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Connections between the lacrimal gland and sensory 
trigeminal neurons: a WGA/HRP study in the 
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Abstract

The sensory innervation of the lacrimal gland (LG) in the cynomolgous monkey was studied using the retrograde

wheat germ agglutinin/horsereadish peroxidase (WGA/HRP) tracer technique. A small solidified piece of WGA/HRP

was implanted in the LG. Labelled sensory first-order neurons were found in the ipsilateral trigeminal ganglion

(TG) and in the ipsilateral mesencephalic trigeminal nucleus (MTN). The distribution of labelled TG neurons was

restricted to ophthalmic and maxillary ganglionic parts. Sensory innervation of LG by primary afferents is not only

restricted to TG; an MTN involvement has also been found. This may imply that there is a central sensory role in

the production and release of tears.
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Introduction

The general concept for autonomic lacrimal gland (LG)

innervation is by parasympathetic nerve fibres origi-

nating in the pterygopalatine ganglion (PPG) and

sympathetically by nerve fibres from the superior cervi-

cal ganglion (SCG).

Recently, Gordon Ruskell re-investigated the path-

ways of nerve fibres between PPG and the LG in human

dissection room cadavers (Ruskell, 2004). The reason

for this study was an attempt to resolve the uncertainty

in the distribution of fine autonomic nerve fibres towards

LG. In the late 1960s and early 1970s, Ruskell (among

others) investigated the post-ganglionic autonomic

innervation of LG, by nerve sectioning and by examin-

ing the degeneration of these nerves electron micro-

scopically (Ruskell, 1967, 1969, 1970a,b, 1971, 1974,

1975). Although he performed unilateral nerve lesions,

and also ophthalmic, maxillary or mandibular neurotomy

or complete ablation of the trigeminal ganglion (TG),

to study the Wallerian degeneration of nerve fibres in

orbital and related structures, he did not investigate

the sensory innervation of the LG. Instead he studied in

monkeys and humans the sensory innervation of other

orbital structures such as the cavernous sinus plexus, the

cerebral arteries, the nasociliary nerve fibres towards the

eyeball, the anterior eye segment, the trabeculum,

the scleral spur, the palpebral conjunctiva, the conjunc-

tival lymph follicles and the extraocular muscles

(Ruskell, 1973, 1974, 1976, 1978, 1982, 1984a,b, 1985,

1988, 1993, 1994, 1999; Ruskell & Wilson, 1983; Ruskell

& Simons, 1987, 1992; VanderWerf et al. 1996a,b; Ruskell

& VanderWerf, 1997).

Other investigators have indicated that the TG has

been involved in the afferent innervation of the nasal

epithelium of the airway, and the orbital structures,

such as the cornea, extraocular muscles, eyelids and LG

(Corbin & Harrison, 1940; Lucier & Egizii, 1986; Porter,

1986; Marfurt & Echtenkamp, 1988; Buisseret-Delmas &

Buisseret, 1990; Porter & Donaldson, 1991; VanderWerf

et al. 1993, 1996a,b, 1997; Ndiaye et al. 2000, 2002).

Anatomical studies have shown that sensory nerve

fibres of the lacrimal branch of the ophthalmic division

of TG supplies (among other things) the LG (Salvatore

et al. 1999), the inferior conjunctiva (Oduntan & Ruskell,
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1992), the lateral portion of the upper eyelid (Burton,

1992) and the skin (Shankland, 2001).

Sensory innervation of the LG has been studied in

the monkey (VanderWerf et al. 1996a), the cat (Cheng

et al. 2001), the rabbit (Salvatore et al. 1999) and the

rat (Ten Tusscher et al. 1990; Tóth et al. 1999) using

neuronal tracers. When the tracer was applied to LG,

labelled neurons were found in PPG, in SCG, in the

ciliary ganglion (CG) and in the TG (VanderWerf et al.

1996a; Tóth et al. 1999; Cheng et al. 2001). The distri-

bution pattern of labelled neurons in TG was mainly

restricted in the monkey to the ophthalmic and maxillary

ganglionic parts. Double-labelling fluorescent cholera

toxin B subunit tracing and nitric oxide synthase studies

in the cat LG revealed double labelling in parasympa-

thetic, sympathetic and sensory ganglia by neurons

of TG, the superior vagal ganglion and superior glos-

sopharyngeal ganglion (Cheng et al. 2001). Physiologi-

cally, a unilateral TG ablation in the rabbit resulted

in disturbed protein production in LG (Meneray et al.

1998), but changes on tear IgA levels after TG ablation

were not found (Sullivan et al. 1990).

Two candidate sensory neuronal structures could be

considered for direct LG input: TG and the mesen-

cephalic trigeminal nucleus (MTN), which is located in

the mesencephalic part of the brainstem. MTN extends

in rostrocaudal direction from the superior colliculus

up to the trigeminal motor nucleus and is situated ven-

trolaterally on both sides of the fourth ventricle. The

nucleus has a rod shape and consists of pseudo-unipolar

small and large neurons (> 60 µm) and has in general a

proprioceptive function for masticatory muscles (Corbin

& Harrison, 1940; Luo & Dessem, 1996; Dessem & Luo, 1999;

Luo et al. 2001) and extraocular muscles (Porter & Don-

aldson, 1991). In the rat, guinea-pig and cat MTN, it has

been established that MTN projects to the masticatory

muscles (Varathan et al. 2001; Zhang & Luo, 2002), per-

iodontal ligaments (Zhang et al. 1992; Honma et al. 2001),

nasal receptors (Lucier & Egizii, 1986) and extraocular

muscles (Buisseret-Delmas & Buisseret, 1990; Ndiaye et al.

2000). The centrally placed ganglionic MTN neurons receive

projections from the hypothalamus, parvocellular retic-

ular formation and dorsal raphe nucleus (Nagy et al. 1986;

Copray et al. 1991; Minkels et al. 1991). MTN itself

projects, among others, to the motor nucleus of V, the

sensory trigeminal complex (STC), the supratrigeminal

area, the hypoglossal nucleus, reticular formation and

the cerebellum (Buisseret-Delmas et al. 1997; Widmer

et al. 1998; Zhang et al. 2001; Lazarov, 2002).

As the mechanism of tear regulation, the complex

mechanisms mediating LG activities and the regulating

neuronal network are still not clear, in the current

study the sensory innervation of LG was studied in the

monkey using the retrograde tracing technique with

special attention given to the localization of sensory

first-order neurons.

Materials and methods

Five adult cynomolgous monkeys (Macaca fascicularis)

of both sexes weighing between 3.2 and 8.0 kg served

as experimental subjects.

Each animal was anaesthetized with a mixture of

ketamine, xylazine (Rompun) and atropine in a propor-

tion 10 : 1 : 0.1 mg kg−1, respectively.

In all monkeys a solidified piece of wheat germ

agglutinin/horsereadish peroxidase (WGA/HRP) (Sigma)

in Willospon (Willpharma), prepared by soaking a small

piece of Willospon (1.0 mm) in a 10% WGA/HRP phos-

phate buffer solution, was implanted by surgery in the

orbital LG of the right orbit. The animals were anaes-

thetized with ketamine (0.4 mL kg−1) 48 or 72 h after

surgery followed by 5000 units of thromboliquine kg−1.

The animals were then killed by an overdose of pento-

barbital and perfused directly through the internal

carotid artery with 2 L phosphate-buffered saline, pH 7.4,

at 37 °C. Subsequently, the animals were perfused

with 2–3 L fixation fluid, containing 0.1 M phosphate-

buffered 2% paraformaldehyde and 2.5% glutaralde-

hyde, pH 7.4, at 4 °C and finally perfused with 0.1 M

phosphate buffer containing 10% sucrose at 4 °C.

Immediately after perfusion, the orbital LG and its sur-

rounding tissues of the right orbits, the brainstem and

the right and left TG were dissected out. Transverse 50-

µg sections of the brainstem were cut with a cryostat

microtome from the level of the anterior part of the

superior colliculus up to the spinal cord. In addition,

15–25-µm serial cryostat microtome sections of the TG

of both sides were mounted directly on chrome–

alum–gelatin-coated slides. The sections on the slides

were then tested for the presence of WGA/HRP activity

using either the tetramethylbenzidine (TMB) proce-

dure (Mesulam, 1978) or the DAB gold-substituted

silver peroxidase (GSSP) procedure (Van den Pol &

Gorcs, 1986; Záborsky & Heimer, 1989). All samples

were examined by bright- and dark-field microscopy

for the presence of WGA/HRP-labelled neurons. Tissues

directly surrounding the LG were dissected out and
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processed in the same way as the brainstems and the

TGs in order to check eventual leakage of the neuronal

tracer.

For electron microscopy, 50-µm cryostat microtome

sections of the brainstem were rinsed in Tris-buffered

saline. Thereafter, free-floating sections were incu-

bated with DAB. The reaction product was intensified

using the GSSP technique.The sections were post-fixed

for 15 min in 1% OsO4 and rinsed in 0.1 M sodium

cacodylate buffer, pH 7.4, containing 1% potassium

ferricyanide. Subsequently, sections were dehydrated in

a series of ethanol/acetone mixtures and flat-embedded

in Epon. Areas of sections containing WGA/HRP-labelled

neurons were selected light microscopically, cut out

and mounted on prepolymerized Epon blocks. Ultrathin

sections were cut and stained with uranyl acetate and

lead citrate, after which they were examined with a

Philips EM 201 electron microscope.

Results

Histologically, the tracer implant was restricted to LG

and the tissues directly surrounding LG were devoid of

WGA/HRP. No visible leakage of the neuronal tracer

was detected in the surrounding tissues of the examined

sections. Some ectopic WGA/HRP-labelled neurons

were observed in the walls of the ductal system of LG.

Labelled nerve fibres were present in the stroma, the

ductal system and the acini of LG.

In all cynomolgous monkey experiments, pseudo-

unipolar WGA/HRP-labelled somata of neurons were

found in the ophthalmic and maxillary ganglionic parts

of the ipsilateral TG (Fig. 1). The number of labelled TG

neurons ranged between 1300 and 1500 in the ophthalmic

ganglionic part (approximately 20%) and between 600

and 650 in the maxillary ganglionic part (approxi-

mately 5%). Labelled neurons were not observed in

the mandibular ganglionic part. Labelled TG neurons

varied in size; small (< 40 µm) as well as large somata

(40–60 µm) were found.

In the brainstem, WGA/HRP-labelled neurons were

detected mostly in the caudal half of the ipsilateral

MTN (Fig. 2). The number of labelled neurons in

each of the five animals was 45, 34, ten, seven and

five. MTN consisted of labelled neurons of small as

well as large type. Electron microscopic examination

of these neurons revealed WGA/HRP labelling in the

lysosome-like bodies in the cytoplasm of the perikarya

(Fig. 3).

Discussion

After WGA/HRP-tracer application to LG, many pri-

mary sensory neurons were labelled in the ophthalmic

ganglionic part (approximately 20%) and a substantial

number were observed in the maxillary ganglionic part

(approximately 5%) of the ipsilateral TG. Labelled

neurons were also found in the ipsilateral MTN.

The results of the current study are in agreement

with studies in the monkey, cat and rat, which showed

that LG is innervated ipsilaterally by sympathetic,

parasympathetic and sensory nerves (VanderWerf et al.

1996a; Tóth et al. 1999; Cheng et al. 2001). The periph-

eral sensory innervation is not restricted to the ipsilat-

eral TG; in addition, the superior vagal and superior

glossopharyngeal ganglia project to LG directly (Cheng

et al. 2001). Centrally, ipsilateral second-order neurons

of the oral subnucleus (5o) of the STC were labelled

after tracer injections into LG (Tóth et al. 1999). In the

current study, first-order neurons were found in the

ipsilateral MTN.

Although the number of MTN neurons was relatively

low compared with the number of labelled neurons in

TG (less than 3%), their number was consistent in every

experiment and similar to the number of labelled MNT

neurons observed in the study of Lucier & Egizii (1986).

The technique used, application by microsurgery of a

small solidified piece of Willospon (1.0 mm), soaked in

the retrograde tracer WGA/HRP, minimized spread

of the tracer in adjacent tissues. The advantage of our

technique compared with pressure tracer injections is

that tracer uptake occurs gradually through the nerve

fibres involved, whereas pressure injections are less

Fig. 1 Bright-field light micrograph of WGA/HRP-labelled 
somata in the ophthalmic ganglionic part of the trigeminal 
ganglion. Bar, 50 µm.
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accurate and spread the tracer over a larger area through

the tissues. Surrounding tissues should be protected

against leakage. Inadvertent uptake of the tracer by

cutaneous branches of the lacrimal nerve could not be

excluded, but is unlikely to have occurred because no

visible leakage of the neuronal tracer into the skin area

was seen. Interestingly, in other studies in which retro-

grade WGA/HRP tracing and fluorescent tracing experi-

ments were performed in 18 monkeys under the same

conditions and using the same technique, labelled neu-

rons were never observed in MTN (VanderWerf et al.

1993, 1996a,b, 1997, 1998a; VanderWerf, 1998).

Owing to the survival time (48–72 h after WGA/HRP

application), labelled nerve terminals were almost

absent in STC.

Functionally, the sensory innervation participates in

the secretory process of proteins in LG and may control,

as a feedback system, the amount of tear production in

LG. An immunohistochemical study on the innervation

of LG in rat and guinea-pig showed nerve fibres

positive for substance P around the lacrimal duct and

nerve fibres positive for VIP were mainly concentrated

around the acini (Nikkinen et al. 1984). These sub-

stance P nerve fibres originate most probably from PPG

and TG, as PPG and TG somata contain substance P

(for a review see Lazarov, 2002). Immunohistochemical

experiments in the rat and monkey TG showed sub-

stance P in the somata of primary sensory neurons (Lee

et al. 1985; Prins et al. 1993) and in nerve terminals pro-

jecting towards MTN neurons (VanderWerf, 1993). The

LG innervation pathway is not restricted to the periph-

eral TG–PPG–LG loop, which is known in trigeminal-

parasympathetic reflexes (Drummond, 1995), but

centrally sensory second-order neurons could also par-

ticipate in tear reflexes. It is known that 5o projects

directly to the ipsilateral superior salivatory nucleus,

which projects to PPG.

Moreover, 5o also projects ipsilaterally towards the

thoracic spinal cord, which projects towards the SCG

(Tóth et al. 1999). Both pathways innervate LG effer-

ently and activate LG for tear production.

Minkels et al. (1991) showed that MTN projects

towards the reticular formation (RF). RF projects also

towards PPG or SCG. Physiologically, a unilateral TG

ablation in the rabbit resulted in an increase of protein

by the denervated LG in response to carbachol or iso-

proterenol (Meneray et al. 1998). Based on the effects

of sensory denervation, these authors suggested a

direct sensory input for LG secretion control. This is

supported by investigations regarding neurothrophin-

4 (NT-4) and their receptors in LG. NT-4, a member

of the nerve growth factor family, and its receptors

have recently been found in the rat LG (Ghinelli et al.

2003). These authors suggested that NT-4 in LG might

represent a key point in the network created by the

ocular surface, the nerves, the brainstem and LG. Reflex

activation of efferent nerves in LG may cause a release

of NTs in this gland. In another rat study the NT-4

protein was found in MTN neurons and neurons of

dorsal root ganglia (Ritsuko et al. 2003). Moreover,

NT-4 elongates primary sensory TG neurons in culture

studies (Ulupinar et al. 2004). The results of this

study provide morphological evidence that primary

sensory neurons of TG and MTN are involved in the

feedback mechanism during tear production and its

release.

Fig. 2 Part of a bright-field light micrograph containing a 
labelled mesencephalic trigeminal nucleus (MTN) neuron 
(arrows) surrounded by unlabelled MTN neurons. Bar, 50 µm.
Fig. 3 Electron micrograph of the inserted labelled 
mesencephalic trigeminal nucleus neuron. The WGA/HRP-
reaction product is mostly located in lysosome-like bodies of 
the cytoplasm. Bar, 0.5 µm.
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Addendum

The enthusiasm of Gordon Ruskell for the neuroana-

tomical research elucidated the nature of many

unknown nerve pathways towards orbital structures.

By joining our research programme with his expertise in

the field of electron microscopy, a fruitful co-operation

was born. This resulted in some publications concern-

ing sensory innervation of orbital structures. He would

undoubtedly have welcomed the outcome of this study.
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