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Spontaneous Episodic Decreased Tear Secretion in Rats Is
Related to Opioidergic Signaling Pathways

Ian S. Zagon,1 Anna M. Campbell,1 Joseph W. Sassani,2 and Patricia J. McLaughlin1

PURPOSE. To elucidate the factors in tear production, this study
examined the role of endogenous opioids and opioid receptors
in spontaneous episodic reduced tear volume.

METHODS. A model of spontaneous episodic decreases in the
quantity of tears was characterized in otherwise normal
Sprague-Dawley rats using Schirmer’s test. A single eye drop
of 10-5 M naltrexone (NTX), 10-5 M [Met5]-enkephalin, or
sterile vehicle was administered to one eye. Tear secretion,
corneal sensitivity, and corneal morphology were examined in
both eyes.

RESULTS. At any given time period, otherwise normal rats were
found to have Schirmer test scores with a bimodal distribution
(6.5 mm or less, or 7.0 mm or greater). Decreased tear
production was detected in male and female rats aged 4 to 24
weeks at least once per animal. The episodes of reduced tear
volume ranged from 1 to 7 days. No changes in corneal
sensitivity or corneal morphology were observed in any rat.
One drop of NTX given to rats with a decrease in tear volume
raised levels of tears to scores of 7.0 mm or greater within 1
hour, and increased tear production persisted for at least 48
hours. NTX had no effect on rats with Schirmer scores of 7.0
mm or higher. Topical application of [Met5]-enkephalin
depressed tear secretion from baseline scores of 9.8 6 0.6
mm to as low as 4.5 6 0.7 mm.

CONCLUSIONS. Normal rats experience fluctuations in tear
production that can be modulated by opioidergic signaling
pathways. (Invest Ophthalmol Vis Sci. 2012;53:3234–3240)
DOI:10.1167/iovs.11-9051

Tears are important to the health of the cornea, and function
in lubrication, nourishment for the cornea, gas exchange,

removal of debris from the corneal surface, and prevention of
bacterial and viral infections.1 In addition to maintenance of
the surface homeostatic environment, the precorneal tear film
serves to maintain an optically uniform corneal surface
essential for normal vision. The pathophysiology of reduced
tear film may involve tear production deficiency that can
increase corneal inflammation, impair vision, and even have
complications leading to blindness.2–4 Alternatively, changes in
environmental factors such as temperature and humidity may

lead to transient increases in tear film evaporation.5,6 Although
the components of tears have been identified and character-
ized,2,5–10 the regulation of tear production is multifaceted
involving not only physiology but environmental stimuli.6

Previous studies in our laboratory have established a
relationship between opioidergic systems (i.e., endogenous
opioid peptides and opioid receptors) and tear production in
diabetic rats.11 A decrease in tear volume in animals with type
1 diabetes (T1D) was reversed within 1 hour of administration
following the topical administration of the opioid antagonist
naltrexone hydrochloride (NTX); the effect persisted for up to
3 days. During these studies we noted that normal rats
occasionally had a marked reduction in Schirmer test scores,
suggesting that normal tear production may fluctuate. The
present investigation validates and characterizes this novel
observation of spontaneous episodic fluctuations in tear
secretion in normal Sprague-Dawley rats. We then addressed
the question of whether changes in tear volume are related to
endogenous opioid systems by examining the repercussions of
blocking native opioid-opioid receptor interactions with NTX.
Finally, studies were conducted to test whether topical
application of an opioid peptide, [Met5]-enkephalin, sup-
pressed tear secretion.

METHODS

Animals

Male and female Sprague-Dawley rats were obtained from Charles River

Laboratories (Wilmington, MA) or bred at Pennsylvania State University

College of Medicine. The animals were housed in standard laboratory

conditions with temperature regulated at 21 6 0.58C, and an air

exchange of 10 to 15 times daily. Of particular interest to this study,

humidity was maintained over the entire room with no stratification.

All investigations conformed to the regulations of the Association for

Research in Vision and Ophthalmology (ARVO) Statement for the Use

of Animals in Ophthalmic and Vision Research, the National Institutes

of Health, and the guidelines of the Department of Comparative

Medicine of Pennsylvania State University.

Animals were numbered, and the investigators recording the

measurements were masked to treatment.

Measurement of Tear Volume

Tear volume was measured with Schirmer strips (Alcon Laboratories,

Inc., Fort Worth, TX); all tests were performed with Schirmer strips

from the same manufacturer. A 1-mm wide by 17-mm long Schirmer

strip was prepared from standard size strips and inserted into the

lower lid cul-de-sac for 1 minute.11–14 The strip wetting length was

measured to the nearest half millimeter. Testing began 1 hour after

the last drop of NTX or vehicle was administered, and measurements

were made 24, 48, and 72 hours later in the right eye. Evaluation of

possible systemic effects or irritant effects of the NTX or vehicle was

assessed by Schirmer testing of the fellow eye 1 hour after drug

administration to the treated eye. Additionally, the scores of animals
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at 72 hours were required to be similar to their baseline levels to rule

out a spontaneous endogenous reversal of tear production during the

test period.

Corneal Sensitivity and Blink Rate

Corneal sensitivity was determined by two tests: an aesthesiometer and

blink rate using von Frey hairs. Measurements of sensitivity were

conducted prior to the Schirmer test. Four measurements were taken

with a Cochet-Bonnet Aesthesiometer (Boca Raton, FL) for each animal

and averaged; the end point was a blink response. The values (g/mm2)

were determined directly from the protocol (and conversion table)

supplied by the manufacturer. The Touch-Test Sensory Evaluator

(North Coast Medical Inc., Morgan Hill, CA), consisting of a series of

von Frey hairs, was used to determine mechanical sensitivity.

Blink rate was determined by an observer masked to the identity of

the treatment groups. The number of blinks in 1 minute was counted.

The animals (4–6 per group) were unrestrained.

Topical Administration of Naltrexone or
[Met5]-Enkephalin

Naltrexone hydrochloride (Sigma-Aldrich, Indianapolis, IN) was pre-

pared in moxifloxacin hydrochloride ophthalmic solution (Vigamox;

Alcon, Inc., Fort Worth, TX) at a 10-5 M concentration. One drop of

10-5 M NTX in Vigamox, or Vigamox alone, was administered at 0800

hours as a single drop (0.05 mL) to the central cornea of the right eye,

with the lower eyelid held away from the eye for 15 seconds to avoid

overflow. The left eye was untreated.

To begin to ascertain which native opioid peptide may be involved

in spontaneous episodic fluctuations in tear volume, an experiment

was conducted in which [Met5]-enkephalin (Sigma-Aldrich), a known

opioid neurotransmitter, was topically applied as a single drop to the

central cornea 3 times over an 8-hour period at a concentration of 10-5

M in Vigamox or Vigamox alone. Tear production was measured 1, 24,

and 48 hours after the last exposure to [Met5]-enkephalin. The left eye

was untreated.

Statistical Analysis

Data were evaluated using a one-way analysis of variance with

Newman-Keuls post-tests. In some cases, a two-tailed t test (e.g., body

weights) was applied to data.

RESULTS

Spontaneous Episodic Reduction in Tear Secretion

In initial studies, we noted that Schirmer scores for male rats (n
¼ 26) of 14 weeks of age were distributed into two
populations: above (8.2 6 0.3 mm) and equal to or below
(5.6 6 0.2 mm) 6.5 mm, and the difference between the two
means was statistically significant (P < 0.0001). To examine
whether this difference in Schirmer scores was either special
to this group of animals or to a specific age, an independent
experiment was performed in which rats from 4 to 24 weeks of
age (Fig. 1A) were studied. Once again, at any given time
period, a bimodal distribution of tear production could be
distinguished on the basis of tear volume of 7.0 mm or greater,
or 6.5 mm or less. Nevertheless, every rat (n ¼ 21) had a
Schirmer score of 6.5 or below at least once during the 20
week testing period. The mean score of those rats with scores
of 6.5 mm or below was 5.3 6 0.1 mm, whereas the mean
Schirmer score for rats with values of 7.0 mm and greater was
8.8 6 0.2 mm; the difference between these groups was
statistically reliable (P < 0.0001). Environmental factors such
as temperature and/or humidity varied across the 24-week

period as well with no trend to support dehydration of tear
film.

To further characterize the daily variation in Schirmer
scores, another investigation monitored a group of 14 male
rats, age 14 weeks for 14 days (Fig. 1B). The incidence and
duration of Schirmer test scores above and below 6.5 mm
varied from animal to animal across the 2-week period. The
mean scores were 5.0 6 0.1 and 8.2 6 0.1 mm, respectively,
and this difference was significant at P < 0.0001. Within this
period, some animals exhibited scores of 6.5 mm or below for
up to 7 days, and other rats for as little as 1 day. Two of these
14 animals had Schirmer scores 7.0 mm or greater for the
entire 2-week period.

All rats used in this study were healthy and showed no signs
of eye disorders. Examination of body weights revealed no
difference between animals with scores of 6.5 mm or below (n
¼24) or above 7.0 mm (n¼45) (520 6 7.4 g and 508 6 10.6 g,
respectively) when measured at 14 weeks. Food and water
consumption, as well as husbandry (e.g., number of rats per
cage, position of cages), did not differ between rats with scores
above and below 6.5 mm. In fact, rats with scores above or
below 6.5 mm were often housed in the same cage.
Observations with a slit-lamp also disclosed no abnormal
findings between groups. Finally, differences in Schirmer
scores were observed in rats purchased directly from the
supplier, as well as laboratory-bred animals. Analyses of
humidity measurements collected by the Department of
Comparative Medicine revealed that humidity was controlled
on a given day to within 1% to 2%, and analysis of day-to-day
variation revealed that humidity values were 33 6 11% during
our experimental period.

An examination of the confidence and repeatability of the
Schirmer test scores also was conducted. Animals with
Schirmer scores of 6.5 mm and below were investigated every
hour for 3 hours and had average scores of 5.4 6 0.2, 5.7 6
1.2, and 5.7 6 0.2 mm, respectively; no differences within the
3-hour range were detected. Examination of rats with scores of
7.0 mm or greater were studied every hour for 3 hours, and
had average scores of 8.6 6 0.5, 7.8 6 0.6, and 7.4 6 0.6 mm,
respectively; no differences were noted across the 3-hour time
period. Finally, both right and left eyes of these animals had
similar Schirmer scores. Reproducibility of these observations
was confirmed through 10 studies over a period of 3 years.

To address whether the differences in Schirmer scores
observed in male rats was dependent on sex, tear production
was monitored in female rats of 5 to 14 weeks of age (Fig. 1C).
A Schirmer score of 6.5 or below (5.5 6 0.1 mm) was detected
at least once in all (n¼ 15) but 2 female rats during the 9-week
testing period; the mean score differed significantly (P <
0.0001) from the mean (8.5 6 0.3 mm) for females with scores
of 7.0 mm and above.

Given our confidence in the Schirmer test and the
repeatability of our findings, we concluded that animals with
scores of 6.5 mm or below had decreased tear volume and this
was termed ‘‘spontaneous episodic decreased tear production.’’
Those animals with scores of 7.0 mm and above were
‘‘normal’’ with respect to tear volume.

Topical Naltrexone Treatment and Tear
Fluid Volume

Male rats (ages 15–24 weeks) with spontaneous episodic
decreased tear secretion were administered one drop of 10-5

M NTX (Fig. 2A) or an equivalent volume of vehicle alone (Fig.
2B). On the day of the experiment, baseline values of all rats
with decreased tear production were 42% lower than those of
normal animals. Rats with reduced tear volume and receiving 1
drop of NTX had values comparable to normal animals when
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measured at 1, 24, and 48 hours. However, at 72 hours, the
effect of NTX was no longer observed, and Schirmer scores of
these NTX-treated rats were similar to baseline values and
reduced 39% from the values of animals observed to have
normal tear volume. Tear volume in the left (untreated) eye of
NTX-exposed rats was reduced throughout the experiment.
The effects of NTX in reversing reductions in tear secretion
were repeated in 10 individual experiments.

Male rats (ages 6–24 weeks) with reduced tear volume (Fig.
2B) were administered one drop of vehicle. The baseline value
for these rats was 5.9 6 0.2 mm. Animals receiving vehicle did
not differ from rats at baseline (or from each other) when
examined at 1, 24, 48, or 72 hours, with mean scores ranging
from 5.0 to 6.1 mm.

To investigate the effects of NTX (right eye) on the eye
opposite to that receiving drug (left eye), measures of tear
volume were made in both eyes. The results (Fig. 2C) show
that despite an increased tear production in the NTX-treated

right eye, a persistent reduced tear secretion was noted in the
left eye of the same rat.

Male rats (ages 9–24 weeks) with normal tear volume were
administered one drop of 10-5 M NTX in vehicle (Fig. 3A).
Schirmer scores for animals receiving NTX were similar to
baseline (9.2 6 0.5 mm) at 1, 24, 48, and 72 hours after
treatment. Moreover, male rats (9–24 weeks of age) with
normal tear secretion and receiving vehicle only did not have
Schirmer scores that differed from baseline values (10.3 6 0.3
mm) (Fig. 3B).

Corneal Sensitivity, Blink Rate, and Spontaneous
Episodic Reductions in Tear Volume

Corneal sensitivity measured with the Bonnet-Cochet aesthe-
siometer was comparable between male rats, ages 8 to 24
weeks, with decreased tear secretion and those with normal
tear volume (Figs. 4A–C). Rats with normal tear secretion had a

FIGURE 1. A scattergram of Schirmer scores for male (n¼ 21) (A) and female (n¼ 15) (C) rats on a weekly basis; some rats were measured more
than once per week. Both male and female animals with scores of 6.5 mm and lower differed significantly (P < 0.0001) from counterparts with
scores of 7.0 mm or greater. (B) Fourteen male rats monitored daily on weeks 14 and 15, and rats with scores below 6.5 mm differed significantly (P
< 0.0001) from animals with scores of 7.0 mm and greater. Shaded blocks represent � 6.5 mm, white blocks represent ‡ 7.0.
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mean corneal sensitivity of 0.42 6 0.01 g/mm2 and rats with
reduced tear production had a mean corneal sensitivity of 0.41
6 0.01 g/mm2. Using von Frey hairs, another measure of
mechanical sensitivity, rats with a reduced tear volume had a
similar response to animals with normal tear secretion across a
20-fold difference in force ranging from 0.008 g to 0.16 g.

Blink rate in unrestrained rats documented to have normal
and decreased tear volumes was 2.0 6 0.4 and 1.5 6 0.5
blinks/minute; no statistical difference between groups was
recorded.

Topical [Met5]-Enkephalin and Tear Volume

The native opioid agonist, [Met5]-enkephalin, at a dosage of
10-5 M was administered topically three times to normal rats
(n ¼ 6) over an 8-hour period, and Schirmer tests were
conducted at baseline, and 1, 24, and 48 hours later (Fig. 5). In
comparison to baseline values of Schirmer scores of 9.8 6 0.6
mm, scores were reduced 23.5% (P < 0.05), 43% (P < 0.001),
and 54% (P < 0.001) at 1, 24, and 48 hours, respectively. The
left (untreated) eye of those rats receiving [Met5]-enkephalin
had normal tear volumes.

DISCUSSION

The present study makes the novel observation that otherwise
normal rats can experience marked fluctuations in tear
volumes. To date, animal studies5,6,15–19 exploring decreased

tear secretion have utilized a number of models, including
experimental immune dacryoadenitis, pharmacologic blockade
of cholinergic muscarinic receptors, mechanical control of tear
secretion, and environmental regulation of humidity and
evaporation. These models could not only cause changes in
tear film composition, but also may achieve their effects in a
manner that could be unrelated to the homoeostatic mecha-
nisms of tear production. The present study did not involve any
physical, metabolic, pharmacologic, or mechanical factors that
would overtly confound our understanding of the physiology
of tear secretion. The episodic reductions in tear volume
recorded herein were spontaneous and occurred simulta-
neously in both eyes, but were not associated with changes in
body weights, food and water consumption, animal husbandry,
clinical signs of ocular surface disease, corneal sensitivity, age,
or sex. Therefore, there were no indicators predicting whether
an animal would experience an episode of reduced tear
volume, or the duration of such an occurrence. Moreover,
transient depression in tear production was found in rats
obtained directly from the breeder as well as those laboratory
bred. Nevertheless, over a 20-week observation period, every
rat displayed at least one period of reduced tear secretion.

Episodes of reduced tear volume were not an isolated
occurrence, but were documented in at least 10 independent
experiments conducted over a 3-year period. Fluctuations in
humidity and/or temperature in the controlled environment in
which rats were housed did not exert an overall influence on
tear volume as rats showed no standard pattern of change in
tear volume indicating evaporation. Whether other strains of

FIGURE 2. Schirmer test of rats with dry eye given 1 drop of topical (A) NTX (n¼7) or (B) vehicle (n¼5) to the cornea. Significantly different from
Normal rats at P < 0.01 (**) or P < 0.001 (***). (C) Schirmer test scores on the right and left eyes of rats with dry eye given one drop of NTX (right
eye only) and tested at 1 and 24 hours. Significantly different from left eye at P < 0.05 (*) and P < 0.01 (**). Values represent means 6 SEM.
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rats experience transient reductions in tear secretion will
require future investigation. Thus, we submit that spontaneous
episodic fluctuations in tear volume occur in normal Sprague-
Dawley rats, and that this characteristic offers the potential to
study the physiology of tear production.

A second major finding in this investigation was the
discovery that opioid signaling pathways regulate tear volume.
Treatment with topical NTX restored tear volume in rats with
spontaneous decreased tear production, and did so in as little
as 60 minutes following NTX administration, indicating an
extraordinarily rapid onset of activity by this opioid antagonist.
The normalization of the tear film with only one eye drop of
NTX had a considerable duration, extending for at least 2 days
after treatment. Restoration of normal tear volume in animals
with spontaneous episodic reduction in tear secretion was not
due to the vehicle itself, because there was no change in
Schirmer test scores noted after treatment with the vehicle
alone. NTX also did not have any effect on rats with normal
tear production, suggesting that opioid-receptor interaction
does not tonically regulate tear production. Rather, opioid
production most likely is physiologically suppressed/depressed
during periods of maximal tear secretion. Finally, the effects of
NTX were localized only to the eye that received topical
administration and did not alter tear volume in the opposite
eye, indicating that NTX was not acting through the systemic
circulation or as an ocular irritant.

A matter of potential concern is whether the animals with
decreased tear secretion and treated with NTX appeared to
recover when in fact they reverted to a state of normal fluid
volume. However, by monitoring the untreated eye of each

animal, requiring animals to be at baseline after 72 hours of
experimentation, and because NTX did not enter the systemic
circulation, only those rats that demonstrated an episodic
reduction in tear secretion were included for evaluation. Thus,
to our knowledge, we have demonstrated for the first time that
opioid signaling pathways can modulate tear volume in healthy
rats with spontaneous decreased tear quantity. Future studies
are needed to define whether a more extensive regimen using

FIGURE 3. Schirmer test of rats with normal tear production and
receiving 1 drop of topical NTX (A) or vehicle (B). Data are expressed
as means 6 SEM for rats receiving NTX (n ¼ 7) and rats receiving
vehicle (n ¼ 6).

FIGURE 4. (A) Corneal sensitivity of rats with Schirmer scores of 7.0
mm or greater (Normal) (n ¼ 10) and 6.5 mm or less (Dry) (n ¼ 11)
determined with a Cochet-Bonnet aesthesiometer. (B) Blink response
to stimulus intensity of 0.008, 0.04, and 0.16 g using von Frey filaments
in rats with Schirmer scores of 7.0 mm or greater (n¼4) and 6.5 mm or
less (n ¼ 4). Values represent means 6 SEM.
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additional drops of NTX over a longer period of application, or
different concentrations of NTX, would extend the period of
restoration of tear production.

A third observation in these studies was the reduction in
tear volume produced in animals with initially normal levels of
tear volume produced by topical application of an opioid an
opioid peptide, [Met5]-enkephalin, which is known to function
as a neuromodulator.20 Exposure to this peptide was observed
to induce a rapid reduction in tear secretion rapidly (within 60
minutes), and the reduced tear production persisted for at 2
days. Thus, an excess of at least one native opioid peptide
given topically can reproduce the decreased tear volume
recorded spontaneously and reversed by NTX. Moreover, this
finding lends support to the hypothesis that increased levels of
endogenous opioids are involved with spontaneous episodic
decreased tear production.

Finally, we have demonstrated that reduced tear production
occurs without recording alterations in corneal sensitivity. One
might postulate either that 1) opioids involved with tear
production do not colocalize with opioids that may modulate
corneal sensitivity, or 2) the specific opioid(s)/opioid recep-
tor(s) involved with tear production is(are) not the same as
those mediating corneal sensitivity or pain. Further studies are
necessary to determine the mechanisms underlying this
separation of physiologic processes.

The observations in this study in regard to episodic
reductions in tear secretion have relied on Schirmer test
scores. Although Schirmer’s test has been cited as a ‘‘practical,
objective, clinical test available to most clinicians’’21 that is
used frequently as an adjunct to the differential diagnosis of
dry eye in patients with ocular discomfort,22–24 others25–27

have stated that this test is unreliable and variable, with
excessive scatter in a given day and/or on different days in the
same individual. The same objection could be raised that
perhaps similar variability occurs in rats administered Schirm-
er’s test, and therefore is the basis for our observations of
spontaneous episodic decreased tear volume. First, it should
be recognized that many authors have used Schirmer’s test
reliably in rats.12–14,28,29 Second, to address this concern even
further, we examined rats with the Schirmer test every hour
over a 3-hour period and found no significant inter- or intra-
group variation in the scores of subjects with episodic reduced
tear secretion or, for that matter in rats with normal tear
volume. Third, many experiments performed in an indepen-
dent manner, and across a 3-year period, produced similar
results, supporting the reliability of Schirmer’s test to reflect

systematic responses in rats. Fourth, both the right and left
eyes of a single rat did not differ in baseline values with
respect to detection of tear volume.

The ocular surface, tear secreting glands, central nervous
system, and interconnecting reflex neural pathways function
as an integrated functional unit.9,30,31 Tear flow is engendered
through stimulation of ocular surface, eyelids, and nasal
mucosal trigeminal sensory afferent nerves.8,32,33 With respect
to opioid peptides, gene expression for preproenkephalin (the
precursor of [Met5]- and [Leu5]-enkephalin) has been detected
in cornea, limbus, and conjunctiva,34 and either or both
peptides have been reported in tears and the conjunctiva,
corneal epithelium, corneal and conjunctival stroma, Harder-
ian gland or lacrimal gland.34–42 At least one opioid receptor,
the d opioid receptor, has been reported in monkey cornea and
limbus.43 In the case of the lacrimal gland, enkephalins and
enkephalin analogues have been reported to inhibit secre-
tion.44,45 Placing these previous findings in perspective with
the current report, endogenous opioid systems appear to play
a critical role in modulating tear production. One might
postulate that an elevation in endogenous opioids such as
[Met5]-enkephalin, perhaps provoked by a response to stress
or emotional state (e.g., environmental, metabolic), depresses
secretory activity20,46 and is related to the observed spontane-
ous episodic decreased tear volume. NTX, which is known to
be a pure biological agent47–49 that blocks the interaction of
opioids with opioid receptors, and enters cells by passive
diffusion within 1 minute,50 can rapidly restore tear produc-
tion to normal. Moreover, we have found that the addition of
exogenous topical [Met5]-enkephalin quickly depresses tear
secretion. Clearly, in view of the role of opioid systems in the
regulation of tear production demonstrated herein, further
research at the cellular and molecular levels is needed to define
the role of endogenous opioid peptides and opioid receptors in
the secretion and regulation of tears.
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