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ABSTRACT 

 

Chronic dry eye (DE) is a burden to society with few effective treatments. Investigations 

of mechanisms for DE pain are limited by the lack of validated biomarkers and reliable measures 

of nocifensive behavior in an animal model.  

To address these issues, we assessed eye wiping behavior and quantified qPCR and 

protein expression of Activating Transcription Factor 3 (ATF3) and Glial Fibrillary Acidic 

Protein (GFAP), as markers for neuronal injury and satellite glia activation, respectively, in the 

trigeminal ganglion (TG) of rat model of tear deficient DE.  

Eye wipe behavior increased in males and females by 14 days after exorbital gland 

removal.  Protein levels for ATF3 increased by 14d in females, but not in males, while GFAP 

increased in both sexes.  By contrast, mRNA levels for ATF3 and GFAP did not change 

significantly in either sex.  GFAP increases in protein were confirmed by immunohistochemistry 

as seen by an increase in the number of positively stained cells. The increase in GFAP was 

associated with an increase eye wipe behavior at 14d. These data suggested that neuron-glial 

mechanisms that mediate DE pain were different in males and females. 

We conclude that GFAP, but not ATF3, is a valid biomarker for peripheral sensitization 

in this rat model of DE.   
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CHAPTER 1 

INTRODUCTION 

 

 Dry eye (DE) is a multifactorial disease of the ocular surface often associated with 

debilitating pain and discomfort (1), (2), (3). DE is known for its high prevalence in 5-50% of the 

population (4), (5), that increases with age and is greater in women than men at all age groups (6). 

The chronic nature of DE places a substantial burden on patients and society (7), (8), (9). Despite the 

well-calculated economic cost of DE, the mechanisms underlying pathophysiology of DE are still 

largely unknown (2). No known effective treatments are available for more severe cases of DE (10).  

The least manageable and most perplexing symptom of DE is burning pain which is felt 

primarily on the eye surface (11). The eye surface consists of cornea, conjunctiva and eyelids. They 

are exposed to the environment; therefore, dutifully sense mechanical touch, temperature and 

osmolarity to maintain integrity and function of the eye (12), (13), (14), (15). The cornea draws 

considerable attention and is often studied because of its high innervation density and sensitivity 

to external stimuli (16). Cornea innervation stems from 50-450 primary sensory neurons whose cell 

bodies reside in ophthalmic and maxillary parts of the trigeminal ganglion (TG) (see review: 

Belmonte et al. 2017 (17)). Those neurons can be grouped as polymodal, thermoreceptor and 

selective mechanoreceptors, identifiable by specific markers TRPV1, TRPM8 and Piezo2 

respectively (12), (18), (19), (20). Cornea innervating neurons send axons that are 30% A-delta and 70% 

c-fibers via nasociliary branch of ophthalmic nerve and then long ciliary nerve (17). Ciliary nerves 

branch extensively into stromal nerves to form subepithelial plexuses that project and divide 

further to form subbasal plexus before terminating near the ocular surface (16), (21). Sensation of the 
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cornea eventually transmits toward second order neurons in the trigeminal brainstem nuclear 

complex and higher center in the brain. 

The cornea is highly innervated consistent with its main function to protect the retina 

from damage by two protective reflexes: blink and tear production (22), (23), (24). Since most corneal 

nerves are nociceptors, DE pain was long believed to be nociceptive pain induced by defective 

lacrimal functional unit (12), (25). Therapeutic strategies to improve tear film quantity and quality, 

though adequate for mild DE, are not effective in severe DE (10).  

Recently, investigators lean toward the concept that DE pain is neuropathic based on 

several lines of evidence. First, there is a poor correlation between corneal structural damage and 

pain intensity precluded tear film instability as the cause of DE pain (26), (27). Second, direct nerve 

injury from refractive or cataract surgery resulted in DE-like pain (28), (29). Third, In vivo corneal 

confocal microscopy in DE patients revealed increased tortuosity in subbasal plexus was 

correlated with pain intensity in clinic (30). Fourth, DE has been shown to be comorbid with other 

pain syndromes, suggesting similar mechanisms (31). Taken together, these arguments justify the 

revised definition of DE as “Dry eye is a multifactorial disease of the ocular surface characterized 

by a loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which tear 

film instability and hyperosmolarity, ocular surface inflammation and damage, and neurosensory 

abnormalities play etiological roles.” (1). 

 Induction of chronic ocular pain in DE likely involves sensitization of peripheral and 

central neurons, TG neurons supply the eye surface and are necessary for ocular pain sensation 

(16), (19), (32), (33). Activated TG neurons can be identified metabolically by quantifying stress 

markers.  Activating transcription factor 3 (ATF3) is a well-studied cellular stress marker that is 

inducible with a variety of cellular stressors, including infection and cancer (34), (35), (36), (37), (38), (39).  
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The expression of ATF3 increases in response to nerve injury after sensory nerve axotomy (40). In 

the trigeminal sensory system, ATF3 increases significantly in an avulsion pain model (41) and 

after chronic constriction injury of the infraorbital nerve model (42).  

Peripheral sensitization not only involves nociceptors producing more neuropeptides, but 

also coincides with functional and biochemical changes in sensory neurons (43). The cell bodies of 

primary sensory neurons are surrounded by peripheral glia called satellite glia (SG). Satellite glia 

have been shown to influence neuronal functions in normal and pathological conditions (44), (45), (46), 

(47), (48) through mechanisms such as increased gap junction formation, purinergic channels, inward 

rectifying potassium currents and cytokine release (44), (45), (49), (50), (51), (52), (53), (54).  The expression of 

glial fibrillary acidic protein (GFAP) is low to undetectable under normal conditions and is a 

widely accepted as marker for activated astrocytes in the central nervous system and for activated 

SG in the periphery (45). However, GFAP expression in the peripheral nervous system is not 

unique to SGs but is also expressed by Schwann cells (55), (56).  To ensure specificity of GFAP 

immunoreactivity in SG, counterstaining with a prominent SG marker like glutamine synthetase 

(GS) is warranted (42). 
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CHAPTER 2 

HYPOTHESIS 

 

The main hypothesis of this project is that that satellite glia activation contributes to 

ocular hyperalgesia in a rat model for dry eye. It is predicted that biological markers for satellite 

glia activation will correlate to the magnitude of nocifensive behavior. It is further predicted that 

the magnitude of behavior and satellite glia activation in this dry eye model will demonstrate sex 

difference as observed in the clinic. 
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CHAPTER 3 

METHODS 

 

General Methods 

A total of 75 (39 male and 36 female) adult Sprague-Dawley rats (Harlan, Indianapolis, 

IN, USA), weighing between 250-400 g were used. Data from 3 rats were excluded from RNA 

and protein analysis because of inadequate protein concentration. In compliance with the 

Institutional Animal Care and Use Committee of the University of Minnesota (Minneapolis, MN, 

USA), animals were housed in pairs and given free access to food and water. The housing 

environment is temperature controlled to 25ºC ± 2ºC with 12:12 hour dark/light cycle (light on at 

7.00 AM). The guidelines were set by ARVO and the National Institutes of Health guide for the 

Care and Use of Laboratory Animal (PHS Law 99-158, revised 2015). All efforts were made to 

minimize animal suffering and the number of animals used. 

 

Model: Exorbital Gland Removal 

Under 3-5% isoflurane anesthesia, the rat skin anterior to the left and right ears was 

shaved. Approximately 6-8 mm vertical incisions were made over the masseter muscles to expose 

and remove the left and right exorbital lacrimal glands. The incision was closed with 5-0 chromic 

gut sutures (Ethicon US, Somerville, NJ, USA). For 0d rat, the test was done before exorbital 

gland removal, serving as naïve control. After surgery, Ketoprofen (25 mg/kg, intraperitoneally 

(i.p.)) was given as a single dose. Rats survived for 2 days (2d), or 14 days (14d) before testing. 
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Eye Wipe Behavior  

Rats were placed in plexiglass chamber for 1-hour acclimation. Then, 25 μl of increasing 

concentrations of sodium chloride (NaCl) solution (0.15M, 0.5M, 1.0M) were applied topically to 

the left eye with a micropipette. Eye wipe behavior, defined as deliberate forelimb movement 

over the left eye, was measured for 5 minutes after saline application. To control for 

desensitization, the rats were allowed 30-minute interval between successive testing periods. 

Grooming and scratching were also observed during the test period, but these behaviors were not 

measured. 

 

RNA and Protein Analysis 

 Under deep anesthesia with sodium pentobarbital (50 mg/kg, i.p.), rats were perfused 

transcardially with 50 ml phosphate buffered saline (PBS) followed by 50 ml of RNA stabilizing 

solution (700g Ammonium sulfate, 20mM EDTA, 25mM Sodium citrate, pH 5.2). The trigeminal 

ganglia (TG) was excised and kept frozen at -80ºC overnight. Left and right TG from the same 

animal were pooled together. Total RNA was extracted from 0d, 2d, and 14d rats using TRIzol 

Reagent (ThermoFisher Scientific, Waltham, MA, USA). cDNA was synthesized from 30 μl of 

total RNA sample using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, 

USA). qPCR was performed in duplicate on 2 μl cDNA with DNA Engine Opticon 2 and 

Chromo 4 (Bio-Rad Laboratories, Hercules, CA, USA) using iQ SYBR Green Supermix (Bio-

Rad Laboratories, Hercules, CA, USA). The polymerase reaction started at 95ºC denaturation for 

3 minutes followed by 40 cycles of 95ºC for 10 s, 58.5ºC for 20 s, and 72ºC for 30 seconds. Data 

analysis was performed using Livak’s Method (2-ΔΔC
T). ATF3 and GFAP mRNA levels were 

calculated after normalizing two housekeeping genes (GAPDH and SDHA) in each sample. 
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Primer sets were as followed: GAPDH: F:  5’-agacagccgcatcttcttgt-3’, R: 5’-

cttgccgtgggtagagtcat-3’. SDHA: F: 5’-gcaggcccatcggtgttgct-3’, R: 5’-tgacaccacggcactcccca-3’. 

ATF3: F: 5’-cctgcagaaggagtcaga gaa-3’, R: 5’-cgttctgagcccggacgata-3’. GFAP: F: 5’-

gcgaagaaaaccgcatcacc-3’, R: 5’-tttggtgtccaggctggttt-3’. Data are presented as relative mRNA 

units compared with that of 0d control. All samples were analyzed in a blinded manner. 

Protein isolation from the remaining sample after RNA extraction was done according to 

TRIzol Reagent User Guide. The protein concentration was determined with Pierce BCA Protein 

Assay Kit (ThermoFisher Scientific, Waltham, MA, USA). The samples were heat denatured in 

Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules, CA, USA) and samples containing 40 

μg of protein were subjected to electrophoresis on 4-20% Mini-PROTEAN TGX Gels (Bio-Rad 

Laboratories, Hercules, CA, USA) and transferred onto a polyvinylidene difluoride membrane 

(Immobilon-FL, MilliporeSigma, Burlington, MA, USA). Following rinsing with Tris-buffered 

saline (TBS), the membrane was incubated in 50% ODYSSEY blocking buffer (LI-COR 

Biosciences, Lincoln, NE, USA) in TBS. The membrane was incubated overnight at 4ºC with 

mouse anti-β-actin monoclonal antibody (1:500, MAB8929, R&D Systems, Minneapolis, MN, 

USA), rabbit anti-ATF3 antibody (1:500, ab 87213, Abcam, Cambridge, United Kingdom), and 

chicken anti-GFAP (1:1,000, GFAP, Aves Lab, Tigard, OR, USA). The following secondary 

antibodies were used: Cy2-conjugated anti-chicken IgY raised in donkey (Jackson 

ImmunoResearch, West Grove, PA, USA), IRDye-680-conjugated goat anti-rabbit IgG (LI-COR 

Biosciences, Lincoln, NE, USA), and IRDye-800-conjugated goat anti-mouse IgG (LI-COR 

Biosciences, Lincoln, NE, USA). The signal was visualized with ChemiDoc MP (Bio-Rad 

Laboratories, Hercules, CA, USA). All antibodies were diluted in Tris-buffered saline with 0.1% 

Tween 20 (TBST). Band intensity was quantified using Fiji software and normalized to the β-

actin signal. Data are presented as relative protein expression compared to the control (0d) level. 
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Immunohistochemistry 

Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and perfused 

transcardially with saline followed by 10% formalin (ThermoFisher Scientific, Waltham, MA, 

USA). Left and right TGs were excised, post-fixed overnight at 4ºC and then trimmed and 

divided into 3 pieces. Tissues from animals with the same condition were embedded in the same 

paraffin block. The block was sectioned at 6 μm on a microtome and every 10th section was 

collected for immunostaining.  

 Antigen retrieval of rehydrated slides was done by incubating with sodium citrate buffer 

(10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) at 95-100ºC for 1 hour. Autofluorescence 

background was quenched by 5 minutes incubation with 0.1% sodium borohydride in distilled 

water. Slides were blocked in 5% normal donkey serum and 0.1% Triton X-100 for 1 hour, then 

incubated in the primary antibodies: chicken anti-GFAP antibody (1:1,000, GFAP, Aves Lab, 

Tigard, OR, USA), and either rabbit anti-ATF3 antibody (1:500, ab 87213, Abcam, Cambridge, 

United Kingdom) or rabbit anti-glutamate synthetase (GS) antibody (1:500, G2781, Sigma-

Aldrich, St. Louis, MO, USA). The slides were counterstained with the following secondary 

antibodies: Cy 2-conjugated anti-chicken IgY raised in donkey (Code 703-225-155, Jackson 

ImmunoResearch, West Grove, PA, USA) and Cy 3-conjugated anti-rabbit IgG raised in donkey 

(Code 711-166-152, Jackson ImmunoResearch, West Grove, PA, USA). The slides were 

coverslipped in slow fade mounting media (ThermoFisher Scientific, Waltham, MA, USA) and 

examined under a fluorescence microscope (Olympus BX51, Olympus, Shinjuku, Tokyo, Japan). 

The images were analyzed using Fiji software. The percentage of TG neurons with ATF3-

immunoreactivity (IR) or encircled with GFAP-IR was calculated, as well as the ratio between 

densitometry of GFAP-IR and GS-IR in each image. 
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 Statistical Analyses 

 All values are expressed as mean ± SEM. Eye wipe behavior was assessed by one-way 

repeated measures analysis of variance (ANOVA) followed by paired-sample t test. The time 

course of expression of the target genes and proteins were analyzed using one-way ANOVA 

followed by independent two-sample t test assuming unequal variance. A value of p < 0.05 was 

defined as significant. 
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CHAPTER 4 

RESULTS 

 

There were no overt signs of ocular hyperemia or inflammation after surgery with normal 

weight gain in all rats. “0d” is defined as the condition before surgical removal of DE or naive 

control condition. All changes were measured against values obtained from 0d animals. 

 

Eye Wipe Behavior  

Ocular application of 0.15M NaCl did not induce eye wiping after exorbital gland 

removal (Figure 1A, light blue bars). Ocular application of 0.5M NaCl (~1,000 mOsm) also failed 

to induce eye pain behavior at 2d or 14d versus 0d (Figure 1A, blue bars, F2,45=2.2.5, p>0.1), 

suggesting that 0.5M NaCl is below the threshold for inducing nociceptive behavior in this 

model. However, after 1.0M NaCl, there was highly significant increase in eye wipe behavior in 

14d rats compared to controls (p<0.001).  Eye wiping also was increased at 2d versus controls 

(p<0.05) and between 2d vs 14d rats (p<0.01) when males and females were assessed together 

(Figure 1A, dark blue bars). These data confirmed that eye wipe behavior is a reliable measure of 

nocifensive behavior in this rat model of aqueous-deficient dry eye. Although male and female 

rats displayed increases in eye wiping to 1.0M NaCl at 14d compared to 0d (p<0.01, Figure 1B), 

the time courses were different. In males, eye wiping to 1.0M NaCl was significant from controls 

only at 14d (p<0.05, Figure 1B, blue bars), whereas female rats showed increased eye wiping as 

early as 2 days after surgery (p<0.05, Figure 1B, pink bars).  
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Figure 1. Eye wiping behavior response evoked by NaCl.  

A. Eye wiping behavior count in response to escalating doses of NaCl at 0d, 2d and 14d after surgery 

(n=16). 

B. Eye wiping behavior evoked by 1.0M NaCl in male (blue bars) and female (pink bars) at 0d, 2d, 

and 14d after surgery (n=8). 

The data is presented as mean ± SEM. One-way ANOVA was used to determine if there was a difference 

between groups. Paired-sample t test was used to calculate p value between any two groups. * p<0.05, 

**p<0.01, ***p<0.001.  
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RNA and Protein Analysis 

 Combined male and female TG samples from 0d, 2d and 14d DE rats expressed similar 

mRNA levels of ATF3 (Figure 2A, F2,40 = 0.59, p>0.1) and GFAP (Figure 2B, F2,44 = 1.37 

p>0.1). When analyzed separately there were no sex differences in mRNA levels for ATF3 or 

GFAP (Figure 2C and 2D).  When TG samples from males and females were assessed together 

ATF3 protein levels decreased at 2 days after surgery (p<0.05) and then increased at 14 days 

(p<0.05) compared to controls (Figure 3B). Similarly, analysis of GFAP protein levels from 

males and females combined were reduced at 2d (p<0.01) but increased at 14d (p<0.01, Figure 

3C). However, when analyzed separately, statistically significant changes in ATF3 and GFAP 

protein levels were observed in female rats (p<0.05, Figure 3D and 3E, pink bars), but not in 

males.  
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Figure 2. qPCR results from TG of 0d, 2d, 14d rats. 

A. ATF3 mRNA expression over time in combined male and female animals (n=14-15/group). 

B. GFAP mRNA expression over time in combined male and female animals (n=15-16/group). 

C. ATF3 mRNA expression over time in male (blue bars, n=6-8/group) and female (pink bars, n=7-

8/group) rats. 

D. GFAP mRNA expression over time in male (blue bars, n=6-8/group) and female (pink bars, 

n=8/group) rats. 

The data is presented as mean ± SEM. One-way ANOVA was used to determine if there was a difference 

between groups. 
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Figure 3. 
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Immunohistochemistry 

The ATF3 immunoreactive cells with a neuronal profile as a percentage of total TG cells 

was decreased at 2 days (p<0.05, Figure 4. right panels: A, B, and C and Figure 5A). A decrease 

in the ATF3 ratio was observed in female (p<0.05) but not in male rats (Figure 5D). Females 

displayed a greater percentage of ATF3 cells at 0d (p<0.05, Figure 5.D) but not at 2d or 14d. In 

contrast, the ratio GFAP-IR to total cells with a neuronal profile in TG increased after 2 days 

(p<0.05, Figure 4. middle panels: D, E and F and Figure 5B). When these data were assessed by 

sex, females displayed a higher percentage of GFAP-IR cells at 0d (p<0.05, Figure 5E, pink bars) 

and at 14 days (p<0.01), while males had a transient increase only at 2d (p<0.05, Figure 5E, blue 

bars. In females, GFAP-IR percentage resembled the western blot results with an initial decrease 

at 2d (p<0.01, Figure 5E, pink bars) and then an increase at 14d (p<0.05). When calculated as a 

percentage of GFAP-IR cells and ATF3-IR cells in the same image for males and females 

combined, there was an increase by 2d (p<0.05, Figure 5C) that reached a maximum value of 

200% at 14d. The trend was consistent and detectable only in females (Figure 5F, pink bars). 

Figure 3. Western blot results from TG of 0d, 2d, 14d rats (on previous page). 

A. Example western blot data from 6 different animals (arranged by column; 3 left columns:male, 3 

right columns:female) with 3 target proteins (arrange by row; top:GFAP, middle:β actin, 

bottom:ATF3). 

B. ATF3 protein expression over time in combined male and female animals (n=8/group). 

C. GFAP protein expression over time in combined male and female animals (n=8/group). 

D. ATF3 protein expression over time in male (blue bars, n=4/group) and female (pink bars, 

n=4/group) rats. 

E. GFAP protein expression over time in male (blue bars, n=4/group) and female (pink bars, 

n=4/group) rats. 

The data is presented as mean ± SEM. One-way ANOVA was used to determine if there was a difference 

between groups. Independent-sample t test was used to calculate p value between any two groups. * p<0.05, 

**p<0.01, ***p<0.001.  
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Figure 6 demonstrated that GFAP-IR was detectable in cells with GS-IR, a general marker for SG 

cells. The increase in GFAP-IR was restricted to surrounding small diameter neurons (Figure 6A, 

B and C). Densitometry data for males and females combined revealed a delayed increase in ratio 

of GFAP-IR to GS-IR was observed (Figure 7A). However, when assessed by sex, although there 

was a sex difference at 0d and 2d (p<0.05, Figure 7B), the difference in GFAP-IR/GS-IR was 

detectable only in males (0d vs 14d and 2d vs 14d, p < 0.01, Figure 7B, blue bars) but not in 

females.  
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Figure 4. Example of ATF3 (red, A., D., and G.), GFAP (green, B., E. and H.) immunolabeling along 

with their combination (C., F. and I.)  of TG samples of 0d (A. to C.), 2d (D. to F.) and 14d (G. to I.). (on 

next page) 

J. The high magnification of TG from 14d male animal showing GFAP-IR cells surrounding neurons 

with no ATF3-IR (white arrows).  

Scale bar for A. to I. = 200 μm (20x magnification), for J. = 50 μm (40x magnification). 

Figure 5. Quantification of ATF3 and GFAP immunolabeling. (on previous page) 

A. Percentage of cells with ATF3-IR to cells with neuronal profiles over time  

B. Percentage of cells with GFAP-IR to cells with neuronal profiles over time. 

C. Percentage of cells with GFAP-IR to cells with ATF3-IR over time. 

D. Percentage of cells with ATF3-IR to cells with neuronal profiles over time in male (blue bars) 

and female (pink bars) rats. 

E. Percentage of cells with GFAP-IR to cells with neuronal profiles over time in male (blue bars) 

and female (pink bars) rats. 

F. Percentage of cells with GFAP-IR to cells with ATF3-IR over time in male (blue bars) and 

female (pink bars) rats. 

For A. to C., no. of animal = 6/group, no. of section counted = 14-16/group. For D. to F., no of animals = 

3/group, no. of section counted = 6-8/group. 

The data is presented as mean ± SEM. One-way ANOVA was used to determine if there was a difference 

between groups. Independent-sample t test was used to calculate p value between any two groups. * 

p<0.05, **p<0.01. 
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Figure 6. Example of GFAP immunoreactivity (green) counterstained with GS (red) at 40x magnification 

(scale bar = 100 um) with small diameter neurons (left: A. to C.) and large diameter neurons (right: D. to 

F.). The samples were collected at 0d (top: A. and D.), 2d (middle: B. and E.), 14d (bottom: C. and F.). 
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Figure 7. Quantification of GFAP and GS densitometry. 

A. Percentage of ratio between area of GFAP-IR and area of GS-IR over time (no. of animal = 

6/group, no. of section analyzed = 14-16/group). 

B. Percentage of ratio between area of GFAP-IR and area of GS-IR over time in male (blue bars) and 

female (pink bars) rats (no of animals = 3/group, no. of section counted = 6-8/group). 

The data is presented as mean ± SEM. One-way ANOVA was used to determine if there was a difference 

between groups. Independent-sample t test was used to calculate p value between any two groups. * 

p<0.05, **p<0.01. 
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CHAPTER 5 

DISCUSSION 

 

Exorbital gland excision is a reliable model for tear-deficient dry eye and consistently, 

causes ~50% tear reduction at 14d after surgery (57), (65). At 2 days after surgery (2d), the tear 

volume was assumed to be reduced, and although the corneal surface displayed no signs of 

inflammation, eye wiping behavior was increased. At 14 days after surgery (14d), exposing the 

eye surface to reduced tear volume for two weeks, results in irreversible and chronic 

inflammation of the ocular surface (57), (58). Consequently, it is hypothesized that persistent ocular 

surface drying primes the sensory nerves to facilitate chronic ocular pain-like behavior. This 

experimental design allowed the behavioral and biochemical changes to ocular drying to be 

followed over time. Since DE is more prevalent in females than males it is necessary to include 

both sexes for appropriate data analysis. 

 

Eye Wipe Behavior  

The present study used a repeated analysis design to assess eye wiping behavior in the 

same animals over time to minimize the number of animals used and to strengthen the statistical 

analyses. The eye wipe test has been validated as a highly predictive facial pain behavior for both 

acute and chronic pain (59), (60), (61). Hyperosmotic tears have been shown to correlate with 

increased inflammatory mediators and enhanced DE symptoms (62), (63). Estimates of tear 

hyperosmolality in persistent DE patients may be as high as 800-1000 mOsm/kg (64); however, 

NaCl concentrations restricted to the normal physiologic range did not induce eye wiping in our 
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model (Figure 1A, light blue bars). Although 2M to 5M NaCl solutions were needed to evoke eye 

wiping in awake animals in other studies (58), (59), (60), concentrations of NaCl as low as 0.5M did 

evoke increased orbicularis oculi electromyography in 14d DE animals compared to sham 

controls (65). Therefore, we tested a range of concentrations from 0.15M, 0.5M to 1M NaCl and 

used 1M NaCl as a standardized stimulant to better distinguish between acute phase and chronic 

phase responses (Figure 1A). We found no increase in eye wipe counts in response to normal 

saline as seen in other studies (58). Although other studies reported higher maximum eye wipe 

counts this may have been due to the use of higher NaCl concentrations (2-5 M NaCl). Another 

possible source of variation between this and other studies may be the definition of what 

constitutes eye wiping behavior. For example, Price et al. defined eye wiping as holding the eye 

tightly shut or actively grooming the face with either paw (61). Importantly, previous studies of eye 

wiping in response to ocular instillation of stimulants only studied male animals. To the best of 

our knowledge, this study is the first to report sex differences in ocular nociceptive behavior in an 

animal model of DE. Figure 1B indicated that females either developed chronic eye pain sooner 

after exorbital gland removal and likely were more susceptible to hyperosmolar tears in DE. This 

basis for this difference in time course for the development of ocular sensitivity in males and 

females is not known. 

 

RNA and Protein Analysis 

The mRNA quantification did not reveal significant changes in ATF3 or GFAP levels 

over the 14d observation period (Figure 2). This may be due to the fact that this animal model did 

not inflict nerve injury directly as compared to nerve ligation or chemical burn models. 

Alternatively, it is possible that changes in mRNA expression occur transiently and return 
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towards baseline by 2d after surgery.  Latremoliere et al. reported increased ATF3 and GFAP in 

addition to other cytokine genes (53). In that study, ATF3 mRNA in TG rose immediately after 

infraorbital nerve chronic constriction injury, while GFAP mRNA increased initially then 

returned to baseline levels by 14 days. According to Launay et al., ATF3 mRNA in mice TG 

primary culture increased within 6 hours of benzalkonium chloride (BAC) treatment, whereas, 

after 7 days of BAC treatment ATF3 protein levels were not elevated (60). Therefore, it is also 

possible that mRNA assessment of ATF3 and GFAP is not sensitive enough to observe changes 

in our model, since the increased in ATF3 mRNA may not correlate with increase in protein 

expression in tissue. 

Western blot is a common method to quantify ATF3 protein levels in cell culture (34), (35), 

(36), but not necessarily in whole sensory ganglion tissues. Our data showed an initial decrease in 

ATF3 expression at 2d then a later increase by two-fold at 14d (Figure 3B). A similar pattern of 

expression was observed in GFAP with greater significance but of lower magnitude (Figure 3C). 

GFAP western blot had been done in extracephalic and cephalic pain studies (48), (50). Nascimento 

et al. reported that GFAP increased in dorsal root ganglion neurons by day 4 and remained 

elevated for least 14 days in rat monoarthritic model (48). For trigeminal pain, Kaji et al. 

demonstrated GFAP protein level doubled as early as 1 day and remained elevated up to 14 days 

after inferior alveolar nerve injury (IANX) compared to naïve condition (50). Interestingly, IANX 

GFAP levels were different from sham controls only at day 8. This suggested that the sham 

operation influenced GFAP level and that increases in GFAP were not specific to neuronal 

damage. 

Our data suggested a trend for sex differences in ATF3 and GFAP changes in females 

compared to males at all time points. This information has not been reported since previous 

studies used only male animals.  Sex differences in ATF3 were investigated at the physiologic 
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level by Spinelli et al. (66). That study showed that females had greater upregulation of ATF3 

mRNA expression in lung tissue than male mice in an acute model of airway neutrophilia.  Sex 

differences in GFAP level of astrocytes have been reported in several brain areas of multiple 

species, namely rat amygdala (67), hamster cerebellum (68), mice corpus callosum and optic tracts 

(69). 

 

Immunohistochemistry 

Figure 5A showed that the percentage of ATF3 positive cells decreased by 30% from 

baseline at 14d. Use of ATF3 as a maker for neuronal injury has not been consistent since one 

study reported no increase in ATF3 in TG after chemical injury (60), while others reported a 2-fold 

increase at 7 days in a monoarthritic model (48). The ratio between GFAP positive and ATF3 

positive cells in our study increased by 200% (Figure 5C), indicating that GFAP 

immunoreactivity was not limited to the surrounding of ATF3 positive cells. A similar result was 

reported by Donegan et al., in which only dividing SGs were detected surrounding ATF3 positive 

cells (GFAP colocalized with BrdU) (42). 

In a study of the time course of ATF3 and GFAP protein expression, GFAP positive cells 

surrounding ATF3 negative neurons were found during the subacute phase of extraction pain 

model, while GFAP positive cells in chronic states were more likely to surround ATF3 positive 

neurons (41). By contrast, we found that the increase in GFAP immunoreactivity coincided with a 

decrease in ATF3 immunoreactivity.  

An increase in GFAP positive cells was expected since comparable results have been 

reported by several groups in other pain models (41), (42), (45), (48), (50). The magnitude of increase in 

our study (5 to 15%) was different from that of Takeda et al. (10 to 30%), possibly because 
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Takeda studied fluorogold tagged TG neurons after direct nerve injury and only in male Wistar 

rats (45). It is possible that the elevated GFAP can result from cell division or functional gain of 

satellite glia (42). It will be important to determine if there was SG cell division to better 

characterize SG’s role in this DE model. 

Figure 6 demonstrated that GFAP was colocalized with GS, a widely-accepted universal 

SG marker. These data are consistent with that of Gunjigake et al. (41), precluding the plausible 

confounding GFAP signal from Schwann cells. Also, our data suggested that the increase in 

GFAP immunoreactivity was largely restricted to small diameter cells. This information agrees 

with data from Gunjigake et al. and Kaji et al. (41), (50). 

 

Sex Differences in Chronic Pain 

Sex differences in chronic pain sensation have been well-documented in clinical and 

preclinical studies and suggest that both biologic factors as well as socio-cultural contribute (70). 

Considerable evidence has shown that both ascending nociceptive and descending inhibitory 

tracts within the CNS display sex differences. Marked sex differences were seen in the spared 

nerve injury (SNI) model in which male mice developed chronic pain via microglia activation and 

no T cell infiltration, while in females T cell infiltration alone was adequate to induce chronic 

pain (71). Recently, Tran et al. reported that aromatase, an enzyme that converts androgen to 

estrogen, was expressed in neurons in lamina I and V of the spinal and medullary dorsal horn (72). 

Interestingly, the majority of aromatase positive neurons co-expressed markers for inhibitory 

interneurons. Although the presence of aromatase was similar in males and females, it is not 

known if downstream pathways of aromatase activation relevant for nociception are similar in 

males and females.  In the periphery, Lopes et al. suggested that there was no sex difference in 
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basic neurological structures at transcriptional levels, but rather adaptive immune cells were the 

key mediators of chronic pain (73).  The present data do not support this hypothesis as significant 

since SG activation in the TG were seen in males and females while ATF3 increased only in 

females in this model for DE.   

Although Hirata et al. reported that GABAA receptors directly modulate neural activity of 

corneal-innervating neurons in trigeminal subnucleus caudalis, these experiments were only 

conducted in naïve male rats (74).  It also cannot be excluded that sex differences in pain 

processing occur at higher levels of the CNS since sex differences in μ-opioid receptor 

distribution have been reported in midbrain areas by Loyd et al. (75).  
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CHAPTER 6 

CONCLUSION 

 

 In search of a suitable biomarker for peripheral components of DE hyperalgesia in our 

model, we found that ATF3 and GFAP protein levels in TG vary over time following exorbital 

gland removal in male and female rats. These data suggested that GFAP was a more reliable 

candidate biomarker for DE nocifensive behavior since western blot quantification of GFAP 

protein level was increased at 14d and corresponded to the pattern of change in eye wipe 

behavior. The GFAP increase was confirmed by two immunolabeling analyses: cell counting and 

densitometry of TG sections. In contrast, the ATF3 protein levels measured by western blot were 

increased, while the number ATF3-IR cells seen by immunolabelling was decreased. 

 The role of sex differences in DE pain likely is complex and involves many factors in 

addition to changes in sensory neuron activity. This project is novel in that it assesses sex 

differences in ocular nocifensive behavior and potential biomarker expression in an animal model 

for DE. These data suggested that sex differences in ocular nocicpetive behavior may be mediated 

by central as well as peripheral mechanisms. It will be important in future studies to consider if 

central glia or immune cells may mediate the sex differences in DE pain.  
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APPENDIX 1. AUTOFLUORESCENCE QUENCHING PROTOCOL 

 

Table 1. Summary of Autofluorescence Protocol with Sodium Borohydride (NaBH4). 

Reference Species: Tissues Type (Fixatives) Quenching Agents Protocol Note 

Baschong 

et al., 

2001 

Human: Bone 

marrow, 

myocardium, 

Bovine: Cartilage 

Fixed, paraffin 

embedded (4% 

formaldehyde or 

2.5% 

glutaraldehyde)  

Ammonia (NH3)-

ethanol, Sodium 

borohydride 

(NaBH4), Sudan 

Black B 

Right after rehydration, 70% 

ethanol + 0.25% NH3. Ice-

cooled freshly prepared 

MHB buffer supplemented 

with 10 mg/ml NaBH4 for 40 

min. wash, then 0.1% Sudan 

black in 70% alcohol 30 

minutes. 

Ammonia-ethanol works well 

with human bone marrow. 

Sudan Black is suitable for 

human myocardium. The 

combination of all three is 

most efficient on paraffin and 

frozen fixed in formaldehyde 

or glutaraldehyde. 

 

Clancy 

and 

Cauller, 

1998 

Rat (Sprague-

Dawley): Brain 

Frozen, free 

floating (4% 

formaldehyde) 

NaBH4 0.1%  Incubate 3 minutes – 4 hours 

in NaBH4 0.1-2.0% in PBS., 

sometimes repeat incubation 

with fresh solution.  

NABH4 reduces background 

by 30% in brain tissue. 3-

minute incubation is enough 

to detect reduction in 

background but 30 minute or 

more incubation makes it 

difficult to mount the tissue. 
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Reference Species: Tissues Type (Fixatives) Quenching Agents Protocol Note 

Davis et 

al., 2014 

Human: Liver, 

Mouse: lung 

Frozen (human 

liver), Fixed, 

paraffin 

embedded 

(mouse lung, 

10% formalin) 

Eriochrome black 

T, Sudan black B, 

NaBH4 

10-minute incubation with 

200 μl of one of these 

reagents: EBT 1.65%, Sudan 

black B 0.3% in ethanol, 

NaBH4 1 mg/ml in 1x TBS 

on ice. 

NaBH4 results in marked 

reduction of autofluorescence 

with no interference with 

other fluorophore channels, 

and it is moderately easy to 

prepare and moderately 

reproducible. 

 

 

Gundhi 

and 

Khare, 

2018 

Human: Glioma, 

hepatocellular, 

lung/thyroid/renal 

cell carcinoma 

Fixed, paraffin 

embedded (10% 

formalin) 

NaBH4, then 

crystal violet 

before antigen 

retrieval, and 

Sudan black B 

after secondary 

antibodies. 

Freshly prepared 0.1% 

NaBH4 in PBS, pH 7.4 for 2 

changes (2.5 minutes each 

without in-between wash) 

then 0.5% crystal violet for 9 

minutes. then PBS - 5 min 

wash (3 times). Final treated 

(after secondary) - 0.1% 

SBB in 70% ethanol for 5 

minutes in the dark. 

 

 

Triple drugs work best. The 

image quality is highly 

consistent and stable over 2 

years. 
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Reference Species: Tissues Type (Fixatives) Quenching Agents Protocol Note 

Luquin et 

al., 2010 

Rat (Wistar): 

Brain 

Frozen, free 

floating (3.75% 

acrolein) 

NaBH4 1% for 30 

minutes, then 50% 

ethanol containing 

0.3% H2O2 

Vibratome section, 

pretreated with NaBH4 1% 

for 30 minutes under 

agitation, then mount the 

slide, incubate with 50% 

ethanol containing 0.3% 

H2O2 for 30 minutes before 

regular staining. 

NaBH4 eliminates tissue 

autofluorescence, while 

ethanol + H2O2 increases 

fluorescent detection. 

Sun et al., 

2010 

Mouse (SAMP8): 

Brain 

Fixed, paraffin 

embedded 

NaBH4 Pretreatment with 

1% sodium borohydride, 

and/or including 0.5% 

Tween-20 in the secondary 

antibody solution. 

 

The author recommended the 

use of 1% NaBH4 

pretreatment and 

adding 0.5% Tween-20 in the 

diluting solution for the 

secondary antibodies in the 

IHC protocol. 

Kajimura 

et al., 

2016 

Human: Thymus 

(archival tissues 

of 40 to 60 years) 

Paraffin 

embedded 

NH3 in 70% 

ethanol, 3% H2O2 

in methanol, 

1mg/ml NaBH4, 

2.0mM glycine, 

After antigen retrieval, 

incubate tissue in NH3 in 

70% ethanol for 1 hour at 

room temperature, then wash 

with 50% ethanol for 10 

min. Or 3% H2O2 in 

Treatment with NH3 and 

Sudan black B is particularly 

useful. 
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0.3% Sudan black 

B in 70% ethanol 

methanol before either 

primary or secondary 

antibodies for 15 minutes.  

Or 1mg/ml NaBH4 on ice for 

10 minutes 3 times. 

Or 2.0mM glycine at room 

temperature for 1 hour. Or 

after antibody incubation, 

0.3% Sudan black B in 70% 

ethanol for 1 hour at room 

temperature. 
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