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Because the three divisions of the trigeminal nerve run in
close proximity to cranial nerves II, III, IV, and VI, sensory
dysfunction in the face may be a symptom in neuro-ophthal-
mic patients with vision loss and eye movement disorders.
In addition, the trigeminal nuclei are located at all levels of
the brainstem, and subsequent central pathways connect
these nuclei with the thalami and sensory cortices. Thus,
sensory abnormalities of the face often accompany neuro-

logic syndromes due to lesions throughout the central ner-
vous system.

An understanding of the relevant anatomy, along with
accurate sensory and motor testing, enables the clinician to
localize the lesion more accurately. This chapter covers tri-
geminal system anatomy and physiology, the examination
of the trigeminal nerve system, and topical diagnosis of dis-
turbances of the trigeminal nerve and its central connections.

ANATOMY AND PHYSIOLOGY OF THE TRIGEMINAL NERVE AND ITS CENTRAL
CONNECTIONS

This section discusses the anatomy and physiology of the
trigeminal nerve and its central connections centripetally.
The branches of the trigeminal nerve are considered first,
then the gasserian ganglion and trigeminal roots are re-
viewed. The central connections are discussed last.

MAJOR DIVISIONS OF THE TRIGEMINAL NERVE

Somatic sensory impulses converge upon the gasserian
ganglion from the eye, the deep and superficial structures

of the face, and the cranium via three major nerves: the
ophthalmic, the maxillary, and the mandibular divisions of
the trigeminal nerve (Fig. 25.1). Although these nerve trunks
represent an afferent system, we describe their anatomy and
that of their branches in a centrifugal sequence, from the
gasserian ganglion to their connections in the periphery. The
mandibular nerve is the only one of the three divisions that
contains axons of the motor division of the trigeminal sys-
tem. Some peripheral branches of the trigeminal nerve con-
tain pre- or postganglionic parasympathetic fibers or post-
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Figure 25.1. Peripheral motor and sensory distribution of the trigeminal nerve. V;, ophthalmic branch; V,, maxillary branch;
V3, mandibular branch. Details of branches highlighted in Figure 25.5 (V,), Figure 25.7 (V,), and Figure 25.8 (V3).

ganglionic sympathetic fibers to supply salivary, sweat, or
other glands of face, eyes, and mouth (1).

Ophthalmic Nerve (V1)

The ophthalmic or first division is purely sensory and is
smaller than the other two divisions. It supplies sensation to
the entire eyeball, forehead, lacrimal gland, caruncle, and
lacrimal sac. It also supplies the upper eyelids, the frontal
sinuses, and the side of the nose. Its cutaneous representation
is overlapped by that of the maxillary division (Figs. 25.1
and 25.2).

The ophthalmic nerve arises from the anteromedial aspect
of the gasserian ganglion (2). It immediately enters the cav-
ernous sinus inferiorly, where it lies embedded in the lateral
wall below the trochlear nerve (Fig. 25.3). Umansky and

Nathan (3) studied the cavernous sinus in 70 specimens and
found that the lateral wall of the sinus is composed of two
layers, a superficial dural layer and a deep layer. The deep
layer is formed by the sheaths of the oculomotor (III) and
trochlear (IV) nerves, by the sheaths of the ophthalmic and
maxillary nerves (V1,2), and by a reticular membrane that
extends between the sheaths.

Within the cavernous sinus, the ophthalmic nerve gives
off fine twigs to the oculomotor, trochlear, and abducens
nerves, thereby supplying sensation to the muscles inner-
vated by these structures. At this level it also gives off recur-
rent branches that cross, are adherent to the trochlear nerve,
and are distributed to the tentorium cerebelli and dura over
the posterior pole of the brain (discussion following).

Sympathetic filaments join the ophthalmic nerve from the
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cavernous plexus situated around the internal carotid artery.
According to Parkinson and coworkers (4-6), the sympa-
thetic nerve is a single trunk that runs with the carotid artery.
In the cavernous sinus, the trunk joins the abducens nerve
briefly before separating and joining the ophthalmic nerve
(Fig. 25.4).

Toward the front of the cavernous sinus, and before leav-
ing it, the ophthalmic nerve slopes slightly upward and di-
vides into its three main branches—the lacrimal, frontal, and
nasociliary nerves—all of which enter the orbit through the
superior orbital fissure (7) (Fig. 25.5).

Trigeminal Innervation of Intracranial Structures

The brain is not innervated by nociceptors. The innerva-
tion of the dura of the middle fossa and the middle meningeal
vessels is through the maxillary and mandibular (second and
third) divisions of the trigeminal nerve, whereas fibers from
the ophthalmic (first) division innervate the dura of the ante-
rior fossa (excluding the lateral convexity), the tentorium,
and both the falx and the superior sagittal sinus anteriorly
and posteriorly.

In monkeys, it has been confirmed that the ophthalmic
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Figure 25.2. Sensory nerves of the face and
scalp. Note the distribution of the three divisions
of the trigeminal nerve and their areas of overlap.

division of the trigeminal nerve, with a minor contribution
from the maxillary division, innervates the vessels in the
circle of Willis (8,9). Within the gasserian ganglion of rats,
cells that innervate the forehead tend to be clustered around
those that send afferents to the ipsilateral middle cerebral
artery (10). Their proximity may provide, in part, the ana-
tomic substrate for referred headache pain. The central con-
nections of these neurons are discussed later in this chapter.

The trigeminal innervation of cerebral blood vessels and
dura has important theoretic implications regarding the path-
ophysiology and treatment of migraine (11-13) (see Chapter
26).

Lacrimal Nerve

This nerve passes through the lateral side of the superior
orbital fissure above the lateral rectus muscle to enter the
lacrimal gland. It divides into two divisions, either just be-
fore entering the gland or within the gland itself. The supe-
rior division, which supplies the gland, ends in the conjunc-
tiva and the skin of the upper eyelid, whereas the lower
division descends along the orbital wall to anastomose with
a branch from the maxillary division.
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Figure 25.3. A, Location of the trigeminal trunks in
the cavernous sinus. 3, oculomotor nerve; 4, trochlear
nerve; V!, ophthalmic branch of the trigeminal nerve;
V2, maxillary branch of the trigeminal nerve; 6, abducens
nerve; V.N., vidian nerve. On the left side, the location
of each nerve is identified by solid white arrows. On
the right side, the boundaries of the cavernous sinus are
identified by open white arrows. B, Contrast-enhanced
T1-weighted magnetic resonance image, coronal view
through the cavernous sinus similar to that in A. ICA,
internal carotid artery; IlIn., oculomotor nerve; IVn.,
trochlear nerve; VIn., abducens nerve; V1, ophthalmic
branch of the trigeminal nerve; V2, maxillary branch of
the trigeminal nerve.
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Figure 25.4. Drawing of relationship between the sympathetic fibers, the
abducens nerve, and the ophthalmic division of the trigeminal nerve. The
sympathetic trunk ascends with the internal carotid artery. It joins briefly
with the abducens nerve (VI) then leaves the nerve to join with the ophthal-
mic branch (V) of the trigeminal nerve (V).

Frontal Nerve

The frontal nerve enters the orbit above the superior rectus
muscle and the levator palpebrae superioris. It hugs the roof
of the orbit, and, at about the middle of the orbit, it gives
off the supratrochlear nerve, after which point it becomes
the supraorbital nerve. The supraorbital nerve supplies the
skin of the forehead near the midline, the skin and conjunc-
tiva of the upper eyelid, and the skin on the side of the nose.
The supraorbital nerve leaves the orbit by passing through
the supraorbital notch in company with the supraorbital ar-
tery and proceeds superiorly giving off twigs to the eyelids
and frontal sinus. Whitnall (14) noted that neuralgia in the
forehead may persist after resection of the supratrochlear
nerve and that in such an instance, resection of the frontal
nerve may be necessary.

Nasociliary Nerve

The nasociliary nerve is of particular ophthalmic interest
because it is the nerve of sensory supply to the eye. Because
of its long course through the orbit and cranial cavity and
its supply to the nose, it is in contact with many structures.
Consequently, neurologic involvement is not uncommon.
According to Whitnall (14), this nerve enters the orbit
through the annulus of Zinn between the two divisions of the
oculomotor nerve and courses obliquely beneath the superior
rectus muscle. It then crosses over the optic nerve along with
the ophthalmic artery toward the medial orbital wall, where
it lies between the superior oblique and medial rectus mus-
cles, still adjacent to the artery. The nasociliary nerve leaves
the orbit by traversing the anterior ethmoidal foramen and
reenters the cranial vault, where it crosses the anterior
portion of the cribriform plate beneath the dura of the
anterior cranial fossa, adjacent to the olfactory lobe. It
then crosses through a slit, the nasal fissure or anterior
nasal canal, at the side of the crista galli and enters the
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nasal cavity, breaking up into three terminal branches.
Two of these branches, the medial and lateral internal
nasal branches, are distributed to the anterior nasal cavity,
whereas the third continues anteriorly to the end of the
nose as the external nasal nerve.

The branches of the nasociliary nerve are as follows: (a)
the long or sensory root leaves the nerve either just before
it enters the orbit or immediately thereafter and passes to
the ciliary ganglion into the short ciliary nerves; (b) the long
ciliary nerves, usually two but occasionally three, surround
the optic nerve and pass forward to the iris, ciliary body,
and cornea—these nerves also carry dilator fibers from the
cavernous sympathetic plexus to the dilator pupillae; (c) the
infratrochlear nerve is distributed to the medial canthus, to
the skin and conjunctiva of the upper eyelid, and to the root
of the nose, lacrimal sac, and caruncle; (d) nasal branches,
usually three, supply the mucous membrane of the anterior
part of the nasal septum, the anterior portion of the lateral
nasal wall, and the middle and inferior turbinate bones as
well as the skin over the cartilaginous tip of the nose (Figs.
25.1, 25.2, and 25.5).

Macxillary Nerve (V2)

The maxillary division is a purely sensory division of the
trigeminal nerve. It supplies the skin of the cheek, part of
the temporal region, the lower eyelid, upper lip, side of the
nose, part of the mucous membrane of the nose, the teeth
of the upper jaw, nasopharynx, maxillary sinus, soft palate,
tonsil, and roof of the mouth (Fig. 25.2).

The maxillary nerve arises from the frontal central portion
of the gasserian ganglion and is usually described as entering
the cavernous sinus to lie beneath the ophthalmic division,
where it may be separated from the sphenoid sinus by only
a thin layer of bone (Fig. 25.3). Here the maxillary nerve
may produce a bulge into the lateral wall of the sphenoid
sinus (15,16). Henderson (17) investigated the causes of cer-
tain unexpected, and sometimes unsatisfactory, results after
gasserian ganglion injections for trigeminal neuralgia and
studied the relationship of the human maxillary nerve to the
cavernous sinus. He concluded that the greater part of the
nerve is embedded in the dura of the middle fossa just lateral
to the cavernous sinus, rather than within the wall of the
sinus. He also found that the origin of the nerve crosses a
separate dural sinus that connects the cavernous sinus and
the pterygoid venous plexus. Henderson (17) postulated that
injection of this “‘trigeminal’’ sinus, rather than the gasserian
ganglion, was considered to be responsible for some clinical
failures in treatment of trigeminal neuralgia. Umansky and
Nathan (3) agreed that there is considerable variation in
location of the maxillary nerve within the cavernous sinus.
In their specimens, only in some cases were either the
maxillary nerve or the gasserian ganglion located partially
within the lateral wall of the sinus, although when these
structures were present, they were located in the deep
layer of the wall.

The most important of the intracranial branches from the
maxillary nerve is the middle meningeal nerve that supplies
the dura mater of the middle cranial fossa. The maxillary
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Figure 25.6. Computerized tomography (CT), axial view and bone win-
dows through the skull base demonstrating the foramen rotundum (R),
through which the maxillary division (V) exits the skull; the foramen ovale
(O), through which the mandibular division (V3) exits the skull; and the
foramen spinosum (S), through which the middle meningeal artery enters
the skull.

nerve then passes through the foramen rotundum (Fig. 25.6),
which lies in the medial aspect of the greater wing of the
sphenoid bone (18) to the pterygopalatine fossa (19), where
the nerve gives off: (a) two large pterygopalatine nerves,
which enter the pterygopalatine ganglion, and then divide
into branches that supply portions of the nasopharynx, hard
and soft palate, and nasal cavity; (b) several posterior supe-
rior alveolar nerves that pass through the pterygomaxillary
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fissure to provide sensation for the upper gums and molar
teeth; and (c) the zygomatic nerve, which enters the orbit
through the inferior orbital fissure. This nerve in turn divides
into two branches: (a) the zygomaticofacial branch, which
appears on the face after passing through the zygomatic fora-
men to supply the skin over the zygomatic bone; and (b) the
zygomaticotemporal branch, which innervates the skin over
the temporal side of the zygomatic bone. Within the orbit
the zygomatic nerve communicates with the lacrimal nerve
(Figs. 25.2, 25.5, and 25.7). This communication is particu-
larly important because the parasympathetic fibers in the
facial nerve gain access to the lacrimal gland via this route
(see Chapter 24).

Distal to the pterygopalatine fossa, the maxillary nerve
travels through the inferior orbital fissure into the orbit,
where it becomes the infraorbital nerve (Fig. 25.7). This
nerve is the terminal branch of the maxillary nerve. It passes
through the orbital floor in either a canal, the infraorbital
canal, or simply a shallow depression only partially covered
with bone, the infraorbital groove. While in the canal, it
supplies branches to the teeth. The infraorbital nerve exits
the orbit through the infraorbital foramen to supply the skin
and subcutaneous tissue of the face below and nasal to the
orbit (Figs. 25.2, 25.5, and 25.7).

Although it is unclear whether or not the maxillary nerve
supplies any sensory fibers that innervate the eye in humans,
there is some suggestive evidence of this in animals. In cats
and monkeys, Morgan et al. (20) and Marfurt et al. (21)
found that the maxillary nerve may carry a small percentage
of corneal afferents. Ruskell (22) performed careful dissec-
tions of 13 rhesus monkeys and 12 cynomolgous monkeys
and showed the presence of an orbitociliary branch of the
maxillary nerve. Degeneration experiments combined with
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Figure 25.7. The branches of the maxillary (second) division of the trigeminal nerve (V).
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Figure 25.8. The branches of the mandibular (third) division of the trigeminal nerve (V3).

electron microscopy were used to confirm the pathway and
to demonstrate the passage of maxillary fibers through the
ciliary ganglion into short ciliary nerves. Whether these
nerves serve a sensory function different from that of the
nerves that originate from the ophthalmic nerve is not appar-
ent from Ruskell’s study. In addition, even though Beau-
vieux and Dupas (23) observed a ciliary ganglion root of
maxillary nerve origin in some of their human preparations,
the existence of sensory nerves originating from the maxil-
lary nerve and innervating the eye has not been shown con-
vincingly in humans.

Mandibular Nerve (V3)

The mandibular division, which does not enter the caver-
nous sinus, contains motor and sensory fibers (Fig. 25.8).
The motor portion supplies muscles that derive from the first
pharyngeal (branchial) arch of the embryo (1).

The mandibular nerve is formed by a large sensory root
from the gasserian ganglion that passes inferiorly together
with the motor root of the trigeminal nerve. These two roots
lie close together in the middle cranial fossa and pass through
the foramen ovale to the infratemporal fossa, where they
form a single trunk (Fig. 25.9).The foramen ovale sits in the
posteromedial aspect of the greater wing of the sphenoid
bone (18) (Fig. 25.6). The undivided trunk lies 3.75 cm me-
dial to the tubercle at the root of the zygoma. This portion

Figure 25.9. Contrast-enhanced T1-weighted magnetic resonance image
(MRI), coronal view posterior to that of Figure 25.3B (behind the cavernous
sinus), demonstrating the gasserian ganglion (V) and the mandibular divi-
sion (V3) heading caudally through the foramen ovale into the infratemporal
fossa, at which point the nerve is highlighted by white arrows. ICA, internal
carotid artery.
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of the nerve gives off: (a) a recurrent neural plexus that
accompanies the middle meningeal artery through the fora-
men spinosum (Fig. 25.6) to supply the dura mater on the
temporal side of the cranium (24); (b) the nerve to the medial
pterygoid, which passes through or around the otic ganglion
to the tensor tympani and tensor veli palatini muscles (1).
The trunk then divides into anterior, principally motor, and
posterior, principally sensory, divisions.

The anterior division, containing most of the motor part
of the trigeminal nerve, supplies the muscles of mastication.
It passes downward and forward, medial to the lateral ptery-
goid muscle, and separates into the following motor
branches: (a) a branch to the lateral pterygoid muscle; (b) a
branch to the masseter muscle that passes over the superior
border of the lateral pterygoid muscle and through the man-
dibular notch of the mandible and gives a filament to the
temporomandibular joint; (c) two deep temporal branches,
anterior and posterior, to the temporal muscle, that also as-
cend above the lateral pterygoid muscle; and (d) the buccina-
tor nerve, which passes obliquely forward between the two
heads of the lateral pterygoid muscle to reach the masseter
(buccinator) muscle.

Injury to the motor part of the trigeminal nerve results in
ipsilateral deviation of the jaw upon protrusion because of
paralysis of the ipsilateral lateral pterygoid; upon retraction,
the jaw deviates contralaterally as a result of paralysis of the
temporalis (discussion following) (1). The sensory portion of
the anterior division, the buccal nerve, supplies the skin and
mucous membranes of the cheek as well as part of the gums.

The posterior division of the nerve has three major subdi-
visions, each with mixed functions (1):

1. The auriculotemporal nerve and its branches supply the
upper part of the lateral surface of the ear, the upper part
of the meatus, the tympanic membrane, the parotid gland,
and the skin of the side of the head. Autonomic fibers
within the auriculotemporal nerve include secretomotor
postganglionic parasympathetic fibers from the otic gan-
glion destined for the parotid gland and also postgangli-
onic sympathetic fibers from the plexus on the middle
meningeal artery. The auriculotemporal nerve lies in
close proximity to the temporomandibular joint capsular
region, lateral pterygoid muscle, and middle meningeal
artery (25,26).

2. The lingual nerve supplies sensation to the the gums and
anterior portion of the tongue. The lingual nerve is joined
by the chordi tympani of the facial nerve, which contains
taste fibers for the anterior two-thirds of the tongue and
preganglionic parasympathetic fibers destined for the
submandibular ganglion. Postganglionic parasympathetic
fibers leave the ganglion and return to the lingual nerve
before reaching the salivary glands.

3. The inferior alveolar nerve itself has three branches: the
mylohyoid nerve, the motor branch, innervates the mylo-
hyoid muscle and the anterior belly of the digastric mus-
cle; the inferior dental plexus supplies the gums and the
teeth of the mandible; and the mental nerve supplies the
skin of the chin and the skin and mucous membrane of
the lower lip and gums (Figs. 25.1 and 25.2).
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Jaw proprioception is mediated by stretch receptors in jaw
muscles and mechanoreceptors in the periodontal membrane
(27). Afferent axons from these receptors travel primarily
within the mandibular nerve, and their cell bodies are located
in the mesencephalic nucleus of the trigeminal nerve (discus-
sion following). Collateral branches from the mesencephalic
nucleus connect directly to the trigeminal motor nucleus,
thereby providing a monosynaptic pathway for the jaw-jerk
(masseter) reflex. Interested readers are referred to the elec-
trophysiologic investigations of the trigeminal motor system
in humans by Cruccu and colleagues (28,29) and by Tiirk
et al. (30).

GASSERIAN (TRIGEMINAL, SEMILUNAR)
GANGLION

The crescent-shaped gasserian ganglion lies on the ante-
rior superior surface of the petrous bone in the middle fossa
of the skull (Fig. 25.9). It is an expansion of the proximal
sensory root from the brainstem and lies within Meckel’s
cave, surrounded by arachnoid and dura (31). Meckel’s cave
is bounded by dura laterally, the ascending precavernous
portion of the internal carotid artery medially, and the cav-
ernous sinus anteriorly. Meckel’s cave often can be identi-
fied on computed tomographic (CT) scanning or magnetic
resonance (MR) imaging (32-37).

The fine structure of the gasserian ganglion is essentially
similar to that of the spinal root ganglia, although it is signifi-
cantly larger (38—40). It contains the cells that give rise to
the three divisions of the trigeminal nerve. The site of forma-
tion of the ophthalmic nerve is widely separated from that
of the maxillary and mandibular nerves, which run more
closely together.

The gasserian ganglion contains the cells of origin of all
the trigeminal sensory axons. These are unipolar cells, whose
axons bifurcate into an anterior branch, which proceeds dis-
tally in one of the three nerve divisions, and the posterior
branch, which extends into the pons. The motor root does
not enter the ganglion.

The gasserian ganglion and the proximal portions of the
ophthalmic and maxillary divisions receive most of their
blood supply from branches of the inferolateral trunk, which
itself derives from the intracavernous carotid artery (41,42).
Within the cavernous sinus, the distal ophthalmic nerve is
supplied by the artery to the superior orbital fissure, whereas
the distal maxillary nerve is supplied by the artery to the
foramen rotundum. Both of these arteries are distal branches
of the inferolateral trunk. The medial third of the gasserian
ganglion can also receive blood from the tentorial artery of
the meningohypophyseal trunk (also from the intracavernous
carotid), while the lateral third can also be fed by the middle
meningeal artery.

TRIGEMINAL ROOT

The sensory and motor divisions of the trigeminal nerve
exist as separate ‘‘roots’’ from the pons. The exit of the
motor root lies immediately cephalad to the point of entrance
of the sensory root.

Microvascular relationships of the trigeminal roots have
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been described by numerous investigators (2,43—45). Hardy
and Rhoton (2) and Hardy et al. (44) reported that approxi-
mately half of cadaveric trigeminal roots had some contact
with an artery, usually the superior cerebellar artery. Haines
et al. (43) found contact between the trigeminal root and the
superior cerebellar artery in 35% of 40 autopsy specimens.
Klun and Prestor (45) discovered contact with the trigeminal
root in 32% of specimens, but actual compression in only
another 8% either by the superior cerebellar artery (most
commonly), the anterior inferior cerebellar artery, a pontine
branch of the basilar artery, or in one instance, a vein.
Compression of the trigeminal nerve root by surrounding
arterial and venous structures is one cause of trigeminal neu-
ralgia (46-51) (see Chapter 26).

The trigeminal roots are supplied by a group of vessels
called the trigeminal arteries, which orginate from the supe-
rior cerebellar artery, the posterolateral, superolateral, and
inferolateral pontine arteries, the anterior inferior cerebellar
artery, the basilar artery trunk, and the trigeminocerebellar
artery (52). The superolateral pontine artery, which is a small
branch of the basilar artery, and the anterior inferior cerebel-
lar arteries are the most common parent vessels.

Sensory Root

The fibers of the sensory root run parallel and become
arranged in separate bundles by the enveloping supporting
tissues (31).

In their study of 50 human trigeminal nerves, Gudmunds-
son et al. (53) found that the length of the sensory root from
the pons to the gasserian ganglion varied from 18-26 mm,
with the average being 22 mm. In half of the nerves studied,
small bundles of sensory fibers arose from the pons outside
the main sensory fiber bundle. These aberrant or accessory
sensory fibers usually arose around the rostral two-thirds of
the pons, and most entered the root within 12 mm of the
pons. Of the total of 66 aberrant rootlets observed by Gud-
mundsson et al. (53), 49 passed into the ophthalmic nerve,
10 into the maxillary nerve, and 7 into the mandibular nerve.

Kerr (39) studied the somatotopic organization of the non-
human primate sensory root. Ophthalmic division fibers
were ventrally placed within the sensory root; mandibular
division fibers were dorsally placed; and maxillary fibers
occupied the intermediate zone. Mira et al. (54) found a
similar disposition of fibers in human sensory roots, whereas
Gudmundsson et al. (53) and Stechison et al. (55) found that
fibers from the ophthalmic division are usually rostrome-
dial and the mandibular fibers are usually caudolateral. Pel-
letier et al. (56) confirmed a somatotopic arrangement of
the three divisions within the sensory root. However, these
investigators found that sensory modalities were diffusely
represented within each division, and they offered this as an
explanation why large sections (even 50% or more) of sen-
sory root divisions may be performed without appreciable
sensory loss.

The vast majority of corneal afferents travel within the
ophthalmic division of the trigeminal sensory root. A small
minority course within the maxillary division (20).

Stibbe (57,58) and Mira et al. (54) found nerve cells in
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the human sensory root of both humans and dogs. The nerve
cells appear to be localized to the proximal portion of the
sensory root in humans. The presence of these nerve cells
far from the gasserian ganglion may indicate an accessory
relay station for trigeminal sensory fibers. In fact, it has been
suggested that some light touch sensation is carried by this
group of fibers (59,60). Supporting this concept is the work
of Hussein et al. (61), who treated 25 trigeminal neuralgia
patients with fractional section of the trigeminal nerve via
a posterior fossa approach. The procedure was effective in
relieving pain, while preserving corneal sensation and motor
root function. Of the patients who were treated, 19 showed
slight loss of light touch sensation. In 15 of these patients,
there was dissociation of sensory loss between pinprick
(pain) and light touch. The pattern of dissociated sensory
loss produced in these patients suggests that fibers carrying
light touch sensation tend to collect in the medial part of the
main sensory root as it enters the pons.

Motor Root

The motor root emerges from the pons as separate bundles
at two major levels, the fibers from the dorsal level originat-
ing from the mesencephalic nucleus. Gudmundsson et al.
(53) found the human motor root to be composed of as many
as 14 separately originating rootlets that usually join about
1 cm from the pons. In addition, Gudmundsson et al. (53)
demonstrated anastomoses between the motor and sensory
roots in the majority of nerves that they examined. These
anastomoses may explain the discovery by Mira et al. (54)
of nerve cells in the human motor nerve root similar to cells
observed in the sensory root (57,58). The function of these
cells is unknown, but they may serve some type of sensory
function.

The motor root accompanies the sensory root from the
lateral pons through the subarachnoid space, through the
dura, and into Meckel’s cave, where it is concealed by the
overlying gasserian ganglion. As it passes the median sur-
face of the ganglion, it is joined by the peripheral sensory
fibers that arise from sensory cells in the maxillary region
of the ganglion.

AFFERENT TRIGEMINAL FIBERS IN THE
BRAINSTEM

The afferent sensory trigeminal fibers arising from their
cell bodies in the gasserian ganglion enter the lateral pons
and course in a dorsomedial direction. Some of them dichot-
omize into a short ascending and a long descending branch.
Most fibers run caudally without bifurcating. The mass of
descending fibers constitutes the trigeminal spinal tract, a
distinct fiber bundle that is situated just underneath the lat-
eral surface of the medulla oblongata, and slightly deeper
in the lower part of the pons, where it is covered by fibers
of the middle cerebellar peduncle. The fibers of this tract
continue into the two most rostral segments of the spinal
cord in the zona terminalis (Figs. 25.10 and 25.11). The
fibers that are found in the spinal tract, as well as numerous
collaterals, end in a longitudinal cell column medial to the
tract, the nucleus of the trigeminal spinal tract. Early in-
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vestigations on the trigeminal spinal tract and its nucleus
indicated that a divisional lamination exists. The ophthalmic
component is situated most ventrally in the tract. Kerr (39)
studied this lamination and by the Nauta technique was able
to show a very discrete segregation of the ventral ophthalmic
portion from the more dorsal maxillary and mandibular por-
tions. He showed that the afferent fibers of all divisions
proceed in diminishing numbers caudally to C,. Similar lam-
inations of the ophthalmic and other divisions of the trigemi-
nal nerve are present in the spinal nucleus and in the main
sensory nucleus.

The fibers of the trigeminal spinal tract distribute to the
nucleus of the spinal tract in an orderly manner (62). The
medullary tractotomy of Sjoqvist (63) for the treatment of
trigeminal neuralgia is based on this pattern of distribution of
fibers. The procedure consists of transecting the trigeminal
spinal tract by a superficial incision in the lowest part of
the medulla, thus preventing the impulses in the descending
fibers of the tract from reaching the nucleus. The procedure
abolishes pain sensibility in the ipsilateral half of the face
but has little effect on the sense of touch. Further experience
(64) has shown that the incision may be made more caudally.

Thus, only the most caudal part of the spinal nucleus may be
involved in the transmission of pain perception (discussion
following). The corneal reflex may be completely spared
after the Sjoqvist operation.

Although the majority of primary trigeminal afferent fi-
bers project to the trigeminal nuclear complex through the
trigeminal spinal tract, those fibers that enter the pons within
the motor root, composed of axons with terminals in the
oral cavity and the muscles of mastication, bypass the motor
nucleus of the trigeminal nerve to collect into a bundle that
continues forward along the ventrolateral, and then the lat-
eral, border of the periventricular gray matter to the rostral
end of the midbrain. The cells of origin of this group of
fibers, the nucleus of the mesencephalic root, are scattered
throughout the rostral pontine and mesencephalic teg-
mentum.

NUCLEI OF THE TRIGEMINAL NERVE

The nuclei of the trigeminal nerve may be considered as
three separate units: (a) the motor nucleus (special visceral
efferent); (b) the sensory mesencephalic nucleus (general
somatic afferent); and (c) the sensory nuclear complex, actu-
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Figure 25.11.
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ally composed of two distinct nuclei—the main sensory nu-
cleus and the nucleus of the spinal tract (general somatic
afferent) (65) (Figs. 25.12 and 25.13).

Motor Nucleus

The motor nucleus is situated slightly farther from the
ventricular floor than are the nuclei of the oculomotor, troch-
lear, and abducens nerves. It lies medial to the main sensory
nucleus. Fibers from the mesencephalic root are closely as-
sociated with fibers from the motor nucleus, and both motor
and mesencephalic fibers pass forward in the mandibular
section of the nerve (Fig. 25.12A).

Mesencephalic Nucleus

Most, if not all, neurons in the trigeminal mesencephalic
complex are unipolar, primary afferent cells comparable to
sensory ganglion cells (66). Unlike sensory ganglion cells,
however, the cell bodies of these neurons have remained
within the central nervous system. These are the only pri-
mary sensory neuron cell bodies in the central nervous sys-

tem that derive from the neural crest (27). They form a col-
umn at the edge of the central gray matter that extends from
the posterior commissure rostrally to the level of the trigemi-
nal motor nucleus caudally (Fig. 25.12). Most of these neu-
rons are proprioceptive in function (67,68), with receptor
terminals responding to stretch in the muscles of mastication.
Other mesencephalic neurons innervate the dental support-
ing tissues (67-69).

Trigeminal Sensory Nuclear Complex
Main Sensory Nucleus

The main sensory nucleus forms the most rostral portion
of the trigeminal nuclear complex (excluding the separate
mesencephalic nucleus) and is situated lateral to the motor
nucleus (70) (Figs. 25.12 and 25.13). Because the sense of
touch is mediated by fibers that are somewhat thicker than
those mediating pain, and the fibers that end in the main
sensory nucleus are, in general, thicker than those to the
spinal nucleus, it has generally been proposed that the main
sensory nucleus provides the brainstem relay for tactile sen-
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Figure 25.13. Cross sections of the mesencephalon (A) and pons (B), highlighting the locations of trigeminal structures.

Section through the medulla is illustrated in Figure 25.10.

sations from the head, although this is probably an oversim-
plification.

Most neurons within this nucleus project to the contralat-
eral nucleus ventralis posteromedialis (VPM) of the thala-
mus. These fibers emerge from the ventromedial margin of
the main sensory nucleus and pass to the contralateral brain-
stem to ascend in the trigeminal lemniscus (71) (Fig. 25.14).
A smaller population of neurons in the dorsomedial portion
of the nucleus, with an input from oral structures, project to
the ipsilateral VPM (discussion following). Functionally and
anatomically, the main sensory nucleus and its contralateral
ascending projections are analogous to the cuneate and grac-

ile nuclei in the medulla and their thalamic connections. The
cuneate and gracile nuclei receive tactile information from
dorsal horn sensory neurons and then send fibers that decus-
sate and ascend within the medial lemniscus to reach the
thalamus (27).

Nucleus of the Spinal Tract

The nucleus of the spinal tract is a long nucleus that ex-
tends down the spinal cord as far as the second cervical root
and merges with the substantia gelatinosa (70) (Figs. 25.11
and 25.12). In mammals, this nucleus is divisible into three
distinct portions: (a) the nucleus oralis; (b) the nucleus inter-
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Figure 25.14. Summary of the central connections and ascending projections of the trigeminal system. (From Haines DE.
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coolers; and (c¢) the nucleus caudalis (65). Each of these
nuclei receives input from all the trigeminal roots via the
descending spinal trigeminal tract. The fibers from each of
the three divisions of the nerve are somatotopically arranged
in this tract, with those from the ophthalmic division located
most ventrally and those from the mandibular located most
dorsally. In humans the ophthalmic division extends farthest
caudally. The nucleus of the spinal trigeminal tract is related
primarily to the transmission of impulses that are perceived
consciously as pain and temperature. Although the nucleus
caudalis is still considered the main termination of trigeminal
nociceptive fibers, there is accumulating evidence that the
more rostral subnuclei also receive nociceptive information
from orofacial structures (72). Readers interested in more

details regarding the processing of nociceptive information
in the trigeminal nuclei are referred to the in-depth reviews
by Shults (73). Nucleus oralis and interpolaris have impor-
tant roles in oral and dental sensation (74).

Nucleus (pars) Oralis

This nucleus extends from the rostral pole of the facial
nucleus to the rostral third of the inferior olive in the mam-
mal. The axons of most neurons in this nucleus join the
contralateral medial lemniscus and project to the VPM (75).

Nucleus (pars) Interpolaris

This nucleus, which is continuous with the nucleus oralis,
extends from the rostral third of the inferior olive to the
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obex. The thalamic projection is entirely to the contralateral
VPM (76). Interpolaris neurons can be classified function-
ally according to their responsiveness to cutaneous stimuli
as low-threshold mechanoreceptive or cutaneous nociceptive
.

Nucleus (pars) Caudalis

This nucleus extends from the obex to the first cervical
root and is considered an upward extension of the spinal
dorsal horn. The nucleus is organized into three main sub-
nuclei (65) or four laminae (78): (a) subnucleus marginalis
(or zonalis) (lamina I of Rexed); (b) subnucleus gelatinosus
(laminae II and III of Rexed); and (c¢) subnuclei magnocellu-
laris (lamina IV of Rexed). The laminar organization is simi-
lar to that found in the posterior horn of the spinal cord.

The primary afferent projection to nucleus caudalis in-
cludes both myelinated fibers (79) and unmyelinated fibers.
Both groups of fibers penetrate the nucleus from the spinal
tract in a spatially ordered radial pattern. The larger fibers
terminate mainly within the deep zone of subnucleus gela-
tinosus (lamina IIT) (80,81) and within subnucleus magno-
cellularis. A few smaller fibers may be traced to subnucleus
marginalis and into the subjacent reticular formation. It is
believed that unmyelinated fibers terminate in the superficial
zone of subnucleus gelatinosus (lamina II). More extensive
description of these regions is found in reviews by Darian-
Smith (66) and Bereiter et al. (82).

Afferent fibers from the perioral region synapse rostrally
in nucleus caudalis, whereas those from peripheral areas of
the face connect to more caudal parts of the nucleus. This
creates a concentric, onionskin organization of the face for
pain (Fig. 25.11).

Interconnections among the Trigeminal Spinal Nuclei
and Subnuclei

Many neurons of the spinal trigeminal tract send their
axons into an extensive longitudinal axon plexus consisting
of interconnected small bundles of myelinated and unmy-
elinated axons (the deep bundles). These bundles run
through the entire nucleus of the spinal tract and contain
both ascending and descending axons. The axons of the bun-
dles give off widely spaced, simple collaterals that effec-
tively link different levels of the nucleus (83). The reader
is referred to the detailed review by Ikeda et al. (84) of the
various intra- and internuclear connections of the trigeminal
brainstem structures.

Location of Corneal Afferents in the Trigeminal Nuclei

The somatotopic localization of the afferent fibers and
neurons subserving the corneal reflex are of practical interest
in neuro-ophthalmology. Marfurt and Del Toro (85) and
Marfurt and Echtenkamp (86) demonstrated that corneal af-
ferents project to multiple levels of the spinal nucleus. In
monkeys, connections were mainly to caudal pars inter-
polaris and rostral pars caudalis, along with less dense pro-
jections to pars oralis, caudal pars caudalis, and the trigemi-
nal main sensory nucleus. Sparse projections to C; and C,
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were also found. In the rat, fibers relaying nociceptive infor-
mation from the cornea synapse in the ventrolateral caudal
interpolaris and rostral caudalis (87).

Location of Dural and Blood Vessel Afferents in
Trigeminal Nuclei

Stimulation experiments in cats demonstrate nociceptive
afferents from the middle meningeal artery and sagittal sinus
synapse primarily in the nucleus caudalis, with other connec-
tions to nucleus oralis and nucleus interpolaris (88,89). Noci-
ceptive afferents from the dura overlying these areas project
to the rostral two-thirds of the nucleus caudalis and caudal
nucleus interpolaris (90,91). These neurons in turn project
to cells in the VPM nucleus of the thalamus (92) (discussion
following). These structures are thought to comprise the cen-
tral anatomic substrate that subserves migraine headache
pain (11,93).

SUPRANUCLEAR TRIGEMINAL CONNECTIONS
AND PROJECTIONS

Pathways between the Trigeminal Nuclei and Other
Brainstem Areas

These pathways, composed of short neurons in the teg-
mentum, connect the various trigeminal sensory nuclei with
motor nuclei of the brainstem, including the ocular motor
nuclei, the motor nuclei of the trigeminal nerve, the facial,
glossopharyngeal, vagal, and hypoglossal nuclei, and the
vestibular nuclei. Ascending components of this diffuse sys-
tem conduct impulses slowly cephalad by multisynaptic
pathways through the dorsal part of the hypothalamus to the
ventromedial nuclei of the thalamus, from which they are
diffusely distributed to many areas of the cerebral cortex.
Cells within the trigeminal nuclei send collateral axons to
the superior colliculus, cerebellar cortex, and deep nuclei
(94,95).

Pathways from the Trigeminal Nuclei to the Thalamus

The ascending pathways from the main sensory nucleus
and the nucleus of the spinal tract of the trigeminal nerve
form an important secondary ascending system—the ven-
tral secondary ascending tract of the trigeminal nerve
(also termed the trigeminothalamic tract, or ventral trigemi-
nal tract) (Fig. 25.14). The fascicles of this tract, transmitting
impulses of pain and temperature and arising from all levels
of the trigeminal nuclei, turn obliquely forward to cross the
midline at a considerable distance in front of the cell bodies
of the neurons from which they arise. After crossing, these
bundles gradually accumulate in the lateral part of the brain-
stem so that by the time they reach the pons, they overlie
and are intermingled dorsally with the other components of
the medial lemniscus. Where the medial lemniscus shifts
dorsally at the level of the midbrain, the ventral secondary
ascending tract of the trigeminal nerve lies medial to it. The
system terminates in the VPM nucleus of the thalamus.

An entirely separate projection system to higher centers
passes from the main sensory nucleus of the trigeminal
nerve. This is the dorsal secondary ascending tract of the
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trigeminal nerve (trigeminal lemniscus, or dorsal trigeminal
tract) that, after its origin from the main sensory nucleus,
swings into the mid-dorsal tegmental region of the pons.
Most fibers decussate, but dorsomedial axons remain ipsi-
lateral (Fig. 25.14). In its course, the dorsal secondary as-
cending tract of the trigeminal nerve lies dorsal to the red
nucleus and medial to the medial lemniscus at upper mid-
brain levels. The partial decussation makes it impossible to
lose finer tactile sensibility on one side of the face unless
there is damage to the trigeminal peripheral roots or the
trigeminal nucleus (in the pons) is damaged. Section of one
tract does not eliminate tactile sensibility from either side
of the face, whereas bilateral section of the tract produces
loss of discriminatory tactile sensibility on both sides of the
face. In addition, lesions in the region of the Sylvian aque-
duct may also produce bilateral loss of facial tactile sensibil-
ity, but only when both tracts are damaged. The dorsal sec-
ondary ascending tract of the trigeminal nerve also projects
to the VPM nucleus of the thalamus.

Incoming pain stimuli from the face are relayed to the
thalamus via the ventral secondary ascending tract of the
trigeminal nerve (Fig. 25.14). The caudal portion of this tract
and its nucleus extend at least to the level of the second
cervical segment. Pain impulses from the neck enter the cord
at C1 and C2. Second-order neurons that are in the same
area as the spinal nucleus of the trigeminal nerve relay the
pain impulses to the thalamus via the lateral spinothalamic
tract. Clinically, the sensation of pain in the face may be
associated with pain in the neck. Cervical disease may pro-
duce face pain, and stimulation of the trigeminal nerve in
the face may produce occipital pain. Taren and Kahn (96)
concluded from studies of patients with medullary tractoto-
mies that pain stimuli to the face (or cervical region) have
two possible anatomic pathways to the thalamus: the lateral
spinothalamic tract and the ventral secondary ascending tract
of the trigeminal nerve, each ending in definite portions of
the posterior ventral thalamus. They also proposed that pain
stimuli from either the face or cervical region could ‘‘cross-
synapse’’ into either ascending cervicothalamic pathway.
Kerr (97) in a discussion of the paper by Taren and Kahn
(96) noted that these investigators had been able to follow
the overlapping zones of the descending trigeminal pathways
and the root fibers of C;, C,, and Cs to cervical levels as
low as Cg4. He found that in identical levels of the dorsal
horn in the first and second cervical segments, afferent de-
scending fibers seemed to terminate on the same nuclear
groups. To clarify this problem, he carried out a microelec-
trode study of the area and found that some neurons receive
convergent fibers from the trigeminal and cervical systems.
Thus, the same neuron could be triggered by stimuli deliv-
ered to the peripheral branches of the trigeminal and cervical
roots. Kerr (97) estimated that 25-30% of the neurons in
this area responded to stimuli from either peripheral sensory
region and stated: ‘‘Stimulation of the dorsal root of the first
dorsal cervical segment produces referred pain to the back
of the eye, the forehead, and, occasionally, to the vertex;
rarely is pain evoked in the back of the head.”’
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Corticofugal Fibers to the Trigeminal Nuclei

Corticofugal fibers project downward to the main sensory
nucleus of the trigeminal nerve and to the subdivisions of
the nucleus of the spinal tract of the trigeminal nerve. These
fibers arise from widespread areas of the cerebral cortex,
including frontal, temporal, parietal, and occipital regions.
The fibers are both ipsilateral and contralateral, with the
crossed bundles predominating. They are likely functionally
related to the inhibition of the sensory impulses projected
on the primary nuclei.

The motor nucleus of the trigeminal nerve receives fibers
from the corticobulbar tracts of each side, although the ma-
jority of the fibers reaching the nucleus are crossed.

Thalamus and Thalamocortical Projections

The sensory system of the face and eye projects from the
brainstem to the thalamus (Fig. 25.14). The thalamocortical
sensory system mediates somesthetic sensation from the pe-
riphery through the thalamus to the primary sensory area of
the cerebral cortex.

Thalamus

Lying deep between the brainstem and the cortex is the
large sensory nucleus, the thalamus. Through this midline
cellular mass pass all sensory tracts except that for olfaction,
and within it are the relays for all sensory information from
the external environment—the head and body relays that
modify incoming information and pass it on to the cerebral
hemispheres for processing.

The thalamus is a large, ovoid ganglionic mass situated
obliquely between the midbrain and hypothalamus below
and the corpus striatum above. It is roofed completely by
the cerebral hemispheres. It lies along the lateral wall of
the third ventricle, which forms its main medial relation. Its
anterior extremity bulges into the floor of the lateral ventri-
cle. Its lateral surface is related to the internal capsule that
separates it from the lentiform nucleus. Anteriorly, the two
thalami are close together. The posterior extremity of each
is enlarged and prominent, forming the pulvinar that over-
hangs the medial