
Direct and consensual murine pupillary reflex metrics:
Establishing normative values

Rehana Z. Hussaina, Steven C. Hopkinsa, Elliot M. Frohmana,b, Todd N. Eagara,c, Petra C.
Cravensa, Benjamin M. Greenberga, Steven Verninoa,*, and Olaf Stüvea,c,d,*

aDepartment of Neurology, University of Texas Southwestern Medical Center at Dallas, 5323
Harry Hines Blvd, TX 75390-9036, USA
bDepartment of Ophthalmology, University of Texas Southwestern Medical Center at Dallas, 5323
Harry Hines Blvd, TX 75390, USA
cDepartment of Immunology, University of Texas Southwestern Medical Center at Dallas, 5323
Harry Hines Blvd, TX 75390-9036, USA
dNeurology Section, VA North Texas Health Care System, Medical Service, 4500 South
Lancaster Road, Dallas, TX 75216, USA

Abstract
Pupillometry is a non-invasive technique, based on well-established neurophysiologic principles,
that can be utilized to objectively characterize pathophysiologic demyelinating and
neurodegenerative changes involving the pupillary reflex pathway. In animal models of human
disorders, pupillometry derived reflex metrics could potentially be used to longitudinally monitor
disease activity and responses to pharmacotherapies. These investigations would have important
implications for translational initiatives focused on the identification and application of novel
neuroprotective and restorative treatments for human diseases such as multiple sclerosis. Here, we
have established normal reference values for various pupillary reflex metrics across different
mouse strains. Ultimately, we anticipate that this new data will help to catalyze unique lines of
inquiry using pupillometry methods.
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1. Introduction
Pupillometry has long been utilized in humans to measure the pupil diameter and its
dynamic changes. Demyelination, neurodegeneration, or synaptic impairment in the
peripheral or central pupillary reflex pathways can be detected and quantified. This
technique is most widely employed in the diagnosis and paraclinical monitoring of
autonomic nervous system disorders (Pozzessere et al. 1996; Bitsios et al. 1996; Prettyman
et al. 1997; O'Neill et al. 1996; O'Neill et al. 1998). However, it has also been used
diagnostically and experimentally in pharmacological studies (Bitsios et al. 1999; Brown et
al. 2004; Knaggs et al. 2004), sleep disorders (O'Neill et al. 1998; Wilhelm et al. 2001;
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McLaren et al. 2002; Merritt et al. 2004), fatigue (Morad et al. 2000), and pain medicine
(Barvais et al. 2003; Donaldson et al. 2003; Tegeder et al. 2003).

The potential role of pupillometry in the diagnostic work-up and monitoring of
neuroinflammatory and neurodegenerative diseases has perhaps been under-utilized and is
only now being explored. Multiple sclerosis (MS) is the most common acquired
inflammatory demyelinating disorder (Steinman 2001). The animal model of MS,
experimental autoimmune encephalomyelitis (EAE), has been used for many decades to
develop and test novel pharmacotherapies (Steinman and Zamvil 2006). The clinical
evaluation of animals is currently the only metric that allows the scientist a longitudinal
assessment of experimental animals. This clinical disability metric is limited to the motor
function and is quantified by a nominal scale (Zamvil and Steinman 1990). Quantification of
inflammation, demyelination, and neurodegeneration can only be assessed cross sectionally
after sacrificing animals and performing a histopathological evaluation.

Pupillometry has the potential to assess demyelinating and neurodegenerative events in the
optic nerve and upper brainstem of mice with EAE and other animal models of human
disorders. This technique may prove especially useful to identify defects in the pupillary
reflex pathway in genetically-altered animals, and in monitoring the effects of
pharmacotherapies over time. Here, we tested the safety and feasibility of the procedure, and
we established normal reference values for pupillary reflex metrics in different mouse
strains.

2. Methods
2.1. Animals

Experimental protocols were approved by the Institutional Animal Care and Use Committee
at our institution. A minimum of five male and five female C57BL/6, B10.PL, and SJL/J
mice between the ages of 8 and 12 weeks were evaluated. The animals were fully acclimated
to the research environment, had unrestricted access to food and water and were maintained
in a 12hour light-dark cycle. For testing, mice were lightly sedated with intraperitoneal
injection of ketamine (40 mg/ml), xylazine (3 mg/ml), and acepromazine (1.5 mg/ml)
(Mukherjee and Vernino 2007). Alternate forms of sedation (isoflurane or pentobarbital) had
been noted to cause impairment of pupillary responses. Other investigators have reported
that anesthesia with low dose nitrous oxide (30%), intraperitoneal ketamine (up to 45 mg/
kg) or xylazine (up to 17 mg/kg) has no effect on the mouse pupil size or the magnitude of
the pupillary light reflex (Pennesi et al. 1998; Grozdanic et al. 2002; Aleman et al. 2004).

2.2. Pupillometry
The pupillometry system is a research device developed by Neuroptics Inc. (San Clemente,
CA), which can reliably capture and automatically measure the pupil diameter bilaterally
and deliver controlled light stimuli (Fig. 1A and B). The system uses infrared cameras to
capture (30 times per second) digital images of the pupils in darkness (Mukherjee and
Vernino 2007). Pupil diameter is determined by threshold detection of the dark pupil and
correction for distance of the pupil from the camera. After sedation, the mouse is positioned
in the pupillometer (Fig. 1A and B) and allowed to dark adapt for at least 10min. While
monitoring the pupil size, a time and intensity-calibrated light stimulus is presented to one or
both eyes using a circumferential array of white light-emitting diodes. The light stimulus
consists of a one second light presentation at intensity of 2, 32 or 125 μW. The raw data of
pupil diameter from each eye is recorded for offline analysis. The amplified view of a
healthy murine pupil is shown in Fig. 1C, whereas Fig. 1D depicts a mouse with cataract.
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Fig. 1E exemplifies murine pupil light reflex responses indicating measurement of key
autonomic parameters.

A custom program for analysis reads the raw pupil diameter data and determines baseline
pupil size, onset latency, constriction velocity and response amplitude. To reject noise in the
measurement, the first and second derivative of the raw data is calculated (representing
instantaneous constriction velocity and pupil acceleration). Onset latency is detected at the
point of maximum pupil acceleration. Maximum constriction velocity represents the largest
downward slope (first derivative) of the response curve (in mm/s), and the maximum
response is detected at the point of inflection from negative to positive constriction velocity.
Pupil re-dilation in the dark typically shows a biphasic pattern with an initial re-dilation
(thought to be mediated by release of parasympathetic input) and a second slower re-dilation
(thought to be driven by sympathetic activation). Using the derivative of the pupil diameter,
the re-dilation velocities can be determined. We did not investigate re-dilation parameters in
detail in this study since the initial re-dilation velocity (RV1) does not provide additional
pathophysiological information, and the slow secondary re-dilation velocity (RV2) was
often contaminated by noise.

Since the absolute magnitude of the change in pupil diameter depends, in part, on the initial
pupil diameter, we express the response amplitude as a ratio between the maximal change in
pupil size and the initial pupil diameter. This ratio, or relative peak constriction amplitude, is
expressed as a percent. This metric is the most commonly used single quantitative measure
of the pupillary light reflex (Fotiou et al., 2000). The pupillary reflex pathway and expected
outcomes as a result of an afferent or efferent lesion are shown in Fig. 2A and B.

2.3. Statistical analysis
The distribution of datapoints within cohorts was analyzed with distribution tables. Student
T test was utilized to compare the means of two groups. The means of multiple groups were
compared by analysis of variance (ANOVA). Data are expressed as mean±standard
deviation. P-values<0.05 were considered significant. Prisms for Windows v. 4.03
(GraphPad Software Inc., La Jolla, CA) were used for statistical analyses.

3. Results
3.1. Safety and feasibility of pupillometry

Baseline values for unstimulated pupil diameter, latency, constriction velocity, dilation
velocity, and amplitude were obtained in C57BL/6 (H-2b), B10.PL (H-2u), and SJL/J (H-2s)
mice. These animal strains are commonly utilized in EAE experiments (Goverman et al.
1993; Stuve et al. 2002; Stuve et al. 2006). Pupillometry was found to be a safe,
reproducible method. There were no morbidity or mortality associated with the procedure.
Training of personnel took less than 8h and the apparatus and software were found to be
easy to use and intuitive. Inter-examiner results showed no significant variations (data not
shown).

We were unable to obtain pupillometry baseline values for SJL/J mice. SJL/J mice are
congenitally blind, and the absence of pupillary responses may suggest a defect in the
anterior visual pathway. In addition, the contrast between pupil and iris was below the
detection limit of the pupillometer used. Thus, subtle pupillary responses would have gone
undetected. Similar difficulties are to be expected in other mouse strains with similar
pigmentation that are occasionally utilized in EAE experiments, including in BALB/C mice
(Lyons et al. 2002).
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3.2. Baseline pupillometry values in C57BL/6 and B10.PL mice
There was no significant difference between male and female C57BL/6 and B10.PL mice
with regard to the unstimulated pupil diameter (Fig. 3A), latency, constriction velocity,
dilation velocity, and amplitude (data not shown). We also did not observe any pupillary
asymmetry at rest in any of the mouse strains that were examined (data not shown).
Consequently, male and female animals and left and right eyes were pooled for all
subsequent experiments. As shown in Fig. 3A–E, the values obtained for unstimulated pupil
diameter, as well as latency, constriction velocity, dilation velocity, and amplitude captured
after a light stimulus consisting of a one second light presentation at an intensity of 2, 32 or
125 μW were very similar and evenly distributed in each group, and very likely present
valid baseline standards for future experiments.

4. Discussion
This is the first assessment of normal values of direct and consensual pupillary responses in
different mouse strains. Our study shows that this technique is feasible in small rodents.
Specifically, we showed that mice can be sedated in a safe manner with agents that have no
effect on pupillary responses. The greatest advantage of pupillometry is the fact that
evaluations can be performed repeatedly and frequently, thus allowing for the longitudinal
assessment of CNS disease activity, and the monitoring of therapeutic interventions.

The mouse strains that we evaluated are frequently utilized to conduct EAE experiments.
They differ by the amount of pigmentation, one biological factor that can potentially impact
the detection of changes in pupil size. Notwithstanding the demonstration of the feasibility
of this method in mice, the values that were established in our study will provide a useful
control for future EAE studies. Particularly, they will help to identify and quantify the
degree of inflammation and neurodegeneration in the pupillary reflex pathway, and dissect
the effects of pharmacotherapies on either component of EAE. A similar role for
pupillometry can be envisioned in patients with MS, where sensitive, easy-to-use, and
inexpensive detection assays are in demand in the context of clinical trials and in clinical
practice.
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Fig. 1.
A) Mouse pupillometer top-frontal view and B) top-lateral view. During the examination,
the mouse sits in the center of the platform (not shown) with two adjustable pupil cameras
focused on the eyes. Panel C) shows the amplified view of a healthy murine pupil, whereas
panel D) depicts a C57BL/6 mouse with cataract. Similar observations were made in other
mouse strains. Direct and consensual pupillary responses were mostly reproducible in mice
with cataracts. However, light reflections from the clouded crystalline lenses commonly
made it difficult to distinguish the outer border of the pupil from the iris. E) Example of
mouse pupil light reflex responses indicating measurement of key autonomic parameters.
The trace represents a normal pupil response to a 1s light flash. Onset latency (L) and
response amplitude (A) are measured as shown. Constriction velocity (CV) represents the
maximal downward slope of the response curve. The biphasic re-dilation response is shown
with the initial re-dilation velocity (RV1) and slower second re-dilation velocity (RV2).
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Fig. 2.
A) The pupillary reflex pathway. The direct afferent (A1) and efferent (E1) pathways, as
well the consensual afferent (A2) and efferent (E2) pathways are shown. B) Expected
outcomes from demyelinating or neurodegenerative lesions involving the direct or
consensual afferent and efferent pathways with regard to the latency, constriction velocity
and amplitude of a papillary response.
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Fig. 3.
A) The initial unstimulated pupil diameter in female and male C57BL/6 mice and B10.PL
mice is shown. B) Latency, C) constriction velocity, D) dilation velocity, and E) amplitude
are depicted for C57BL/6 mice and B10.PL mice captured after a light stimulus consisting
of a one second light presentation at an intensity of 2, 32 or 125 μW. Standard deviations are
shown.
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