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Abstract  
The secretory activities of meibomian glands are regulated by the autonomic nervous system. The 
change in density and activity of autonomic nerves in meibomian glands during menopause play an 
important role in the pathogenesis of dry eye. In view of this, we established a dry eye rat model by 
removing the bilateral ovaries. We used neuropeptide Y and vasoactive intestinal polypeptide as 
markers of autonomic neurotransmitters. Our results showed that the concentration of estradiol in 
serum significantly decreased, the density of neuropeptide Y immunoreactivity in nerve fibers 
significantly increased, the density of vasoactive intestinal polypeptide immunoreactivity in nerve 
fibers significantly decreased, and the ratio of vasoactive intestinal polypeptide/neuropeptide Y 
positive staining significantly decreased. These results suggest that a decrease in ovary activity 
may lead to autonomic nervous system dysfunction, thereby affecting the secretory activity of the 
meibomian gland, which participates in sexual hormone imbalance-induced dry eye. 
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Research Highlights 
(1) The mechanism underlying the development of dry eyes that are caused by sexual hormone 
disorders remains unclear. Clinical results have shown that the incidence of dry eye in women is five 
to six times greater in men. The incidence of dry eye in menopausal or postmenopausal women 
significantly increases, and women with ovarian failure are more likely to show ocular surface 
damage and suffer from dry eye. 
(2) In the ovariectomized dry eye rat model, the expression of neuropeptide Y increased, while the 
expression of vasoactive intestinal polypeptide decreased. These results indicate that the 
decreased activities of the ovaries may lead to autonomic nervous system dysfunction, thereby 
affecting the secretory activity of the meibomian gland, which participates in sexual hormone 
imbalance-induced dry eye. 
 
Abbreviations 
MGD, meibomian gland dysfunction; NPY, neuropeptide Y; VIP, vasoactive intestinal polypeptide 
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INTRODUCTION 
    
The meibomian glands are longitudinally located in both 
the upper and the lower tarsi, with approximately 30–40 
meibomian glands in the upper eyelid and 20–30 in the 
lower lid. These glands appear faint yellow in color in 
vivo. Histologically, the meibomian glands are complex 
vesicular glands belonging to modified sebaceous glands. 
Each gland consists of a duct and a number of acini, with 
the main duct opening at the posterior lip of the lid 
margin, which facilitates the distribution of secretory 
lipids on the front surface of the tear film[1]. Meibomian 
gland acini are mostly spherical or elliptical in shape, and 
are wrapped by the tunica. The peripheral cells around 
the acini are cuboidal, and no fat droplets are visible in 
the cytoplasm. As epithelial cells differentiate and 
develop, they gradually move towards the inside of the 
acinus, increase in volume and change morphologically 
to a polygonal shape, after which fat droplets appear in 
the cytoplasm. When cells differentiate, develop and 
migrate to the acinar center or near to the catheter, the 
cell volume sharply increases along with the amount of 
fat in the cytoplasm, until the fat droplets completely 
occupy the cells. The fat droplets and other substances 
are excreted into the catheter by pulling pulp secretions. 
Meibomian glands secrete various lipids including 
cholesterol, cholesterol esters, wax esters, triglycerides, 
phospholipids, free cholesterol, and free fatty acids. The 
melting points of these lipids differ, which is very 
important for the even distribution and stability of the tear 
film. The lipids secreted by the meibomian glands serve 
to prevent the evaporation of liquid water, reduce ocular 
surface tension in the tear film and maintain the health of 
ocular surface tissue. Any factor disturbing the synthesis, 
concentration, secretion and excretion of lipids in the 
meibomian glands will lead to decreased secretion or a 
change in the composition of lipids, resulting in  
meibomian gland dysfunction (MGD)[2-5]. MGD is known 
to be one of the causes of ocular surface damage and 
dry eye[6-8], and its etiology can be found in chalazions 
and blepharitis[9] following an imbalance of hormone 
levels[10-11], or exposure to noxious chemical or physical 
stimuli[12]. The incidence of MGD and dry eye increases 
with age[13-14], however, it significantly shows an obvious 
gender difference, and women with premature ovarian 
failure[15] or those experiencing menopause have a 
higher incidence of disease[16-19]. The ovariectomized rats 
can develop meibomian gland tissue injury and 
dysfunction, and subsequent dry eye[20-21]. 
Neuroanatomical studies have shown that the autonomic 
nerves are abundant in meibomian gland tissue from 

different animals, which plays an important role in 
regulating the secretory activities of meibomian 
glands[22-25]. However, the pathogenesis of MGD and dry 
eye is not very clear. These diseases often occur before 
or after menopause, and they are often accompanied by 
symptoms that are usually caused by automatic 
dysfunction at menopause, such as hot flashes, sweating, 
irritability, palpitations, xerostomia, and nasal cavity 
dryness. 
 
Therefore, we hypothesized that autonomic nervous 
system dysfunction caused by a decrease in ovarian 
function may affect the secretory activity of the 
meibomian gland, which results in the pathogenesis of 
dry eye at menopause. In this study, we established a 
menopausal dry eye rat model by performing 
ovariectomy. We quantitatively studied the changes in 
peptidergic innervation and the activities of neuropeptide 
Y (NPY) and vasoactive intestinal polypeptide (VIP), and 
determined the ratio in meibomian glands to confirm our 
hypothesis.   
 
 
RESULTS 
 
Quantitative analysis of experimental animals 
Female Sprague-Dawley adult rats (n = 48) were 
randomly divided into a control group (normal feeding), a 
sham surgery group (only exposing the wound without 
the ovarian resection) and a model group (both ovaries 
removed by establishing a castrated rat model of 
xerophthalmia), with 16 rats in each group. All 48 rats 
were used in the final analysis. 
 
Measurements of estradiol in serum from dry eye rat 
models 
At 12 weeks after model establishment, the 
concentration of serum estradiol in rats in the model 
group was 15.22 ± 2.89 ng/L, which was significantly 
lower than the control group (38.04 ± 4.52 ng/L) and the 
sham surgery group (36.13 ± 6.11 ng/L; P < 0.01). 
 
Expression of NPY and VIP immunoreactive nerve 
fibers in the dry eye rat models 
At 12 weeks after model establishment, 
immunohistochemistry experiments showed that NPY 
and VIP immunoreactive nerve fibers in tissues of the 
meibomian glands were yellow or brown with various 
shapes, such as dots, cords and beads. In the control 
group and the sham surgery group, many positive NPY 
and VIP immunoreactive nerve fibers existed around the 
acini in the meibomian glands, and they were closely 
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attached to the acinar basal membrane. Uneven 
distribution of the NPY and VIP immunoreactive nerve 
fibers were observed. NPY and VIP immunoreactive 
nerve fibers were occasionally seen in the acinar 
interstitial space. In the model group, the distribution of 
NPY and VIP immunoreactive nerve fibers was similar to 
that in the control group and sham surgery group.  
 
The density of the NPY immunoreactive nerve fibers in 
the model group was higher with a deeper color than that 
in the control and sham surgery groups (Figure 1), while 
the density of the VIP immunoreactive nerves in the 
model group was lower, with a weaker color than that in 
the other two groups (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Density of NPY and VIP immunoreactive nerve fibers 
in the meibomian gland acini 
The density of NPY immunoreactive nerve fibers in the 
model group was significantly higher than that in the 
control and sham surgery groups (P < 0.01). In contrast, 
the density of VIP immunoreactive nerve fibers in the 
model group was significantly lower than that in the 
control and sham surgery groups (P < 0.05; Table 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Staining intensity of NPY and VIP immunoreactive 
fibers in meibomian glands  
In the model group, the staining intensity of NPY 
immunoreactive fibers was significantly higher than that 
in the control and sham surgery groups (P < 0.01), while 
that of VIP immunoreactive fibers was significantly lower 
(P < 0.05), and the VIP/NPY ratio of the immunoreactive 
fibers was significantly lower (P < 0.05; Table 2).  

Figure 1  Distribution of neuropeptide Y immunoreactive 
nerve fibers in meibomian gland tissues 
(immunohistochemical staining, × 400). 

At 12 weeks after model establishment, the density of 
neuropeptide Y immunoreactive nerve fibers in the model 
group (C) was higher with a deeper color than that in the 
control group (A) and the sham surgery group (B). The 
cross-sections of neuropeptide Y immunoreactive nerve 
fibers in the meibomian glands were yellow or brown, and 
shaped like dots or cords. 

Arrows mean the neuropeptide Y immunoreactive nerve 
fibers around the meibomian gland acini. 

A 

B 

C 

Figure 2  Distribution of vasoactive intestinal polypeptide 
immunoreactive nerve fibers in meibomian gland tissues 
(immunohistochemical staining, × 400). 

At 12 weeks after model establishment, the dot or cord-like 
vasoactive intestinal polypeptide immunoreactive nerve 
fibers stained brown were observed in the acinar basal 
membrane around the acini in the meibomian glands. The 
density of vasoactive intestinal polypeptide immunoreactive 
nerve fibers (arrows) in the model group (C) was lower and 
had a weaker color than that in the control group (A) and 
sham surgery group (B). 

A 

B 

C 
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DISCUSSION 
 
The meibomian gland was first described by Heinrich 
Meibom in 1666. People have only come to realize the 
role of the meibomian gland in dry eye, blepharitis and 
ocular surface diseases in the past 20 years. Dry eye is a 
common eye disease induced by many factors, such as 
reduced tear production, mucus secretion abnormalities, 
and meibomian gland dysfunction, and involves the 
absolute or relative lack of the tear film, abnormal 
composition of tears, and increased evaporation of tears. 
The tear film covers the eye and the conjunctiva surface, 
and is the special product secreted by the ocular 
surface tissue, which maintains its health. The tear film 
is divided into an external lipid layer, a water layer, and 
a mucus layer. The mucus layer is secreted by the 
conjunctiva goblet cells and the corneal epithelial cells, 

which are attached to the surface of the corneal 
epithelium. The main components of the mucus layer is 
mucin and trefoil factor-1, which plays an important role 
in maintaining the stability of the tear film, lubricating 
the eye, participating in intracellular signal transduction, 
and building the ocular surface tissue barrier to defend 
against microbial invasion. The water layer is secreted 
by the lacrimal and accessory lacrimal glands, and is 
mainly composed of water, with a certain amount of 
inorganic salt, urea, glucose, lactoferrin protein, 
lysozyme, IgA, and complement. The lipid layer is 
secreted by the meibomian gland, which is a 
transparent grease-like substance, and has the function 
of preventing the evaporation of liquid water, reducing 
ocular surface tension, and increasing the stability of 
the tear film. 
 
Importantly, secretions from the meibomian glands 
comprise the lipid layer. The content, composition, 
physical properties, and viscosity of these secretions can 
change the stability of the tear film. Once the quality or 
quantity of the lipid component is abnormal, it will result 
in increased evaporation of the tear film, leading to dry 
eye. The secretions from meibomian glands can be 
divided into four types according to their appearance:  
(1) egg white-like, transparent, colorless or light yellow 
secretions; (2) milk yellow-like, evenly turbid, creamy 
yellow secretions; (3) granular, liquid secretions with 
small white or yellowish granules; (4) toothpaste-like 
secretions that secrete out from the meibomian gland 
opening similar to squeezed toothpaste. The first type of 
secretion is normal, while the others are abnormal, 
positively correlating to MGD[26]. According to the 
changes in meibomian gland lipid secretions, MGD can 
be divided into three types: (1) hypersecretion, (2) 
hyposecretory and (3) obstructive MGD. The latter is 
considered to be the most common type[27], and is the 
main type observed in clinical and animal studies. 
 
To study the relationship between MGD and dry eye as 
well as the pathophysiological changes of MGD, studies 
have blocked the excretion of meibomian gland 
secretions by means of locally administering adrenaline 
to induce keratosis of the meibomian gland ducts[28], or 
burning the meibomian gland openings[29], resulting in an 
obstructive MGD model. As a result, all model animals 
had evaporative dry eye, reflecting the importance of  
lipids secreted by the meibomian glands in maintaining 
ocular surface health. 
 
The main histopathological change of the obstructive 
MGD meibomian gland is hyperkeratosis of the 

Table 2  The staining intensity of neuropeptide Y and 
vasoactive intestinal polypeptide immunoreactive nerve 
fibers in meibomian gland acini 

Group Neuropeptide Y 
Vasoactive 
intestinal 

polypeptide 

Vasoactive 
intestinal 

polypeptide/ 
neuropeptide Y

Control  0.58 (0.55–0.62)a 0.69 (0.66–0.71)b 1.20 (1.17–1.23)b

Sham 
surgery  

0.57 (0.54–0.61)a 0.66 (0.64–0.69)b 1.16 (1.13–1.20)b

Model 0.88 (0.84–0.92) 0.42 (0.39–0.45) 0.49 (0.46–0.51)
aP < 0.01, bP < 0.05, vs. model group. Data were expressed as 
median (range), n = 16. The Kruskal-Wallis test was used for 
multi-group comparisons. Staining positive index = ratio of 
immunoreactive nerve fibers in the indicated acinus × staining 
intensity of the immunoreactive nerve fibers in the indicated 
acinus. 

Table 1  The density of neuropeptide Y and vasoactive 
intestinal polypeptide immunoreactive nerve fibers in 
meibomian gland acini 

Group Neuropeptide Y Vasoactive intestinal 
polypeptide 

Control   0.26±0.03a  0.33±0.02b 
Sham surgery  0.25±0.03a  0.35±0.02b 
Model  0.40±0.03 0.26±0.02 

 
Each complete acinar cross-section is taken as a unit of observation. 
All the immunoreactive nerve cross-sections that were 
discontinuously distributed in the basement membrane of each 
acinus are summarized. The sum (μm) of the immunoreactive nerve 
fibers was then divided by the perimeter length (μm) of the 
indicated acinus, and the result was the density of the 
immunoreactive nerve fibers (× 400).  
aP < 0.01, bP < 0.05, vs. model group. Data were expressed as 
mean ± SD (n = 16). One-way analysis of variance was used for 
multi-group comparison, and the Students-Newman-Keuls test was 
used to compare both groups. 
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meibomian gland ducts, resulting in clogged conduit 
opening, and consequently catheter dilatation and acinar 
disuse atrophy[27]. The pathological changes in 
meibomian gland tissues in the MGD caused by aging 
and evaporative xerophthalmia are very similar to 
obstructive MGD, with acinar atrophy, catheter keratosis, 
cystic dilatation, and reduced lipid synthesis[30-31]. Recent 
studies also showed that the pathological changes of the 
meibomian gland also included reduced alveolar 
epithelial cell proliferation, acinar volume decreases, and 
inflammatory cell infiltration[32]. 
 
Currently, the classification of dry eye obeys the dry eye 
taxonomy described by the U.S. National Eye Institute in 
1995. This taxonomy suggests that dry eye includes tear 
deficiency and strong evaporative dry eye[33]. The factors 
inducing evaporative dry eye include MGD, blepharitis, 
frequent blinking, hot and dry climate, and seriously 
polluted air. Among these factors, MGD is the main 
reason for evaporative dry eye. According to previous 
literature[34], MGD is very common, and occurs in 
39–50% of the U.S. population. 
 
With the application of the infrared instrument for the 
examination of meibomian gland and our increasing 
understanding of MGD, it has been shown that the 
incidence of MGD significantly increases and that aging 
is a risk factor for MGD[35-37]. However, gender-related 
dry eye studies reveal that the elderly are prone to dry 
eye, especially postmenopausal women. The incidence 
of dry eye in menopausal women is significantly higher 
than premenopausal women[18], which may be because 
of menopausal women having ovarian endocrine 
dysfunction, disruption in sex hormone levels that cause 
autonomic nervous system dysfunction, and reduced 
secretion of the lacrimal gland, conjunctiva and 
meibomian gland. In pre- or postmenopausal women, the 
occurrence of dry eye is often accompanied with 
menopausal autonomic function disorders and other 
symptoms and signs. After treatment with Nylestriol, it 
was found that the secretion of tears and the stability of 
the tear film were both enhanced, and dry eye and other 
symptoms of menopausal syndrome also improved. 
However, the pathogenesis of sex hormone disorders 
and the structural and functional changes to meibomian 
gland tissues are unclear. Lin et al [20] identified stratified 
squamous metaplasia in meibomian gland acini, 
epithelial cell atrophy, and apoptotic acceleration after 
the removal of both ovaries in rats, which leads to 
meibomian gland dysfunction. 
 
To further investigate the histopathological relationship 

between sex hormone disorders and meibomian gland 
tissues, the transmission electron microscopy was used 
to study ultrastructural changes of the meibomian gland 
acini in the ovariectomized xerophthalmia rat model. We 
found that the volume of the meibomian gland acinar 
epithelial basal cells decreased, and that the nucleus had 
diverse morphological variation, such as 
irregular-shaped, kidney-shaped or long rod-shaped 
nuclei. The volume of transitional cells decreased, with 
reduced lipid droplets, swelling of mitochondria, 
structural damage to mitochondria, and pathological 
changes such as vacuolization and changes in 
morphology to a cloud-, mist-like appearance. In addition, 
pathological changes, such as round or irregularly 
shaped electron-dense lamellar bodies that consisted of 
eosinophilia osmium substances, and myelin-like 
structures, were also observed[38]. Sudan III staining 
revealed that lipids in acinar epithelial cells were 
reduced[21]. The lipids were synthesized in meibomian 
gland acinar epithelial cells. The integrity of epithelial cell  
structure in the meibomian gland is a prerequisite to 
ensure normal physiological metabolism. The damage 
and destruction of tissue structures will inevitably lead to 
meibomian gland dysfunction, and subsequent 
evaporative dry eye. 
 
Ocular surface tissue (cornea, conjunctiva, meibomian 
gland), the main lacrimal gland and the nerves within 
these tissues jointly form a complete functional unit. 
Structural damage and dysfunction of any part of the 
functional unit will lead to the disorder of the ocular 
surface microenvironment, resulting in an abnormal 
ocular surface or the occurrence of dry eye. The 
secretory activities of the meibomian glands were 
modulated by both humoral regulation and autonomic 
nervous system regulation. According to the release of 
different neurotransmitters, the classic autonomic 
nervous system is divided into the sympathetic and the 
parasympathetic systems. In-depth studies on autonomic 
neurotransmitters reveal that some neurons in the 
autonomic nervous system can synthesize peptides, 
which coexist with classical neurotransmitters. All of 
them can be released by nerve endings, which play 
different roles in effector or target tissue cells. 
 
The neuropeptides NPY and VIP are third-class 
neurotransmitters. Therefore, NPY and VIP peptidergic 
nerve fibers belong to the autonomic nervous system. 
NPY and VIP immunoreactive nerve fibers in the 
meibomian glands are postganglionic fibers that are 
generated from NPY-positive neurons in the superior 
cervical ganglion and VIP-positive neurons in the 
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sphenopalatine ganglion[39]. It has been shown that NPY 
neurotransmitters in sympathetic nerve endings and VIP 
neurotransmitters in parasympathetic nerve endings are 
related to the activities of blood vessels, conjunctiva, and 
meibomian glands[40-41]. It is well known that stimulation 
of sympathetic nerves induces the release of 
norepinephrine and NPY, resulting in the excitation of 
sympathetic nerves, while stimulation of parasympathetic 
nerves induces the release of VIP, resulting in the 
excitation of parasympathetic nerves. Normally, 
sympathetic nerves weaken the secretory activity of a 
gland, while parasympathetic nerves strengthen it. The 
functions of sympathetic and parasympathetic nerves are 
united as well as opposite, and the combination of them 
maintains the steady state and health of ocular surface 
tissues. Toshida et al [42] showed that this leads to 
xerophthalmia in rabbits by depriving the 
parasympathetic preganglionic fibers in the 
sphenopalatine ganglion. This study provides valuable 
evidence of the effects of autonomic nerve dysfunction 
during menopause on the pathogenesis of dry eye. NPY 
and VIP neurotransmitters are associated with 
sympathetic and parasympathetic nerves, respectively. 
Thus, the immune-positive reactions detected by 
immunohistochemical methods can reveal the amounts 
and densities of NPY and VIP neurotransmitters in 
meibomian glands. The higher the density, the more 
immunoreactive nerve fibers, and vice versa. The 
staining intensities revealed the concentrations and 
activities of NPY and VIP neurotransmitters in nerve 
fibers. The greater the staining intensity, the higher the 
concentrations and activities of NPY and VIP 
neurotransmitters, and vice versa. Thus, the densities 
and the intensities of VIP and NPY immunoreactive 
nerves indicate the morphology and functional status of 
the parasympathetic and sympathetic fibers, respectively. 
The VIP/NPY ratio of the positive index to some extent 
indicates the decrease or increase in excitability and the 
function of the parasympathetic/sympathetic nerves. Our 
results show that after ovariectomy, estradiol levels in 
serum significantly decreased, and the VIP/NPY ratio of 
the positive staining index in the model group 
significantly lowered when compared with the control 
group and the sham-surgery group, which indicated an 
increase in excitability of sympathetic nerves, a decrease 
in excitability of parasympathetic nerves, weakened 
secretory activities of meibomian glands, reduced 
secretion of lipids, decreased stability of the tear film, 
decreased tear film break time, and enhanced 
fluorescein staining of the corneal epithelium. These 
results suggest that decreased activities of the ovaries 
may lead to autonomic nervous system dysfunction, 

thereby affecting the functional status of the meibomian 
gland, which participates in the pathogenesis of dry eye. 
 
Because of the special localization, shape and 
distribution of the meibomian gland, it is difficult to 
calculate the density of innervation in the meibomian 
gland. Herein, we calculated nerve density using an 
image analysis system, which not only facilitated our 
research on the densities of nerve fibers in the 
meibomian gland, but also provided a new method for 
the analysis of densities of nerve fibers in other similar 
glands, such as the lacrimal gland, the submandibular 
gland, and the greater vestibular gland. 
 
Until now, the pathogenesis of dry eye caused by an 
imbalance of sex hormones remained unclear. 
Menopausal dry eye occurs during the period of ovarian 
dysfunction. During this time, endocrine dysfunction and 
autonomic nervous system dysfunction coexist, and 
pathological changes to the immune system and 
physiological changes to the eyes coexist. Therefore, 
studies investigating the relationship between these 
dysfunctions and changes will be greatly beneficial to 
understanding the pathogenesis of postmenopausal dry 
eye. 
 
 
MATERIALS AND METHODS 
 
Design 
A randomized, controlled animal experiment. 
 
Time and setting 
This study was performed at the Department of Anatomy, 
Histology and Embryology, Laboratory of Basic Medicine, 
Medical College, Hebei University of Engineering, China, 
between August 2010 and May 2011. 
 
Materials  
Adult female Sprague-Dawley rats (n = 48; 56–60 days 
old, weighing 180–220 g) were obtained from the 
Experimental Animal Center of Hebei Province, China 
(license No. SCXK (Ji) 2010-1-012). Animals were 
housed at a temperature of 25 ± 1°C. The treatment of 
animals obeyed the Guidance Suggestions for the Care 
and Use of Laboratory Animals, formulated by the 
Ministry of Science and Technology of China[43]. 
 
Methods  
Establishment of dry eye model in ovariectomized 
female rats 
In the model group, the tergal skin of the rats was cut 
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along the spine at 1 cm below the twelfth rib. The 
muscles were separated, and the pink ovaries that 
appeared soybean-like under the kidneys were removed 
from the abdominal cavity. In addition, the contralateral 
ovary was removed. After the bilateral ovaries were 
removed, and it was confirmed that the incision was not 
bleeding, the muscle and the skin were sutured. The rats 
in the sham surgery group were similarly operated on but 
without the removal of the ovaries. After surgery, the 
incision was rubbed with iodine to prevent infection. The 
rats in the control group received no treatment.  
 
At 12 weeks before and after operation, 2% fluorescein 
sodium (Shanghai Yiji Industrial Co., Ltd., Shanghai, 
China) was dropped into the conjunctiva of each rat, and 
the breakup time of the tear film and corneal epithelial 
fluorescence staining were measured using cobalt blue 
light scanning and a model-YZ5B ophthalmic slit lamp 
(Suzhou Medical Instrument Factory, Suzhou, Jiangsu 
Province, China). Successful establishment of the rat 
xerophthalmia model was identified based on objective 
diagnostic criteria as previously described[44-46]. In brief, 
after surgery, rats that had reduced serum estradiol 
levels, flaky corneal epithelium staining, and a short 
breakup time of the tear film were considered to be 
successful models. Heart blood (2–3 mL) was obtained 
and centrifuged at 1 500 r/min for 20 minutes. Blood 
serum was saved at –20°C and serum estradiol levels 
were examined by radioimmunoassay[47] according to the 
kit instructions (Tianjin Jiuding Medical Bioengineering 
Co., Ltd., Tianjin, China). 
 
Preparation of meibomian gland tissue samples 
All rats were killed by cervical dislocation after 
anesthesia. Dissected tarsus tissues containing the 
meibomian gland were fixed in 10% (v/v) formalin for 
48–72 hours, and were then embedded in paraffin blocks. 
The blocks were serially sliced into 4–5 μm sections, and 
used for hematoxylin-eosin staining and 
immunohistochemical staining. 
 
Expression of NPY and VIP in meibomian gland 
tissues as detected by immunohistochemical 
staining 
To eliminate the activity of intrinsic catalase, paraffin 
sections were incubated in 3% (v/v) H2O2 for 10 minutes 
at room temperature, and microwave oven antigen 
retrieval was carried out for 10 minutes. The sections 
were incubated in rabbit anti-rat NPY or VIP monoclonal 
antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA, 
USA; 1:100) overnight at 4°C, then sections were 
washed with PBS (0.1 M, pH 7.4) three times each for   

3 minutes. Biotin-conjugated goat anti-rat IgG secondary 
antibody (1:50; Beijing Zhongshan-Golden Bridge 
Biotech Co., Ltd., Beijing, China) was added for       
15 minutes at room temperature, then the sections were 
washed with PBS (0.1 M, pH 7.4) three times each for   
3 minutes. The sections were incubated in horseradish 
peroxidase-labeled streptavidin solution for 15 minutes at 
37°C, and were then washed with PBS (0.1 M, pH 7.4) 
three times each for 3 minutes. 3,3-diaminobenzidine 
was added as a chromogen for 5–10 minutes. After 
re-staining with hematoxylin, the sections were 
dehydrated, mounted, and viewed and imaged under a 
BX-50 Olympus microscope (Olympus, Tokyo, Japan). 
The NPY and VIP immunoreactive nerve specimens from 
the rat heart were used as positive controls, and samples 
treated with PBS instead of primary antibody were used 
as negative controls.  
 
Immunohistochemical staining and image analysis 
The yellow or brown dot, cord or bead-like substances in 
the interstitial tissue and the basement membranes of 
the meibomian gland acini were NPY or VIP 
immunoreactive nerve fibers. Each section was placed 
under the microscope, and the image was displayed on 
the monitor. The HPIAS-2000 colorful pathology image 
analysis system (Tongji Qianceng Image Company, 
Wuhan, Hubei Province, China) was applied to analyze 
the staining results, including the density of NPY and VIP 
immunoreactive nerve fibers, and staining intensity. 
 
NPY and VIP immunoreactive nerve fibers were mainly 
distributed around the meibomian gland acinar 
epithelium, and were closely attached to the acinar basal 
membrane. To facilitate the quantitative analysis of the 
densities of the nerve fibers, we took each complete 
acinar cross-section as a unit of observation, then 
summarized all the immunoreactive nerve cross-sections 
that were discontinuously distributed in the basement 
membrane of each acinus. The sum (μm) of the 
immunoreactive nerve fibers was then divided by the 
perimeter length (μm) of the indicated acinus, and the 
ratio of the NPY and VIP immunoreactive nerve fibers to 
the perimeter length of the indicated acinus was an 
indicator of the density of the nerve fibers. 
 
Staining intensity of NPY or VIP immunoreactive 
nerve fibers 
As previously described[48], the staining intensity of 
immunoreactive nerve fibers was estimated: no color, 
score 0; light yellow, score 1; brown, score 2; sepia, 
score 3. For each specimen, five acini were randomly 
selected, and were observed and measured under high 
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magnification (400 × magnification). A positive index for 
NPY and VIP immunoreactive nerve fibers was 
calculated as the following: 
Positive index = the ratio of immunoreactive nerve fibers 
in the indicated acinus × the staining intensity of the 
immunoreactive nerve fibers in the indicated acinus. 
 
Statistical analysis 
Data were expressed as mean ± SD and the median 
(range from minimum value to maximum value). SPSS 
11.5 statistical software (SPSS, Chicago, IL, USA) was 
used for statistical analysis. One-way analysis of 
variance and the Students-Newman-Keuls test were 
used to analyze the difference among groups. The 
Kruskal-Wallis test was used to analyze the median of 
the groups. A P < 0.05 value was considered statistically 
significant.  
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