
In Vivo Detection of Experimental Optic Neuritis by Pupillometry

Kenneth S. Shindlera,#, Karen Reverea,#, Mahasweta Dutta, Gui-Shuang Yingb, and Daniel
C. Chunga

aF.M. Kirby Center for Molecular Ophthalmology, Department of Ophthalmology, University of
Pennsylvania Scheie Eye Institute, Stellar-Chance Laboratories, 3rd Floor, 422 Curie Blvd,
Philadelphia, PA 19104, dcc2@mail.med.upenn.edu, Phone: 215-898-0915, FAX: 215-573-7155
bCenter for Preventive Ophthalmology and Biostatistics, Department of Ophthalmology, University
of Pennsylvania Scheie Eye Institute, 3535 Market Street, Suite 700, Philadelphia, PA 19104

Abstract
Optic neuritis is an inflammatory demyelination of optic nerve often occurring in multiple
sclerosis (MS) patients. Mice with experimental autoimmune encephalomyelitis (EAE), an MS
model, develop optic neuritis, but it is detected histologically after sacrifice, limiting the ability to
monitor progression or treatment in vivo. We examined whether pupillary light responses
measured by pupillometry can identify eyes with optic neuritis in EAE mice. C57BL/6 mice were
exposed to unilateral light flashes of increasing intensity at 10 second intervals (4.7, 37, and 300
μW/cm2). Pupillary responses were recorded with a commercially available pupillometer. EAE
was then induced by immunization with myelin oligodendrocyte glycoprotein. Pupillometry was
repeated up to 17 days post-immunization, and responses were correlated with optic nerve
inflammation. By day 17 post-immunization, 90% of EAE eyes had optic nerve inflammation.
EAE eyes had significantly reduced pupillary constriction compared to control eyes. Mice
exhibited more than a 25% decrease in pupillary constriction in at least one eye by days 13-15
post-immunization. In some eyes, pupil responses decreased prior to onset of detectable
inflammation. Results show that pupillometry detects decreased optic nerve function in
experimental optic neuritis, even in the absence of histological detection. Measuring pupillary
constriction allows in vivo identification and functional assessment of eyes with optic neuritis that
will be useful in evaluating potential therapies over time. Furthermore, results demonstrate that
decreased visual function occurs early in optic neuritis, before optic nerve inflammation reaches
its peak level.
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1. Introduction
Optic neuritis, an inflammatory demyelinating disease of the optic nerve, often occurs in
patients with the central nervous system demyelinating disease MS (Noseworthy et al.,
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2000; Arnold, 2005; Optic Neuritis Study Group, 2008). Experimental optic neuritis occurs
in the MS model EAE, induced by immunization of rodents with myelin antigens that result
in monophasic, relapsing, or chronic optic nerve inflammation (Potter and Bigazzi, 1992;
Meyer et al., 2001; Shao et al., 2004; Shindler et al., 2006, 2008), with distinct disease
courses depending on the specific antigen and type of strain used.

EAE optic neuritis models have provided important insight into mechanisms of retinal
ganglion cell (RGC) loss induced by inflammation, and have provided a means of
examining potential therapies designed to preserve RGCs damaged during optic neuritis
(Guy et al., 1998; Hobom et al., 2004; Shindler et al., 2007, 2008; Dutt et al., 2010).
However, the development of optic neuritis is variable, with bilateral optic neuritis occurring
in some animals, and unilateral or no optic neuritis in others (Shindler et al., 2006, 2008).
Because detection of optic neuritis depends on histological evaluation of optic nerves,
analysis of effects of optic neuritis are complicated by the possibility that inflammation may
resolve by the time tissues are harvested, or inflammation may occur in focal lesions along
the optic nerve that may be missed when tissues are sectioned. Efficient, reliable methods of
detecting which eyes in EAE mice have signs of optic neuritis in vivo will reduce the
chances of missing the optic nerve inflammation, and can facilitate longitudinal studies of
the effects of experimental optic neuritis on visual function.

Pupillometry measures dynamic changes in pupillary diameter in response to light stimuli,
providing a functional assessment of RGC axonal pathways. Pupillary responses have been
used as important measures of optic nerve function in optic neuritis and MS patients (Ellis,
1979; Beck et al., 1992; Surakka et al., 2008). Pupillometry has been used recently to
characterize normal murine pupillary light responses and the role of melanopsin-containing
RGCs (Zhu et al., 2007; Hussain et al., 2009). A potential role for pupillometry in
monitoring optic nerve function in EAE mice was suggested (Hussain et al., 2009), but has
not been reported.

In the current study, pupillary light responses were recorded in mice with chronic EAE. The
degree of pupil constriction in each eye in response to three different light intensities was
measured and compared to responses in control mice. The degree of inflammation observed
in histological sections of optic nerves was evaluated to determine whether inflammation
correlated with reduced pupillary responses. Results suggest that pupillometry can be used
as a sensitive, non-invasive method of detecting eyes with experimental optic neuritis, and
suggest that even mild or focal inflammation below the level of detection by gross histology
can result in decreased optic nerve function in this model.

2. Materials and methods
2.1 Mice

Seven week old female C57BL/6 mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). Animals were housed at animal facilities at the University of
Pennsylvania. All treatments conformed to Institutional Animal Care and Use Committee
guidelines and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

2.2 RGC labeling
RGCs were labeled using previously published methods (Shindler et al., 2006, 2008).
Briefly, mice were anesthetized intraperitoneally with 2 mg ketamine (Sigma, St. Louis,
MO) and 1 mg xylazine (Sigma). Heads were shaved, a mediosagittal incision was made in
the scalp, and holes were drilled through the skull. 2.5 μl of 1.25% hydroxystilbamidine

Shindler et al. Page 2

Exp Eye Res. Author manuscript; available in PMC 2014 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Fluorogold; Molecular Probes, Eugene, OR) in sterile phosphate buffered saline (PBS) was
injected stereotactically into each superior colliculus.

2.3 Pupillometry
Pupil responses were elicited and recorded using a Neuroptics Pupillometer (San Clemente,
CA, USA) for rodents (Hussain et al., 2009). This device uses a dual-camera system to emit
infrared wavelengths and allow for pupil fixation in the pigmented mouse. Cameras are
positioned in front of the right and left eye of non-anesthetized mice, and single light flashes
with varying intensities are generated in one eye. The light stimulus is presented to the eye
being tested by a circumferential configuration of eight 5 mm white light emitting diodes,
within an enclosed cone, whose opening is directed to the eye. This provides equal
illumination to all segments of the iris. Changes in pupillary diameter of both eyes are
tracked and recorded through threshold detection. The Neuroptics software samples at 15 Hz
frequency, and the pulse duration of light stimuli is 100ms with a relaxation time of
9,900ms. Three light intensities, low, medium and high (4.7, 37, and 300 μW/cm2,
respectively) were presented at varying time points in three separate experimental
paradigms. A series of five flashes of light were used to stimulate each eye, and the percent
constriction of each pupil was determined by averaging the change in pupil diameter
following each flash of light. Mice were dark-adapted overnight prior to pupillometry, and
pupil constriction was measured following each light flash as the maximal percent decrease
in pupillary size from the dark-adapted pupil diameter. Resting (dark-adapted) pupil
diameter did not vary significantly between baseline (prior to disease induction) and
subsequent time points along the EAE disease course.

2.4 Induction and monitoring of EAE
EAE was induced one week after RGC labeling. Mice (n = 5/experiment) were anesthetized
and injected subcutaneously at two sites on the back with a total of 200 μg of myelin
oligodendrocyte glycoprotein peptide (MOG; Genscript, Piscataway, NJ, USA) emulsified
in Complete Freund's Adjuvant (CFA; Difco, Detroit, MI, USA) containing 2.5 mg/ml
mycobacterium tuberculosis (Difco). Control mice (n = 5/experiment) were injected with an
equal volume of PBS and CFA. 200 ng pertussis toxin (List Biological, Campbell, CA,
USA) in 0.2 ml PBS was injected intraperitoneally on days 0 (day of immunization) and 2 in
all mice. Severity of EAE was scored using a previously published 5-point scale (Shindler et
al., 2006): no disease = 0; partial tail paralysis = 0.5; tail paralysis or waddling gait = 1.0;
partial tail paralysis and waddling gait = 1.5; tail paralysis and waddling gait = 2.0; partial
limb paralysis = 2.5; paralysis of one limb = 3.0; paralysis of one limb and partial paralysis
of another = 3.5; paralysis of two limbs = 4.0; moribund state = 4.5; death = 5.0.

2.5 Histopathologic evaluation of optic nerves
Isolated optic nerves were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into
5μm longitudinal sections. Following hematoxylin and eosin (H&E) staining, a blinded
investigator examined each section for the presence of inflammatory cells. The degree of
inflammation observed was scored using a previously described 4 point scale (Shindler et
al., 2006, 2008): No infiltrating inflammatory cells = 0, mild cellular infiltration = 1,
moderate infiltration = 2, severe infiltration = 3, and massive infiltration = 4. Each eye was
analyzed individually as optic neuritis occurs as an independent event in EAE (Shindler et
al., 2006).

2.6 Statistics
The average pupillometry reading in each eye under each light intensity stimulus was
calculated for the statistical comparison. The pupillary responses to light intensity stimulus
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were compared between EAE mice and control mice by using generalized linear models,
with inter-eye correlation between paired eyes of the same mouse adjusted for by using
generalized estimating equations (Liang and Zeger, 1986). All data analysis was performed
using SAS V9.2 (SAS Inc, Cary, NC), and two-sided p-value <0.05 was considered
statistically significant.

3. Results
3.1 Incidence of optic neuritis in chronic EAE

In a prior study, most optic nerves in mice with chronic EAE developed histological
evidence of inflammation by day 17 post-immunization (Shao et al., 2004). We found
similar results, and graded the degree of optic nerve inflammation on a relative scale. 7-8
week old female C57BL/6 mice were immunized with MOG on day 0 and observed daily
for the development of EAE. EAE symptoms of tail and hind limb paralysis began by day
12-13 post-immunization, peaking and leveling off by day 15 (Fig. 1A). On day 17, mice
were euthanized and optic nerves were isolated (n = 10/group). H & E staining of
longitudinal optic nerve sections demonstrated increased cellularity consistent with
inflammatory cell infiltration in EAE optic nerves as compared to controls (Fig. 1B-D). 90%
of optic nerves from EAE mice developed histological evidence of optic neuritis, with a
variable degree of inflammation as scored by a blinded investigator – 40% mild, 30%
moderate, 20% severe (Fig. 1E).

3.2 Decreased pupillary light responses in EAE mice with optic nerve inflammation
Baseline pupillometry measurements were taken in EAE and control mice prior to
immunization. Repeat pupillometry was performed prior to sacrifice on day 17. There was
no significant difference in the degree of pupillary constriction in response to the high
intensity light stimulus between EAE and control mice (Fig. 2A). However, in response to
both medium (Fig. 2B) and low (Fig. 2C) intensity light stimuli, pupillary constriction was
significantly decreased in EAE mouse eyes measured at day 17 post-immunization, as
compared to control eyes. .

3.3 Time course of pupillary responses in experimental optic neuritis
Above results show that pupillary responses are decreased by the time overt inflammation is
manifest in most optic nerves. We next examined the time course of pupil responses
following induction of EAE to determine whether pupillometry can be used to detect the
early onset of optic neuritis. Baseline pupillometry was performed in EAE and control mice
prior to immunization, and was repeated at several time points through day 17. The high
intensity light stimulus failed to produce significant differences in pupil response between
EAE and control eyes (Fig. 3A) at any time point. For the medium (Fig. 3B) and low (Fig.
3C) light intensity stimuli, significant decreases in the percentage area of pupillary
constriction was observed in EAE mouse eyes as compared to controls prior to day 17, as
early as day 15 post-immunization.

In order to examine the relation between initial decreases in pupillary light response and
histological evidence of optic nerve inflammation, a separate group of mice were immunized
to induce EAE. Pupillometry was performed prior to immunization, and repeated daily
beginning 10 days after immunization. Mice were sacrificed on the first day that a 25% or
greater decrease in pupillary constriction from baseline was detected in at least one eye in
response to the low light intensity stimulus. Amongst five mice, two developed decreased
pupillary constriction on day 13, two on day 14, and one on day 15 post-immunization.
After sacrifice, optic nerve sections showed varying levels of inflammation (Fig. 4), with no
inflammation observed in 60% of optic nerves, including nerves from eyes that had
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decreased pupillary response (Fig. 4A,B). In 5 mice, histologic evidence of optic nerve
inflammation was detected bilaterally in 1 mouse, unilaterally in 2 mice, and undetectable
bilaterally in 2 mice.

4. Discussion
Results demonstrate that almost all eyes develop optic neuritis in the C57BL/6 MOG-
induced chronic EAE model, similar to previous studies using histological parameters to
detect optic nerve inflammation (Shao et al., 2004; Quinn et al, 2011). By the time that
detectable inflammation is present, 17 days after EAE induction, there is a significant
decrease in the pupillary light reflex reflecting decreased optic nerve function. These
findings suggest that this non-invasive method can be used as a surrogate measure of the
presence of optic nerve inflammation in experimental optic neuritis.

While the lowest and middle level light intensity stimuli used in the current studies led to
reduced pupillary responses in EAE mice, pupil responses to a high intensity stimulus were
not reduced in EAE mice as compared to controls. It is possible that at higher light
intensities there is sufficient signal generated to saturate the pupillary light reflex and drive
maximal constriction even in nerves that are partially dysfunctional due to active
inflammation. Alternatively, preserved pupil responses in EAE mice may be due to high
intensity stimuli triggering the recently described intrinsic iris photoresponse (Xue et al,
2011). Results suggest that using lower light intensities, such as the 4.7 μW/cm2 stimulus
used here, is likely the best method for evaluating pupillary responses in murine models of
optic neuropathy. The specific degree of pupillary constriction will need to be assessed in
different EAE optic neuritis models induced in other genetic backgrounds, as pupillary
responses have been shown to vary depending on mouse strain and gender (Manno, 2009).

The fact that responses to lower light intensity stimuli correlated best with optic nerve
inflammation is encouraging for potential use of this method in longitudinal studies. While
we did not observe any significant decrease in pupillary response over time in control mice
in these short-term studies, light-induced toxicity to photoreceptors can occur at high levels
of light exposure (Wenzel et al., 2005; Santos et al., 2010). It is possible that light-induced
damage may accumulate over time with repeated measures, and needs to be examined
further, but it is less likely to occur using lower light intensity stimuli.

Interestingly, when mice were sacrificed at earlier time points, at the first onset of
measureable decline in pupillary light responses, inflammation was detected in histological
sections of optic nerve from only a subset of eyes. In fact, some eyes with more than a 25%
decrease in pupillary constriction had no inflammation detected in the optic nerve. This
suggests that pupillometry may be able to detect eyes early during the initial onset of optic
neuritis, with the amount of inflammatory cells infiltrating the nerve either being too few to
detect an increase in cellularity in histological sections, or alternatively there may only be
small focal areas of inflammation that might be skipped during the process of sectioning the
nerves. While the data at these early time points alone might raise the possibility that
changes measured on pupillometry may be non-specific, the significant decrease in pupil
constriction measured just a few days later (by day 17) in eyes with optic nerve
inflammation suggests that this method is indeed identifying those eyes that are developing
optic neuritis. This suggests that optic neuritis can induce significant visual impairment even
with very mild levels of inflammation, and if patients present early after onset of symptoms,
there may be an opportunity to intervene to limit the ultimate amount of inflammation that
will develop. Pupillary responses have been used to assess optic nerve function in optic
neuritis and MS patients (Ellis, 1979; Beck et al., 1992; Surakka et al., 2008), and recent
studies demonstrated that decreased pupillary responses correlate with structural changes in
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the retina, specifically thinning of the retinal nerve fiber layer which contains RGC axons
(Salter et al., 2009). We previously demonstrated significant RGC loss occurs in EAE eyes
with optic neuritis (Shindler et al, 2008; Quinn et al, 2011). Together, results suggest
pupillometry may be useful not only for detecting eyes with optic neuritis, but also for
predicting RGC loss.

Pupillometry provides a non-invasive, quantifiable measure of optic nerve function that
facilitates identification of eyes with optic neuritis in the EAE model of MS. Results suggest
that low light intensity stimuli can be used to detect optic neuritis eyes and monitor optic
nerve function over time. In addition to detecting disease onset, pupillometry provides a
promising method for evaluating changes in optic nerve function that can be used to
evaluate new treatments in experimental optic neuritis, and likely will be useful in models of
other optic nerve disorders as well.
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• High incidence of optic neuritis occurs in EAE model of multiple sclerosis

• Common detection by histology has limited reliability/can only be done post-
sacrifice

• Reduced pupillary responses detected by pupillometry correlate with optic
neuritis

• Pupillometry detects optic neuritis early, even without histological signs of
inflammation

• Pupillometry allows simple, reliable in vivo detection of experimental optic
neuritis
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Fig. 1.
High incidence of optic neuritis occurs in chronic murine EAE. C57BL/6 mice were
immunized on day 0 with MOG to induce EAE. (A) Clinical tail and limb paralysis,
hallmarks of EAE inflammation in spinal cord, began by days 12-13 post-immunization in
all mice (n = 5), with severity increasing through at least day 15. (B) Longitudinal section of
an optic nerve from a control, non-EAE mouse stained by H&E shows the normal
cellularity. (C) An optic nerve from a day 17 post-immunization EAE mouse demonstrates
mild inflammation, with small scattered foci of increased cellularity. (D) Moderate
inflammation, with a focal area containing marked cellular infiltrate, is shown. (E)
Histological examination of 10 EAE optic nerves 17 days post-inflammation demonstrates
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90% of nerves develop optic neuritis, with varying degrees of inflammation. Original
magnification X40 (B-D).
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Fig. 2.
Pupillary light responses are reduced in EAE eyes. Pupillometry was performed in C57BL/6
mice before immunization and again 17 days later, after onset of EAE and optic neuritis.
Pupil responses are recorded as the average percentage area constriction (pupil area prior to
light stimulus – small pupil size post-stimulus/pupil area prior to light stimulus) in response
to a single light flash in each eye (n = 10). (A) A 300 μW/cm2 light stimulus induced a 33.2
± 3.5% constriction of the pupils in control mice, with no significant difference in EAE
mice. (B) A 37 μW/cm2 light stimulus induced a 35.3 ± 8.1% constriction of the pupils in
control mice, and a significantly smaller 9.1 ± 1.2% constriction in EAE mice. (C) A 4.7
μW/cm2 light stimulus induced an 18.9 ± 1.5% constriction of the pupils in control mice,
and a significantly smaller 6.2 ± 0.4% constriction in EAE mice.
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Fig. 3.
Pupillary light responses decrease by day 15 post-immunization in EAE mice. Pupillometry
was repeated on multiple days after immunization with MOG to induce EAE in C57BL/6
mice. (A) Similar to findings at day 17, no difference in the degree of pupillary constriction
induced by a 300 μW/cm2 light stimulus was found at any time point between control and
EAE mouse eyes (n = 10). (B) Pupil constriction in response to a 37 μW/cm2 stimulus was
no different between control and EAE eyes at early time points, with decreasing pupillary
responses developing gradually in EAE mice and reaching statistical significance at day 15
post-immunization. (C) Similar to the medium intensity stimulus, pupil constriction in
response to a 4.7 μW/cm2 stimulus was significantly decreased by day 16 post-
immunization in EAE eyes as compared to control eyes.
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Fig. 4.
Decreased pupillary light responses precede histological evidence of optic neuritis. Baseline
pupillometry was performed using a 4.7 μW/cm2 stimulus prior to induction of EAE, and
was repeated daily beginning 10 days post-immunization. Mice (n = 5) were sacrificed on
the first day that one or both eyes demonstrated a 25% or greater decrease in pupillary
constriction compared to baseline. (A,B) Normal optic nerve histology, without evidence of
inflammation, is shown from two representative EAE mouse eyes that had marked (greater
than 25%) decreases in pupillary light response. (C) Mild inflammation observed in another
EAE eye that had decreased pupillary constriction. (D) While 8 of 10 eyes from EAE mice
had 25% or greater decrease in pupillary constriction at the time of sacrifice, only 4 eyes
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demonstrated varying levels of inflammation on histological evaluation, with 60% of eyes
exhibiting no detectable inflammation. Original magnification X40 (A-C).
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