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1. Introduction
The focal dystonia benign essential blepharospasm (BEB), arises from the convergence of a predisposing
condition and an environmental trigger.  The predisposing condition permits the normal responses to an
environmental insult such as dry eye to transform into the spasms of lid closure characteristic of BEB.  The
overall goal of our project was to develop an animal model of BEB based on the hypothesis that
hypersynchronized, 7 Hz neuronal oscillations of the basal ganglia create the predisposing condition and that
eye irritation from dry eye can be the environmental trigger.  Our demonstration that hypersynchronized
oscillations in the basal ganglia produced by 7 Hz deep brain stimulation of the subthalamic nucleus (STN DBS)
exaggerate neural plasticity in normal male rats (Kaminer et al. 2014) provided a neural mechanism by which
hypersynchronized basal ganglia activity could create a predisposing condition.  From our studies showing that
dry eye initiated neural plasticity in blink circuits to produce compensatory adaptations in blinking (Culoso et
al. 2020; Evinger et al. 2002; Kaminer et al. 2011; Peshori et al. 2001; Schicatano et al. 2002), we predicted
that combining 7 Hz STN DBS and dry eye would exaggerate neural plasticity and force the normally
compensatory adaptive processes in response to dry eye to transform into the characteristics of BEB, e.g.,
spasms of lid closure, excessive blinking, and trigeminal hyperexcitability.
We proposed two Specific Aims to test our hypothesis. The goal of the first Specific Aim was to show that
synchronized theta oscillations in the basal ganglia exaggerated plasticity in the cerebellum and the excitability
of trigeminal blink circuits as occurred in BEB patients.  The Major Tasks to accomplish Specific Aim 1 were: 1)
to investigate effects of synchronized basal ganglia oscillations on activity of the deep cerebellar nucleus
neurons; and 2) to investigate the effects of synchronized basal ganglia oscillations on the activity of superior
colliculus neurons. The purpose of the second Specific Aim was to demonstrate that synchronized 7 Hz
oscillations established in the basal ganglia were sufficient to predispose mammals to develop BEB.  The Major
Tasks to accomplish Specific Aim 2 were: 1) to determine whether combining synchronized basal ganglia 7 Hz
oscillations with corneal irritation was sufficient to develop spasms of lid closure and other characteristics of
the focal dystonia BEB; and 2) to perform control experiments to determine that theta frequency was critical
in enabling the development of spasms of lid closure.

2. Keywords
Dystonia, benign essential blepharospasm, dry eye, motor plasticity, basal ganglia, deep brain stimulation,
eyelids, blinking

3. Accomplishments
Major Goals of the Project 

The overarching goal of the investigations was to test our hypothesis that hypersynchronized 7 Hz oscillations 
in the basal ganglia create a predisposing condition that transforms the normally adaptive modifications 
initiated by dry eye into the spasms of lid closure, excessive blinking, and trigeminal hyperexcitability 
characteristic of individuals with the focal dystonia benign essential blepharospasm (BEB).  To test this 
hypothesis, the 1st Specific Aim of the project was to demonstrate that synchronized 7 Hz (theta) oscillations 
in the basal ganglia exaggerated plasticity in the cerebellum and excitability of trigeminal blink circuits.  Major 
Task 1 of Specific Aim 1 was to investigate effects of synchronized basal ganglia oscillations on the activity of 
the deep cerebellar nucleus neurons. Major Task 2 of Specific Aim 1 was to investigate the effects of 
synchronized basal ganglia oscillations on the activity of superior colliculus neurons. The 2nd Specific Aim of the 
project was to demonstrate that synchronized theta oscillations established in the basal ganglia were 
sufficient to predispose mammals to develop blepharospasm.  Major Task 1 of Specific Aim 2 was to 
determine whether combining synchronized basal ganglia theta oscillations combined with corneal irritation 
supported the development of spasms of lid closure and other characteristics of the focal dystonia BEB.  Major 
Task 2 of Specific Aim 2 was to perform control experiments to determine that theta frequency was critical for 
the development of spasms of lid closure. 
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What was accomplished under these goals? 
We accomplished the overarching goal of the grant by demonstrating that hypersynchronized 7 Hz oscillations 
combined with dry eye produced spasms of lid closure, excessive blinking, and trigeminal hyperexcitability 
characteristic of individuals with BEB (Major Task 1 of Specific Aim 2).  We published these results in the 
Journal of Neuro-Ophthalmology (Evinger 2015; Evinger and Digre 2016) (Appendix).   

Specific Aim 2, Major Task 2:  This aim was to perform control experiments to demonstrate that dry eye alone 
did not produce spasms of lid closure, excessive blinking, and trigeminal hyperexcitability characteristic of 
individuals with BEB.  The hypothesis of this grant was that the predisposing condition, 7 Hz STN 
hypersynchronization increased blink reflex plasticity so that the normally adaptive increases in trigeminal 
excitability become exaggerated and lead to BEB characteristics.  Our previous animal studies of dry eye used 
only male rats and did not examine blink plasticity specifically (Kaminer et al. 2011; Schicatano et al. 1997).  
We performed a study that investigated the effect of dry eye on spontaneous blinking, trigeminal excitability, 
and reflex blink plasticity or modifiability (Culoso et al. 2020) (Appendix).  Our data showed that dry eye 
increased spontaneous blink duration in both males and females, a trend that would produce spasms of eyelid 
closure if exaggerated.  Nevertheless, there were significant differences in the way that dry affected males and 
females.  For males, dry eye increased trigeminal reflex blink excitability at the expense of trigeminal 
modifiability, whereas trigeminal modifiability increased for females. For neither sex did dry eye alone lead to 
spasms of lid closure or increased trigeminal excitability typical of our animal model of BEB.  The increased 
modifiability of female trigeminal blink circuity with dry eye, however, may contribute to the preponderance 
of human females developing BEB (Asgeirsson et al. 2006; Defazio et al. 1999; Defazio et al. 1989). 

Specific Aim 1, Major Task 2:  The goal of this task was to investigate the effects of STN deep brain stimulation 
on the activity of superior colliculus neurons.  Although data were collected identifying the activity of superior 
colliculus neurons with reflex and spontaneous blinking, we did not complete this task. 

Specific Aim 1, Major Task 1:  The goal of this task was to investigate the effects of STN deep brain stimulation 
on the activity of cerebellar interpositus neurons.  The discharge of interpositus neurons determines the 
duration of lid closure with blinking (Chen and Evinger 2006) so these neurons are critical in producing the 
spasms of lid closure with BEB.  During these experiments, we identified three groups of Purkinje cells that 
regulated the activity of interpositus neurons during reflex blinking and thereby governed the duration of 
reflex blinks.  We collected sufficient data on these neurons and their interactions with interpositus neurons 
so that we are preparing a manuscript on these data. 

4. Impact
What was the impact on the development of the principal discipline(s) of the project? 

Our study (Evinger 2015; Evinger and Digre 2016) was the first demonstration that hypersynchronized 
oscillations in the basal ganglia could be responsible for predisposing individuals to develop the focal dystonia 
benign essential blepharospasm.  This information may lead to new approaches to treatment of the disorder. 
Our study revealing that the modifiability or plasticity of the trigeminal circuits responsible for the 
development of spasms of lid closure increased significantly more in females than males (Culoso et al. 2020) 
provided an explanation for why benign essential blepharospasm occurs predominantly in females.  These 
data may lead to new approaches to treatment of the blepharospasm in females.   

What was the impact on other disciplines? 
Nothing to Report 

What was the impact on technology transfer? 
Nothing to Report 
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What was the impact on society beyond science and technology? 
Nothing to Report 

 
5. Changes/Problems 

Changes in approach and reasons for change 
There were no changes in approach. 
 

Actual or anticipated problems or delays and actions or plans to resolve them 
Just as all investigators experienced, the University shut down caused by the corona virus pandemic seriously 
disrupted my planned experiments.  My laboratory was closed from mid-March until early August so that it 
was impossible to perform any of the planned experiments.  Nevertheless, I spent the time working on the 
manuscript describing our cerebellar recording data. 

 

Changes that had a significant impact on expenditures 
Nothing to Report 
 

Significant changes in use or care of vertebrate animals 
Nothing to Report 

 

6. Products 
 Journal Publications: 
Benign Essential Blepharospasm is a Disorder of Neuroplasticity: Lessons from Animal Models.” 2015; J. 
Neuro‐ophthalmol. 35:374‐379 
 
Evinger C and Digre K, “Role of GABAergic System in Blepharospasm: Response” J Neuro‐Ophthalmol 
2016; 36: 343‐352 
 
Culoso A, Lowe C, Evinger C. “Sex, blinking, and dry eye” J. Neurophysiol. 2020; 123: 831-842  
 

 Books or other non‐periodical, one time publications 
None to report 
 
 Other publications, conference papers, and presentations 
International: 
“Trying to Raise the Window Shades: The Functional Blindness of Benign Essential Blepharospasm” 
Invited lecture at Cardiff University, October 28, 2015 
 
 Website(s) or other internet site(s) 
None to Report 
 

Technologies or techniques 
None to Report 
 

Inventions, patent applications, and/or licenses 
None to Report 
 

Other Products 
None to Report 
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7. Participants & other collaborating organizations 
What individuals have worked on the project over its duration? 

Name: Leslie Craig Evinger Cynthia Lowe Ashley Culoso Donna 
Schmidt 

Project Role: PI Technician Technician Technician 

Research Identifier: 0000-0002-0039-
3348 

   

Nearest Person 
Month Worked:  

48 12 24 18 

Contribution: Experimental 
design, manuscript 
preparation, 
performing 
experiments 

Performing 
experiments 

Performing 
experiments 

Lab manager, 
histology 

Funding Support: Current grant Current grant Current grant Current grant 

 
Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the 
last reporting period? 

None to Report 
 

What other organizations were involved as partners? 
None to Report 
 
8. Special reporting requirements 
Not Applicable 
 
10. Appendices 
SOW 
 
Benign Essential Blepharospasm is a Disorder of Neuroplasticity: Lessons from Animal Models.” 2015; J. 
Neuro‐ophthalmol. 35:374‐379 
 
Evinger C and Digre K, “Role of GABAergic System in Blepharospasm: Response” J Neuro‐Ophthalmol 
2016; 36: 343‐352 
 
Culoso A, Lowe C, Evinger C. “Sex, blinking, and dry eye” J. Neurophysiol. 2020; 123: 831-842 
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E ffectively modeling benign essential blepharospasm
(BEB) requires mimicking its root causes. Current evi-

dence points to BEB arising from the confluence of a genetic
predisposing condition and an environmental trigger (1). In
this “2 hit” hypothesis, the appropriate environmental trig-
ger engenders dystonic behavior because the predisposing
condition creates inappropriate brain functioning. Epidemi-
ological studies demonstrate that eye irritation from dry eye,
blepharitis, or keratoconjunctivitis is the environmental
trigger (1–6). The strength of the association between dry
eye and BEB increases in the fifth and sixth decades of life
(6) when BEB typically arises (7). Available data strongly
support that the predisposing condition is genetic (1,8–12).
There is evidence for an autosomal-dominant gene with
reduced penetrance contributing to BEB (9,13), but current
studies fail to identify any specific genes (8,14). Thus, cre-
ating a useful animal model of BEB must involve combin-
ing an environmental trigger with a predisposing condition.

Another goal of an animal model is to reproduce the typical
symptoms of BEB. The hallmark of BEB is excessive
involuntary bilateral lid closure primarily involving the
orbicularis oculi muscles (1,15–18). In addition to lid spasms,
patients with BEB exhibit trigeminal hyperexcitability
(1,15,19–22), an elevated spontaneous blink rate (23), and
photophobia (1,24–26). These characteristics are consistent
with eye irritation serving as the environmental trigger for
BEB because they all appear in patients with dry eye
(21,27,28). This relationship between eye irritation and BEB

characteristics indicates that eye irritation should be 1 compo-
nent of an animal model and that the predisposing condition
should cause the adaptive changes in eyelid control in response
to dry eye to develop into BEB-like characteristics.

Current evidence demonstrates that trigeminal blink
circuits undergo plastic, adaptive modifications to compen-
sate for the rapid breakup of the corneal tear film in dry eye
(29–32). Dry eye or eye irritation elevates trigeminal blink
amplitude and duration to increase meibomian gland secre-
tion and enhance restoration of the tear film (20,32–37).
Blink frequency increases to reform the tear film more
regularly (20,36–40). The trigeminal reflex blink circuit
becomes hyperexcitable to allow tear film breakup to evoke
a reflex blink more readily (20,21,32). Finally, the trigem-
inal reflex blink circuit responds to a single reflex evoking
stimulus with multiple blinks to help restore the tear film
(20,21,32).

A simple experiment demonstrates that these modifications
are part of a compensatory plastic change occurring in the
trigeminal complex (32). Within 30 minutes of restraining 1
eyelid to make blinking more difficult, stimulating the
supraorbital nerve ipsilateral to the restrained eyelid evokes
hyperexcitable reflex blinks and additional blinks in both eye-
lids. Stimulating the supraorbital nerve contralateral to the
restrained eyelid, however, elicits normal blinks in both eyelids.
This pattern would occur only if the trigeminal complex
receiving signals of corneal irritation from eyelid restraint ex-
pressed the plastic changes. Thus, eye irritation initiates plastic
compensatory changes in blinking that could be exaggerated in
BEB to produce the eyelid abnormalities of this focal dystonia.

We hypothesize that the predisposing condition exag-
gerates neuroplasticity so that modifications in response to
eye irritation become maladaptive and amplify into the
characteristics of BEB. There is significant evidence for
exaggerated plasticity in dystonia (41,42). With generalized
dystonia, homeostatic synaptic plasticity in the striatum is
abnormal (43,44). Exaggerated associative plasticity accom-
panies focal hand dystonia (45–48). Important for our
hypothesis, exaggerated plasticity of the trigeminal blink
reflex accompanies BEB (49).
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Our initial rodent model of BEB (50) used a small reduc-
tion of substantia nigra dopamine neurons to create the pre-
disposing condition and crushing 1 branch of the facial nerve
innervating the orbicularis oculi to generate the environmen-
tal trigger. The choice of dopamine depletion as a predispos-
ing condition came from observations showing that baboons
undergoing poisoning with the neurotoxin 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) of dopamine neu-
rons exhibited dystonia before developing Parkinsonian
movement abnormalities (51) and that there was a disruption
of D2 receptors in patients with BEB (52,53). Thus, changes
in dopamine levels or the functioning of specific dopamine
receptor subtypes could create the “predisposing condition”
for BEB. For an environmental trigger, we created a transient
eye irritation by crushing a branch of the facial nerve that
provides approximately 30% of the orbicularis oculi innerva-
tion. This procedure produced a transient dry eye condition
because the weakened eyelid became less effective at restoring
the tear film with each blink. The condition was only tem-
porary, however, because regeneration of the crushed nerve
branch restored complete lid function within 3 weeks.

In the Schicatano model (50), the BEB-like spasms of lid
closure only occurred with the combination of the environmen-
tal trigger and the dopaminergic predisposing condition. In the
absence of the predisposing condition, the environmental trig-
ger of transient eye irritation slightly increased trigeminal reflex
blink excitability and resulted in the development of additional
blinks similar to those seen in human dry eye (20,21). Without
the environmental trigger, the predisposing condition of a small
dopamine neuron loss slightly increased trigeminal reflex blink
excitability but did not generate spasms of lid closure. Com-
bining the predisposing condition and the environmental trig-
ger, however, caused long-lasting spasms of lid closure,
dramatically elevated trigeminal reflex blink excitability, and
increased spontaneous blinking similar to the pattern of blink
abnormalities of patients with BEB. These BEB-like character-
istics continued after the facial nerve regained full function and
eliminated the dry eye. Thus, the BEB-like characteristics of
this animal model seemed to result from an exaggeration of the
normally compensatory process evoked by eye irritation.

The Schicatano BEB model also was consistent with the
important interactions between the cerebellum and basal
ganglia that underlie dystonia (54–63). Previous studies
demonstrated that the cerebellum was essential for adaptive
responses to the eye irritation created by eyelid restraint.
Lesions of the cerebellum (30,31) blocked the increases in
blink amplitude and duration initiated by eye irritation
(20,32–37). Recordings from blink-related neurons in the
cerebellar interpositus nucleus revealed the changes in cer-
ebellar activity that accounted for the changes in blink
amplitude and duration associated with lid restraint (29).
Although the Schicatano model supported the 2 hit hypoth-
esis as the basis of BEB and identified the basal ganglia and
cerebellum as key players in this focal dystonia, the model
did not explain how the predisposing condition created the

exaggerated plasticity that allowed normally adaptive mod-
ification to eye irritation to swell into spasms of lid closure.

We hypothesize that the key to the exaggerated plasticity of
dystonia is hypersynchronized low-frequency oscillations of
basal ganglia activity. Basal ganglia neurons in patients with
Parkinson disease and animal models of Parkinson disease
exhibit hypersynchronized oscillations in the broad beta band,
10–30 Hz (64–71). In contrast, basal ganglia neurons in dys-
tonic patients exhibit hypersynchronized oscillations in the theta
band, 3–10 Hz (71–74). Although the role of these oscillations
in modifying voluntary movement is unclear (66,73,75–81),
our study in rodents demonstrate that these basal ganglia oscil-
lations modify trigeminal reflex blink plasticity (82).

We directly tested the role of basal ganglia oscillations in
blink plasticity by delivering deep brain stimulation to the
basal ganglia subthalamic nucleus of normal rats undergoing
a blink plasticity paradigm (82). The procedure was a cerebel-
lar-dependent plasticity paradigm that we developed for hu-
mans (83) and modified for rodents (84). Other investigators
used this paradigm to demonstrate impaired blink plasticity
with Parkinson disease (85), but exaggerated blink plasticity
with BEB (49). If the frequency of basal ganglia oscillations
modulates brainstem plasticity, then beta frequency deep brain
stimulation in normal rats should impair trigeminal reflex blink
plasticity, whereas theta frequency deep brain stimulation
should exaggerate blink plasticity. The Kaminer et al study
(82) demonstrated the validity of this postulation. Beta fre-
quency, 16 Hz, deep brain stimulation impaired blink plastic-
ity, whereas theta frequency, 7 Hz, deep brain stimulation
exaggerated trigeminal reflex blink plasticity in normal rats.
Deep brain stimulation at 130 Hz, a therapeutic frequency
for deep brain stimulation in humans (86), however, did not
affect blink plasticity in normal rats. Thus, hypersynchronized
theta frequency basal ganglia oscillations could create a predis-
posing condition in which adaptive plasticity initiated by eye
irritation exaggerated into spasms of lid closure typical of BEB.

In a preliminary study on 1 rat, we monitored blinking
and spasms of lid closure in a normal rat receiving 7 Hz
deep brain stimulation of the subthalamic nucleus 4 hours
a day combined with mild dry eye produced by exorbital
lacrimal gland removal (36). We tested 3 conditions: 1) 7
Hz subthalamic nucleus deep brain stimulation alone
(Fig. 1B, gray bars); 2) 7 Hz subthalamic nucleus deep brain
stimulation combined with dry eye (Fig. 1B, black bars);
and 3) dry eye alone (Fig. 1B, white bars). In Condition 1,
the rat received 5 days of 7 Hz subthalamic nucleus deep
brain stimulation alone. In Condition 2, combining the
predisposing condition and the environmental trigger, we
removed the exorbital gland and the rat received 5 days of 7
Hz subthalamic nucleus deep brain stimulation for 4 hours
each day. In Condition 3, we discontinued the 7 Hz sub-
thalamic nucleus deep brain stimulation. For all conditions,
we monitored blinking (lid closures ,100 milliseconds)
and lid spasms (lid closures .100 milliseconds) continu-
ously over a 30-minute period on the last 2 days of each
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condition and normalized all data to the 7 Hz subthalamic
nucleus deep brain stimulation alone condition. In the com-
bined 7 Hz subthalamic nucleus deep brain stimulation and
dry eye condition, the rat made more blinks than either the
7 Hz subthalamic nucleus deep brain stimulation alone or
dry eye alone conditions (Fig. 1B, # Blinks). In the com-
bined 7 Hz subthalamic nucleus deep brain stimulation and
dry eye condition, the rat also exhibited more spasms of lid
closure than in the other conditions (Fig. 1B, # Spasms).
Moreover, the spasm duration was longer in the combined
7 Hz subthalamic nucleus deep brain stimulation and dry
eye condition than in the 7 Hz subthalamic nucleus deep
brain stimulation alone or dry eye alone condition (Fig. 1A,
B, Spasm Dur). Finally, the rat made significantly larger
blinks in the combined 7 Hz subthalamic nucleus deep
brain stimulation and dry eye condition than in 7 Hz sub-
thalamic nucleus deep brain stimulation alone condition
(P , 0.05; Fig. 1B, Blink Amp). Although preliminary,
these data indicate that the next rodent model of BEB
should be developed by combining theta frequency deep
brain stimulation of the subthalamic nucleus and dry eye.

Thus far, animal models of BEB have not been tested for
the abnormal sensitivity to light associated with BEB (1,24,87).
The neural bases of photophobia in patients with BEB are
unknown. Physiological and behavioral studies of photophobia
implicate changes in blood flow (88), melanopsin ganglion cell
inputs to somatosensory thalamic regions (89), intraocular no-

ciceptors (90), and calcitonin gene-related peptide trigeminal
sensitization (91,92). Because all of these mechanisms involve
elevated trigeminal excitability, we anticipate that rodent mod-
els of BEB will also exhibit exaggerated light sensitivity.

The evidence from animal models indicates that spasms
of lid closure and trigeminal hyperexcitability of BEB result
from exaggerated neuroplasticity, an amplification of the
normally adaptive modifications of blinking initiated by eye
irritation. The adaptive plasticity initiated by eye irritation
seems to involve the cerebellum (29–31), and the exagger-
ation of plasticity ensues from abnormal basal ganglia
modulation of cerebellar activity (82). These results are
consistent with the available data pointing to abnormal
cerebellar basal ganglia interactions as a major component
of dystonia (62,93–96). Although animal models are not
identical to human BEB, they are invaluable for identifying
the neural mechanisms and circuits causing BEB.
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B enign essential blepharospasm (BEB) is recognized
today as a primary dystonia causing excessive blinking,

squeezing, and involuntary contractions of the orbicularis
oculi muscles. This involuntary lid closure leads to func-
tional blindness and decreased quality of life. Besides the
blinking and squeezing, patients with BEB are known to
have trigeminal hyperexcitability as demonstrated by blink
reflex testing and photophobia. Patients with BEB fre-
quently use sensory tricks, like touching the side of the
eye, humming, or singing that will temporarily improve
the spasms. For decades, this led clinicians to consider
blepharospasm to be a nonphysiological disorder. However,
many studies in the last 60 years have dispelled that belief.

The condition occurs more frequently in women by
a ration of almost 3 to 1. Most are white. Although the
median age is approximately 53 years, blepharospasm
occasionally has been reported in children. Many individ-

uals go years before they are appropriately diagnosed. The
most valid findings to make the diagnosis are involuntary
eyelid narrowing or closure due to spasms of the orbicularis
oculi muscle, bilateral spasms that are synchronous and
stereotyped, a sensory trick, and inability to suppress the
spasms and blink count voluntarily (1). Many individuals
report that there is a family history of dystonia or benign
tremor or Parkinson disease. Some predisposing factors are
believed to be recent stressful events, a history of dry eye or
keratitis, and head trauma (2). BEB has profound effects on
visual quality of life and overall quality of life, and there is
a tendency to more depression (3). For such a disabling
condition, we have limited treatment options. There is a real
need for greater understanding of this disorder and better
treatments to help our patients.

In the accompanying article, Evinger (4) reviews what ani-
mal models teach us about this vexing condition. These mod-
els provide hope that if we can model a condition in an animal,
we are more likely to be able to understand factors that cause it
and create more effective treatments for our patients.

Initially, Evinger reminds us that the etiology of BEB
may occur due to a predisposition (e.g., genetic) and an
environmental trigger—the so called “2 hit” hypothesis.
Although there is no known gene for the condition,
frequency of a positive family history suggests that there is
a genetic component. But there must also be an environ-
mental trigger. Epidemiological data strongly point to the
association of dry eyes and blepharitis as potential environ-
mental triggers.

What dry eye and dry eye symptoms do in predisposed
individuals is to exaggerate neuroplasticity by increasing
blink frequency and amplitude in an attempt to restore
tears. Modifying the trigeminal blink reflex becomes
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thalamus of both patients with drug-induced blepharospasm
and patients with BEB. Notably, glucose hypermetabolism in
the thalamus also was found in drug healthy subjects com-
pared to healthy controls, although drug healthy individual
had no symptoms of blepharospasm. In the 21 patients with
drug-induced blepharospasm, eleven patients successfully
lowered the dosage or completely discontinued using the
medication, and blepharospasm improved in six of these
patients. From these observations, we concluded that benzo-
diazepines are one of the environmental triggers leading to
blepharospasm. We suspect that blepharospasm did not oc-
cur in drug healthy subjects because they were not genetically
predisposed. Furthermore, we hypothesize that the symptoms
of blepharospasm improved in patients with drug-related
blepharospasm after benzodiazepines withdrawal because this
medication was the environmental trigger. Based on our
observations, the drug-induced alteration of the GABAergic
inhibition system may be one of the major environmental
trigger factors inducing blepharospasm.

Currently, the injection of botulinum toxin A is the
most effective treatment for blepharospasm. However,
besides dry eyes, blepharitis, and medications, there may
exist other environmental triggers, and simply removing of
these triggers may be an effective treatment for blepharo-
spasm. PET is a powerful and effective tool to understand
blepharospasm pathophysiology; thus, we will continue
using PET to research the causes of blepharospasm and
identify possible treatment options.
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Role of GABAergic System in
Blepharospasm: Response

W e thank Dr. Suzuki et al for their response to our
articles (1,2) discussing the origins of benign essen-

tial blepharospasm. In their response, the investigators agree
with the widely accepted “2 hit” hypothesis for the devel-
opment of focal dystonia in which a genetic predisposing
condition creates a neural milieu in which an adaptation to
an environmental trigger exaggerates into the development
of the focal dystonia (3–6). For blepharospasm, we argue

that the effect of this genetic predisposing condition is
modification of basal ganglia–thalamo–cortical activity to
create a “hyper-motor adaptation” state (7) in which the
compensatory adaptations initiated by an environmental
trigger such as dry eye or eye irritation (8) exaggerate into
benign essential blepharospasm.

Based on their data, Dr. Suzuki et al argue that abnormal
GABAergic function is an environmental trigger for the
development of blepharospasm. This proposal rests on 3
arguments. First, following withdrawal from benzodiazepine
treatment, 6 of 11 patients with drug-induced blepharo-
spasm experienced relief from their spasms of lid closure.
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Second, the investigators report that some individuals with
long-term drug treatment exhibited hypermetabolism of
the thalamus, but did not exhibit drug-induced blepharo-
spasm. Third, the studies by Suzuki et al and others
showed that thalamic hypermetabolism occurs in patients
with benign essential blepharospasm and in patients
exhibiting drug-induced blepharospasm associated with
long-term benzodiazepine and thienodiazepine treatment
(9–11). The investigators concluded that the individuals
on long-term drug treatment who do not exhibit lid
spasms lack the genetic predisposing condition to allow
blepharospasm to develop. In essence, the authors postu-
late that thalamic hypermetabolism is the trigger for bleph-
arospasm. We would argue, however, that the authors'
data are equally consistent with the hypothesis that tha-
lamic hypermetabolism and reduced GABAergic function
are expressions of the genetic predisposing condition
rather than the trigger for blepharospasm.

Accepting the argument that focal dystonias require
both a predisposing neural milieu and an environmental
trigger, removing either the predisposing condition or the
trigger should resolve blepharospasm. Thus, the data
demonstrating that removing benzodiazepine treatment
resolves lid spasms in approximately half of the patients
with drug-induced blepharospasm do not distinguish
between the GABAergic alterations being a trigger or
a predisposing condition. Likewise, the argument that
many drug-treated individuals do not develop blepharo-
spasm although they exhibit thalamic hypermetabolism is
equally consistent with the proposal that the thalamic
hypermetabolism is part of a predisposing condition but
that these individuals did not experience a significant
environmental trigger of eye irritation to cause blepha-
rospasm. Furthermore, treatment with benzodiazepam,
a GABAergic agent, reportedly treats blepharospasm
(12). The reduction in GABAergic function that the
investigators' studies indicate blepharospasm is also con-
sistent with the “hyper-motor adaptation” identified
in focal dystonia (7,13–16). For example, an increase in
long-term potentiation accompanies the reduction in
GABAergic function in the regions around a cortical le-
sion (17). Based on these data, we argue that the corre-
lated thalamic hypermetabolism and downregulation
of GABA function described by Dr. Suzuki et al are
components of the “hyper-motor adaptation” state that
allows the development of blepharospasm and other focal
dystonias (18).

Our understanding of the genetics of benign essential
blepharospasm is in its earliest stages. What we can identify,
however, are the modifications of brain function that the
genetic predisposing condition creates. We view the inves-
tigations reported by Dr. Suzuki et al as adding to the data
showing that disrupting GABA function plays a role in
creating the “hyper-motor adaptation” that enables brain
plasticity to develop unchecked in dystonia.
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An Evaluation of Educational Neurological
Eye Movement Disorder Videos Posted on
Internet Video Sharing Sites: Comment

W e read with great interest the article by Hickman (1)
who examined the educational value of eye move-

ment videos on the internet. As medical students with per-
sonal experience, we agree with the author that video
sharing web sites can be a powerful tool for learning.

With regard to ophthalmology-based teaching, modern
undergraduate curricula provide little opportunity for such
learning, despite the presence of established international
guidelines on core concepts that graduating doctors need to
practice safety (2). Coupled with the ever-growing body of
knowledge and competencies confronting medical students,
one may make the case that ophthalmology teaching will be
increasingly reduced. Fan et al (3) found that the mean
amount of time spent on ophthalmology lectures across
medical schools in Asia and Australia was just one day,
whereas in the United Kingdom, 21% of universities have
no mandatory clinical training in ophthalmology required
in their respective curricula (4). Collectively, these examples
demonstrate the paucity of education in both preclinical
and clinical pedagogy. As a consequence, it is not surprising
that there are shortfalls in the diagnosis and management of
eye disease, referral accuracy, and confidence in facing oph-
thalmic problems (5).

Thus, alternative methods of teaching, such as internet
videos, will become increasingly relied upon for education.
Azer (6) compared the content of textbooks, eMedicine
articles, and YouTube videos and found that YouTube ex-
celled not only on the user interface front but also in terms
of content and integration of information across a molecular
and clinical level. Videos provide up-to-date, digestible ed-
ucational resources that also are interactive, while providing
the opportunity to ask questions in the comments section.
With the increase of mobile technology and smartphone
usage, we suggest that this platform should be investigated
as a feasible method for formal teaching. However, unsolic-
ited video sharing with a lack of regulation may cause prob-
lems and develop misconceptions in knowledge, and we

agree with the author's call for further regulation of educa-
tional videos.

In his article, Hickman (1) pointed out that videos from
educational institutions and medical journals generally con-
tained better content with fewer errors. The peer-review pro-
cess is an established route to ensuring videos of high
educational quality are produced and uploaded. If these vid-
eos were incorporated into modern medical curricula, this
would direct students to reliable and trustworthy sources of
learning. Moreover, medical students could be encouraged to
produce their own content, which may be guided and verified
by their teachers. Ultimately, we believe that these 2 proposals
would help raise the standard of online educational videos and
develop safer practitioners and well-rounded graduates.
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Sex, blinking, and dry eye
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Culoso A, Lowe C, Evinger C. Sex, blinking, and dry eye. J
Neurophysiol 123: 831–842, 2020. First published January 15, 2020;
doi:10.1152/jn.00635.2019.—Blinking sustains the corneal tear film
generated by sexually dimorphic lacrimal and meibomian glands. Our
study examines whether trigeminal control of blinking is also sexually
dimorphic by investigating trigeminal reflex blinking, associative
blink modification, and spontaneous blinking in male and female rats
before and after unilateral dry eye caused by exorbital gland removal.
Before gland removal, female rats exhibited a lower threshold for
evoking trigeminal reflex blinks, a weaker effect of associative blink
modification, and longer-duration spontaneous blinks than males.
Spontaneous blink rate, reflex blink excitability, and occurrence of
blink oscillations did not differ between the sexes. Reanalysis of
previous data showed that humans showed the same blink sexual
dimorphisms as rats. During the first 2 wk of dry eye, trigeminal blink
circuit excitability and blink oscillations steadily rose in male rats,
whereas excitability and blink oscillations did not change in females.
Following dry eye, spontaneous blink duration increased for both
males and females, whereas spontaneous blink rate remained constant
for males but decreased for females. The associative modification
treatment to depress trigeminal blink amplitude initially produced
blink depression in males that converted to blink potentiation as
trigeminal excitability rose, whereas females exhibited progressively
more blink depression. These data indicated that dry eye increased
excitability in male trigeminal reflex blink circuits at the expense of
circuit modifiability, whereas trigeminal modifiability increased in
females. This increased modifiability of female trigeminal blink cir-
cuits with dry eye may contribute to the preponderance of females
developing the focal dystonia, benign essential blepharospasm.

NEW & NOTEWORTHY All the elements controlling the corneal
tear film are sexually dimorphic. Blinking, which smooths and main-
tains the tear film, also exhibits sex differences. Dry eye increases the
sexual dimorphisms of blinking, including increased exaggeration of
excitability in males and enhanced modifiability of the female trigem-
inal complex. This increased modifiability may explain female pre-
dominance in the development of the focal dystonia, benign essential
blepharospasm.

blepharospasm; blink; dry eye; sex; trigeminal

INTRODUCTION

Dry eye presents a unique challenge to the trigeminal sys-
tem. To compensate for corneal drying, the trigeminal system
must identify the abnormally rapid breakup of the corneal tear
film and compensate by regulating the aqueous and lipid tear

components released by the lacrimal and meibomian glands,
respectively, and altering blinking (Belmonte et al. 2017;
Truong et al. 2014). Neurons within the spinal trigeminal
complex border region between the interpolaris and caudalis
subnuclei (Vi/Vc) recognize corneal drying and increase the
aqueous tear component by activating the lacrimal glands via
the superior salivatory nucleus (Hirata et al. 2004; Katagiri et
al. 2015; Okamoto et al. 2012). Because each blink recreates
and smooths the tear film (Begley et al. 2006; Himebaugh et al.
2009; Korb et al. 1994; Owens and Phillips 2001), it is not
surprising that the Vi/Vc region involved in lacrimal regulation
also drives reflex blinking (Gong et al. 2003; Henriquez and
Evinger 2007; Hirata et al. 2000; Pellegrini et al. 1995) and
perhaps modulates spontaneous blinking (Kaminer et al. 2011).
The neural adaptations of the trigeminal complex that compen-
sate for the rapid tear film breakup of dry eye also express
themselves as changes in blinking. With dry eye or eye irrita-
tion, trigeminal reflex blink excitability increases such that a
single trigeminal blink-evoking stimulus elicits multiple blinks
(Evinger et al. 2002; Peshori et al. 2001; Schicatano et al.
2002). The present study investigates these blink modifications
in a rat model of dry eye produced by removal of the exorbital
gland, a rodent lacrimal gland (Lorber 1993; Walcott et al.
2005). To probe the properties of trigeminal neural adaptation,
we examine how dry eye affects the system response of the
trigeminal blink to an associative learning paradigm that de-
presses blink amplitude (Mao and Evinger 2001; Ryan et al.
2014).

Most of the components that maintain the human corneal
tear film are sexually dimorphic. The cornea (Gupta et al. 2005;
Wang et al. 2012), lacrimal glands (Albietz 2000; Marcozzi et
al. 2003), and meibomian glands (Den et al. 2006; Sullivan et
al. 2017) all exhibit sexual dimorphisms. Likewise, rodent
exorbital and meibomian glands exhibit similar sex-specific
differences (Ferrara et al. 2004; Richards et al. 2006; Sashima
et al. 1989; Schirra et al. 2006; Sullivan et al. 2017). Although
little evidence exists concerning sexual dimorphisms of Vi/Vc
neural circuits involved in controlling the lacrimal and meibo-
mian glands and blinking, studies of trigeminal pain from
migraine and temporomandibular joint disorder show sexual
dimorphisms in humans and rodents (Bereiter 2001; Bereiter et
al. 2002; Chai et al. 2014; Flake et al. 2005; Gazerani et al.
2005; Okamoto et al. 2005; Steiner et al. 2003; Tashiro et al.
2014), suggesting that blinking might also exhibit sexual di-
morphisms. The present study investigates sex differences in
blink patterns created by dry eye. These differences may
explain why the focal dystonia, benign essential blepharo-
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spasm (BEB), which can be triggered by dry eye (Defazio et al.
1999, 2011; Hallett et al. 2008; Jinnah and Hallett 2011),
occurs predominantly in females (Defazio et al. 2017; Hallett
et al. 2008).

METHODS AND MATERIALS

Experiments were performed on four male and five female Sprague
Dawley rats (175–550 g) maintained on a reversed 12-h:12-h light/
dark cycle and fed ad libitum. Data were collected in a darkened room
during the rats’ subjective night. All experiments received approval by
the Stony Brook University Institutional Animal Care and Use Com-
mittee and complied with all federal, state, and university regulations
regarding the use of animals in research.

Surgery. Under general anesthesia (ketamine, 90 mg/kg and xyla-
zine, 10 mg/kg), rats were prepared for chronic recording of the
orbicularis oculi EMG (OOemg) and stimulation of the supraorbital
branch of the trigeminal nerve (SO) (Dauvergne and Evinger 2007;
Evinger et al. 1993; Ryan et al. 2014). To record the OOemg, a pair
of Teflon-coated stainless steel wires (0.003-inch diameter bare,
0.0055-inch diameter coated; number 791000; A-M Systems, Everett,
WA) with ~1 mm exposed at the tip were implanted into the orbic-
ularis oculi (OO) muscle, one wire placed below the lateral canthus
and the other in the lower lid below the pupil. To stimulate the SO, a
nerve cuff containing a pair of stainless steel wires with the insulation
removed (0.003-inch diameter bare, 0.0055-inch diameter coated;
A-M Systems number 791000) encased in Teflon tubing (1-mm
diameter; number 163300; Small Parts, Miami, FL) was placed
around the SO branch of the trigeminal nerve. Wires were led
subcutaneously to a connector embedded in a dental acrylic platform
on the skull. The platform was attached to the skull by four stainless
steel screws. A silver wire connected to one of the stainless steel
screws served as the ground. Rats received an analgesic (ketorolac, 7
mg/kg) for at least 24 h after the surgery. Rats were alert and eating
within 24 h of the surgery. The experiments began at least 1 wk
postsurgery.

After collection of control data, the exorbital gland was removed
unilaterally. Rats were anesthetized (ketamine, 90 mg/kg and xyla-
zine, 10 mg/kg), and the subcutaneous exorbital lacrimal gland, which
is located just anterior and slightly below the ear (Lorber 1993;
Walcott et al. 2005) ipsilateral to the OOemg electrodes, was re-
moved. Exorbital gland removal created an ~50% reduction in tearing
in the ipsilateral eye (Bereiter et al. 2018; Katagiri et al. 2015; Meng
et al. 2015; Rahman et al. 2015b, 2017). This mild dry eye did not
produce corneal ulcerations because rats have two additional glands
that contribute to the aqueous portion of the tear film (Williams 2002).
Rats received a postoperative analgesic (ketorolac, 7 mg/kg) for at
least 24 h after the surgery. Dry eye data collection began 2 days after
the exorbital gland surgery.

Paradigms. In all experiments, the SO stimulus was relative to
threshold (T), the minimum current at which a unipolar, 100-�s
stimulus reliably elicited the R1 component of the reflex blink. For
each rat, this current was determined at the beginning of each day and
held constant throughout that day’s experiment. Across all subjects
and days tested, threshold currents ranged from 100 to 900 �A, with
a median of 212.5 �A. For each rat, threshold varied little across days.
Across all rats, the threshold coefficient of variation for current ranged
between 0.1 and 0.22, with a mean of 0.17 � 0.02. All data were
collected at twice threshold (2T), a stimulus intensity that evokes a
strong R1 response and a small, inconsistent R2 component in rats
(Basso et al. 1993; Dauvergne and Evinger 2007; Evinger et al. 1993;
Ryan et al. 2014).

Reflex and spontaneous blinks were monitored as the rats moved
freely in their home cage in a darkened room during their subjective
night. Data collection from each day consisted of five blocks: 1)
pretreatment, 2) treatment: high-frequency SO stimulation (HFS), 3)

immediately posttreatment, 4) 30 min posttreatment, and 5) 60 min
posttreatment. In the pretreatment block, rats received 30 trials of
paired 2T SO stimuli with an interstimulus interval of 100 ms. The
three posttreatment blocks were identical to the pretreatment blocks
except that there were 20 rather than 30 trials. Thus two blinks were
evoked in each nontreatment trial. The first evoked blink was called
the Condition blink and the second blink termed the Test blink. The
intertrial interval varied pseudorandomly over the range of 20 � 5 s.
The HFS treatment used in these experiments was a blink motor
learning paradigm to depress blink amplitude (Mao and Evinger 2001;
Ryan et al. 2014). Each HFS treatment trial consisted of a single SO
stimulus at 2T to evoke a reflex blink followed by five, 2T SO stimuli
delivered at 400 Hz during the R1 but before the onset of the R2
component of the OOemg activity. The latency between first SO
stimulus and HFS was adjusted for each rat based on their average R1
latency. Rats received 60 of these HFS trials during the treatment
block. The intertrial interval for HFS trials varied pseudorandomly
over the range of 20 � 5 s. Determination of reflex blink excitability
and blink oscillations were made on data collected in the pretreatment
block to avoid contamination by changes induced by HFS treatment
(Ryan et al. 2014). On each day, spontaneous blinking data were
collected after completing collection of trigeminal reflex blink data.
Spontaneous blinking was recorded for 15 to 30 min while rats moved
freely in their home cage (Kaminer et al. 2011).

Data collection and analysis. Data were collected for 1 wk before
and 2 wk after unilateral removal of the exorbital gland. Control data
were those collected in the week before exorbital gland removal, and
dry eye data were those collected in the 2 wk following exorbital
gland removal except for the first 2 days after gland removal when the
rats were not tested while they received the ketorolac analgesic.

OOemg signals were amplified (A-M Systems; model 1700;
4-channel differential amplifier), filtered at 0.3–5 kHz, collected at 4
kHz per channel (DT 2831; Data Translation, Marlboro, MA; 12-bit
analog-to-digital resolution) and stored for later offline analysis on
laboratory-developed software. Blink amplitude was determined by
integrating the rectified OOemg activity between the beginning and
end of each blink component (Dauvergne and Evinger 2007; Evinger
et al. 1991; Kaminer et al. 2011; Pellegrini and Evinger 1995;
Pellegrini et al. 1995; Ryan et al. 2014).

Because SO stimulus intensity was constant within a day, changes
in SO-evoked reflex blink amplitude post-HFS were changes in
trigeminal reflex blink gain. We normalized within-day treatment-
induced modifications of blink amplitude by dividing both the average
pre- and the average post-HFS R1 OOemg amplitude by the median
pre-HFS R1 OOemg amplitude for that day. As there were no
consistent differences in data among post-HFS blocks (Ryan et al.
2014), we combined the three post-HFS blocks for analysis. We
quantified the effect of the HFS treatment by subtracting the averaged
normalized pre-HFS blink amplitude from the averaged normalized
post-HFS blink amplitude and termed this measure gain change. In
this procedure, a negative value signified a decrease in blink gain
following HFS treatment, blink depression, whereas a positive value
indicated an increased blink gain, blink potentiation.

For spontaneous blink data, we analyzed the blink rate, blinks/min,
and interblink interval (IBI) before and after exorbital gland removal.
To prevent the change from SO stimulation to no stimulation from
affecting spontaneous blink patterns, data from the first 5 min of
spontaneous blink data collection were discarded, and only the re-
maining 10 to 25 min of data collection were analyzed. Spontaneous
blink amplitude was determined by integrating the rectified OOemg
activity between the beginning and end of each blink. Blink duration
was measured as the time between the start and end of the blink
OOemg activity.

Statistical tests of significance (P � 0.05) were performed with
SPSS software (SPSS, Chicago, IL). Data were presented as the
means � SE.
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RESULTS

Trigeminal reflex blinking: excitability, amplitude, and blink
oscillations. The human trigeminal blink system responds to
corneal discomfort of dry eye (Rosenthal and Borsook 2012)
with increased trigeminal reflex blink excitability and the
production of blink oscillations (Evinger et al. 2002). Like-
wise, rats exhibit an increase in trigeminal reflex blink excit-
ability (Fig. 1) and blink oscillations (Fig. 2) following exor-
bital gland removal.

Trigeminal reflex blink excitability was quantified by divid-
ing the R1 amplitude of the second, Test blink, by the R1
amplitude of the first, Condition blink (Fig. 1, A and B). Before
dry eye, the amplitude of the second, Test, blink was smaller
than that of the first, Condition, blink for both a male (Fig. 1A,
Pre) and a female rat (Fig. 1B, Pre). In these examples, the
excitability ratio was 0.5 for the male and 0.75 for the female.
Averaged over males and females, there was no significant
difference in trigeminal blink excitability between the sexes
(male � 0.95 � 0.14, female � 1.15 � 0,08; t(30) � �1.32,
P � 0.05). As expected from human studies (Evinger et al.
2002; Peshori et al. 2001; Schicatano et al. 2002), normalized
trigeminal reflex blink excitability increased significantly in the
2 wk following exorbital gland removal relative to before dry
eye averaged over all rats [t(79) � �2.08, P � 0.05; Fig. 1C,
All]. Separating the excitability data based on sex, however,
revealed striking differences between males and females. Fol-
lowing exorbital gland removal, Test blink amplitude became
larger than Condition blink amplitude in male rats (Fig. 1A,

Post). In this example, the Test/Condition ratio measurement of
excitability was 1.19. Over all male rats, the normalized
excitability ratio increased by 79% in males following exorbi-
tal gland removal [t(33) � �3.39, P � 0.01, Fig. 1C, Male]. In
contrast to the males, dry eye did not change the ratio between
Condition and Test amplitude in females (Fig. 1B, Post). In this
example, the excitability ratio was 0.65. Averaged over all
females, normalized excitability decreased slightly but was not
significant [t(43) � 1.6, P � 0.05, Fig. 1C, Female], so the
increased excitability of male, but not female, rats following
gland removal is responsible for the significant difference in
their excitability [male � 1.55 � 0.15, female � 0.94 � 0.04;
t(47) � 4.31, P � 0.001].

One possible explanation for the changes in excitability
associated with dry eye was that the SO current needed to
evoke a reflex blink changed following exorbital gland re-
moval. SO threshold stimulus intensity, however, did not
change significantly following exorbital gland removal for
either males [t(31) � 0.64, P � 0.05; Fig. 1D, Male] or females
[t(45) � 0.72, P � 0.05; Fig. 1D, Female]. Nevertheless, the
threshold current needed to evoke a blink differed significantly
between males and females both before [t(31) � 4.35, P �
0.001] and after [t(47) � 4.72, P � 0.001] gland removal. Thus,
in both normal and dry eye conditions, eliciting a trigeminal
reflex blink required a lower current stimulus for females than
for males.

Because the excitability measure is a ratio of the amplitude
of the second, Test, blink divided by the amplitude of the first,

Fig. 1. Trigeminal reflex blink excitability before and
after exorbital gland removal. A: single trial showing
orbicularis oculi EMG (OOemg) activity of a Condition
and Test blink evoked by identical supraorbital branch
of the trigeminal nerve (SO) nerve stimuli (Œ) delivered
100 ms apart before (Pre) and after (Post) exorbital
gland removal from a male rat. B: single trial showing
OOemg activity of a Condition and a Test blink evoked
by identical SO nerve stimuli (Œ) delivered 100 ms
apart before (Pre) and after (Post) exorbital gland re-
moval from a female rat. C: mean reflex blink excitabil-
ity normalized to the median blink excitability before
exorbital gland removal for all rats (n � 9), male rats
(n � 4), and female rats (n � 5) before exorbital gland
removal (shaded bars) and after gland removal (solid
bars). D: mean threshold for evoking an SO-evoked
blink for male (n � 4) and female (n � 5) rats before
(shaded bars) and after exorbital gland removal (solid
bars). E: mean blink amplitude normalized to the me-
dian blink amplitude before exorbital gland removal for
all rats (n � 9), male rats (n � 4), and female rats (n �
5) for Condition and Test blink components before
(shaded bars) and after gland removal (solid bars). F:
normalized excitability plotted as a function of normal-
ized condition blink amplitude after exorbital gland
removal for males (�) and females (Œ). Each data point
is the mean value of all trials for a single day for an
individual rat. Error bars are SE of the mean; *P � 0.05,
**P � 0.01, ***P � 0.001.

833SEX, BLINKING, AND DRY EYE

J Neurophysiol • doi:10.1152/jn.00635.2019 • www.jn.org



Condition, blink, the increased blink excitability in male rats
following exorbital gland removal could result from a reduc-
tion in Condition blink amplitude, an increase in Test blink
amplitude, or both. In example record of Fig. 1A, the amplitude
of the Condition blink with dry eye (Post) was smaller than that
before gland removal (Pre). Averaged over all male rats, the
amplitude of Condition blinks decreased by 22% after gland
removal [t(33) � 2.43, P � 0.05; Fig. 1E, Condition Blink,
Male]. Female rats, however, did not show a significant change
in Condition blink amplitudes pre- and post- exorbital gland
removal [t(44) � �0.07, P � 0.05; Fig. 1B and E, Condition
Blink, Female]. The small increase in the mean Test blink
amplitude of male rats was insignificant [t(33) � �0.71, P �
0.05; Fig. 1E, Test Blink, Male], as was the small decrease in
mean Test blink amplitude of female rats [t(43) � 1.48, P �
0.05; Fig. 1E, Test Blink, Female]. Thus a decrease in Condi-
tion blink amplitude contributed to the elevated trigeminal
reflex blink excitability of males following gland removal.

To explore whether changes in Condition blink amplitude
alone were responsible for the increased trigeminal reflex blink
excitability following gland removal in males, normalized
excitability was plotted as a function of the normalized Con-

dition blink amplitude for each day after gland removal for
each rat (Fig. 1F). For this analysis, Condition blink amplitude
and excitability after gland removal each day were normalized
to the median blink amplitude and excitability, respectively, for
each animal before gland removal. If changes in Condition
blink amplitude alone established blink excitability (Test/Con-
dition), then blink excitability should increase as Condition
blink amplitude decreased. This pattern, however, did not
occur. For females (Fig. 1F, Œ), blink excitability remained
constant even though normalized Condition blink amplitude
varied twofold. Although the male blink excitability ratio was
elevated relative to females, male excitability did not change
consistently with Condition blink amplitude (Fig. 1F, �). Thus
Condition amplitude alone did not determine reflex blink
excitability following gland removal. Rather dry eye produced
a fundamental difference in trigeminal blink system excitabil-
ity between male and female rats.

In normal humans over 40, a single SO stimulus often
evokes a reflex blink followed by one or more additional
blinks, termed blink oscillations because they occur with com-
parable IBIs (Peshori et al. 2001). Dry eye and eye irritation
increase the probability of blink oscillation occurrence (Ev-

Fig. 2. Blink oscillations before and after exorbital
gland removal. A: 3 consecutive trials of orbicularis
oculi EMG (OOemg) activity showing a Condition and
a Test blink evoked by identical supraorbital branch of
the trigeminal nerve (SO) nerve stimuli (Œ), as well as
blink oscillations (1) occurring on some trials before
(Pre) and all trials after (Post) exorbital gland removal
for a male rat. B: 3 consecutive trials of OOemg activity
showing a Condition and a Test blink evoked by iden-
tical SO nerve stimuli (Œ), as well as blink oscillations
(1) occurring on some trials before (Pre) and after
(Post) exorbital gland removal for a female rat. C: mean
number of blink oscillations per trial for all (n � 9),
male (n � 4), and female (n � 5) rats before (shaded
bars) and after exorbital gland removal (solid bars). D:
normalized excitability as a function of days after ex-
orbital gland removal for males (�) and females (Œ).
Each data point is the mean value of all rats for a single
day normalized to the median excitability of each rat
before exorbital gland removal. E: normalized oscilla-
tions/trial as a function of days after exorbital gland
removal for males (�) and females (Œ). Each data point
is the mean value of all rats for a single day normalized
to the median oscillations/trial for each rat before exor-
bital gland removal. F: normalized blink oscillations/
trial plotted as a function of normalized blink excitabil-
ity after exorbital gland removal for males (�) and
females (Œ). Each data point is the mean value of all
rats for a single day. Error bars are SE of the mean;
**P � 0.01.
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inger et al. 2002; Schicatano et al. 2002). Normal rats also
exhibited blink oscillations following SO stimulation (Fig. 2, A
and B,1, Pre). As shown in three consecutive trials for a male
(Fig. 2A, Pre) and a female rat (Fig. 2B, Pre), there could be no
blink in between the Condition and Test SO-evoked blinks
(Fig. 2A, Pre top 2 traces; Fig. 2B, Pre top and bottom traces),
or an additional blink, a blink oscillation, that occurred after
the Condition blink (Fig. 2A, Pre bottom trace; Fig. 2B, Pre
middle trace). Before gland removal, males averaged
0.85 � 0.18 blink oscillations/trial (Fig. 2C, Male, shaded bar),
and females averaged 0.97 � 0.11 blink oscillations/trial (Fig.
2C, Female, shaded bar) with 0.92 � 0.1 blink oscillations/trial
averaged over all rats (Fig. 2C, All, shaded bar). There was no
significant difference between the occurrence of oscillations/
trial before gland removal between males and females
[t(30) � �0.66, P � 0.05], nor were there differences in the
latency of blink oscillation onset relative to the SO stimulus
between males and females [males: 67.9 � 5.6 ms, females:
70.3 � 4.3; t(28) � �0.35, P � 0.05]. As expected from dry
eye in humans (Evinger et al. 2002; Peshori et al. 2001;
Schicatano et al. 2002), exorbital gland removal significantly
increased the number of blink oscillations/trial overall
[1.27 � 0.08; t(79) � �2.89, P � 0.01; Fig. 2C, All, solid bar].
This rise in the occurrence of blink oscillations with dry eye,
however, was driven primarily by the male rats. In the exam-
ples of three consecutive trials following gland removal for a
male (Fig. 2A, Post) and a female (Fig. 2B, Post), the SO
stimulus evoked a blink oscillation in each trial for the male
(Fig. 2A, Post 1) but in only two of the three trials for the
female (Fig. 2B, Post 1). Overall, blink oscillations/trial
increased significantly for males [1.41 � 0.1; t(34) � �3, P �
0.01; Fig. 2C, Male, solid bar] but not for females
[1.15 � 0.11; t(43) � �1.13, P � 0.05; Fig. 2C, Female, solid
bar].

In humans with dry eye, the frequency of blink oscillations
is a function of trigeminal reflex blink excitability (Evinger et
al. 2002). If reflex blink excitability controls the frequency of
blink oscillations in rats, then blink oscillation frequency
should covary with trigeminal blink excitability over days after
exorbital gland removal. To test this premise, we normalized
the blink excitability for each day after exorbital gland removal
to the median blink excitability for all the data before gland
removal for each rat. Plotting the averaged, normalized blink
excitability for each day showed that normalized male excit-
ability increased after gland removal for days 4 through 10 and
then appeared to stabilize (Fig. 2D, �). As expected from the
absence of increased excitability with dry eye in females (Fig.
1C), normalized excitability remained constant for females
across days following gland removal (Fig. 2D, Œ). Consistent
with a linkage between blink excitability and blink oscillation
frequency, averaged, normalized blink oscillations/trial exhib-
ited similar changes as excitability following gland removal
(Fig. 2E). We normalized the blink oscillation frequency for
each day after exorbital gland removal to the median blink
oscillations/trial for all the normal data for each rat. Plotting
the averaged, normalized blink oscillations/trial for each day
showed that oscillation frequency remained constant for fe-
males (Fig. 2E, Œ), whereas normalized blink oscillations/trial
increased for days 4 through 10 and then appeared to stabilize
for males (Fig. 2E, �). To establish that blink oscillation
frequency covaried with trigeminal reflex blink excitability, we

plotted averaged, normalized blink oscillations/trial each day
as a function of averaged, normalized reflex blink excitability
for that day for male and female rats with dry eye (Fig. 2F).
Blink oscillations/trial increased linearly with blink excitability
for male rats (Fig. 2F, �; df � 10, r2 � 0.91, P � 0.01). In
contrast, there was no relationship between excitability and
blink oscillations/trial for females (Fig. 2F, Œ; df � 11,
r2 � 0.12, P � 0.05). Thus in rats (Fig. 2F) and humans
(Evinger et al. 2002) there was an apparent linkage between
trigeminal blink excitability and the likelihood of additional
blinks evoked by SO stimulation. Because dry eye elevates
reflex blink excitability in male, but not female, rats (Fig. 1, C
and F), blink oscillations/trial significantly increase in male,
but not in female, rats with dry eye.

Trigeminal reflex blink plasticity. Exorbital gland removal
modified the excitability of trigeminal blink circuits in male
rats (Figs. 1 and 2). To explore trigeminal complex modifiabil-
ity initiated by dry eye further, we employed an associative
learning paradigm of HFS of the SO nerve that depresses reflex
blink amplitude (Mao and Evinger 2001; Ryan et al. 2014).
Because the SO current used to evoke the trigeminal reflex
blinks did not change within or across days (Fig. 1D), a change
in the amplitude of reflex blinks following HFS revealed a
modification of the efficacy of the trigeminal system in gener-
ating reflex blinks, a change in trigeminal reflex blink gain. In
the examples illustrated in Fig. 3, A and B, separating the data
by sex revealed that R1 amplitude 60 min after HFS was 58%
smaller (Fig. 3A, T60) than before HFS (Fig. 3A, Pre HFS) in
a male rat. In contrast, R1 amplitude 60 min after HFS (Fig.
3B, T60) was only 30% smaller than R1 amplitude before HFS
in a female rat (Fig. 3B, Pre HFS). When averaged over all rats
regardless of sex [t(32) � 2.92, P � 0.01] (Fig. 3E, All, shaded
bar), daily HFS treatment 1 wk before exorbital gland removal
showed that HFS treatment reduced the R1 blink reflex gain by
18.3 � 6.2%. Although significant, this depression was less
than that reported in our previous study using only male rats
(Ryan et al. 2014). Separating the present data by sex, how-
ever, revealed that male rats exhibited a 35.1 � 5.1%
[t(13) � 6.86, P � 0.001] decrease in blink gain (Fig. 3E, Male,
shaded bar), whereas the average gain decrease for female rats
was an insignificant 5.9 � 9.3% [t(18) � 0.64, P � 0.05; Fig.
3E, Female, shaded bar].

Exorbital gland removal dramatically altered the response to
HFS treatment of both males and females (Fig. 3, A–E).
Example records from the second week after gland removal
(Fig. 3, C and D) showed that, 60 min after HFS, R1 amplitude
(Fig. 3C, T60) was 340% larger than R1 amplitude before HFS
for a male rat (Fig. 3C, Pre HFS). For the female rat, however,
R1 amplitude was 56% smaller than R1 amplitude 60 min after
HFS (Fig. 3D, T60) than before HFS (Fig. 3D, Pre HFS).
Averaged over the 2 wk following exorbital gland removal,
males showed an 11.3 � 12.3% [t(20) � �0.86, P � 0.05]
potentiation of blink reflex gain (Fig. 3E, Male, solid bar),
whereas females exhibited a �12.5 � 7.4% depression of
blink gain [t(27) � 1.7, P � 0.05; Fig. 3E, Female, solid bar].
Averaging over the entire 2-wk post-gland removal period,
however, obscured any changes in trigeminal modifiability that
developed over time with dry eye. To determine whether the
effect of HFS on reflex blink gain changed over time, the blink
reflex gain data for each day were averaged with the preceding
and subsequent day for each sex (Fig. 3F). For males, HFS
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treatment initially produced weak depression that converted to
blink potentiation over days 9–14, following dry eye (Fig. 3F,
�). During this period, HFS significantly potentiated the blink
reflex gain by 0.74 � 0.17 [t(5) � �5.2, P � 0.01]. For fe-
males, however, blink depression increased over the 2 wk
following exorbital gland removal (Fig. 3F, Œ). This depres-
sion became most pronounced between days 9–14 when it
reached �0.27 � 0.09 [t(8) � 3.17, P � 0.05]. Thus dry eye
altered trigeminal complex modifiability in a sex-specific man-
ner, particularly in the second week following exorbital gland
removal.

Spontaneous blinking. Although spontaneous blinks occur
independently of an external stimulus or a conscious decision
to blink, there is evidence that the trigeminal blink circuits play
a role in modulating spontaneous blinking (Kaminer et al.
2011). Given the changes in trigeminal blink circuits with dry
eye, we examined spontaneous blinking before and after exor-
bital gland removal. Averaged over all rats, the mean blink rate
was 4.8 � 0.3 blinks/min before exorbital gland removal (Fig.
4A, All, shaded bar) with a mean IBI of 13.9 � 0.8 s. The mean
blink rate was not significantly different [t(30) � 1.16, P �
0.05] between males (5.3 � 0.6; Fig. 4A, Male, shaded bar)
and females (4.5 � 0.4) blinks/min (Fig. 4A, Female, shaded
bar). Likewise, the mean IBI was not significantly different
between males (13.6 � 1.4 s) and females [14.1 � 0.9 s;
t(30) � �0.27, P � 0.05] before gland removal. Despite the
lack of differences in spontaneous blink rate between males

and females before exorbital gland removal, the OOemg char-
acteristics of spontaneous blinks exhibited sexual dimorphisms
(Fig. 4, B–D). The duration of male spontaneous blink OOemg
activity was less than that of females. In these examples, the
duration of a male rat’s spontaneous blink OOemg activity was
44.5 ms (Fig. 4B, Pre) compared with 75.5 ms for a female rat
(Fig. 4C, Pre). Before dry eye, the mean duration of sponta-
neous blink OOemg activity differed significantly between
males and females [t(30) � �3.04, P � 0.01 ; Fig. 4D, Dura-
tion, shaded bars]. Averaged over all males, OOemg duration
was 74.4 � 5.6 ms (Fig. 4D, Duration, Male, shaded bar),
whereas the mean female OOemg duration was 115.8 � 10.5
ms (Fig. 4D Duration, Female, shaded bar). In addition to
dissimilar durations, the time at which OOemg activity peaked
occurred differed significantly between males and females
[t(30) � 3.03, P � 0.01]. In the examples of Fig. 4, B and C, the
peak OOemg activity occurred 16 ms after the onset of OOemg
activity in the male (Fig. 4B, Pre2), and the OOemg activity
peaked 22 ms after the onset of OOemg activity in the female
(Fig. 4C, Pre2). Averaged across male rats, the peak OOemg
activity occurred 25.2 � 2.4 ms into a 74.4 � 5.6 ms duration
lid closure (Fig. 4D, Time to Peak, Male, shaded bar), so that
the OOemg activity peaked 33.9% into the OOemg activity.
For females, peak OOemg activity occurred 48.9 � 6.2 ms into
the 115.8-ms duration OOemg activity (Fig. 4D, Time to Peak,
Female, shaded bar), so that the OOemg activity peaked 42.2%
into the OOemg activity.

Fig. 3. Modifiability of trigeminal reflex blink gain
before and after exorbital gland removal. A: for a male
rat before exorbital gland removal (Pre), a single trial of
a blink evoked by supraorbital branch of the trigeminal
nerve (SO) nerve stimulation (Œ) before high-frequency
stimulation (HFS) treatment (Pre-HFS) and 60 min after
HFS treatment (T60). B: for a female rat before exor-
bital gland removal (Pre), a single trial of a blink evoked
by SO nerve stimulation (Œ) before HFS treatment
(Pre-HFS) and 60 min after HFS treatment (T60). C: for
a male after exorbital gland removal (Post), a single trial
of a blink evoked by SO nerve stimulation (Œ) before
HFS treatment (Pre-HFS) and 60 min after HFS treat-
ment (T60). D: for a female rat exorbital gland removal
(Post), a single trial of a blink evoked by SO nerve
stimulation (Œ) before HFS treatment (Pre-HFS) and 60
min after HFS treatment (T60). E: mean gain change
following HFS treatment for all (n � 9), male (n � 4),
and female (n � 5) rats before (shaded bars) and after
(solid bars) exorbital gland removal. Negative values
indicate depression, and positive values indicate poten-
tiation of blink amplitude produced by the HFS treat-
ment. F: mean gain change per day averaged over 3-day
intervals following exorbital gland removal for male
(�) and female (Œ) rats. The points at 0 are the mean
gain change over the 7 days before exorbital gland
removal. Error bars are SE of the mean; **P � 0.01,
***P � 0.001.
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Exorbital gland removal significantly reduced the female
spontaneous blink rate but did not affect the male blink rate.
For females, the mean spontaneous blink rate decreased sig-
nificantly from 4.5 � 0.5 to 2.3 � 0.5 blinks/min [t(52) � 5.61,
P � 0.001; Fig. 4A, Female, solid bar] and the mean IBI more
than doubled to 30.7 � 3.0 s [t(52) � �4.19, P � 0.001].
Following exorbital gland removal, neither the mean blink rate
(5.2 � 0.5; Fig. 4A, Male, solid bar) nor the mean IBI
(12.4 � 1.25 s) changed significantly for males [t(33) � 0.12,
P � 0.05; t(33) � 0.7, P � 0.05]. Nevertheless, exorbital gland
removal significantly increased the duration of both male and
female spontaneous blinks (Fig. 4, B–D). In the example
records, the male rat’s OOemg duration was 117.5 ms (Fig. 4B,
Post), and the female rat’s OOemg duration was 100.5 ms (Fig.
4C, Post). Averaged over all rats, the mean duration of spon-
taneous blink OOemg activity rose from 74.4 � 5.6 ms to
147.5 � 21.5 ms for males [t(33) � �2.6, P � 0.05; Fig. 4D,
Duration, Male, solid bar] and from 115.8 � 10.5 to
169.9 � 14.3 for females [t(52) � �2.6, P � 0.05; Fig. 4D,
Duration, Female, solid bar]. In the example records, the time
to peak OOemg was 10 ms for the male (Fig. 4B, Post2) and
27 ms for the female rat (Fig. 4C, Post2). Averaged over all
rats, the time to peak OOemg activity increased significantly
from 48.9 � 6.2 ms to 70.7 � 6.8 ms following gland removal

for females [t(52) � �2.12, P � 0.05]. The increased time to
peak OOemg activity, however, matched the increase in sponta-
neous blink duration, such that the peak OOemg occurred 41.6%
into the OOemg activity, nearly identical to the value before dry
eye. Thus dry eye in females stretched the duration of the blink
without altering its overall shape (Fig. 4C). For males, however,
peak OOemg activity occurred an average of 35.52 � 3.6 ms into
the 147.5 � 21.5 ms duration blink (Fig. 4D), so that the OOemg
activity peaked at 23.9% of the time into OOemg activity. The
difference in time to peak OOemg before and after exorbital gland
removal was not significant for males [t(33) � �2.0, P � 0.05].
The lengthened duration of male spontaneous blink OOemg
activity occurred primarily by increasing OOemg activity after the
peak OOemg so that the pattern of OOemg activity differed before
and after dry eye (Fig. 4B). Another adaptation to dry eye seen in
both sexes was the appearance of squinting, a prolonged low level
of OOemg activity that only partially closed the eye (Fig. 4E).
Blinks that fully closed the lid could be superimposed on these
periods of squinting (Fig. 4E,1).

DISCUSSION

Sexual dimorphisms in reflex and spontaneous blinking. The
present study identified three sexual dimorphisms of trigeminal

Fig. 4. Effect of exorbital gland removal on spontaneous
blinking. A: mean blinks/min for all (n � 9), male (n �
4), and female (n � 5) rats before (shaded bars) and
after (solid bars) exorbital gland removal. B: rectified
orbicularis oculi EMG (OOemg) recording of a single
spontaneous blink before (Pre) and after (Post) exorbital
gland removal from a male rat. 2 Indicates peak
OOemg activity. C: rectified OOemg recording of a
single spontaneous blink before (Pre) and after (Post)
exorbital gland removal from a female rat.2 Indicates
peak OOemg activity. D: mean spontaneous blink du-
ration and mean time to peak OOemg activity for male
and female rats before (shaded bars) and after (solid
bars) exorbital gland removal. E: unrectified OOemg
activity showing squinting with superimposed blinks
(1) from a male rat. Error bars are SE of the mean;
*P � 0.05, **P � 0.01, ***P � 0.001.
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reflex and spontaneous blinking in normal rodents. First, the
threshold current for evoking a trigeminal reflex blink was
higher in males than in females (Fig. 1D). Second, the HFS
paradigm for depressing trigeminal reflex blink gain (Mao and
Evinger 2001; Ryan et al. 2014) produced a significantly larger
gain reduction in male than in female rats (Fig. 3E). Third, the
duration of spontaneous blink OOemg activity was longer in
females than in males (Fig. 4D). To determine whether similar
sexual dimorphisms occurred in humans, we reanalyzed data
from our previous studies of subjects without blink abnormal-
ities. Consistent with the rodent data (Fig. 1D), the threshold
current necessary to evoke the R2 trigeminal blink component
was significantly larger for males than for females [males 3.1
mA � 0.19 (n � 13); females 2.3 mA � 0.18 (n � 17);
t(28) � 3.02, P � 0.01; Fig. 5A] (Peshori et al. 2001; Schade
Powers et al. 2010; Schicatano et al. 2002). Our data using
HFS to depress trigeminal reflex blink amplitude in human
subjects (Mao and Evinger 2001) also suggested the same sex
difference. Although the number of male and female subjects
was too small to analyze statistically, the data trend was as
observed in rodents (Fig. 3E). The average human gain de-
crease for the two males was �0.27, whereas the three females
exhibited a 0.04 gain increase. Human spontaneous blinking
also showed the same sexual dimorphism in blink duration as
did rats. The duration of lid closing correlates with the duration
of OOemg activity in humans and rodents (Evinger et al. 1991;
Pellegrini et al. 1995). Using eyelid-closing data from a pre-
vious study of human spontaneous blinking (Kaminer et al.
2011), we examined whether human females exhibited longer-
duration lid closing during spontaneous blinks than did males.
Plotting lid-closing duration as a function of spontaneous blink
amplitude showed that blink duration increased as a power
function for females (y � 29.85x0.46, r2 � 0.86), whereas male
blink duration exhibited only small changes as spontaneous

blink amplitude increased (Fig. 5B). For spontaneous blinks
over 30°, lid closure duration was significantly longer in
females than in males [t(5) � �15.8, P � 0.00001]. Thus
rodents and humans share similar sexual dimorphisms in tri-
geminal reflex and spontaneous blinking.

These sexual dimorphisms of blinking might be influenced
by hormonal changes. As with the present study in rodents, our
previous studies in humans did not obtain menstrual cycle
information. Nevertheless, the estrous cycle did not appear to
affect our rodent results. Female rats typically exhibit a 4- to
5-day estrous cycle (McClintock 1984), and we acquired data
independently of the cycle during the week preceding exorbital
gland removal. If data were sampled randomly during the
female cycle and the cycle stage modulated blink sexual
dimorphisms, then female rat data should show more variabil-
ity across the week than males. In our data, however, there was
no difference in the coefficient of variation between these
sexually dimorphic characteristics. For blink threshold current,
the mean coefficient of variation was 0.1 � 0.04 (n � 4) for
males and 0.07 � 0.02 (n � 5) for females [t(7) � 0.83, P �
0.05]. Likewise, there was no difference in the mean coeffi-
cient of variation for spontaneous blink OOemg duration be-
tween males (0.18 � 0.05, n � 4) and females [0.19 � 0.08,
n � 5; t(7) � �0.1, P � 0.05] in the week before exorbital
gland removal. In contrast to blink threshold and duration,
female rats exhibited a more variable coefficient of variation
for gain change than males (females � 2.9 � 2.4, n � 5;
males � �0.46 � 0.09, n � 4) although this difference did not
achieve statistical significance [t(7) � �1.21, P � 0.05]. Con-
sistent with our data, a previous metastudy on rats reported that
the estrous cycle did not cause more variability in female than
in male neural traits, e.g., histology and neurochemistry, al-
though behavioral traits exhibited more variability than other
traits in both males and females (Becker et al. 2016).

Females exhibit a lower threshold for trigeminal reflexes in
the lower face, as well as in the supraorbital region (Figs. 1D
and 5A). As with the blink reflex, the threshold for the masseter
exteroceptive reflex is lower in women than in men
(Komiyama et al. 2005). In addition, the perception threshold
for nonnoxious thermal and tactile stimuli to the cheek is lower
in females than in males (da Silva et al. 2014; Komiyama et al.
2009; Matos et al. 2011; Yekta et al. 2010), and mild electrical
shocks to the lip evoke larger potentials at shorter latencies in
women than in men (Polich et al. 1995). The presence of these
sexual dimorphisms in both humans and rats suggests that there
is an evolutionary advantage to increased trigeminal sensitivity
or that a neural adaptation to sex differences expressed in the
periphery has occurred.

Blink adaptations in response to exorbital gland removal:
sexual dimorphisms. Exorbital gland removal produces several
trigeminal blink system adaptations. For males, condition blink
amplitude decreases, and blink oscillations/trial increase con-
comitantly with trigeminal reflex blink excitability (Figs. 1, A,
C, and E, and 2, C–F), whereas none of these parameters
change significantly for females (Figs. 1, B, C, and E, and 2,
C–F). Although decreased condition blink amplitude is a
plausible explanation for the increased trigeminal excitability
of males, the observation that blink excitability was unrelated
to variations in condition blink amplitude in either males or
females (Fig. 1F) argues that dry eye increases excitatory
trigeminal drive in males but not females. In males, the

Fig. 5. Sex differences in human blinks. A: threshold current required to evoke
the R2 response in male and female subjects. Data from Peshori et al. 2001;
Schade Powers et al. 2010; Schicatano et al. 2002. B: mean spontaneous blink
duration plotted as a function of blink amplitude for male (�) and female (Œ)
subjects. Error bars are SE of the mean. Data from Kaminer et al. 2011. **P �
0.01.
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elevated blink excitability caused by dry eye appears respon-
sible for their increased frequency of blink oscillations (Fig.
2F). With no increase in blink excitability (Fig. 1C), female
blink oscillation frequency does not change with dry eye (Fig.
2, E and F). It is possible that the lack of increased excitability
and blink oscillations in female rats results from decreased
corneal sensitivity, such as that seen in human females with dry
eye (Benítez-Del-Castillo et al. 2007). This explanation is
unlikely, however, because human females with dry eye or
aging exhibit elevated trigeminal blink excitability and blink
oscillations (Evinger et al. 2002; Peshori et al. 2001; Schica-
tano et al. 2002).

As with humans without dry eye (Bentivoglio et al. 1997;
Tsubota et al. 1996; Yolton et al. 1994), no consistent differ-
ence exists between control male and female rat spontaneous
blink rates (Fig. 4A) or mean IBI. In humans, dry eye signif-
icantly increases the spontaneous blink rate and decreases the
mean IBI (Harrison et al. 2008; Himebaugh et al. 2009;
Johnston et al. 2013; Ousler et al. 2014; Tsubota et al. 1996).
Unlike the increased blink rate of dry eye humans, dry eye
produced by exorbital gland removal in rats did not signifi-
cantly increase the spontaneous blink rate of males and signif-
icantly decreased the spontaneous blink rate of females (Fig.
4A). The mean IBI of male rats decreased 8.8% in the present
study and 29% in our previous study (Kaminer et al. 2011). In
contrast to these modest drops in mean IBI of male rats, dry
eye in humans caused much larger reductions in mean IBI of
63% (Tsubota et al. 1996) and 57% (Johnston et al. 2013). Dry
eye significantly decreases the female rat spontaneous blink
rate (Fig. 4A) and increases IBI by 54.1%. Differences between
rodent and human tear film may account for the disparities in
rodent and human spontaneous blinking. Human tear film
thickness is ~3 �m, whereas the rat tear film is ~11.3 �m
(King-Smith et al. 2004). Given that the rate of human spon-
taneous blinking correlates inversely with the time to tear film
break up (Al-Abdulmunem 1999; Himebaugh et al. 2009;
Nakamori et al. 1997; Rahman et al. 2015a; Yap 1991), a
thicker tear film might be slower to break up and thereby
support a lower spontaneous blink rate. A longer tear breakup
time for rats can account for the lower blink rate of normal rats,
4.8 blinks/min, compared with the normal blink rate of 17.6
blinks/min in humans (Kaminer et al. 2011). If one response to
exorbital gland removal is to thicken the meibum content of
tear film to lengthen the tear film breakup time, then sponta-
neous blinking might not change or might even decrease
following gland removal in rats. Thickening the meibum layer
may be an adaptation to dry eye shared by humans and rodents.
Humans with dry eye appear to release meibum continuously at
a higher rate than individuals with normal tear function (Cho et
al. 2019). In addition, as larger and stronger blinks increase the
thickness of the lipid tear film layer (Korb et al. 1994), the
increased duration of human spontaneous lid closures (Ousler
et al. 2014; Rodriguez et al. 2013; Tsubota et al. 1996) and rat
blinks (Fig. 4, B–D) following dry eye may aid tear film
stabilization.

The HFS paradigm revealed a strong effect of exorbital
gland removal on trigeminal modifiability (Fig. 3). Over the 2
wk following gland removal, males exhibited a progression
from the expected HFS-induced depression to potentiation
(Fig. 3F) that paralleled the increase in trigeminal excitability
over the same period (Fig. 2D). In contrast to males, the weak

depression caused by HFS in females before gland removal
became a significant depression over the 2 wk following dry
eye (Fig. 3F). HFS-induced modifications are known to occur
in the trigeminal complex (Mao and Evinger 2001; Ryan et al.
2014), and the present study showed that dry eye altered spinal
trigeminal system modifiability in a sex-specific manner. The
conversion of depression to potentiation in males (Fig. 3)
indicated that the increased spinal trigeminal blink excitability
(Fig. 1, C and F; Fig. 2, D–F) overwhelmed the HFS-associa-
tive mechanisms that normally produced reflex blink depres-
sion. Females, however, did not show a significant increase in
excitability (Fig. 1, C and F) or blink oscillations (Fig. 2, C, E,
and F) following exorbital gland removal; rather females
exhibited enhanced trigeminal modifiability demonstrated by
the increasingly effective HFS paradigm (Fig. 3F).

The enhanced spinal trigeminal modifiability present in
females with dry eye (Fig. 3F) may offer an explanation for the
female predominance of the focal dystonia, BEB (Asgeirsson
et al. 2006; Defazio et al. 2001; Hallett et al. 2008), that is
characterized by excessive blinking and involuntary spasms of
lid closure (Adams et al. 2006; Berardelli et al. 1985; Defazio
et al. 2017; Hallett et al. 2008; Tolosa and Martí 1988). The
chief hypothesis for the origin of BEB is that it develops from
the convergence of a predisposing condition and an environ-
mental trigger (Defazio et al. 2011; Hallett et al. 2008; Jinnah
and Hallett 2011). Genetic factors appear to be the best can-
didate for the predisposing condition (Clarimon et al. 2007;
Defazio et al. 1993, 2003, 2011, 2017; Dhaenens et al. 2005;
Hallett et al. 2008; Hammer et al. 2019; Misbahuddin et al.
2002; Xiao et al. 2016). Epidemiological studies showing the
presence of dry eye or eye irritation before the development of
BEB indicate that dry eye or eye irritation is an environmental
trigger initiating BEB (Defazio et al. 2011, 2012, 2017; Elston
et al. 1988). In this “two-hit” model of BEB, the predisposing
condition exaggerates the modifiability of the trigeminal sys-
tem and other neural network elements so that adaptations to
dry eye become exaggerated and morph into spasms of lid
closure. In support of this BEB hypothesis, exorbital gland
removal combined with a predisposing condition can create
blepharospasm-like lid spasms in male rats (Evinger 2013;
Schicatano et al. 1997). Also consistent with this hypothesis,
the HFS paradigm reveals that patients with BEB exhibit
exaggerated trigeminal blink modifiability (Quartarone et al.
2006). If dry eye increases the modifiability of trigeminal blink
circuits in human females, as occurs in female rats (Fig. 3F),
then the predisposing condition would be more likely to exag-
gerate trigeminal adaptations in females with dry eye than in
males, thus leading to a female preponderance in developing
BEB.

ACKNOWLEDGMENTS

We thank Dr. Alice Powers for thoughtful inputs on experimental design
and drafts of the manuscript. We also thank Justina Almodovar, Johnna
Caputo, Christine Cho, Aiseosa Irowa, Masooma Kazmi, Kyo Hyun Nam,
Samin Rahman, and Denise Zieba for help with the experiments.

GRANTS

This work was supported by DOD Congressionally Directed Medical
Research Programs WB1-XWH-15-1-0345.

839SEX, BLINKING, AND DRY EYE

J Neurophysiol • doi:10.1152/jn.00635.2019 • www.jn.org



DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

A.C., C.L., and C.E. performed experiments; A.C., C.L., and C.E. analyzed
data; A.C., C.L., and C.E. interpreted results of experiments; A.C., C.L., and
C.E. edited and revised manuscript; A.C., C.L., and C.E. approved final
version of manuscript; C.E. conceived and designed research; C.E. prepared
figures; C.E. drafted manuscript.

REFERENCES

Adams WH, Digre KB, Patel BC, Anderson RL, Warner JE, Katz BJ. The
evaluation of light sensitivity in benign essential blepharospasm. Am J
Ophthalmol 142: 82–87, 2006. doi:10.1016/j.ajo.2006.02.020.

Al-Abdulmunem M. Relation between tear breakup time and spontaneous
blink rate. Int Contact Lens Clin 26: 117–120, 1999. doi:10.1016/S0892-
8967(00)00033-X.

Albietz JM. Prevalence of dry eye subtypes in clinical optometry practice.
Optom Vis Sci 77: 357–363, 2000. doi:10.1097/00006324-200007000-
00010.

Asgeirsson H, Jakobsson F, Hjaltason H, Jonsdottir H, Sveinbjornsdottir
S. Prevalence study of primary dystonia in Iceland. Mov Disord 21:
293–298, 2006. doi:10.1002/mds.20674.

Basso MA, Strecker RE, Evinger C. Midbrain 6-hydroxydopamine lesions
modulate blink reflex excitability. Exp Brain Res 94: 88–96, 1993. doi:10.
1007/BF00230472.

Becker JB, Prendergast BJ, Liang JW. Female rats are not more variable
than male rats: a meta-analysis of neuroscience studies. Biol Sex Differ 7:
34, 2016. doi:10.1186/s13293-016-0087-5.

Begley CG, Himebaugh N, Renner D, Liu H, Chalmers R, Simpson T,
Varikooty J. Tear breakup dynamics: a technique for quantifying tear
film instability. Optom Vis Sci 83: 15–21, 2006. doi:10.1097/01.opx.
0000195569.36185.fd.

Belmonte C, Nichols JJ, Cox SM, Brock JA, Begley CG, Bereiter DA,
Dartt DA, Galor A, Hamrah P, Ivanusic JJ, Jacobs DS, McNamara NA,
Rosenblatt MI, Stapleton F, Wolffsohn JS. TFOS DEWS II pain and
sensation report. Ocul Surf 15: 404–437, 2017. doi:10.1016/j.jtos.2017.05.
002.

Benítez-Del-Castillo JM, Acosta MC, Wassfi MA, Díaz-Valle D, Gegúndez
JA, Fernandez C, García-Sánchez J. Relation between corneal innervation
with confocal microscopy and corneal sensitivity with noncontact esthesi-
ometry in patients with dry eye. Invest Ophthalmol Vis Sci 48: 173–181,
2007. doi:10.1167/iovs.06-0127.

Bentivoglio AR, Bressman SB, Cassetta E, Carretta D, Tonali P, Albanese
A. Analysis of blink rate patterns in normal subjects. Mov Disord 12:
1028–1034, 1997. doi:10.1002/mds.870120629.

Berardelli A, Rothwell JC, Day BL, Marsden CD. Pathophysiology of
blepharospasm and oromandibular dystonia. Brain 108: 593–608, 1985.
doi:10.1093/brain/108.3.593.

Bereiter DA. Sex differences in brainstem neural activation after injury to the
TMJ region. Cells Tissues Organs 169: 226–237, 2001. doi:10.1159/
000047886.

Bereiter DA, Shen S, Benetti AP. Sex differences in amino acid release from
rostral trigeminal subnucleus caudalis after acute injury to the TMJ region.
Pain 98: 89–99, 2002. doi:10.1016/S0304-3959(01)00476-6.

Bereiter DA, Rahman M, Thompson R, Stephenson P, Saito H. TRPV1 and
TRPM8 channels and nocifensive behavior in a rat model for dry eye. Invest
Ophthalmol Vis Sci 59: 3739–3746, 2018. doi:10.1167/iovs.18-24304.

Chai NC, Peterlin BL, Calhoun AH. Migraine and estrogen. Curr Opin
Neurol 27: 315–324, 2014. doi:10.1097/WCO.0000000000000091.

Cho BJ, Jee DH, Kim WJ, Shin MC, Kim EC, Kim MS, Hwang HS. Direct
visualization of continuous meibum secretion from the orifices of meibo-
mian glands to the tear film. Cornea 38: 1245–1252, 2019. doi:10.1097/
ICO.0000000000002049.

Clarimon J, Brancati F, Peckham E, Valente EM, Dallapiccola B, Abru-
zzese G, Girlanda P, Defazio G, Berardelli A, Hallett M, Singleton AB.
Assessing the role of DRD5 and DYT1 in two different case-control series
with primary blepharospasm. Mov Disord 22: 162–166, 2007. doi:10.1002/
mds.21182.

da Silva LA, Lin SM, Teixeira MJ, de Siqueira JT, Jacob Filho W, de
Siqueira S. Sensorial differences according to sex and ages. Oral Dis 20:
e103–e110, 2014. doi:10.1111/odi.12145.

Dauvergne C, Evinger C. Experiential modification of the trigeminal
reflex blink circuit. J Neurosci 27: 10414 –10422, 2007. doi:10.1523/
JNEUROSCI.1152-07.2007.

Defazio G, Livrea P, Guanti G, Lepore V, Ferrari E. Genetic contribution
to idiopathic adult-onset blepharospasm and cranial-cervical dystonia. Eur
Neurol 33: 345–350, 1993. doi:10.1159/000116969.

Defazio G, Berardelli A, Abbruzzese G, Coviello V, Carella F, De Berar-
dinis MT, Galardi G, Girlanda P, Maurri S, Mucchiut M, Albanese A,
Basciani M, Bertolasi L, Liguori R, Tambasco N, Santoro L, Assennato
G, Livrea P. Risk factors for spread of primary adult onset blepharospasm:
a multicentre investigation of the Italian movement disorders study group. J
Neurol Neurosurg Psychiatry 67: 613–619, 1999. doi:10.1136/jnnp.67.5.
613.

Defazio G, Livrea P, De Salvia R, Manobianca G, Coviello V, Anaclerio D,
Guerra V, Martino D, Valluzzi F, Liguori R, Logroscino G. Prevalence
of primary blepharospasm in a community of Puglia region, Southern Italy.
Neurology 56: 1579–1581, 2001. doi:10.1212/WNL.56.11.1579.

Defazio G, Brancati F, Valente EM, Caputo V, Pizzuti A, Martino D,
Abbruzzese G, Livrea P, Berardelli A, Dallapiccola B. Familial blepha-
rospasm is inherited as an autosomal dominant trait and relates to a novel
unassigned gene. Mov Disord 18: 207–212, 2003. doi:10.1002/mds.10314.

Defazio G, Abbruzzese G, Aniello MS, Bloise M, Crisci C, Eleopra R,
Fabbrini G, Girlanda P, Liguori R, Macerollo A, Marinelli L,
Martino D, Morgante F, Santoro L, Tinazzi M, Berardelli A. Envi-
ronmental risk factors and clinical phenotype in familial and sporadic
primary blepharospasm. Neurology 77: 631– 637, 2011. doi:10.1212/
WNL.0b013e3182299e13.

Defazio G, Abbruzzese G, Aniello MS, Di Fede R, Esposito M, Fabbrini G,
Girlanda P, Liguori R, Marinelli L, Martino D, Morgante F, Santoro L,
Tinazzi M, Berardelli A. Eye symptoms in relatives of patients with
primary adult-onset dystonia. Mov Disord 27: 305–307, 2012. doi:10.1002/
mds.24026.

Defazio G, Hallett M, Jinnah HA, Conte A, Berardelli A. Blepharospasm 40
years later. Mov Disord 32: 498–509, 2017. doi:10.1002/mds.26934.

Den S, Shimizu K, Ikeda T, Tsubota K, Shimmura S, Shimazaki J.
Association between meibomian gland changes and aging, sex, or tear
function. Cornea 25: 651–655, 2006. doi:10.1097/01.ico.0000227889.
11500.6f.

Dhaenens CM, Krystkowiak P, Douay X, Charpentier P, Bele S, Destée A,
Sablonnière B. Clinical and genetic evaluation in a French population
presenting with primary focal dystonia. Mov Disord 20: 822–825, 2005.
doi:10.1002/mds.20398.

Elston JS, Marsden CD, Grandas F, Quinn NP. The significance of
ophthalmological symptoms in idiopathic blepharospasm. Eye (Lond) 2:
435–439, 1988. doi:10.1038/eye.1988.79.

Evinger C. Animal models for investigating benign essential blepharospasm.
Curr Neuropharmacol 11: 53–58, 2013. doi:10.2174/157015913804999441.

Evinger C, Manning KA, Sibony PA. Eyelid movements. Mechanisms and
normal data. Invest Ophthalmol Vis Sci 32: 387–400, 1991.

Evinger C, Basso MA, Manning KA, Sibony PA, Pellegrini JJ, Horn AK.
A role for the basal ganglia in nicotinic modulation of the blink reflex. Exp
Brain Res 92: 507–515, 1993. doi:10.1007/BF00229040.

Evinger C, Bao JB, Powers AS, Kassem IS, Schicatano EJ, Henriquez
VM, Peshori KR. Dry eye, blinking, and blepharospasm. Mov Disord 17,
Suppl 2: S75–S78, 2002. doi:10.1002/mds.10065.

Ferrara D, Monteforte R, Baccari GC, Minucci S, Chieffi G. Androgen and
estrogen receptors expression in the rat exorbital lacrimal gland in relation
to “harderianization”. J Exp Zoolog A Comp Exp Biol 301: 297–306, 2004.
doi:10.1002/jez.a.20039.

Flake NM, Bonebreak DB, Gold MS. Estrogen and inflammation increase the
excitability of rat temporomandibular joint afferent neurons. J Neurophysiol
93: 1585–1597, 2005. doi:10.1152/jn.00269.2004.

Gazerani P, Andersen OK, Arendt-Nielsen L. A human experimental
capsaicin model for trigeminal sensitization. Gender-specific differences.
Pain 118: 155–163, 2005. doi:10.1016/j.pain.2005.08.009.

Gong S, Zhou Q, LeDoux MS. Blink-related sensorimotor anatomy in the rat.
Anat Embryol (Berl) 207: 193–208, 2003. doi:10.1007/s00429-003-0341-6.

Gupta PD, Johar K Sr, Nagpal K, Vasavada AR. Sex hormone receptors in
the human eye. Surv Ophthalmol 50: 274–284, 2005. doi:10.1016/j.
survophthal.2005.02.005.

Hallett M, Evinger C, Jankovic J, Stacy M; BEBRF International
Workshop. Update on blepharospasm: report from the BEBRF Interna-
tional Workshop. Neurology 71: 1275–1282, 2008. doi:10.1212/01.wnl.
0000327601.46315.85.

840 SEX, BLINKING, AND DRY EYE

J Neurophysiol • doi:10.1152/jn.00635.2019 • www.jn.org

https://doi.org/10.1016/j.ajo.2006.02.020
https://doi.org/10.1016/S0892-8967(00)00033-X
https://doi.org/10.1016/S0892-8967(00)00033-X
https://doi.org/10.1097/00006324-200007000-00010
https://doi.org/10.1097/00006324-200007000-00010
https://doi.org/10.1002/mds.20674
https://doi.org/10.1007/BF00230472
https://doi.org/10.1007/BF00230472
https://doi.org/10.1186/s13293-016-0087-5
https://doi.org/10.1097/01.opx.0000195569.36185.fd
https://doi.org/10.1097/01.opx.0000195569.36185.fd
https://doi.org/10.1016/j.jtos.2017.05.002
https://doi.org/10.1016/j.jtos.2017.05.002
https://doi.org/10.1167/iovs.06-0127
https://doi.org/10.1002/mds.870120629
https://doi.org/10.1093/brain/108.3.593
https://doi.org/10.1159/000047886
https://doi.org/10.1159/000047886
https://doi.org/10.1016/S0304-3959(01)00476-6
https://doi.org/10.1167/iovs.18-24304
https://doi.org/10.1097/WCO.0000000000000091
https://doi.org/10.1097/ICO.0000000000002049
https://doi.org/10.1097/ICO.0000000000002049
https://doi.org/10.1002/mds.21182
https://doi.org/10.1002/mds.21182
https://doi.org/10.1111/odi.12145
https://doi.org/10.1523/JNEUROSCI.1152-07.2007
https://doi.org/10.1523/JNEUROSCI.1152-07.2007
https://doi.org/10.1159/000116969
https://doi.org/10.1136/jnnp.67.5.613
https://doi.org/10.1136/jnnp.67.5.613
https://doi.org/10.1212/WNL.56.11.1579
https://doi.org/10.1002/mds.10314
https://doi.org/10.1212/WNL.0b013e3182299e13
https://doi.org/10.1212/WNL.0b013e3182299e13
https://doi.org/10.1002/mds.24026
https://doi.org/10.1002/mds.24026
https://doi.org/10.1002/mds.26934
https://doi.org/10.1097/01.ico.0000227889.11500.6f
https://doi.org/10.1097/01.ico.0000227889.11500.6f
https://doi.org/10.1002/mds.20398
https://doi.org/10.1038/eye.1988.79
https://doi.org/10.2174/157015913804999441
https://doi.org/10.1007/BF00229040
https://doi.org/10.1002/mds.10065
https://doi.org/10.1002/jez.a.20039
https://doi.org/10.1152/jn.00269.2004
https://doi.org/10.1016/j.pain.2005.08.009
https://doi.org/10.1007/s00429-003-0341-6
https://doi.org/10.1016/j.survophthal.2005.02.005
https://doi.org/10.1016/j.survophthal.2005.02.005
https://doi.org/10.1212/01.wnl.0000327601.46315.85
https://doi.org/10.1212/01.wnl.0000327601.46315.85
https://journals.physiology.org/action/showLinks?pmid=24792340&crossref=10.1097%2FWCO.0000000000000091&isi=000335966500009&citationId=p_15
https://journals.physiology.org/action/showLinks?pmid=21775731&crossref=10.1212%2FWNL.0b013e3182299e13&citationId=p_24
https://journals.physiology.org/action/showLinks?pmid=16815254&crossref=10.1016%2Fj.ajo.2006.02.020&isi=000239079100010&citationId=p_1
https://journals.physiology.org/action/showLinks?crossref=10.1002%2Fmds.10065&isi=000173703200021&citationId=p_33
https://journals.physiology.org/action/showLinks?pmid=17133500&crossref=10.1002%2Fmds.21182&isi=000243944800002&citationId=p_17
https://journals.physiology.org/action/showLinks?pmid=10939313&crossref=10.1097%2F00006324-200007000-00010&isi=000088563800011&citationId=p_3
https://journals.physiology.org/action/showLinks?system=10.1152%2Fjn.00269.2004&isi=000227256500041&citationId=p_35
https://journals.physiology.org/action/showLinks?pmid=15726581&crossref=10.1002%2Fmds.20398&isi=000230657000007&citationId=p_28
https://journals.physiology.org/action/showLinks?pmid=10519867&crossref=10.1136%2Fjnnp.67.5.613&isi=000083236400014&citationId=p_21
https://journals.physiology.org/action/showLinks?pmid=14551765&crossref=10.1007%2Fs00429-003-0341-6&citationId=p_37
https://journals.physiology.org/action/showLinks?pmid=23814538&isi=000314365200008&citationId=p_30
https://journals.physiology.org/action/showLinks?pmid=16432468&crossref=10.1097%2F01.opx.0000195569.36185.fd&isi=000235067100003&citationId=p_7
https://journals.physiology.org/action/showLinks?pmid=12539217&crossref=10.1002%2Fmds.10314&isi=000181007900014&citationId=p_23
https://journals.physiology.org/action/showLinks?pmid=18852443&crossref=10.1212%2F01.wnl.0000327601.46315.85&isi=000259986300011&citationId=p_39
https://journals.physiology.org/action/showLinks?pmid=8454014&crossref=10.1007%2FBF00229040&isi=A1993KJ67100019&citationId=p_32
https://journals.physiology.org/action/showLinks?pmid=31335532&crossref=10.1097%2FICO.0000000000002049&isi=000509685300018&citationId=p_16
https://journals.physiology.org/action/showLinks?pmid=17197530&crossref=10.1167%2Fiovs.06-0127&isi=000243355100023&citationId=p_9
https://journals.physiology.org/action/showLinks?pmid=22173654&crossref=10.1002%2Fmds.24026&citationId=p_25
https://journals.physiology.org/action/showLinks?pmid=11166137&crossref=10.1016%2FS0892-8967%2800%2900033-X&citationId=p_2
https://journals.physiology.org/action/showLinks?pmid=15039988&crossref=10.1002%2Fjez.a.20039&citationId=p_34
https://journals.physiology.org/action/showLinks?pmid=23796393&crossref=10.1111%2Fodi.12145&isi=000332757200015&citationId=p_18
https://journals.physiology.org/action/showLinks?pmid=4041776&crossref=10.1093%2Fbrain%2F108.3.593&isi=A1985AQV7700003&citationId=p_11
https://journals.physiology.org/action/showLinks?pmid=17077655&crossref=10.1097%2F01.ico.0000227889.11500.6f&isi=000241017100004&citationId=p_27
https://journals.physiology.org/action/showLinks?pmid=16211610&crossref=10.1002%2Fmds.20674&isi=000236409500002&citationId=p_4
https://journals.physiology.org/action/showLinks?pmid=8243508&crossref=10.1159%2F000116969&isi=A1993MB34800002&citationId=p_20
https://journals.physiology.org/action/showLinks?pmid=16202522&crossref=10.1016%2Fj.pain.2005.08.009&isi=000233281800020&citationId=p_36
https://journals.physiology.org/action/showLinks?pmid=3253136&crossref=10.1038%2Feye.1988.79&isi=A1988Q482600016&citationId=p_29
https://journals.physiology.org/action/showLinks?pmid=27468347&crossref=10.1186%2Fs13293-016-0087-5&isi=000380986700001&citationId=p_6
https://journals.physiology.org/action/showLinks?pmid=1993591&isi=A1991EX76600020&citationId=p_31


Hammer M, Abravanel A, Peckham E, Mahloogi A, Majounie E, Hallett
M, Singleton A. Blepharospasm: a genetic screening study in 132 patients.
Parkinsonism Relat Disord 64: 315–318, 2019. doi:10.1016/j.parkreldis.
2019.04.003.

Harrison WW, Begley CG, Liu H, Chen M, Garcia M, Smith JA. Menisci
and fullness of the blink in dry eye. Optom Vis Sci 85: 706–714, 2008.
doi:10.1097/OPX.0b013e318181ae02.

Henriquez VM, Evinger C. The three-neuron corneal reflex circuit and
modulation of second-order corneal responsive neurons. Exp Brain Res 179:
691–702, 2007. doi:10.1007/s00221-006-0826-7.

Himebaugh NL, Begley CG, Bradley A, Wilkinson JA. Blinking and tear
break-up during four visual tasks. Optom Vis Sci 86: E106–E114, 2009.
doi:10.1097/OPX.0b013e318194e962.

Hirata H, Takeshita S, Hu JW, Bereiter DA. Cornea-responsive medullary
dorsal horn neurons: modulation by local opioids and projections to thala-
mus and brain stem. J Neurophysiol 84: 1050–1061, 2000. doi:10.1152/jn.
2000.84.2.1050.

Hirata H, Okamoto K, Tashiro A, Bereiter DA. A novel class of neurons at
the trigeminal subnucleus interpolaris/caudalis transition region monitors
ocular surface fluid status and modulates tear production. J Neurosci 24:
4224–4232, 2004. doi:10.1523/JNEUROSCI.0381-04.2004.

Jinnah HA, Hallett M. In the wink of an eye: nature and nurture in blepharo-
spasm. Neurology 77: 616–617, 2011. doi:10.1212/WNL.0b013e3182299f84.

Johnston PR, Rodriguez J, Lane KJ, Ousler G, Abelson MB. The interblink
interval in normal and dry eye subjects. Clin Ophthalmol 7: 253–259, 2013.
doi:10.2147/OPTH.S39104.

Kaminer J, Powers AS, Horn KG, Hui C, Evinger C. Characterizing the
spontaneous blink generator: an animal model. J Neurosci 31: 11256–
11267, 2011. doi:10.1523/JNEUROSCI.6218-10.2011.

Katagiri A, Thompson R, Rahman M, Okamoto K, Bereiter DA. Evidence
for TRPA1 involvement in central neural mechanisms in a rat model of dry
eye. Neuroscience 290: 204–213, 2015. doi:10.1016/j.neuroscience.2015.
01.046.

King-Smith PE, Fink BA, Hill RM, Koelling KW, Tiffany JM. The
thickness of the tear film. Curr Eye Res 29: 357–368, 2004. doi:10.1080/
02713680490516099.

Komiyama O, Wang K, Svensson P, Arendt-Nielsen L, De Laat A. Gender
difference in masseteric exteroceptive suppression period and pain percep-
tion. Clin Neurophysiol 116: 2599–2605, 2005. doi:10.1016/j.clinph.2005.
07.017.

Komiyama O, Wang K, Svensson P, Arendt-Nielsen L, Kawara M, De
Laat A. Ethnic differences regarding sensory, pain, and reflex responses in
the trigeminal region. Clin Neurophysiol 120: 384–389, 2009. doi:10.1016/
j.clinph.2008.11.010.

Korb DR, Baron DF, Herman JP, Finnemore VM, Exford JM, Hermosa
JL, Leahy CD, Glonek T, Greiner JV. Tear film lipid layer thickness as a
function of blinking. Cornea 13: 354–359, 1994. doi:10.1097/00003226-
199407000-00012.

Lorber M. Regional differences within the external ‘duct’ of the rat exorbital
lacrimal gland. Exp Eye Res 56: 471–480, 1993. doi:10.1006/exer.1993.
1060.

Mao JB, Evinger C. Long-term potentiation of the human blink reflex. J
Neurosci 21: RC151, 2001. doi:10.1523/JNEUROSCI.21-12-j0002.2001.

Marcozzi G, Liberati V, Madia F, Centofanti M, de Feo G. Age- and
gender-related differences in human lacrimal fluid peroxidase activity.
Ophthalmologica 217: 294–297, 2003. doi:10.1159/000070638.

Matos R, Wang K, Jensen JD, Jensen T, Neuman B, Svensson P, Arendt-
Nielsen L. Quantitative sensory testing in the trigeminal region: site and
gender differences. J Orofac Pain 25: 161–169, 2011.

McClintock MK. Estrous synchrony: modulation of ovarian cycle length by
female pheromones. Physiol Behav 32: 701–705, 1984. doi:10.1016/0031-
9384(84)90181-1.

Meng ID, Barton ST, Mecum NE, Kurose M. Corneal sensitivity following
lacrimal gland excision in the rat. Invest Ophthalmol Vis Sci 56: 3347–3354,
2015. doi:10.1167/iovs.15-16717.

Misbahuddin A, Placzek MR, Chaudhuri KR, Wood NW, Bhatia KP,
Warner TT. A polymorphism in the dopamine receptor DRD5 is associated
with blepharospasm. Neurology 58: 124–126, 2002. doi:10.1212/WNL.58.
1.124.

Nakamori K, Odawara M, Nakajima T, Mizutani T, Tsubota K. Blinking
is controlled primarily by ocular surface conditions. Am J Ophthalmol 124:
24–30, 1997. doi:10.1016/S0002-9394(14)71639-3.

Okamoto K, Tashiro A, Hirata H, Bereiter DA. Differential modulation of
TMJ neurons in superficial laminae of trigeminal subnucleus caudalis/upper

cervical cord junction region of male and cycling female rats by morphine.
Pain 114: 203–211, 2005. doi:10.1016/j.pain.2004.12.013.

Okamoto K, Tashiro A, Thompson R, Nishida Y, Bereiter DA. Trigeminal
interpolaris/caudalis transition neurons mediate reflex lacrimation evoked by
bright light in the rat. Eur J Neurosci 36: 3492–3499, 2012. doi:10.1111/j.
1460-9568.2012.08272.x.

Ousler GW III, Abelson MB, Johnston PR, Rodriguez J, Lane K, Smith
LM. Blink patterns and lid-contact times in dry-eye and normal subjects.
Clin Ophthalmol 8: 869–874, 2014. doi:10.2147/OPTH.S56783.

Owens H, Phillips J. Spreading of the tears after a blink: velocity and
stabilization time in healthy eyes. Cornea 20: 484–487, 2001. doi:10.1097/
00003226-200107000-00009.

Pellegrini JJ, Evinger C. The trigeminally evoked blink reflex. II. Mecha-
nisms of paired-stimulus suppression. Exp Brain Res 107: 181–196, 1995.
doi:10.1007/BF00230040.

Pellegrini JJ, Horn AK, Evinger C. The trigeminally evoked blink reflex. I.
Neuronal circuits. Exp Brain Res 107: 166–180, 1995. doi:10.1007/
BF00230039.

Peshori KR, Schicatano EJ, Gopalaswamy R, Sahay E, Evinger C. Aging
of the trigeminal blink system. Exp Brain Res 136: 351–363, 2001. doi:10.
1007/s002210000585.

Polich J, Dalessio DJ, Aung M, DeYarman M. Non-invasive trigeminal
evoked potentials: normative aging data. Cephalalgia 15: 147–151, 1995.
doi:10.1046/j.1468-2982.1995.015002147.x.

Quartarone A, Sant’Angelo A, Battaglia F, Bagnato S, Rizzo V, Morgante
F, Rothwell JC, Siebner HR, Girlanda P. Enhanced long-term potentia-
tion-like plasticity of the trigeminal blink reflex circuit in blepharospasm. J
Neurosci 26: 716–721, 2006. doi:10.1523/JNEUROSCI.3948-05.2006.

Rahman EZ, Lam PK, Chu CK, Moore Q, Pflugfelder SC. Corneal
sensitivity in tear dysfunction and its correlation with clinical parameters
and blink rate. Am J Ophthalmol 160: 858–866.e5, 2015a. doi:10.1016/j.
ajo.2015.08.005.

Rahman M, Okamoto K, Thompson R, Katagiri A, Bereiter DA. Sensiti-
zation of trigeminal brainstem pathways in a model for tear deficient dry
eye. Pain 156: 942–950, 2015b. doi:10.1097/j.pain.0000000000000135.

Rahman M, Shiozaki K, Okamoto K, Thompson R, Bereiter DA. Trigem-
inal brainstem modulation of persistent orbicularis oculi muscle activity in
a rat model of dry eye. Neuroscience 349: 208–219, 2017. doi:10.1016/j.
neuroscience.2017.03.003.

Richards SM, Yamagami H, Schirra F, Suzuki T, Jensen RV, Sullivan DA.
Sex-related effect on gene expression in the mouse meibomian gland. Curr
Eye Res 31: 119–128, 2006. doi:10.1080/02713680500514644.

Rodriguez JD, Ousler GW III, Johnston PR, Lane K, Abelson MB.
Investigation of extended blinks and interblink intervals in subjects with and
without dry eye. Clin Ophthalmol 7: 337–342, 2013. doi:10.2147/OPTH.
S39356.

Rosenthal P, Borsook D. The corneal pain system. Part I: the missing piece
of the dry eye puzzle. Ocul Surf 10: 2–14, 2012. doi:10.1016/j.jtos.2012.
01.002.

Ryan M, Kaminer J, Enmore P, Evinger C. Trigeminal high-frequency
stimulation produces short- and long-term modification of reflex blink gain.
J Neurophysiol 111: 888–895, 2014. doi:10.1152/jn.00667.2013.

Sashima M, Hatakeyama S, Satoh M, Suzuki A. Harderianization is another
sexual dimorphism of rat exorbital lacrimal gland. Acta Anat (Basel) 135:
303–306, 1989. doi:10.1159/000146773.

Schade Powers A, Coburn-Litvak P, Evinger C. Conditioned eyelid move-
ment is not a blink. J Neurophysiol 103: 641–647, 2010. doi:10.1152/jn.
00631.2009.

Schicatano EJ, Basso MA, Evinger C. Animal model explains the origins of
the cranial dystonia benign essential blepharospasm. J Neurophysiol 77:
2842–2846, 1997. doi:10.1152/jn.1997.77.5.2842.

Schicatano EJ, Mantzouranis J, Peshori KR, Partin J, Evinger C. Lid
restraint evokes two types of motor adaptation. J Neurosci 22: 569–576,
2002. doi:10.1523/JNEUROSCI.22-02-00569.2002.

Schirra F, Richards SM, Liu M, Suzuki T, Yamagami H, Sullivan DA.
Androgen regulation of lipogenic pathways in the mouse meibomian gland.
Exp Eye Res 83: 291–296, 2006. doi:10.1016/j.exer.2005.11.026.

Steiner TJ, Scher AI, Stewart WF, Kolodner K, Liberman J, Lipton RB.
The prevalence and disability burden of adult migraine in England and their
relationships to age, gender and ethnicity. Cephalalgia 23: 519–527, 2003.
doi:10.1046/j.1468-2982.2003.00568.x.

Sullivan DA, Rocha EM, Aragona P, Clayton JA, Ding J, Golebiowski B,
Hampel U, McDermott AM, Schaumberg DA, Srinivasan S, Versura P,

841SEX, BLINKING, AND DRY EYE

J Neurophysiol • doi:10.1152/jn.00635.2019 • www.jn.org

https://doi.org/10.1016/j.parkreldis.2019.04.003
https://doi.org/10.1016/j.parkreldis.2019.04.003
https://doi.org/10.1097/OPX.0b013e318181ae02
https://doi.org/10.1007/s00221-006-0826-7
https://doi.org/10.1097/OPX.0b013e318194e962
https://doi.org/10.1152/jn.2000.84.2.1050
https://doi.org/10.1152/jn.2000.84.2.1050
https://doi.org/10.1523/JNEUROSCI.0381-04.2004
https://doi.org/10.1212/WNL.0b013e3182299f84
https://doi.org/10.2147/OPTH.S39104
https://doi.org/10.1523/JNEUROSCI.6218-10.2011
https://doi.org/10.1016/j.neuroscience.2015.01.046
https://doi.org/10.1016/j.neuroscience.2015.01.046
https://doi.org/10.1080/02713680490516099
https://doi.org/10.1080/02713680490516099
https://doi.org/10.1016/j.clinph.2005.07.017
https://doi.org/10.1016/j.clinph.2005.07.017
https://doi.org/10.1016/j.clinph.2008.11.010
https://doi.org/10.1016/j.clinph.2008.11.010
https://doi.org/10.1097/00003226-199407000-00012
https://doi.org/10.1097/00003226-199407000-00012
https://doi.org/10.1006/exer.1993.1060
https://doi.org/10.1006/exer.1993.1060
https://doi.org/10.1523/JNEUROSCI.21-12-j0002.2001
https://doi.org/10.1159/000070638
https://doi.org/10.1016/0031-9384(84)90181-1
https://doi.org/10.1016/0031-9384(84)90181-1
https://doi.org/10.1167/iovs.15-16717
https://doi.org/10.1212/WNL.58.1.124
https://doi.org/10.1212/WNL.58.1.124
https://doi.org/10.1016/S0002-9394(14)71639-3
https://doi.org/10.1016/j.pain.2004.12.013
https://doi.org/10.1111/j.1460-9568.2012.08272.x
https://doi.org/10.1111/j.1460-9568.2012.08272.x
https://doi.org/10.2147/OPTH.S56783
https://doi.org/10.1097/00003226-200107000-00009
https://doi.org/10.1097/00003226-200107000-00009
https://doi.org/10.1007/BF00230040
https://doi.org/10.1007/BF00230039
https://doi.org/10.1007/BF00230039
https://doi.org/10.1007/s002210000585
https://doi.org/10.1007/s002210000585
https://doi.org/10.1046/j.1468-2982.1995.015002147.x
https://doi.org/10.1523/JNEUROSCI.3948-05.2006
https://doi.org/10.1016/j.ajo.2015.08.005
https://doi.org/10.1016/j.ajo.2015.08.005
https://doi.org/10.1097/j.pain.0000000000000135
https://doi.org/10.1016/j.neuroscience.2017.03.003
https://doi.org/10.1016/j.neuroscience.2017.03.003
https://doi.org/10.1080/02713680500514644
https://doi.org/10.2147/OPTH.S39356
https://doi.org/10.2147/OPTH.S39356
https://doi.org/10.1016/j.jtos.2012.01.002
https://doi.org/10.1016/j.jtos.2012.01.002
https://doi.org/10.1152/jn.00667.2013
https://doi.org/10.1159/000146773
https://doi.org/10.1152/jn.00631.2009
https://doi.org/10.1152/jn.00631.2009
https://doi.org/10.1152/jn.1997.77.5.2842
https://doi.org/10.1523/JNEUROSCI.22-02-00569.2002
https://doi.org/10.1016/j.exer.2005.11.026
https://doi.org/10.1046/j.1468-2982.2003.00568.x
https://journals.physiology.org/action/showLinks?pmid=23403736&crossref=10.2147%2FOPTH.S39104&citationId=p_47
https://journals.physiology.org/action/showLinks?pmid=25734990&crossref=10.1097%2Fj.pain.0000000000000135&isi=000354007800021&citationId=p_72
https://journals.physiology.org/action/showLinks?pmid=30956059&crossref=10.1016%2Fj.parkreldis.2019.04.003&isi=000487567800048&citationId=p_40
https://journals.physiology.org/action/showLinks?pmid=17216149&crossref=10.1007%2Fs00221-006-0826-7&isi=000246751100015&citationId=p_42
https://journals.physiology.org/action/showLinks?pmid=6541794&crossref=10.1016%2F0031-9384%2884%2990181-1&isi=A1984TD27800002&citationId=p_58
https://journals.physiology.org/action/showLinks?pmid=22330055&crossref=10.1016%2Fj.jtos.2012.01.002&isi=000301400400002&citationId=p_76
https://journals.physiology.org/action/showLinks?pmid=7641252&crossref=10.1046%2Fj.1468-2982.1995.015002147.x&isi=A1995QW21200018&citationId=p_69
https://journals.physiology.org/action/showLinks?pmid=15733646&crossref=10.1016%2Fj.pain.2004.12.013&isi=000227683500023&citationId=p_62
https://journals.physiology.org/action/showLinks?pmid=2801002&crossref=10.1159%2F000146773&citationId=p_78
https://journals.physiology.org/action/showLinks?system=10.1152%2Fjn.1997.77.5.2842&isi=A1997WZ56300046&citationId=p_80
https://journals.physiology.org/action/showLinks?pmid=21528123&citationId=p_57
https://journals.physiology.org/action/showLinks?pmid=16579987&crossref=10.1016%2Fj.exer.2005.11.026&isi=000238878400007&citationId=p_82
https://journals.physiology.org/action/showLinks?pmid=15590483&crossref=10.1080%2F02713680490516099&isi=000226373900018&citationId=p_50
https://journals.physiology.org/action/showLinks?pmid=8773238&crossref=10.1007%2FBF00230040&isi=A1995TL55800003&citationId=p_66
https://journals.physiology.org/action/showLinks?pmid=23439943&crossref=10.2147%2FOPTH.S39356&citationId=p_75
https://journals.physiology.org/action/showLinks?pmid=19156014&crossref=10.1097%2FOPX.0b013e318194e962&isi=000263317900006&citationId=p_43
https://journals.physiology.org/action/showLinks?pmid=26024120&crossref=10.1167%2Fiovs.15-16717&isi=000356439200072&citationId=p_59
https://journals.physiology.org/action/showLinks?pmid=11243477&crossref=10.1007%2Fs002210000585&isi=000167032900008&citationId=p_68
https://journals.physiology.org/action/showLinks?pmid=8500559&crossref=10.1006%2Fexer.1993.1060&isi=A1993KZ46600009&citationId=p_54
https://journals.physiology.org/action/showLinks?pmid=22937868&crossref=10.1111%2Fj.1460-9568.2012.08272.x&isi=000312156700004&citationId=p_63
https://journals.physiology.org/action/showLinks?system=10.1152%2Fjn.00631.2009&isi=000274327900005&citationId=p_79


Willcox MDP. TFOS DEWS II Sex, Gender, and Hormones Report. Ocul
Surf 15: 284–333, 2017. doi:10.1016/j.jtos.2017.04.001.

Tashiro A, Bereiter DA, Thompson R, Nishida Y. GABAergic influence
on temporomandibular joint-responsive spinomedullary neurons depends
on estrogen status. Neuroscience 259: 53– 62, 2014. doi:10.1016/j.
neuroscience.2013.11.053.

Tolosa E, Martí MJ. Blepharospasm-oromandibular dystonia syndrome
(Meige’s syndrome): clinical aspects. Adv Neurol 49: 73–84, 1988.

Truong S, Cole N, Stapleton F, Golebiowski B. Sex hormones and the dry
eye. Clin Exp Optom 97: 324–336, 2014. doi:10.1111/cxo.12147.

Tsubota K, Hata S, Okusawa Y, Egami F, Ohtsuki T, Nakamori K.
Quantitative videographic analysis of blinking in normal subjects and
patients with dry eye. Arch Ophthalmol 114: 715–720, 1996. doi:10.1001/
archopht.1996.01100130707012.

Walcott B, Birzgalis A, Moore LC, Brink PR. Fluid secretion and the
Na�-K�-2Cl- cotransporter in mouse exorbital lacrimal gland. Am J Physiol
Cell Physiol 289: C860–C867, 2005. doi:10.1152/ajpcell.00526.2004.

Wang SB, Hu KM, Seamon KJ, Mani V, Chen Y, Gronert K. Estrogen
negatively regulates epithelial wound healing and protective lipid mediator
circuits in the cornea. FASEB J 26: 1506–1516, 2012. doi:10.1096/fj.11-
198036.

Williams DL. Ocular disease in rats: a review. Vet Ophthalmol 5: 183–191,
2002. doi:10.1046/j.1463-5224.2002.00251.x.

Xiao J, Thompson MM, Vemula SR, LeDoux MS. Blepharospasm in a
multiplex African-American pedigree. J Neurol Sci 362: 299–303, 2016.
doi:10.1016/j.jns.2016.02.003.

Yap M. Tear break-up time is related to blink frequency. Acta Ophthalmol
(Copenh) 69: 92–94, 1991. doi:10.1111/j.1755-3768.1991.tb01999.x.

Yekta SS, Smeets R, Stein JM, Ellrich J. Assessment of trigeminal nerve
functions by quantitative sensory testing in patients and healthy volunteers. J
Oral Maxillofac Surg 68: 2437–2451, 2010. doi:10.1016/j.joms.2009.12.013.

Yolton DP, Yolton RL, López R, Bogner B, Stevens R, Rao D. The effects
of gender and birth control pill use on spontaneous blink rates. J Am Optom
Assoc 65: 763–770, 1994.

842 SEX, BLINKING, AND DRY EYE

J Neurophysiol • doi:10.1152/jn.00635.2019 • www.jn.org

https://doi.org/10.1016/j.jtos.2017.04.001
https://doi.org/10.1016/j.neuroscience.2013.11.053
https://doi.org/10.1016/j.neuroscience.2013.11.053
https://doi.org/10.1111/cxo.12147
https://doi.org/10.1001/archopht.1996.01100130707012
https://doi.org/10.1001/archopht.1996.01100130707012
https://doi.org/10.1152/ajpcell.00526.2004
https://doi.org/10.1096/fj.11-198036
https://doi.org/10.1096/fj.11-198036
https://doi.org/10.1046/j.1463-5224.2002.00251.x
https://doi.org/10.1016/j.jns.2016.02.003
https://doi.org/10.1111/j.1755-3768.1991.tb01999.x
https://doi.org/10.1016/j.joms.2009.12.013
https://journals.physiology.org/action/showLinks?pmid=8639084&crossref=10.1001%2Farchopht.1996.01100130707012&citationId=p_88
https://journals.physiology.org/action/showLinks?pmid=24316475&crossref=10.1016%2Fj.neuroscience.2013.11.053&isi=000330597700007&citationId=p_85
https://journals.physiology.org/action/showLinks?pmid=20598414&crossref=10.1016%2Fj.joms.2009.12.013&isi=000282670400010&citationId=p_94
https://journals.physiology.org/action/showLinks?system=10.1152%2Fajpcell.00526.2004&isi=000231822000012&citationId=p_89
https://journals.physiology.org/action/showLinks?pmid=12236869&crossref=10.1046%2Fj.1463-5224.2002.00251.x&isi=000178046600009&citationId=p_91
https://journals.physiology.org/action/showLinks?pmid=2028776&crossref=10.1111%2Fj.1755-3768.1991.tb01999.x&isi=A1991EZ62800018&citationId=p_93
https://journals.physiology.org/action/showLinks?pmid=3278555&citationId=p_86
https://journals.physiology.org/action/showLinks?pmid=7822673&citationId=p_95



