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Innervation of the lacrimal gland in the cynomolgous monkey:
a retrograde tracing study
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ABSTRACT

Retrograde transport of wheat germ agglutinin-horseradish peroxidase (WGA-HRP) was used to study the
localisation of neurons that innervate the lacrimal gland of the cynomolgous monkey. WGA-HRP-labelled
neurons were localised in the ipsilateral trigeminal, superior cervical and ciliary ganglia and in the ipsilateral
and contralateral pterygopalatine ganglia. In the trigeminal ganglion WGA-HRP-labelled somata were
found in the ophthalmic part (18 %) and the maxillary part (5 %). Identification of labelled neurons in the
ciliary and pterygopalatine ganglia indicates a dual parasympathetic innervation of the lacrimal gland.
There is no known pathway to account for the contralateral location or pterygopalatine neurons. These
novel findings are incorporated in a concept of a neural control mechanism for the lacrimal gland.
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INTRODUCTION

In primates the lacrimal gland, the meibomian glands
and the glands of Krause and Wolfring all contribute
to tear production (Duke-Elder & Wybar, 1961;
Jones, 1973; Iwamoto & Jakobiec, 1982). Most of the
tear fluid is produced by the lacrimal gland. Secretion
by the lacrimal gland is regulated by the autonomic
and sensory nervous systems via a reflex arc
(Drummond & Lance, 1992). According to the
classical concept, the lacrimal gland in the primate is
innervated parasympathetically via the pterygo-
palatine ganglion (Mitchell, 1953; Duke-Elder &
Wybar, 1961). Morphologically the pterygopalatine
ganglion in the monkey is ovoid with conical
extensions (Ruskell, 1971; Baljet et al. 1989). The
orbital rami issue from 6 or fewer dorsal extensions
(Wilson, 1984). From the brainstem, preganglionic
nerve fibres run from the superior salivary nucleus
along the greater superficial petrosal nerve and the
vidian nerve through the pterygoid canal to the
pterygopalatine ganglion (Spencer et al. 1990; Ten
Tusscher et al. 1990).

Histochemically, acetylcholinesterase-positive nerve
fibres have been detected in and between the acini in
the lacrimal gland of mammals (Ehinger, 1966a). In
the rat and guinea pig, adrenergic nerve fibres have
been found in the vascular plexus of the gland but not
in the acini and secretory ducts (Ehinger, 1964). Other
histochemical and electron microscopy studies of the
lacrimal gland of the rat (Nikkinen et al. 1984, 1985;
Lee et al. 1985), guinea pig (Nikkinen et al. 1984,
1985), cynomolgous monkey (Ruskell, 1971) and man
(Ruskell, 1975) have also revealed sympathetic nerve
endings on arterioles and in the interstices of the gland
originating in the superior cervical ganglion.

Electrostimulation of the cervical sympathetic trunk
of the cat caused an immediate increase in lacrimation
(Whitwell, 1961). This could not be confirmed by
Botelho et al. (1966), although stimulation of the
lacrimal nerve, including nerve fibres from the
pterygopalatine ganglion, caused an increase of
outflow. Pharmacological studies on in vitro slices of
rabbit lacrimal gland have indicated the presence
of both alpha and beta-adrenergic receptors and
cholinergic receptors, indicating a sympathetic and

Correspondence to Dr Frans van der Werf, The Netherlands Ophthalmic Research Institute, P.O. Box 12141, 1100 AC Amsterdam, The
Netherlands.

591



592 F. van der Werf and others

parasympathetic mechanism for control of lacrimal
protein secretion (Bromberg, 1981).

Studies on the distribution of autonomic postgang-
lionic nerve fibres to the lacrimal gland in the
cynomolgous monkey showed fine nerves, the lacrimal
rami, extending from the retro-orbital plexus (both
parasympathetic and sympathetic) or directly from
the pterygopalatine ganglion (parasympathetic)
towards the gland (Ruskell, 1965, 1971; Baljet et al.
1989). After superior cervical or pterygopalatine
ganglionectomy, light and electron microscopy studies
(Ruskell, 1967, 1969) revealed that all sympathetic
and some parasympathetic nerve fibres in the lacrimal
gland had degenerated. The precise localisation of the
parasympathetic cell bodies that innervate the
lacrimal gland was not established. A selective
retrograde tracing study can provide information on
specific neurons involved in lacrimal gland secretion.
In order to examine this, the wheat germ agglutinin-
horseradish peroxidase (WGA-HRP) retrograde
tracing technique has been performed in the cyno-
molgous monkey.

MATERIALS AND METHODS

Six adult cynomolgous monkeys (Macacafascicularis)
of both sexes, weighing between 3.2 and 8.0 kg, served
as experimental subjects. Each animal was anaes-
thetised with a mixture of ketamine, xylazine
(Rompun) and atropine in the proportions 10, 1 and
0.1 mg/kg, respectively. A solidified piece of WGA-
HRP (Sigma) in Willospon (Willpharma), prepared
by soaking a small piece of Willospon in a 10%
WGA-HRP phosphate-buffered solution, was im-
planted surgically in the lacrimal gland of the right
orbit.
The animals were anaesthetised 48 or 72 h after

surgery with ketamine (0.4 ml/kg) followed by 5000
units thromboliquine/kg. Next the animals were killed
by an overdose of pentobarbital and perfused directly
through the internal carotid artery with 2 1 phosphate-
buffered saline, pH 7.4, at 37 °C, perfused with 2-3 1
of fixative, containing 0.1 M phosphate-buffered 2%
paraformaldehyde and 2.5% glutaraldehyde, pH 7.4,
and finally with 0.1M phosphate buffer containing
10% sucrose at 4 'C.
Immediately after perfusion of the animals, the

orbital fat, parts of the upper eyelid and the cornea
were dissected and processed in the same way as the
brainstem and ganglia in order to determine whether
WGA-HRP had leaked into these tissues. The lacrimal

extent of the labelled area. The brainstem, the
trigeminal, superior cervical, pterygopalatine, ciliary,
geniculate (NVII), and nodose (NX) and the 1st 3
spinal ganglia on both sides were dissected. Transverse
sections (50 gm) 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 25 gm serial cryostat sections of the ganglia
from both sides were mounted directly on chrome-
alum-gelatin-coated slides; sections on the slides were
then tested for the presence of WGA-HRP activity
using either the tetramethylbenzidine (TMB) pro-

cedure (Mesulam, 1978; van der Werf& Baljet, 1989;
Zaborszky & Reimer, 1989) or the gold-substituted
silver peroxidase (GSSP) procedure (Van den Pol &
Gorcs, 1986; Prins et al. 1993). All samples were

examined by bright and dark-field microscopy for the
presence of WGA-HRP-labelled neurons. Serial cryo-

stat sections have been made of all ganglia. Unfor-
tunately, producing cryostat sections seldom results in
a complete series. Therefore cell counting was per-

formed on the morphologically optimal series of
cryostat sections of ganglia of 3 monkeys (nos 53, 98,
2847). Because of some missing sections in the
remaining series, cell counts were not performed in
these ganglia.
A series of camera lucida drawings was made of

every 4th 25 gm cryostat section of the ipsilateral
trigeminal (monkey 53), superior cervical (monkey 98)
and ciliary (monkey 53) and the ipsilateral pterygo-
palatine (monkey 2847) ganglia in order to count
WGA-HRP-labelled neurons and to estimate the
number of labelled somata in the ganglia innervating
the lacrimal gland. Only those neurons with a nucleus
were counted and their diameter measured. Using this
method, double counting of neurons can be avoided,
although some neurons will be missed. The monkeys
used in this study previously participated in behav-
ioural studies at the University of Utrecht. The animal
experiments were carried out under the responsibility
of the ethical committee of The Royal Netherlands
Academy of Arts and Sciences acting in accordance
with the European Communities Council Directive of
24 November 1986 (86/609/EEC).

RESULTS

At 48 and 76 h after retrograde tracing, labelled
somata were seen in the various ganglia except in the
ipsilateral geniculate (NVII), nodose (NX) and 1st 3
spinal ganglia. Except in the pterygopalatine ganglion,

gland was also removed and processed to assess the labelled somata were never observed in the contra-
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Fig. 1. Brightfield light micrograph of WGA-HRP-labelled somata of neurons (arrows) in the wall of a duct of the lacrimal gland (GSSP
procedure); d, duct; nf, nerve fibre. Bar, 50 gtm.

lateral ganglia of any of the animals. Leakage of the
tracer was not detected in cryostat sections of the
orbital fat, parts of the upper eyelid and whole cornea.

Lacrimal gland

After inserting WGA-HRP implants, the tracer was
restricted to the orbital lacrimal gland. Cryostat
sections revealed the presence of WGA-HRP-labelled
somata ofneurons in the walls of the duct system (Fig.
1) and many WGA-HRP-labelled nerve fibres in the
stroma, duct system and acini.

Trigeminal ganglion

In all 6 monkeys, WGA-HRP-labelled somata of
varying size were distributed in the ipsilateral tri-
geminal ganglion opposite the origin of the oph-
thalmic and maxillary nerves, but not opposite the
mandibular nerve (Fig. 2). Counts of labelled somata
in the trigeminal ganglion ofmonkey 53 revealed 18%
of neurons in the ophthalmic part (< 1 % of 18% in
the transitional zone between the ophthalmic and
maxillary parts) and 5 % in the maxillary part (Fig. 3,
Table). In the trigeminal ganglion, WGA-HRP-
labelled neurons varied in size; small as well as large
cell bodies (larger than 60 gm) were positive for the
WGA-HRP tracer.

Superior cervical ganglion

Many large (30-40 gm) and small (20-30 gm) WGA-
HRP-labelled somata (Fig. 4) were distributed ran-
domly ipsilaterally throughout the spindle-shaped
superior cervical ganglion of all 6 monkeys. Counts of
labelled somata in serial sections of the superior
cervical ganglion of monkey 98 revealed the presence
of 31 % of neurons in the cranial part, 41 % in the

I
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Fig. 2. Brightfield light micrograph of WGA-HRP-labelled somata
(arrows) in the ophthalmic and maxillary parts of the trigeminal
ganglion (TMB procedure). Bar, 50 gtm.
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Fig. 3. Schematic drawing of serial cryostat sections at 100 gim intervals illustrating the distribution of WGA-HRP-labelled somata (solid
circles) in the trigeminal ganglion of monkey 53: 75% of the labelled somata are located in the ophthalmic part (opht), 20% in the maxillary
part (max), 5% in the transitional zone (tz).

Table. Number of labelled neurons (lab.) in each ganglion after WGA-HRP injection into the lacrimal gland*

Ganglia Trigeminal Superior cervical

Ophthalmic Maxillary Cranial Central Caudal Pterygopalatine Ciliary

Total Total Total Total Total Total Total
Section Lab. no. Lab. no. Lab. no. Lab. no. Lab. no. Lab. no. Lab. no.

1 67 340 3 471 0 0 72 156 32 104 27 76 19 242
2 140 457 10 487 26 112 56 140 48 168 94 227 24 471
3 107 295 12 830 41 141 56 172 42 172 87 280 14 905
4 95 215 61 1009 62 186 173 287 56 198 115 436 3 885
5 144 581 73 1248 80 241 179 409 54 207 69 387 4 673
6 194 714 71 1414 82 244 75 166 27 216 20 295 3 712
7 111 603 79 1258 14 73 28 214 0 0 23 431 -

8 114 33 114 1500 - - - 5 329 -
9 131 744 117 1474 - - - - 0 28 -

10 157 1257 29 620 -- - - - -

11 148 1024 26 825 - - -

12 66 543 27 737 - - - - -

Total 1347 7506 622 11973 305 997 639 1544 259 1065 440 2489 67 3878
(%) 18 5 31 41 24 18 2

* Counts of WGA-HRP-labelled somata within the trigeminal (monkey 53), superior cervical (monkey 98), pterygopalatine (monkey 2847)
and ciliary (monkey 53) ganglia. Values were obtained from every 4th 25 gim cryostat section.

central part and 24% of neurons in the caudal part of
the ganglion (Fig. 5, Table).

Pterygopalatine ganglion

WGA-HRP-positive somata were localised in the
ipsilateral and contralateral pterygopalatine ganglion
of all 6 monkeys. In the ipsilateral pterygopalatine

ganglion WGA-HRP-labelled somata were detected
in the upper ovoid part of the ganglion and its
extensions (Fig. 6). Counts of WGA-HRP-labelled
somata in serial sections of the ipsilateral pterygo-
palatine ganglion of monkey 2847 revealed a total of
440 (18%) labelled neurons (Fig. 7, Table). In the
contralateral ganglion granular WGA-HRP-labelled
somata were present (Fig. 8).
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Fig. 4. Brightfield light micrograph of large and small WGA-HRP-
labelled somata (arrowheads) in the superior cervical ganglion
distributed randomly throughout the ganglion (GSSP procedure).
Bar, 50 gm.

Ciliary ganglion

WGA-HRP-labelled somata were found in the ipsila-
teral ciliary ganglion of all 6 monkeys (Fig. 9). Counts
of labelled somata in serial sections of the ciliary
ganglion in monkey 53 revealed the presence of 67 cell
bodies (Fig. 10, Table). WGA-HRP-labelled nerve
fibres were detected between the somata throughout
the ciliary ganglion.

DISCUSSION

The results of the present study provide information
on the localisation of neurons that innervate the
orbital lacrimal gland of the cynomolgous monkey.
Sensory (afferent), sympathetic (efferent) and para-
sympathetic (efferent) innervation of the gland was
determined. Afferent innervation was restricted to the
ophthalmic (18 %) and maxillary (5 %) parts of the
trigeminal ganglion; efferent sympathetic innervation
was found for the superior cervical ganglion and
parasympathetic innervation for the pterygopalatine
and ciliary ganglia.

Controls

The method used for selective application of the tracer
to the lacrimal gland produced no detectable leakage
into adjacent tissues. There was no difference in
neuron labelling in the ganglia examined between
specimens killed 48 and 72 h after treatment. Varying
survival times can alter the number of labelled neurons
in the involved ganglia (Ten Tusscher et al. 1988); this
was not the case in this study.

Lacrimal gland

Acetylcholinesterase histochemical analysis of cryo-
stat sections of the lacrimal gland from the- cyno-
molgous monkey showed a meshwork of bundles of
thick and thin nerve fibres in the stroma and cells of
the acini, around the ductal system and as a
perivascular network (Baljet et al. 1989; van der Werf
& Baljet, 1989). Nerve fibres in the lacrimal gland of
the Japanese macaque (Matsumoto et al. 1992) and
the salivary glands of cebid monkeys (Rossoni et al.
1992) exhibited the same pattern of acetylcholin-
esterase-positive fibres as seen in the cynomolgous
monkey (Baljet et al. 1989), but the relationships with
nerve plexuses were not mentioned by the authors.
Investigations on the rabbit, guinea pig and monkey,
using the fluorescence method for catecholamines
developed by Falck (Falck et al. 1962), revealed
adrenergic nerves only on the blood vessels which
supply the lacrimal gland (Ehinger, 1964, 1966b). In
this study cell bodies and nerve fibres of neurons were
localised in the ductal system. Immunohistochemical
studies of rat (Nikkinen et al. 1984; Leblanc &
Landis, 1988), rabbit (Uddman et al. 1980; Butler
et al. 1984), guinea pig (Nikkinen et al. 1984), and the
monkey (Matsumoto et al. 1992), neuropeptide Y,
vasoactive intestinal polypeptide, substance P and
calcitonin gene-related peptide were observed at
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Fig. 5. Schematic drawing of serial cryostat sections at 100 gm intervals illustrating the distribution of WGA-HRP-labelled somata in the
superior cervical ganglion of monkey 98.
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Fig. 6. Darkfield light micrograph of WGA-HRP-labelled somata (arrowheads) in the ipsilateral pterygopalatine ganglion (TMB procedure).
Artefacts of small TMB cristal fragments are marked by asterisks. Bar, 50 gm.
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Fig. 7. Schematic drawing of serial cryostat sections at 100 gm intervals illustrating the distribution of WGA-HRP-labelled somata in the
ipsilateral pterygopalatine ganglion of monkey 2847. A concentration of labelled somata is localised in the upper part of the ganglion.
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Fig. 8. Brightfield light micrograph of WGA-HRP-labelled somata
(arrows) in the contralateral pterygopalatine ganglion (GSSP
procedure). Granular WGA-HRP-labelled somata are present in
the orbital rami of the ganglion. Bar, 50 gm.
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Fig. 9. Brightfield light micrograph of WGA-HRP-labelled somata
(arrows) in the ciliary ganglion (TMB procedure). Most of the
labelled somata are located in the periphery of the ganglion. Bar,
50 gtm.

different sites along the nerve fibres in the lacrimal
gland. After VIIth nerve (pterygopalatine) degenera-
tion in the rabbit (Butler et al. 1984), vasoactive
intestinal polypeptide-positive content in the lacrimal
gland was almost completely absent. Biologically
active peptides, such as vasoactive intestinal poly-
peptide, induced fluid and protein secretion by the
lacrimal gland in a dose-dependent manner (Dartt
et al. 1988), while cholecystokinin octapeptide stimu-
lated only fluid production and not protein secretion.
These nerves were presumed to be parasympathetic;
our finding of acetylcholinesterase in autonomic
(pterygopalatine) nerve fibres in the lacrimal gland
supports this theory.

Trigeminal ganglion

The present study of the cynomolgous monkey has
demonstrated that afferent neurons are concentrated
in the ophthalmic and maxillary parts of the ipsilateral
trigeminal ganglion. A somatotopic distribution was
present in the medial lateral region of the ophthalmic
part. In contrast to classical concepts (Duke-Elder &
Wybar, 1961; Jones, 1973; Iwamoto & Jakobiec,
1982), i.e. that neurons which contribute to inner-
vation of the lacrimal gland are localised only in the
ophthalmic part of the trigeminal ganglion, WGA-
HRP-labelled somata of various sizes were also
detected in the maxillary part of this ganglion. As
branches of the lacrimal nerve subserving the skin
traverse the gland, tracer uptake 'en passage' may be
possible. The surgical implantation method used gives
little diffusion of the tracer in the gland. Occasionally
some tracer uptake into skin nerve fibres was found,
so some of the labelled cells in the trigeminal ganglion
can contribute to skin innervation. There are 2
pathways in lacrimal gland innervation of the cyno-
molgous monkey: via the lacrimal nerve and via the
zygomaticofacial nerve. These pathways are sup-
ported by observations in whole mount preparations
of human fetus orbits, in which networks of auto-
nomic and sensory nerve fibres in the anterior orbital
part were found (Baljet et al. 1989).

Superior cervical ganglion

The results reveal that the lacrimal gland of the
cynomolgous monkey is sympathetically innervated
by numerous neurons located in the ipsilateral
superior cervical ganglion. Other studies confirm a
sympathetic innervation of the lacrimal gland
(Ehinger, 1964, 1966b; Ruskell, 1967, 1969; Pick,
1970; Nikkinen et al. 1984; Baljet -et al. 1989; van der
Werf & Baljet, 1989; Ten Tusscher et al. 1990;
Matsumoto et al. 1992). Unilateral superior cervical
ganglionectomy caused degeneration of sympathetic
nerve fibres in the acini and duct system of the
lacrimal gland of the cynomolgous monkey (Ruskell,
1969), which led to dysregulation in the composition
of tear fluid. In rats (Ten Tusscher et al. 1990)
retrograde-tracing experiments showed both ipsi-
lateral and contralateral contributions from superior
cervical ganglion neurons, whereas a contralateral
distribution in monkeys was absent. Presumably the
disparity can be attributed to a species difference. The
number of labelled superior cervical neurons may be
relatively high in this study, although retrograde
fluorescent studies in the submaxillary salivary gland
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Fig. 10. Schematic drawing of serial cryostat sections at 100 ptm intervals illustrating the distribution of WGA-HRP-labelled somata in the
ipsilateral ciliary ganglion of monkey 53. A concentration of labelled somata is localised in the peripheral part of the ganglion.

in the rat revealed more than 5000 labelled neurons in
the superior cervical ganglion (Flett & Bell, 1991)!

Pterygopalatine ganglion

According to the classical concept, the lacrimal gland
in the primate is innervated exclusively via the
ipsilateral parasympathetic pterygopalatine ganglion
(Mitchell, 1953). In this study implantation of the
WGA-HRP tracer into the lacrimal gland resulted in
detection of labelled somata in the lacrimal gland
itself, and in the ipsilateral and contralateral pterygo-
palatiiie ganglia. The presence of autonomic-like
neurons in the lacrimal gland is not exceptional: in
human and monkey choroids hundreds of neurons
were found in the region around the fovea (Flugel
et al. 1994a, b). These neurons have autonomic
properties and may be described as 'displaced neurons
originating from the pterygopalatine ganglion'.
WGA-HRP-labelled somata detected in the ipsilateral
pterygopalatine ganglion were localised in the upper
part of the ovoid ganglion. In the contralateral
ganglion, labelled cell bodies were detected near the
orbital rami. Never more than 20 neurons were
counted in a ganglion, this is less than 5 % in
comparison with labelled neurons on the ipsilateral

side. No obvious nerve pathway for the passage of
nerves from the pterygopalatine ganglion to the
opposite orbit is known; a perivascular nerve pathway
from the lacrimal gland along the ophthalmic artery
out of the orbit, via internal carotid arteries at the
circle of Willis towards the contralateral ophthalmic
artery and thus to the contralateral pterygopalatine
ganglion is perhaps feasible. The functional aspects of
this finding need to be investigated further. However,
it is well known that intraocular pressure of both eyes
decreases after treatment of one eye with betablockers.

Preliminary results of our anterograde tracing
studies in the ophthalmic part of the trigeminal
ganglion of cynomolgous monkeys (van der Werf,
1993) revealed labelled terminals on cell bodies of the
pterygopalatine ganglion. In rats after anterograde
labelling of the trigeminal ganglion, labelled terminals
were also observed in the pterygopalatine ganglion
both by light and electron microscopy (Beckers et al.
1991). These nerve fibres contain both calcitonin gene-
related peptide and substance P and can form
pericellular baskets around vasoactive intestinal poly-
peptide or choline acetyltransferase-positive somata
(Suzuki et al. 1989). In the rat pterygopalatine
ganglion cells, innervating the lacrimal gland, are
vasoactive intestinal polypeptide positive (Leblanc &
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Fig. 11. Diagram of the cynomolgous monkey lacrimal innervation based on tracing experiments in the lacrimal gland.

Landis, 1988). It can be speculated that in the monkey,
pterygopalatine ganglion cells innervating the lacrimal
gland contain vasoactive intestinal polypeptide and
may be surrounded by calcitonin gene-related peptide
and substance P-positive nerve fibres from the
trigeminal ganglion. Consistent with the results in rats
(Beckers et al. 1991) it is likely that pterygopalatine
cell bodies with their sensory trigeminal terminals are
involved in an axon reflex modulating para-
sympathetic activity for lacrimal gland secretion
(Drummond & Lance, 1992).

Ciliary ganglion

The results of this study reveal that parasympathetic
innervation of the lacrimal gland is not exclusively a
function of the pterygopalatine ganglion, the ciliary
ganglion also making a minor contribution. WGA-
HRP-labelled somata located in the ciliary ganglion
or in the accessory part of the ciliary ganglion have
the morphological characteristics of ciliary neurons.
The possibility that these neurons are ectopic pterygo-
palatine or superior cervical neurons can therefore be
excluded. Other retrograde tracing studies (van der
Werf, 1993, van der Werf et al. 1993) in eyelids of the

cynomolgous monkey revealed no labelled cell bodies
in the ciliary ganglion, indicating that leakage of the
tracer is unlikely to account for the present results.
Moreover, different survival times, i.e. 48 and 72 h,
always revealed WGA-HRP-labelled somata in the
ciliary ganglion. WGA-HRP-labelled nerve fibres in
the ciliary ganglion can originate from the superior
cervical and/or pterygopalatine ganglia running
through the ciliary ganglion (Tan et al. 1995).

Acetylcholinesterase studies on the ciliary ganglion
of cynomolgous monkeys (Baljet et al. 1989) revealed
that all neurons were positive for acetylcholinesterase,
indicated that these neurons may have the capacity to
fulfil a lacrimal secretomotor function.

CONCLUSIONS

In the cynomolgous monkey the lacrimal gland is
innervated by the trigeminal, superior cervical, ciliary
and pterygopalatine ganglia, including the contra-
lateral pterygopalatine ganglion (Fig. 11). A particular
finding is the contribution of ciliary ganglion neurons
in lacrimal gland innervation, this possibly having a
modulating effect on the efferent innervation of the
lacrimal gland.
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