motor neuron diseases [149].

Unilateral hypoglossal dysfunction, characterized by tongue atrophy and weakness, can be
attributed to any damage incurred by the hypoglossal nerve. Additionally, progressive unilateral
hypoglossal neuropathy could be an outcome of tongue cancer. Notwithstanding, unilateral
hypoglossal nerve paralysis is a rare condition affecting various structures, including central,
canalicular, neural, or soft tissues. Isolated lesions specifically within the hypoglossal canal are
infrequent, with potential causes including schwannomas, synovial cysts, meningiomas, and juxta-
articular cysts. In cases where the involvement is below the nuclear level, typical symptoms include
tongue deviation towards the side of the lesion, accompanied by unilateral atrophy and lingual
fasciculations. The use of imaging techniques is vital for diagnosing hypoglossal nerve lesions as
obtaining a biopsy of such lesions poses a challenge due to difficult nerve accessibility and associated
risk of complications [150].
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In animals, extensive research on the rat hypoglossal nucleus using Nissl and Golgi techniques
has been conducted. These techniques have revealed that neurons within the nucleus can be classified
into distinct and recognizable sets. Such categorization has been established based on specific,
detailed, objective criteria. The extent to which the structural features of hypoglossal neurons,
including their size, shape, neuronal density, and variable dendritic arborization patterns, along with
the adaptability of afferent field terminals, can influence intricate and modulated tongue movements
within the framework of established principles of neuromuscular motor mechanisms, remains a
subject of debate [151]. In dogs, rabbits, and rats, hypoglossal motor neurons were primarily
categorized into two principal groups: ventral (or medial) and dorsal (or lateral). Axons from the
ventral group traverse through the medial branch of the hypoglossal nerve, whereas those from the
dorsal group pass through its lateral branch. Motor neurons innervating the geniohyoid or
genioglossus muscle are localized on the ventral or lateral face of the ventral group. Conversely,
hypoglossal and styloglossal motor neurons are situated on the lateral face of the dorsal group [152].

Using the horseradish peroxidase (HRP) method, the cytological architecture of hypoglossal
nuclei in macaque monkeys has been extensively analyzed. At rostral levels, the hypoglossal nuclei
could be segmented into medial and lateral divisions. At caudal levels, they were subdivided into
mediodorsal, medioventral, lateral, ventral, and laterodorsal divisions. HRP experiments revealed
that motor neurons in the medial, mediodorsal, medioventral, and ventral divisions project their
axons to the medial branch, whereas those in the lateral and laterodorsal divisions innervate the
lateral branch. It appears that the motor neurons responsible for controlling the muscles that protrude
the tongue are situated more centrally or lower within the hypoglossal nucleus compared to those
controlling the muscles responsible for retracting the tongue. In macaques, the arrangement within
the hypoglossal nucleus follows a topographical pattern like that observed in cats. However, motor
neurons controlling the genioglossus muscle are distributed more dorsally in monkeys compared to
cats.

A study made dissection for adult Elaphe obsoleta quadrivittata and microscopic examination of
serial sections for late embryos of Thamnophis ordinoides. Cranial nerves exhibited similarities to those
typically found in lizards. The hypoglossal nerve displayed considerable size and a relatively short
but intricate course as it medially approaches tongue musculature. It enters the muscle mass just
anterior to the raphe, marking the anterior boundary of the hyoglossus muscles. Subsequently, one
or two minor nerves emerge to provide innervation to the neurocostomandibular muscle complex.

14. Conclusions

The study of cranial nerves is of paramount importance in the realms of both clinical medicine
and neuroscience. These twelve cranial nerves, with their specific functions and intricate pathways,
serve as a foundational framework for understanding the human nervous system. Through
meticulous study and clinical observation, researchers and healthcare professionals can identify,
diagnose, and treat an array of neurological conditions and disorders, ranging from motor neuron
diseases to cranial nerve injuries. Furthermore, insights into the structural and functional diversity
of these nerves are pivotal for advancing our understanding of neuroanatomy, contributing to
ongoing neuroscience research, as they are central for cognitive and physiological functions. Thus,
further research is needed to elaborate upon these notes on cranial nerves.

Author Contributions: Conceptualization, HM.L-]J.,, M.E.H-A. and ].M.; methodology, All Authors; software,
HM.L-]. and F.R-D.; validation, All Authors; formal analysis, M.E.H-A.; investigation, G.E.A-A., L.LG-H,,
G.A.C-A, D.H-C, CAP-E. and M.RT-C,; writing—original draft preparation, M.E.H-A. and H.M.L-J.;
writing—review and editing, M.E.H-A. and ].M.; visualization, M.E.H-A., HM.L-]. and ].M.; supervision,
M.E.H-A.; project administration, M.E.H-A. and ].M.; funding acquisition, HM.L-]. and M.E.H-A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Conahcyt Fellowship 1181851 to H.M.L-]. and by the Neuroscience (UV-
CA-28) and Neurochemical (UV-CA-304) Groups of the Brain Research Institute.

Data Availability Statement: Not applicable.


https://doi.org/10.20944/preprints202311.1857.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1857.v1

24

Acknowledgments: We thank Samantha Sofia Férez-Ramos for her excellent administrative support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Crosby, E.C. The forebrain of alligator mississippiensis. |. Comp. Neurol. 1917, 27, 325-402.

2. Hansen, A. Olfactory and solitary chemosensory cells: two different chemosensory systems in the nasal
cavity of the American alligator, Alligator mississippiensis. BMC Neurosci. 2007, 8, 64.

3. Moran, D.T.; Rowley, ].C.; Jafek, B.W.; Lovell, M.A. The fine structure of the olfactory mucosa in man. J.
Neurocytol. 1982, 11, 721-746.

4. Azzouzi, N.; Guillory, A.S.; Chaudieu, G.; Galibert, F. Dog olfactory receptor gene expression profiling
using samples derived from nasal epithelium brushing. Canine Med. Genet. 2022, 9, 7.

5. Shipley, M.T.; Ennis, M.; Puche, A. Olfactory system. In The Rat Nervous System; Paxinos, G., Ed.; Academic
Press: San Diego, USA, 2004; 923-964.

6.  Shepherd, G.M.; Chen, W.R.; Greer, C.A. Olfactory Bulb. In The Synaptic Organization of the Brain; Shepherd,
G.M,, Ed.; Oxford University Press: New York, USA, 2004; 165-216.

7. Valle-Leija, P. Odorant receptors signaling instructs the development and plasticity of the glomerular map.
Neural Plast. 2015, 2015, 1-9.

8.  Tran, H.; Chen, H,; Walz, A.; Posthumus, J.C.; Gong, Q. Influence of olfactory epithelium on mitral/tufted
cell dendritic outgrowth. PLoS One 2008, 3, e3816.

9.  Ennis, M,; Zimmer, L.A.; Shipley, M.T. Olfactory nerve stimulation activates rat mitral cells via NMDA and
non-NMDA receptors in vitro. Neuroreport 1996, 7, 989-992.

10. Hendricks, K.R.; Kott, ].N.; Lee, M.E.; Gooden, M.D.; Evers, S.M.; Westrum, L.E. Recovery of olfactory
behavior. I. Recovery after a complete olfactory bulb lesion correlates with patterns of olfactory nerve
penetration. Brain Res. 1994, 648, 121-133.

11.  Yan, X,; Joshi, A.; Zang, Y.; Assungao, F.; Fernandes, H.M.; Hummel, T. The shape of the olfactory bulb
predicts olfactory function. Brain Sci. 2022, 12, 128.

12.  Crespo, C,; Liberia, T.; Blasco-Ibafiez, ].M.; Nacher, J.; Varea, E. Cranial pair I: the olfactory nerve. Anat.
Rec. 2019, 302, 405-427.

13. Polzehl, D. Das vomeronasale organ des menschen. Laryngo-Rhino-Otologie, 2002, 81, 743-749.

14. Keller, M.; Baum, M.].; Brock, O.; Brennan, P.A.; Bakker, J. The main and the accessory olfactory systems
interact in the control of mate recognition and sexual behavior. Behav. Brain Res. 2009, 200, 268-276.

15. Stoyanov, G.S.; Sapundzhiev, N.R.; Tonchev, A.B. The vomeronasal organ: history, development,
morphology, and functional neuroanatomy. Handbook Clin. Neurol. 2021, 182, 283-291.

16. Kuszak, J. R.; Peterson, K.L.; Brown, H.G. Electron microscopic observations of the crystalline lens. Microsc.
Res. Tech. 1996, 33, 441-479.

17.  Del Monte, D.W_; Kim, T. Anatomy and physiology of the cornea. ]. Cataract. Refract. Surg. 2011, 37, 588-
598.

18. Freddo, T.F. Ultrastructure of the iris. Microsc. Res. Tech. 1996, 33, 369-389.

19. Laughlin, S.B. Retinal information capacity and the function of the pupil. Opht. Physiol. Optics 2007, 12, 161—
164.

20. McDougal, D.H.; Gamlin, P.D. Autonomic control of the eye. Compr. Physiol. 2015, 5, 439-473.

21. Tervo, K,; Tervo, T; Eranko, L.; Eranko, O.; Cuello, A.C. Immunoreactivity for substance P in the gasserian
ganglion, ophthalmic nerve and anterior segment of the rabbit eye. Histochem. ]. 1981, 13, 435-443.

22. Jackson, P.C. Innervation of the iris by individual parasympathetic axons in the adult mouse. J. Physiol.
1986, 378, 485-495.

23. Drummond, R.M,; Fay, F.S. Mitochondria contribute to Ca2+ removal in smooth muscle cells. Pflugers Arch.
1996, 431, 473-482.

24. Szabadi, E. Functional organization of the sympathetic pathways controlling the pupil: light-inhibited and
light-stimulated pathways. Front. Neurol. 2018, 9, 1069.

25. Sghari, S.; Davies, W.LL.; Gunhaga, L. Elucidation of cellular mechanisms that regulate the sustained
contraction and relaxation of the mammalian iris. Invest. Opthalmol. Vis. Sci. 2020, 61, 5.

26. Vérétout, F.; Tardieu, A. The protein concentration gradient within eye lens might originate from constant
osmotic pressure coupled to differential interactive properties of crystallins. Eur. Biophys. ]. 1989, 17, 61-68.

27. Magid, A.D.; Kenworthy, A.K.; McIntosh, T.J. Colloid osmotic pressure of steer crystallins: implications for
the origin of the refractive index gradient and transparency of the lens. Exp. Eye Res. 1992, 55, 615-627.

28. Fagerholm, P.P.; Philipson, B.T.; Lindstrém, B. Normal human lens —the distribution of protein. Exp. Eye
Res. 1981, Volume 33. 615-620.

29. Zhao, H.; Brown, P.H.; Magone, M.T.; Schuck, P. The molecular refractive function of lens y-crystallins. J.
Mol. Biol. 2011, 411, 680-699.


https://doi.org/10.20944/preprints202311.1857.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1857.v1

25

30. Ghosh, K.S.; Chauhan, P. Crystallins and their complexes. In Macromolecular protein complexes II: structure
and function; Robin Harris, J., Marles-Wright, J. Eds.; Springer: Switzerland, 2020; 93, 439-460.

31. Pierscionek, B.K.; Augusteyn, R.C. Structure/function relationship between optics and biochemistry of the
lens. Lens Eye Toxic Res. 1991, 8, 229-43.

32. Koretz, J.F.; Kaufman, P.L.; Neider, M.W.; Goeckner, P.A. Accommodation and presbyopia in the human
eye—aging of the anterior segment. Vis. Res. 1989, 29, 1685-1692.

33. Augusteyn, R.C. On the growth and internal structure of the human lens. Exp. Eye Res. 2010, 90, 643-654.

34. Bassnett, S.; Costello, M.]. The cause and consequence of fiber cell compaction in the vertebrate lens. Exp.
Eye Res. 2017, 156, 50-57.

35. Grigoryan, E.N. Pigment epithelia of the eye: cell-type conversion in regeneration and disease. Life. 2022,
12, 382.

36. Nguyen-Ba-Charvet, K.T.; Chédotal, A. Development of retinal layers. C. R. Biol. 2014, 337, 153-159.

37. Kuo, S.P,; Chiang, P.P.; Nippert, A.R.; Newman, E.A. Spatial organization and dynamics of the extracellular
space in the mouse retina. J. Neurosci. 2020, 40, 7785-7794.

38. Jeon, CJ.; Strettoi, E.; Masland, R.H. The major cell populations of the mouse retina. J. Neurosci. 1998, 18,
8936-8946.

39. Bok, D. The retinal pigment epithelium: a versatile partner in vision. J. Cell Sci. 1993, 1993, 189-195.

40. Strauss, O. The retinal pigment epithelium in visual function. Physiol. Rev. 2005, 85, 845-881.

41. Mata, N.L.; Radu, R.A.; Clemmons, R.S.; Travis, G.H. Isomerization and oxidation of vitamin a in cone-
dominant retinas. Neuron. 2002, 36, 69—-80.

42. Baehr, W.; Wu, S.M,; Bird, A.C.; Palczewski, K. The retinoid cycle and retina disease. Vision Res. 2003, 43,
2957-2958.

43. Arshavsky, V.Y. Like night and day. Neuron. 2002, 36, 1-3.

44. Saari, J.C. Vitamin A and vision. In The biochemistry of retinoid signaling II; Asson-Batres, M., Rochette-Egly.
C, Eds. Springer: Switzerland, 2016; 231-259.

45. Swanson, W.; Cohen, J. Color vision. Ophthalmol. Clin. 2003, 16, 179-203.

46. Sharpe, L.T; Stockman, A.; Jagle, H.; Knau, H.; Klausen, G.; Reitner, A.; Nathans, J. Red, green, and red-
green hybrid pigments in the human retina: correlations between deduced protein sequences and
psychophysically measured spectral sensitivities. ]. Neurosci. 1998, 18, 10053-10069.

47. Hunt, D.M.; Peichl, L. S cones: Evolution, retinal distribution, development, and spectral sensitivity, Vis.
Neurosci. 2014, 31, 115-138.

48. Imamoto, Y.; Shichida, Y. Cone visual pigments. Biochem. Biophys. Acta Bionerg. 2014, 1837, 664-673.

49. Augustin, A.]. The physiology of scotopic vision, contrast vision, color vision, and circadian rhythmicity.
Retina. 2008, 28, 1179-1187.

50. Lamb, T.D. Why rods and cones? Eye. 2016, 30, 179-185.

51. Konatham, S.; Martin-Torres, J.; Zorzano, M.P. The Impact of the spectral radiation environment on the
maximum absorption wavelengths of human vision and other species. Life. 2021, 11, 1337.

52. Strettoi, E.; Novelli, E.; Mazzoni, F.; Barone, I.; Damiani, D. Complexity of retinal cone bipolar cells. Prog.
Retin Eye Res. 2010, 29, 272-283.

53. Yin, Y.; De Lima, S.; Gilbert, H.; Hanovice, N.; Peterson, S.; Sand, R.; Sergeeva, E.; Wong, K,; Xie, L.;
Benowitz, L. Optic nerve regeneration: A long view. Restor. Neurol. Neurosci. 2019, 37, 525-544.

54. Guo, X; Zhou, | ; Starr, C.; Mohns, E.; Li, Y.; Chen, E.; Yoon, Y.; Kellner, C.; Tanaka, K.; Wang, H.; Liu, H.;
Pasquale, L.; Demb, J.; Crair, M.; Chen, B. Preservation of vision after CaMKII-mediated protection of
retinal ganglion cells. Cell. 2021, 184, 4299-4314.

55. Yazdankhah, M.; Shang, P.; Ghosh, S.; Hose, S.; Liu, H.; Weiss, J.; Fitting, C.; Bhutto, L; Zigler, J.; Qian, J.;
Sahel, J.; Sinha, D.; Stepicheva, N. Role of glia in optic nerve. Prog. Retin Eye Res. 2021, 100886, 81.

56. Jonas, ].B.; Miiller-Bergh, J.A.; Schlotzer-Schrehardt, U.M.; Naumann, G.O. Histomorphometry of the
human optic nerve. Invest. Ophthalmol. Vis. Sci. 1990, 31, 736—44.

57. Prasad, S.; Galetta, S.L. Anatomy and physiology of the afferent visual system. In Handbook of Clinical
Neurology; Kennard, C., Leigh, R., Eds.; Elsevier: The Netherlands, 2011; 3-19.

58. De Moraes, C.G. Discussion. J. Glaucoma. 2012, 22, 51-53.

59. Shipp, S.; Zeki, S. Segregation of pathways leading from area V2 to areas V4 and V5 of macaque monkey
visual cortex. Nature. 1985, 315, 322-324.

60. Livingstone, M.; Hubel, D.; Segregation of form, color, movement, and depth: anatomy, physiology, and
perception. Science. 1979, 240, 740-749.

61. Heermann, S. Neuroanatomie der Sehbahn. Klin. Monbl. Augenheilkd. 2017, 234, 1327-1333.

62. Hariharan, P.; Balzer, J.R.; Anetakis, K.; Crammond, D.].; Thirumala, P.D. Electrophysiology of extraocular
cranial nerves: oculomotor, trochlear, and abducens nerve. . Clin. Neurophysiol. 2018, 35, 11-15.

63. Isa, T.; Sasaki, S. Brainstem control of head movements during orienting, organization of the premotor
circuits, Prog. Neurobiol. 2002, 66, 205-241.


https://doi.org/10.20944/preprints202311.1857.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1857.v1

26

64. Morén, ].; Shibata, T.; Doya, K. The mechanism of saccade motor pattern generation investigated by a large-
scale spiking neuron model of the superior colliculus. PLoS One. 2013, 8, e57134.

65. Izawa, Y.; Sugiuchi, Y.; Shinoda, Y. Neural organization from the superior colliculus to motoneurons in the
horizontal oculomotor system of the cat. |. Neurophysiol. 1999, 81, 2597-2611.

66. Laine, F.J. Cranial nerves III, IV, and VI. Top Magn. Reson. Imaging. 1996, 8, 111.

67. Heiland-Hogan, M.B.; Subramanian, S., Das, ]. M. Neuroanatomy, edinger—westphal nucleus (Accessory
Oculomotor Nucleus). Stat. Pearls. 2023, 1-9.

68. Biittner-Ennever, J.A. The extraocular motor nuclei: organization and functional neuroanatomy. In Progress
in brain research; Buttner-Ennever, J.A., Ed.; Elsevier: The Netherlands, 2006; 95-125.

69. Kozicz, T.; Bittencourt, J.; May, P.; Reiner, A.; Gamlin, P.; Palkovits, M.; Horn, A.; Toledo, C.; Ryabinin, A.
The edinger-westphal nucleus: A historical, structural, and functional perspective on a dichotomous
terminology. . Comp. Neurol. 2011, 519, 1413-1434.

70. Webb, ].N.; Dong, C.; Bernal, A.; Scarcelli, G. Simulating the mechanics of lens accommodation via a
manual lens stretcher. J. Vis. Exp. 2018, 132.

71. Cabeza-Gil, I; Grasa, J.; Calvo, B. A numerical investigation of changes in lens shape during
accommodation. Sci. Rep. 2021, 11, 9639.

72. Martinez-Enriquez, E.; Curatolo, A.; de Castro, A.; Birkenfeld, J.; Gonzalez, A.; Mohamed, A.; Ruggeri, M.;
Manns, F.; Fernando, Z.; Marcos, S. Estimation of the full shape of the crystalline lens in-vivo from OCT
images using eigenlenses. Biomed. Opt. Express. 2023, 14, 608.

73. Marussich, L.; Manns, F.; Nankivil, D.; Maceo, B.; Yao, Y., Arrieta-Quintero, E.; Ho, A.; Augusteyn, R,;
Parel, ]. Measurement of rystalline lens volume during accommodation in a lens stretcher. Investig.
Opthalmol.Vis. Sci. 2015, 56, 4239.

74. Reiner, A,; Karten, H.].; Gamlin, P.D.; Erichsen, ].T. Parasympathetic ocular control functional subdivisions
and circuitry of the avian nucleus of edinger-westphal. Trends Neurosci. 1983, 6, 140-145.

75. Gamlin, P.D.; Reiner, A.; Erichsen, ]J.T.; Karten, H.J.; Cohen, D.H. The neural substrate for the pupillary
light reflex in the pigeon (Columba livia). J. Comp. Neurol. 1984, 226, 523-543.

76. Porras-Gallo, M.I,; Pefia-Melidan, A.; Viejo, F.; Hernandez, T.; Puelles, E.; Echevarria, D.; Ramén, J.
Overview of the history of the cranial nerves: From Galen to the 21st Century. Anat. Rec. 2019, 302, 381-
393.

77. Vilensky, J.A., Robertson, W.M.; Suarez-Quian, C.A. The clinical anatomy of the cranial nerves. The nerves of
“On old olympus towering top”, 1st ed; John Wiley & Sons: Oxford, UK, 2015, pp. 1-243.

78. Tran, L.; Thompson, L. 3. Cranial nerve IV palsy (trochlear nerve). Dis. Mon. 2021, 67, 101132.

79. Kim, S.Y.; Naqvi, . A. Neuroanatomy, Cranial Nerve 12 (Hypoglossal). StatPearls. 2023, 1-6.

80. Sonne, J.; Lopez-Ojeda, W. Neuroanatomy, Cranial Nerves. StatPearls. 2023, 1-11.

81. Chen, K.S;; Blitz, A.M.; Agarwal, N. Cranial nerve IV: trochlear. In Neuroimaging: Anatomy meets function;
Agarwal, N., Port, J., Eds.; Springer Cham: New York, USA, 2018; pp. 183-186.

82. DeBacker, D.L.; Davis, AR.; Almarzouqi, S.J.; Lee, A.G. Cranial Nerve IV (Trochlear Nerve), CNIV. In
Encyclopedia of Ophthalmology; Schmidt-Erfurth, U., Kohnen, T., Eds.; Springer: Berlin, Heidelberg, 2015; 1-
2.

83. Kim, J.H.; Hwang, ].M. Imaging of cranial nerves III, IV, VI. In congenital cranial dysinnervation disorders.
Korean ].  Ophthalmol. 2017, 31, 183.

84. Kline, L.B.; Demer, J.L.; Vaphiades, M.S.; Tavakoli, M. Disorders of the Fourth Cranial Nerve. ]. Neuro
Ofthalmol. 2021, 41, 176-193.

85. Singh, G.P. Anatomy of Trigeminal Nerve. In Handbook of Trigeminal Neuralgia; Rath, G., Ed.; Springer:
Singapore, 2019; 11-22.

86. Soriano-Caminero, A.; Salanga, V.D. Trigeminal Nerve (Cranial Nerve V). In Encyclopedia of the Neurological
Sciences; 2nd ed.; Aminoff, M.]., Daroff, R.B., Eds.; Elsevier, 2014; 517-521.

87.  Waldman, S.D. The trigeminal nerve—cranial nerve V. In Pain Review; Waldman, S.D., Ed.; Elsevier, 2009;
15-16.

88. Rivera. G. Trigeminal nerve: essential aspects from the biomedical sciences. Rev. Estomatol. 2017, 19, 33-40.

89. Wissam, E.; Jeff, ]. 5 Cranial Nerve V: Trigeminal Nerve. In Cost-Effective Evaluation and Management of
Cranial Neuropathy; Babu, S.C., Jackson, N.M., Eds.; 2020, 1-3.

90. Shankland, W.E. The trigeminal nerve. Part IV: The mandibular division. Cranio. 2001, 19, 153-161.

91. Gambeta, E.; Chichorro, J.G., Zamponi, G.W. Trigeminal neuralgia: An overview from pathophysiology to
pharmacological treatments. Mol. Pain. 2020, 16.

92. Woolfall, P.; Coulthard, A. Trigeminal nerve: anatomy and pathology. Br. ]. Radiol. 2001, 74, 458—467.

93. Becker, M.; Kohler, R.; Vargas, M.I; Viallon, M.; Delavelle, J. Pathology of the trigeminal nerve. Neuro. Clin.
N. Am. 2008, 18, 283-307.

94. Jones, R. Repair of the trigeminal nerve: a review. Aust. Dent. ]. 2010, 55, 112-119.

95. Wilson-Pauwels, L.; Stewart, P.; Spacey, S.; Akesson, J.E. Nervios Craneales En la salud y la enfermedad, 2nd
ed; Panamericana: Mexico, 2013, 1-259.


https://doi.org/10.20944/preprints202311.1857.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1857.v1

27

96. Olivares, R.; Adaro, L.; Labra, P. Pares craneanos del perro. TecnoVet. 2016, 10, 8-11.

97. Chen, K.S,; Blitz, A.M.; Agarwal, N. Cranial nerve VI: Abducens. In Neuroimaging: Anatomy Meets Function;
Agarwal, N., Port, J.; Eds.; Springer: Cham, 2018; 193-195.

98. Waldman, S.D. The Abducens Nerve—Cranial Nerve VI. In Pain Review; Waldman, S.D., Ed.; Elsevier, 2009;
17-18.

99. Thomas, C.; Dawood, S. Cranial nerve VI palsy (Abducens nerve). Dis. Mon. 2021, 67, 101133.

100. Monkhouse, S. Cranial Nerves: Functional Anatomy, 1st ed. Cambridge University Press: UK, 2005.

101. Ottaiano, A.C.; Gomez, G.D.; Freddi, A.L. The facial nerve: anatomy and pathology. Semin. Ultrasound CT
MR. 2023, 44, 71-80.

102. Eisenmenger, L.b.; Wiggins, R.H. Cranial Nerve VII: Facial. In Neuroimaging: Anatomy Meets Function;
Agarwal, N., Port, J., Eds,; Springer: Cham, 2018; 197-201.

103. Brackmann, D.E.; Fetterman, B.L. Cranial Nerve VII. In Textbook of Clinical Neurology, 3rd ed; Goetz, C.G.,
Ed.; Elsevier, 2007; 185-198.

104. Kircher, M.; Thomas, A.; Leonetti, J. 6 Cranial Nerve VII: Facial Nerve Disorders. In Cost-Effective Evaluation
and Management of Cranial Neuropathy, 1st ed; Babu, S.S., Jackson, N.M., Stuttgart, G., Eds.; Thieme. 2020,
46-48.

105. Seilesh, C.; Neal, M. In Cost-Effective Evaluation and Management of Cranial Neuropathy. 1st ed; Thieme.
2020.

106. Perry, J.R.; Hasso, A.N. Magnetic resonance imaging of cranial nerve VII. Top Magn Reson Imaging. 1996, 8,
155-63.

107. Romano, N.; Federici, M.; Castaldi, A. Imaging of cranial nerves: a pictorial overview. Insights Imaging.
2019, 10, 33.

108. Tsutsumi, S.; Ono, H.; Yasumoto, Y. Visualization of the olfactory nerve using constructive interference in
steady state magnetic resonance imaging. Surg. Radiol. Anat. 2017, 39, 315-321.

109. Thomas, P.N.; Smirniotopoulos, J.G.; Castillo, M.; Soonmee, C. Imaging of the Brain: Expert Radiology Series,
1st ed; Elsevier, 2012.

110. Sanders, R.D. The trigeminal (V) and facial (VII). Cranial Nerves: head and face sensation and movement.
Psychiatry. 2010, 7, 13-6.

111. Lu, G.N.; Byrne, P.J. Facial nerve and muscle anatomy, in Management of post-facial paralysis synkinesis,
Azizzadeh, B., Nduka, C., Eds.; Elsevier: The Netherlands. 2022, 1-11.

112. Bengur, F.B.; Stoy, C.; Binko, M.; Nerone, W., Fedor, C.; Solari, M.; Marra, K. Facial nerve repair:
Bioengineering approaches in preclinical models. Tissue Eng. Part B. Rev. 2022, 28, 364-378.

113. Lorenz, M.D.; Coates, J.R.; Kent, M. Handbook of veterinary neurology, 5th ed. Elsevier. 2010.

114. Diogo, R.; Wood, B.A.; Aziz, M.A.; Burrows, A. On the origin, homologies and evolution of primate facial
muscles, with a particular focus on hominoids and a suggested unifying nomenclature for the facial
muscles of the mammalia. ]. Anat. 2009, 215, 300-319.

115. Pombal, M.A.; Megias, M. Development and functional organization of the cranial nerves in lampreys.
Anat. Rec. 2019, 302, 512-539.

116. Gilland, E.; Baker, R. Evolutionary patterns of cranial nerve efferent nuclei in vertebrates. Brain Behav. Evol.
2005, 66, 234-254.

117. Sanders, R.D.; Gillig, P.M. Cranial nerve VIII: hearing and vestibular functions. Psychiatry. 2010, 7, 17-22.

118. Peckham, M.E.; Wiggins, R.H. Cranial Nerve VIII: Vestibulocochlear. In Neuroimaging: Anatomy Meets
Function; Agarwal, N., Port, ]., Eds.; Springer: Cham: New York, USA, 2018; 203-206.

119. Zandian, A.; Tubbs, R.S.; Loukas, M. Anatomy of the Vestibulocochlear Nerve. In Nerves and Nerve Injuries;
Tubbs, R.S., Rizk, E., Shoja, M.M., Loukas, M., Barbaro, N., Spinner, R.J., Eds.; Elsevier: The Netherlands,
2015; 365-370.

120. Benoudiba, F.; Toulgoat, F.; Sarrazin, J.L. The vestibulocochlear nerve (VIII). Diagn. Interv. Imaging. 2013,
94, 1043-1050.

121. Landau, M.; Barner, K. Vestibulocochlear nerve. Semin. Neurol. 2009, 29, 66-73.

122. Appelbaum, F.; Coelho, D. 7 Cranial Nerve VIII: Hearing Disorders. In Cost-Effective Evaluation and
Management of Cranial Neuropathy; Babu, S.C., Jackson, N.M., Georg, S., Eds.; Thieme. 2020.

123. G. Kohlberg and R. Samy, 8 Cranial Nerve VIII: Vestibular Disorders, In Cost-Effective Evaluation and
Management of Cranial Neuropathy; Babu, S.C., Jackson, N.M., Georg, S., Eds.; Thieme. 2020.

124. Penderis, ]. Common cranial nerve disorders in dogs and cats 3. CN VIII to XII. In Pract. 2003, 25, 342-349.

125. Sibilla, L.; Agarwal, N. Cranial Nerve IX: Glossopharyngeal. In Neuroimaging: Anatomy Meets Function;
Agarwal, N., Port, J., Eds.; Springer: Cham: New York, USA, 2018; 207-210.

126. Doty, R.L.; Cummins, D.M.; Shibanova, A.; Sanders, I.; Mu, L. Lingual distribution of the human
glossopharyngeal nerve. Acta Otolaryngol. 2009, 129, 52-56.

127. Benarroch, E.E. Glossopharyngeal nerve (Cranial Nerve IX). 2nd ed.; In Encyclopedia of the Neurological
Sciences; Aminoff, M.]., Daroff, R.B., Eds.; Elsevier, 2014; 452-453.


https://doi.org/10.20944/preprints202311.1857.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2023 doi:10.20944/preprints202311.1857.v1

28

128. Waldman, S.D. The Glossopharyngeal Nerve—Cranial Nerve IX. In Pain Review; Waldman, S.D., Ed,;
Elsevier: The Netherlands, 2009; 25-29.

129. Thomas, J.A.; Bank, W.O.; Myseros, ].S. Glossopharyngeal schwannoma in childhood. . Neurosurg. Pediatr.
2008, 2, 130-132.

130. Auen, E.L.; Langebartel, D.A. The cranial nerves of the colubrid snakes Elaphe and Thamnophis. . Morphol.
1977, 154, 205-222.

131. Lessner, E.J.; Holliday, C.M. A 3D ontogenetic atlas of Alligator mississippiensis cranial nerves and their
significance for comparative neurology of reptiles. Anat. Rec. 2022, 305, 2854—2882.

132. Benarroch, E.E.. Vagus Nerve (Cranial Nerve X). In Encyclopedia of the Neurological Sciences; Aminoff, M.].,
Daroff, R.B., Eds.; Elsevier, 2014; 452-453.

133. Sibilla, L.; Agarwal, n. Cranial Nerve X: Vagus. In Neuroimaging: Anatomy Meets Function; Agarwal, N., Port,
J., Eds.; Springer: Cham: New York, USA, 2018; 207-210.

134. Caycho-Salazar, F.M.].; Herrera-Covarrubias, D.; Coria-Avila, G.A.; Garcia-Hernandez, L.I; Toledo-
Cardenas, M.R.; Hernandez-Aguilar, M.E.; Manzo, J. The Brain-Like Enteric Nervous System. In Topics in
Autonomic Nervous System; Hernandez-Aguilar, M.E., Aranda-Abreu, G.E., Eds.; IntechOpen: London, UK.
2023.

135. Yuan, H.; Silberstein, S.D. Vagus nerve and vagus nerve stimulation, a comprehensive review: Part I,
headache. . Head Face Pain. 2016, 56, 71-78.

136. Hermanowicz, N. Cranial Nerves IX (Glossopharyngeal) and X (Vagus). In Textbook of Clinical Neurology,
3rd ed; Goetz, C.G., Ed.; Elsevier, 2007; 217-229.

137. Gillig, P.M.; Sanders, R.D. Cranial nerves IX, X, XI, and XII. Psychiatry. 2010, 7, 37-41.

138. Erman, A.; Kejner, A.; Hogikyan, N.; Feldman, E. Disorders of cranial nerves IX and X. Semin. Neurol. 2009,
29, 85-92.

139. Johal, J.; Iwanaga, J.; Tubbs, K, Loukas, M.; Oskouian, R.J.; Tubbs, R.S. The accessory nerve: A
comprehensive review of its anatomy, development, variations, landmarks and clinical considerations.
Anat. Rec. 2019, 302, 620-629.

140. Larson, T.C.; Aulino, ].M.; Laine, F.]. Imaging of the glossopharyngeal, vagus, and accessory nerves. Semin.
Ultrasound, CT MR. 2002, 23, 238-255.

141. Sarrazin, J.L.; Toulgoat, F.; Benoudiba, F. The lower cranial nerves: IX, X, XI, XIL. Diagn. Interv. Imaging.
2013, 94, 1051-1062.

142. Gutierrez, S.; Warner, T.; McCormack, E.; Werner, C.; Mathkour, M.; Iwanaga, J.; Uz, A.; Dumont, A.;
Tubbs, R. Lower cranial nerve syndromes: a review. Neurosurg. Rev. 2021, 44, 1345-1355.

143. de Sousa Costa, R.; Ventura, N.; de Andrade Lourencao Freddi, T.; da Cruz, L.C.H.; Correa, D.G. The
hypoglossal nerve. Semin. Ultrasound CT MR. 2023, 44, 104-114.

144. Yu, J.L,; Thaler, E.R. Hypoglossal Nerve (cranial nerve XII) stimulation. Otolaryngol. Clin. North Am. 2020,
53, 157-169.

145. Johnson, C.M.; Wiggins, R.H. Cranial Nerve XII: Hypoglossal. In Neuroimaging: Anatomy Meets Function;
Agarwal, N., Port, J., Eds.; Springer: Cham, 2018; 207-210.

146. Learned, K.O,; Thaler, E.R.; O'Malley, B.W.; Grady, M.S.; Loevner, L.A. Hypoglossal Nerve Palsy Missed
and Misinterpreted. ]. Comput. Assist. Tomogr. 2012, 36, 718-724.

147. Lin, H,; Barkhaus, P. Cranial nerve XII: the hypoglossal nerve. Semin. Neurol. 2009, 29, 45-52.

148. Suurna, M.V; Steward, D.L. Glossopharyngeal (CN IX) and Hypoglossal (CN XII) Nerve Stimulation and
Monitoring. In Intraoperative Cranial Nerve Monitoring in Otolaryngology-Head and Neck Surgery; Scharpf, J.,
Randolph, G.W., Eds.; Springer: Cham, 2022; 163-169.

149. Mitsumoto, H. Hypoglossal Nerve (Cranial Nerve XII). In Encyclopedia of the Neurological Sciences; Aminoff,
M.]., Daroff, R.B., Eds.; Academic Press, 2003; 615-616.

150. Wilton-Clark, M.S.; Maclsaac, R.; Camara-Lemarroy, C.R. Hypoglossal canal cyst causing unilateral XII
nerve palsy. Can. J. Neurol. Sci. 2021, 48, 560-561.

151. Odutola, A.B. Cell grouping and Golgi architecture of the hypoglossal nucleus of the rat. Exp Neurol. 1976,
52, 356-371.

152. Uemura-Sumi, M.; Itoh, M.; Mizuno, N. The distribution of hypoglossal motoneurons in the dog, rabbit
and rat. Anat. Embryol. 1988, 177, 389-394.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202311.1857.v1

