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ABSTRACT
Harderian glands exist in the orbits of most terrestrial vertebrates and are particularly
prominent in rodents. Several functions have been ascribed to the gland such as
lubrication of the eye, a source of pheromones and thermoregulatory lipids and as a part
of the retinal-pineal axis. In the present study, treatment of rats with a single high dose
(300 mg/ kg body weight) of carbamylcholine chloride (a cholinergic secretagogue)
resulted in the secretion of ``bloody tears'' (porphyrin pigment) from the Harderian
gland. Also, carbamylcholine treatment induced signi®cant elevation in the activity of
the lysosomal enzymes acid phosphatase and b-glucuronidase 10 min after injection. The
activity of both enzymes returned to their normal levels 2 hours after injection. Parallel
changes to lysosomal enzymes activity were observed in the gland ultrastructure.
Carbamylcholine treatment induced deformity of the epithelial cells, primarily type A
cells, 10 min after injection. Most of the cells returned to their normal appearance 2
hours after treatment, by which time the activity of enzymes were back to their normal
levels. One of the most striking features was the appearance of cytoplasmic slashes.
These structures have never been reported in the rat Harderian gland, in
carbamylcholine treated animals. The presence of cytoplasmic slashes relates, in the
gerbil, to either porphyrin or lipid synthesis, thus being suggestive of possibly similar
roles in the secretory epithelium of the rat Harderian gland.
Keywords: Carbamylcholine; Harderian gland; lysosomal enzyme; rat; ultrastructure.

INTRODUCTION
The Harderian gland is a compound tubulo-alveolar gland located around the
posterior part of the eyeball in the nasal side of the orbit of the majority of land
vertebrates and it is often surprisingly large, in some cases larger than the eye
itself (Djeridane 1996). Porphyrins are among the major secretory products of
the Harderian gland in one important group, the rodents. The Harderian gland
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itself possesses all the enzymes necessary for porphyrin formation (Thompson et
al. 1984) and it can synthesize porphyrins from suitable precursors in vitro
(Jones & Homanm 1976). Autonomic nerve varicosities have been observed in
the interstitium of the gland. Parasympathetic nerve ®bers come from the facial
nerve, change their neurons in the pterygopalatine ganglion and enter the gland
from behind through strands bridging the orbital venous sinus (Butler et al.
1984). The sympathetic ®bers coming from the superior cervical ganglion appear
to enter along the arteries, which also bridge the orbital venous sinus (Sakai &
Youhro 1981). The Harderian gland receives cholinergic innervation with clear
vesicles containing nerve terminals near the myoepithelial cells and the basal
lamina of the secretory cells (Bucana & Nadakavukaren 1972). Tashiro et al.
(1940) reported that injection of rats with acetylcholine resulted in secretion of
``bloody tears'' (porphyrin pigment) from the Harderian gland. Treating rats
with a cholinergic secretagogue, carbamylcholine chloride (100mg/Kg body
weight), induced shedding of bloody tears from the Harderian gland after 5 min
of injection as well as causing some changes in the gland morphology (Satoh et
al. 1990). Changes in lysosomal enzymes activity in the rat Harderian gland as a
result of physiological manipulations have been reported (Vaughan et al. 1988,
Sabry et al. 2000b). In the present study, the eect of treating rats with a single
high dose of carbamylcholine, on both the gland ultrastructure and the
lysosomal enzyme activity, was investigated.

MATERIALS AND METHODS
In the present study, 40 male Sprague-Dawley rats (160-200g body weight) were
used. The animals were raised in the facilities of the Faculty of Science, Kuwait
University. They were housed in plastic cages (4 per cage) under constant
environmental conditions of temperature (22+28C), relative humidity (45-50%)
and a light:dark cycle of 12:12. Food and drinking water were available ad
libitum. Animals were divided into ®ve experimental groups, of eight animals
each. Four groups were subcutaneously injected with a single high dose of
carbamylcholine chloride (300 mg/kg body weight, Sigma, St. Louis, Mo, USA)
dissolved in 1 ml physiological saline. The four treated groups were sacri®ced at 4
time intervals, 10 min, 30 min, 60 min and 120 min, after injection. Animals of the
®fth group were decapitated and served as an untreated control group (0 min).

Specimen collection and ®xation:
Following decapitation, both right and left Harderian glands were removed
from both orbits of each experimental animal. The glands of each animal were
cut into small pieces and either placed in microcentrifuge vials and immediately
stored in liquid nitrogen until use for enzyme assays or ®xed by immersion in
Karnovsky (pH 7.4 at 4 8C for 24h) and processed for electron microscopy.
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Preparation of homogenates:
Tissues were removed from liquid nitrogen, thawed and 10-15 mg pieces were
homogenized in 1 ml cold distilled water using Ultra-Turrax T8 (IKA
Labortechnik) homogenizer. Homogenates were centrifuged (10 min, 6500 rpm)
to remove cellular debris. The resulting supernatants were individually assayed
for lysosomal enzyme activity.

Enzyme assays:
The activity of acid phosphatase and b-glucuronidase were carried out using kits
and protocols (104 AL and 325-B, respectively) supplied by Sigma (St. Louis,
Mo, USA). Enzyme activities were expressed as Sigma units relative to mg tissue
wet weight.

Electron microscopy:
After ®xation, specimens were washed in 0.2 M sodium cacodylate buer (pH
6.2) and post ®xed in 2% osmium tetroxide for 2 h. Specimens were then
dehydrated, cleared in propylene oxide for 10 min and embedded in Araldite.
Semi-thin sections (1mm) were stained with 1% toluidine blue. Ultra-thin
sections were stained with uranyl acetate for 30 min, washed with double
distilled water, counter-stained with lead citrate and washed once more.
Examination was performed in a Joel JEM-1200 EX II electron microscope.

Statistical analysis:
Data are presented as means +SEM and were statistically analyzed with oneway ANOVA followed by LSD for multiple comparisons using The Statistical
Package for Social Science (SPSS) software (Version 7.5, SPSS Inc.).

RESULTS
Subcutaneous injection of the rats with carbamylcholine at a dose of 300 mg/kg
body weight induced immediate secretion of bloody tears. All rats showed signs
of excessive salivation as well. Lysosomal enzyme assays revealed a signi®cant
elevation in b-glucuronidase activity 10 min after carbamylcholine injection
(Fig. 1), and remained elevated at 30 and 60 min after treatment (Fig. 1). After 2
hrs, the activity of the enzyme was almost back to the control level (Fig. 1). Acid
phosphatase activity was also increased in the rat Harderian gland 10 min after
carbamylcholine injection and reached a maximum at 30 min after treatment
(Fig. 1). The activity of acid phosphatase started to drop 1 hr after injection and
reached the control level 2 hrs after injection (Fig. 1).
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Fig. 1. Lysosomal enzyme activity in the rat Harderian gland at dierent time intervals after
carbamylcholine injection. Upper panel: b-glucuronidase activity, lower panel: acid phosphatase
activity. (a) p<0.05 vs. control & p<0.001 vs. 120 min. (b) p<0.001 vs. control & 120 min. (c)
p<0.05 vs. control & p<0.001 vs. 120 min. (d) p<0.001 vs. control & 120 min. (e) p<0.001 vs.
control, 60 min & 120 min.
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Ultrastructurally, there are two epithelial cell types (A and B) in the rat
Harderian gland (Fig. 2a). Type A cells are characterized by the large number of
lipid vacuoles present throughout most of the cytoplasm, while the lipid
vacuoles of type B cells are less numerous and smaller in size (Fig. 2a). The large

Fig. 2. (a) Electron micrograph of a control rat Harderian gland showing two epithelial cell types (A&B).
Microvilli (MV), pleiomorphic mitochondria (M) and polysomes (arrows) are evident. Note that lipid
vacuoles of type A cells are larger and more numerous than those of type B cells (X7500). (b) Electron
micrograph showing a relaxed myoepithelial cell (ME) in a control rat Harderian gland (X5000).
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lipid vacuoles of type A cells are ®lled with electron dense material. The lipid
vacuoles of type B cells, however, often possess border laminations or electrondense outer rim membranes. Type B cells are also characterized by the presence
of large numbers of pleiomorphic mitochondria, extensive granular endoplasmic
reticulum (GER) and free ribosomes in the form of polysomes. Between the
basement membrane and the secretory epithelium, myoepithelial cells were
frequently observed with their characteristic spindle shape and centrally located
elongated nucleii (Fig.2b). They contain myo®laments running along the
longitudinal axis (Fig. 2b).
Carbamylcholine treatment had a dramatic eect on the epithelial cells of the
Harderian gland. At 10 min after injection, loss of polarity, random distribution
of organelles and cell deformity, as well as frequent exocytotic ®gures on the
luminal surface were more evident in type A cells than type B cells (Fig. 3).

Fig. 3. Electron micrograph of the Harderian gland of a male albino rat 10 min after
carbamylcholine injection. Exocytotic ®gures on the luminal surface are evident (arrow heads) and
myelin-like substances in the lipid vacuoles are evident (arrows) (X12000).

Lysosomes were not observed in either type of cells. Most myoepithelial cells
were observed in various stages of contraction invaginating into the epithelial
cells (Fig. 4a&b). Similar features were observed 30 min after treatment. Even
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Fig. 4. Myoepithelial cells in dierent stages of contraction invaginating into the secretory
epithelial cells of the rat Harderian gland 10 min after carbamylcholine injection (X10000).

1hr after treatment, cell deformity was still observed (Fig. 5). In type A cells,
lipid vacuoles were found to contain electron-dense material coating the inside
of the vacuole s membrane (Fig. 5). The most important observation was the
presence of cytoplasmic slashes throughout the cytoplasm of the secretory
epithelial cells (Fig. 5), these structures are not observed in the normal rat
Harderian gland. Most of the epithelial cells appear to have returned back to
their normal architecture 2 hrs after carbamylcholine injection (Fig. 6a&b).
Myoepithelial cells were mostly relaxed (Fig. 6b). However, exocytotic ®gures
were still evident at the luminal surface of the cells (Fig. 7). Numerous
cytoplasmic slashes were still evident throughout the cytoplasm of the epithelial
cells (Fig. 8a&b).
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Fig. 5. Electron micrograph of the rat Harderian gland 1 hr after carbamylcholine injection
showing deformity of lipid vacuoles in type A and B cells. Electron-dense material coating the
inside of a lipid vacuole in type A cell is shown (arrow head). Note the appearance of cytoplasmic
slashes (arrows) (X12000).
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Fig. 6. Electron micrographs of the rat Harderian gland 2 hrs after carbamylcholine injection. (a) Type A cells
are almost back to their normal appearance. Most of the lipid vacuoles are full with electron-dense lipid
substance (X6000). (b) The normal structure of type B cell is evident. Note the relaxed myoepithelial cell
(ME), microvilli, mitochondria (arrows) and lipid vacuoles (LV) (X6000).
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Fig. 7. Electron micrograph of a rat Harderian gland 2 hrs after carbamylcholine injection.
Exocytotic ®gures on the luminal surface of the cell (arrow heads) are still evident (X12000).

Fig. 8. (a) Electron micrograph of a rat Harderian gland 2 hrs after carbamylcholine injection
showing the extensive presence of cytoplasmic slashes throughout the cytoplasm (arrows) (X5000).
(b) Enlarged part showing the presence of an electron dense border at one side of the slashes
(arrow head) (X15000).
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DISCUSSION
In the present study, subcutaneous injection of rats with carbamylcholine at a
dose of 300 mg/kg body weight induced immediate chromodacryorrhea.
Chromodacryorrhea is the secretion of the so-called ``bloody tears'' containing
porphyrin pigments from the Harderian gland, under what appears to be
parasympathetic control (Clement 1994). Satoh et al. (1990), who injected rats
with carbamylcholine chloride at a dose of 100 mg/kg body weight, found that
all rats started to release bloody tears 5 min after injection. In another study,
Clement (1994) injected rats with carbachol (a cholinergic agonist) and found
that an intense chromodacryorrhea was apparent within 2-3 min following
administration of carbachol, which was accompanied by copious salivation. All
rats in our study showed signs of excessive salivation as well. Detailed studies
indicate that innervation of the Harderian gland consists of cholinergic,
adrenergic and peptidergic nerves (Bucana & Nadakavukaren 1972, Norvell &
Clabough 1972, Huhtala et al. 1977, Olcese & Wesche 1989, Satoh et al. 1990).
The present results, along with earlier studies (Tashiro et al. 1940, Harkness &
Ridgway 1980, Satoh et al. 1990, Clement 1994) support the idea that
muscarinic cholinergic agonists induce chromodacryorrhea. Supportive evidence
came from the fact that the nicotinic cholinergic agonist nicotine did not induce
the production of bloody tears (Clement 1994) and also the antimuscarinic
atropine blocked chromodacryorrhea (Harkness & Ridgway 1980, Clement
1994). Thus chromodacryorrhea appears to be a muscarinic receptor-related
event. The secretion of porphyrin containing ¯uid from the Harderian gland
probably results from the contraction of the myoepithelial cells following
cholinergic input (Huhtala et al. 1977) an observation that was clearly evident in
the present study in the rat Harderian gland immediately after carbamylcholine
injection.
The present study revealed, for the ®rst time, a signi®cant increase in both
acid phosphatase and b-glucuronidase activity in the Harderian gland shortly
(10 min) after carbamylcholine treatment. The activity of both enzymes reached
a maximum at 30 min and returned back to the normal level 2 hrs after
treatment. The exact function of these lysosomal enzymes in the Harderian
gland remains to be elucidated. However, lysosomal enzymes are involved in
cellular lytic processes characteristic of holocrine secretion (Brands et al. 1965),
one of the known three -holocrine, merocrine and apocrine- mechanisms
described for the rodent Harderian gland (Watanabe 1980, Carriere 1985,
Johnston et al. 1985). Lysosomal enzymes are also known to form part of the
secretion of the lacrimal gland (Van Haeringen & Glasius, 1976, 1980) and since
both Harderian and lacrimal glands have common functional resemblance, one
can assume the presence of such enzymes in the Harderian gland secretion.
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Despite the clear changes reported herein for lysosomal enzymes activity after
carbamylcholine treatment, ultrastructurally, we were unable to observe
lysosomes in the glandular epithelial cells of the rat Harderian gland. This could
be attributed to the fact that acid hydrolases might be found in non-lysosomal
locales; phosphatases active at low pH, for instance, are known to exist outside
lysosomes (Holtzman 1989). In certain mammalian cells, especially those of the
liver and kidney of mice and rats, considerable activity of b-glucuronidase is
demonstratable in the endoplasmic reticulum as well as in the lysosomes
(Holtzman 1989).
Ultrastructurally, some myoepithelial cells in the rat Harderian gland, 10 and
30 min after carbamylcholine injection, were observed in various stages of
contraction invaginating into the epithelial cells. Two hours after injection,
however, myoepithelial cells were mostly relaxed. Chiquoine (1958) suggested
that acetylcholine could cause contraction of myoepithelial cells, and this
phenomenon may be responsible for the expelling of the pre-exocytosed
porphyrins from the glandular lumina to the eye. Myoepithelial cells are known
to be contractile and thus it is reasonable to assume from previous reports
(Bucana & Nadakavukaren 1972, Watanabe et al. 1981) that the secretory
process in the Harderian gland is aected by neural stimulation of myoepithelial
cells. Some morphological support for this assumption has been provided by
Abe et al. (1981) where they demonstrated that when rats were injected with
acetylcholine there was a reduction in the Harderian gland alveoli and a
concurrent appearance of irregular folds on the myoepithelial cells, suggesting
contraction. Similar ®ndings were reported by Satoh et al. (1993) when
carbamylcholine was administrated to male albino guinea pigs. The contracted
myoepithelial cells observed in the present study support the idea that
acetylcholine, by acting on muscarinic receptors in the myoepithelial cells, might
be responsible for the secretion of bloody tears in the male albino rat.
At 10 and 30 min after injection, random distribution of organelles and cell
deformity, as well as frequent exocytotic ®gures on the luminal surface were
more frequent in type A than in type B epithelial cells. Even 1 hr after treatment,
cell deformity was still observed. The most important observation was the
previously mentioned cytoplasmic slashes that started to appear throughout the
cytoplasm of the secretory epithelial cells. Cytoplasmic slashes were not
observed by Satoh et al. (1990) or in any other previous study on the rat
Harderian gland. Cytoplasmic slashes were only found in some species of gerbils
(Kaiho & Ichikawa 1982, Johnston et al. 1983, Djeridane 1996, Sabry et al.
2000a). These structures were thought to participate either in porphyrin
synthesis (Djeridane 1996) or in lipid secretion (Kaiho & Ichikawa 1982, Sabry
et al. 2000a). Two hours after injection, most of the epithelial cells had returned
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back to their normal architecture. The present results are comparable, to a
degree, to those previously mentioned by Satoh et al. (1990) except for cellular
deformity which could be attributed to a dierence in the dose of
carbamylchoine used, being 3-fold higher in the present study. Further
supporting evidence for our present ®ndings come from the work of Satoh et al.
(1992). In their study they found that acute stimulation with a very high dose
(1.0 mg/kg body weight) of carbamylcholine to male albino Sprague Dawley
rats induced the coalescence of secretory vacuoles in the cytoplasm and a
massive discharge of cytoplasmic fragments containing some secretory vacuoles.
The observations suggest that the stimulation of the glandular cells exceeded the
physiological level.
The results of the present study clearly show that a subcutaneous injection of
carbamylcholine in a high dose induced not only the release of bloody tears
from the rat Harderian gland, but also deformity in the gland ultrastructure due
to vigorous contraction of the myoepithelial cells. In addition, the appearance of
cytoplasmic slashes in the epithelial cells of the gland after carbamylcholine
injection might represent a mechanism by which the cells synthesize lipids upon
neural stimulation. The results presented here deserve further investigation to
elucidate the origin and functional meaning of the cellular changes observed.
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