Impairment of the Transient Pupillary Light Reflex
in Rpe65ⴚ/ⴚ Mice and Humans with Leber
Congenital Amaurosis
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PURPOSE. To determine the impairment of the transient pupillary light reflex (TPLR) due to severe retinal dysfunction and
degeneration in a murine model of Leber congenital amaurosis
(LCA) and in patients with the disease.
METHODS. Direct TPLR was elicited in anesthetized, darkadapted Rpe65⫺/⫺ and control mice with full-field light stimuli
(0.1 second duration) of increasing intensities (⫺6.6 to ⫹2.3
log scot-cd 䡠 m⫺2). 9-cis-Retinal was administered orally to a
subset of Rpe65⫺/⫺ mice, and TPLR was recorded 48 hours
after the treatment. TPLR was also measured in a group of
patients with LCA.
RESULTS. Baseline pupillary diameters in Rpe65⫺/⫺ and control
mice were similar. TPLR thresholds of Rpe65⫺/⫺ mice were
elevated by 5 log units compared with those of control animals.
The waveform of the TPLR in Rpe65⫺/⫺ mice was similar to
that evoked by 4.8-log-unit dimmer stimuli in control mice.
Treatment of Rpe65⫺/⫺ mice with 9-cis-retinal lowered the
TPLR threshold by 2.1 log units. Patients with LCA had baseline
pupillary diameters similar to normal, but the TPLR was abnormal, with thresholds elevated by 3 to more than 6 log units.
When adjusted to the elevation of TPLR threshold, pupillary
constriction kinetics in most patients were similar to those in
normal subjects.
CONCLUSIONS. Pupillometry was used to quantify visual impairment and to probe transmission of retinal signals to higher
nervous centers in a murine model of LCA and in patients with
LCA. Mouse results were consistent with a dominant role of
image-forming photoreceptors driving the early phase of the
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TPLR when elicited by short-duration stimuli. The objective
and noninvasive nature of the TPLR measurement, and the
observed post-treatment change toward normal in the animal
model supports the notion that this may be a useful outcome
measure in future therapeutic trials of LCA. (Invest Ophthalmol Vis Sci. 2004;45:1259 –1271) DOI:10.1167/iovs.03-1230

L

eber congenital amaurosis (LCA) is a group of hereditary
retinal degenerations characterized by profound loss of
visual function early in life.1⫺2 Many genes causing LCA have
been identified1 (summarized in RetNet; http://www.sph.
uth.tmc.edu/retnet; provided in the public domain by the University of Texas Houston Health Science Center, Houston, TX)
and naturally occurring and genetically engineered animal
models exist.3– 6 Recent success in restoration of visual function using oral retinoid5 or gene therapy6 has paved a preclinical path toward potential therapies in LCA. However, there are
limited choices of objective measures of visual function that
are equally applicable to infants, children, and adults with LCA,
as well as to the animal models, due to the large operating
range necessary to quantify the extremely severe abnormalities.
Light-induced contraction of the iris muscle depends on the
integrity of multiple central nervous system (CNS) neurons
involved in the well-known pupillary light reflex (PLR). Major
signal input for this reflex originates from rod and cone (imageforming) photoreceptors in the outer retina as well as from
intrinsically light-sensitive ganglion cells (non–image-forming
[NIF] receptors) of the inner retina.7 Information about ambient light level is conveyed through the afferent arc of the
reflex, which includes retinal ganglion cells and their axonal
projection toward pupillomotor centers in the CNS. Output
signals travel back from those centers through the efferent arc
of the reflex toward the ciliary ganglion, where the last synapse
occurs and the last group of axons leaves the ganglion to
innervate the iris muscle.8,9
The accessibility of the iris for observation provides an easy,
noninvasive, and noncontact method to explore visual function through the study of the PLR. Abnormalities in the PLR
have been described in human retinal degenerations as well as
in animal models of these diseases,6,10 –15 and these earlier
studies laid the groundwork for the present investigation. In
the current work, we investigated the transient (as opposed to
steady state) pupillary light reflex (TPLR) elicited by short
duration stimuli as an objective and noninvasive measure of
severe visual dysfunction in patients with LCA and other severe
early-onset retinal degenerations, and in the Rpe65 mouse
model of one genetic form of these diseases.

METHODS
Subjects
Mice. Rpe65⫺/⫺ (n ⫽ 16) and Rpe65⫹/⫹ (n ⫽ 7) mice (age 2– 4
months) raised from birth in a 12-hour on-off cycle of dim (⬍3 lux) red
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TABLE 1. Clinical Characteristics of the Patients with LCA
Patient

Age at Exam
(y)

Gender

Visual
Acuity*

Refraction†

Kinetic Visual Field
(V-4e target)

Nystagmus

1
2§
3
4
5
6
7㛳
8
9
10
11
12
13
14
15
16
17
18

1
1
2
5
5
6
8
9
16
17
19
30
30
33
37
42
46
59

M
M
F
F
F
M
F
M
M
M
M
F
F
F
M
M
F
F

NP
NP
NP
6/200
2/200
LP
20/200
20/100
LP
LP
20/100
5/200
20/200
3/200
LP
LP
HM
LP

⫹5.00‡
⫹6.00‡
⫹6.00‡
⫹6.00‡
⫹6.00‡
NP
⫹0.75
⫺4.25
⫹0.25
⫹10.00
⫹1.50
⫹8.00
⫹8.00
⫺3.00
⫺1.25
⫹1.50
⫹1.00
⫹4.00

NP
NP
NP
NP
Central island
NP
Central island
Central and temporal islands
Temporal island
Central island
Central island
Temporal island
Central and temporal islands
Central and temporal islands
NM
NM
Central island
NM

Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N

All patients had nondetectable full-field ERGs.22 LP, light perception; HM, hand motions; NP, not performed; NM, not measurable.
* Best corrected visual acuity.
† Spherical equivalent.
‡ With cycloplegia.
§ Joubert syndrome; all other patients had uncomplicated LCA.
㛳 GUCY2D mutation.23 Other patients were of unknown genotype.

light were used in the pupillometry experiments. Animals were darkadapted overnight and anesthetized intraperitoneally with a mixture of
ketamine (45 mg/kg) and xylazine (17 mg/kg). Their body temperature
was maintained on a heating pad. In pilot experiments, unanesthetized
(restricted) animals showed an increase in pupillary fluctuation, making it more difficult to discern threshold responses. The anesthetic
regimen used provides moderate sedation ensuring stable recordings.
Anesthesia-induced miosis13,16 –18 was not observed. Our baseline darkadapted pupil diameters (see the Results section) were comparable to
those reported by others in unanesthetized19,20 and anesthetized21
mice. In a subset of Rpe65⫺/⫺ mice (n ⫽ 8), 9-cis-retinal was administered by gavage, as described.5 PLR was recorded before and 48
hours after the oral cis-retinoid. All studies were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Institutional Review
Board.
Human Studies. Patients with LCA (n ⫽ 18; see Table 1 for
clinical characteristics) underwent complete eye examinations and
visual function tests, as described.24 Informed consent was obtained
from subjects (or their parents) after explanation of the procedures. All
studies conformed to the tenets of the Declaration of Helsinki and
were approved by the Institutional Review Board.

Pupillometry
Instrumentation and Technique. The pupil was imaged
with an infrared-sensitive video camera (LCL-903HS; Watec America
Corp., Las Vegas, NV) and a macro zoom lens (MLH-10X; CBC, Ltd.,
Tokyo, Japan). The camera was centered on the equator of a 150-mm
diameter sphere internally coated with white reflective paint. On the
opposite side, along the optical axis of the video camera, a port was
placed for the experimental pupil (Fig. 1A). For mouse experiments,
the port was a circular 25-mm hole. For human experiments, the port
was a rounded triangular hole with 70-mm sides (to clear the nose for
right and left eye testing), and the pupil was placed at the apex of this
port. Magnification of the pupil image was adjusted to achieve a
baseline pupil diameter of 30% to 50% of the video height. A calibrated
artificial pupil (2 or 6 mm in diameter for mouse and human studies,
respectively), placed in the plane of the pupil before and after each

experiment, provided a record of the exact magnification. Illumination
for imaging in the dark was provided by infrared (940 nm) LEDs placed
off-axis. A long-pass filter (Wratten 87B; Eastman Kodak, Rochester,
NY) placed between the lens and the camera blocked wavelengths
shorter than 800 nm (i.e., the stimuli used) from reaching the video
record.
Two collars placed above the spherical Ganzfeld held offset ends of
a bifurcated fiber-optic cable which provided the full-field light stimuli
for recording the direct TPLR (i.e., transient changes in pupil size were
measured in the same eye as was stimulated by light, and the contralateral eye was protected from light). An externally placed custom-built
light source (100 W bulb, M28; Thorn Lighting Group, Manchester,
UK) contained a collimating lens and a series of filters to define the
spectral content and intensity of the stimulus. An electromechanical
shutter (VS25S1T1; Vincent Associates, Rochester, NY), controlled by
a shutter driver (T132; Vincent Associates, Rochester, NY), defined the
onset and duration of the stimulus. In all experiments, stimulus duration was shorter than the onset of pupillary contraction to avoid
changes in retinal illuminance superimposed on the kinetics of the
response.
The video output from the camera was fed into a video timer
(VS-50; Horita, Mission Viejo, CA), which inserted a date and time
stamp near the upper border, and elapsed time from the last stimulus
near the lower border of each video frame. The resultant video was fed
into two computers for analysis of transients and a VCR (HR-S4800U;
JVC, Yokahama, Japan) for continuous recording. One of the computers contained a digital image processor (RK-706PCI ver. 3.55; Iscan,
Inc., Burlington, MA), which sampled the horizontal pupil diameter at
60 Hz. The second computer contained a video digitizer (PIXCI SV4
board, ver. 2.1; Epix, Inc., Buffalo Grove, IL) which produced a video
sequence. The shutter, the video timer, and both computers were
synchronized to the timing of each trigger released manually by the
experimenter watching the pupil on a monitor screen covered by a
deep red filter. Each record thus triggered was 5.7 seconds long, with
a 1-second prestimulus baseline; however, records of any length could
be obtained from the videotape record. Representative samples from
digitized video sequences are shown in Fig. 1C for normal mouse and
human eyes.
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FIGURE 1. Summary of TPLR technique. (A) Schematic of pupillometer (components not drawn to scale) showing the stimulation, imaging, and
recording components. (B) Spectral intensity distribution of stimuli used in the current work (maximum available white, green, and orange)
measured at the plane of the cornea. (C) Video frames showing the appearance of the pupil at baseline and at different times after the light stimulus
(2.3 log scot-cd 䡠 m⫺2, 0.1 second) in a representative Rpe65⫹/⫹ mouse and a normal human subject (age, 9 years). The video timer inserts date
and time near the top and elapsed time from the last stimulus near the bottom of each frame. Mouse and human pupils were imaged at different
magnification.

We performed pilot experiments to determine the relationship
between TPLR response amplitude and baseline pupil diameter. The
response amplitude measured at 0.6 seconds (see TPLR analysis) was
nearly invariant with baseline diameter, as long as baseline diameter
was greater than 1.2 mm in mice and greater than 4 mm in humans.
Therefore, all interstimulus intervals were chosen to achieve baseline
diameters equal to or greater than those values. A subgroup of animals
(Rpe65⫹/⫹, n ⫽ 6; Rpe65⫺/⫺, n ⫽ 5) had their pupils dilated pharmacologically (tropicamide 1% and phenylephrine 2.5%) to determine
maximal pupil diameters.
For the human studies, pupillometry was performed after more
than 40 minutes of dark adaptation. In older children and adults, a
chin–forehead rest was used to adjust the location of the test eye. In
infants and younger children, the pupillometer was held by the experimenter while the subject was seated comfortably in the lap of a
parent. TPLRs were recorded from one eye with a 0.1-second stimuli.
Increasing interstimulus intervals were used with increasing stimulus
intensities, to allow the pupil diameter to recover.

Stimuli and Light Calibration. The main stimulus was green
(03FIB006; Melles Griot, Irvine, CA) the intensity of which could be
controlled over a dynamic range of 8.9 log units (Ganzfeld luminance
range from ⫺6.6 to ⫹2.3 log scot-cd 䡠 m⫺2) with 0.1-log-unit resolution. In all experiments, green stimuli were presented from below
threshold, progressively increasing in 1-log-unit steps. In some experiments, 0.5-log-unit steps were used near threshold to define better the
luminance–response function. In addition orange (03FIB012; Melles
Griot) stimuli were presented over a smaller dynamic range (⫺4.5 to
⫹1.3 log scot-cd 䡠 m⫺2) to determine spectral properties of mouse
responses. In some experiments, a white stimulus (⫹2.5 log scot-cd 䡠
m⫺2) was used to obtain the maximum response that could be elicited
with this equipment. The luminances for all the stimuli were determined in three steps. First, the scotopic luminance of the maximum
white stimulus was determined directly with a calibrated photometer
(IL1700; International Light, Newburyport, MA) assuming mediation of
responses by rods (described later). Second, the irradiance (at the
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plane of the pupil) of the maximum intensities for the three types of
stimuli was quantified with a calibrated spectrophotometer (USB2000;
Ocean Optics, Dunedin, FL), and the relative efficiencies for rod photoreceptor stimulation were determined using the scotopic efficiency
curve V⬘ for humans or using the rod response curve, which was the
V⬘ curve corrected for human preretinal absorption, for mice (which
have much more transparent lenses than do humans at short wavelengths).25 The relative shift for the green and orange stimuli was less
than 0.1 log unit for the two curves used. Third, the relative attenuations of the steps used over the relevant dynamic ranges of the green
and orange stimuli were calibrated with the photometer. Fig. 1B shows
the irradiance of the three types of stimuli at the plane of the pupil.
The luminance values can be converted to isomerizations in individual
rod photoreceptors as follows. In adult Rpe65⫹/⫹ mice with fully
dilated pupils, a luminance of 1 scot-cd 䡠 s 䡠 m⫺2 has been estimated to
result in 100 to 5000 isomerizations per rod, based on the specific
assumptions made.21,26,27 In normal adult humans with fully dilated
pupils, the same luminance has been estimated to result in 250 to 430
isomerizations per rod.28
The possibility of mediation of responses by visual pigments other
than rhodopsin was also considered. Action spectra were derived from
visual pigment templates with maxima at 360, 480, 490, and 510 nm,
corresponding to ultraviolet (UV)-sensitive cones, NIF receptors, rods
containing isorhodopsin, and middle-wavelength-sensitive (M) cones,
respectively (see the Discussion section), and multiplied by the stimulus spectra to estimate relative effectiveness of the different stimuli.
According to this analysis, mediation by UV cones, NIF receptors, and
isorhodopsin would be expected to increase the green stimulus effectiveness by 1.5, 0.52, and 0.25 log units, respectively, and mediation by
M-cones would be expected to decrease the green stimulus effectiveness by 0.23 log units compared with the orange stimulus.
TPLR Analysis. Baseline pupil diameter was defined as the
average diameter during the 0.1 second immediately preceding the
onset of each stimulus. TPLR response was defined as the difference
between the pupil diameter measured at the fixed time after onset of
light stimulus and at baseline. Response was negative for pupillary
contraction and positive for pupillary dilation. Response amplitude
was defined as the absolute value of pupil response, so that luminance–
response functions had a conventional appearance (larger responses
upward). Peak response refers to the difference in pupil diameter
measured at the trough of the response and the baseline pupil diameter. In human studies, artifacts resulting from blinks were excluded
from the analysis. Spontaneous changes in pupil diameter, or pupillary
noise,29 ultimately limit the detection sensitivity of pupillary responses
near threshold. We determined the magnitude of these spontaneous
oscillations in pupil diameter from the 1-second-long prestimulus baseline data we collected. These oscillations had amplitudes of 0.05 ⫾
0.01 mm in mice (2.5% ⫾ 0.5% of prestimulus pupillary diameter) and
0.19 ⫾ 0.06 mm in humans (2.1% ⫾ 1.3% of baseline pupillary diameter). Similar values have been reported in rodents21 and humans.29 –31
Response criteria of 0.1 mm for mice and 0.3 mm for humans were
used in the current work to define threshold. All data are expressed (in
text and in graphs) as the mean ⫾ SEM, unless otherwise specified. The
significance of the difference of group means was tested with Student’s
t-test (two-tailed, equal variance).

RESULTS
Transient Pupillary Responses in Rpe65ⴙ/ⴙ and
Rpe65ⴚ/ⴚ Mutant Mice
TPLR evoked by a white (⫹2.5 log scot-cd 䡠 m⫺2), shortduration (0.1 second), full-field stimulus presented in the dark
to a representative dark-adapted Rpe65⫹/⫹ mouse shows two
phases of the response: the diameter of the pupil decreases
from the prestimulus baseline of 2.2 to 1.7 mm during the
fast-constriction phase (0.3–1.5 seconds), and the pupil diam-
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eter enlarges during the slower dilation phase. The latter may
be further subdivided into faster (2–5 seconds) and slower (⬎5
seconds) components (Fig. 2A). Manual measurement of digitized video images postacquisition (symbols, Fig. 2A) and automatic measurements performed during the acquisition (lines,
Fig. 2A) gave comparable results. The former method, although
time-consuming, provides data on the complete pupil shape
for the duration of each recording; the latter method provides
horizontal pupil diameter for a duration of 4.7 seconds after
stimulus. There were no obvious deviations from a circular
pupillary shape during the experiments, and most of our analysis concentrated on the earliest phases of the response. Unless
otherwise specified, the automatic method was used. TPLR
evoked by the same stimulus in an Rpe65⫺/⫺ mouse also
showed the same phases, but the response amplitude was
smaller at its peak, the dilation phase started more quickly, and
the baseline pupil diameter was reached faster (24 seconds)
than normal (⬎50 seconds).
The dependency of the time course and amplitude of the
TPLR on the intensity and spectral content of the stimulus was
evaluated (Figs. 2B, 2C). In the Rpe65⫹/⫹ mouse, TPLR threshold occurred near ⫺5 log scot-cd 䡠 m⫺2 for the green stimulus;
the Rpe65⫺/⫺ mouse showed an elevated threshold near 0 log
scot-cd 䡠 m⫺2 (Fig. 2B). Increasing stimulus intensity led to an
acceleration of the constriction phase, an increase in peak
response amplitude, and a retardation of the dilation phase.
Near threshold and at low intensities, the pupil rapidly redilated to its baseline diameter after a small transient contraction.
At the highest intensities, a sustained pupil contraction was
observed followed by a delayed and biphasic dilation phase
(Figs. 2A, 2B). At any given intensity, the Rpe65⫺/⫺ response
was smaller in amplitude and faster in redilation than in the
Rpe65⫹/⫹ animal. TPLR evoked by scotopically matched green
and orange stimuli produced comparable responses in both
amplitude and kinetics during the constriction and dilation
phases in both groups of mice (Fig. 2B).
The properties of the earliest phases of TPLR response
families are better appreciated on expanded axes (Fig. 2C). In
the Rpe65⫹/⫹ mouse, ⫺5.7 log scot-cd 䡠 m⫺2 green stimulus
did not evoke a response, but increasing intensities of green
stimuli from ⫺5.2 to ⫹2.3 log scot-cd 䡠 m⫺2 elicited increasingly faster and larger amplitude TPLRs. The shape of the
response (when normalized by amplitude) appeared invariant
over the lower range of stimulus intensities. This invariance
appeared to break down at the highest intensities in Rpe65⫹/⫹
but not in Rpe65⫺/⫺ mice (data not shown). Responses elicited
with much higher intensity stimuli in the Rpe65⫺/⫺ mouse
showed properties similar to those evoked by lower intensities
in the Rpe65⫹/⫹ mouse. To quantify families of TPLRs in
groups of mice, we parametrized the earliest phases of the
response (Fig. 2C). Two parameters were defined to describe
the response kinetics: the (first) time to reach criterion amplitude and the time to reach peak constriction. Three parameters
were used to characterize response size: the amplitude at peak
(maximum) constriction and the amplitude of constriction at
fixed times of 0.6 and 2.5 seconds. The criterion response
amplitude (see the Methods section), defined as 0.1 mm, corresponded to 5% of mean dark-adapted baseline pupil diameter
and 15% of the mean maximum response in mice. The fixed
time of 0.6 second was chosen to correspond to near midpoint
on the leading edge. The fixed time of 2.5 seconds was chosen
arbitrarily to be early enough in the recovery phase but longer
than the peak times evoked by the brightest stimuli.

Quantitative TPLR Parameters in Mice
The pupil of dark-adapted Rpe65⫹/⫹ mice had a diameter of
2.11 ⫾ 0.13 mm (90% of the pharmacologically dilated pupil).
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FIGURE 2. Representative TPLR data
in wild-type (Rpe65⫹/⫹) and mutant
(Rpe65⫺/⫺) mice. (A) Time course of
constriction and dilation phases of
the horizontal pupil diameter elicited
by a 2.5 log scot-cd 䡠 m⫺2 white stimulus. Two types of measures are compared in each panel: manual analysis
from individual video frames (symbols), and automatic analysis with an
image-processing system (lines). (B)
TPLR families elicited by green stimuli over the intensity range ⫺5.7 to
2.3 log scot-cd 䡠 m⫺2 (thin black
traces). Responses evoked by orange
stimuli over the range of ⫺4.5 to 1.3
log scot-cd 䡠 m⫺2 (thick gray traces)
are shown overlapping green stimulus responses as pairs of matches.
Stimulus steps were approximately 1
log unit. Intermediate steps were often used near threshold (✱). Zero
time defined from the onset of the
0.1-second stimulus (stimulus monitor shown). (C) Response family
evoked by green stimuli vertically
shifted to equate prestimulus baselines shown on expanded horizontal
and vertical axes. Some responses
not shown for better visibility. Gray
vertical and horizontal lines: criterion amplitude of 0.1 mm and fixed
times of 0.6 and 2.5 seconds used for
parameter extraction.

Criterion responses were reached at ⫺4.88 ⫾ 0.3 log scot-cd 䡠
m⫺2. Thereafter, the pupil contracted with a TPLR latency, as
defined by the time to reach criterion amplitude, that decreased monotonously from 0.51 ⫾ 0.02 second at ⫺4.7 log
scot-cd 䡠 m⫺2 to 0.40 ⫾ 0.01 second at ⫹2.3 log scot-cd 䡠 m⫺2.
This parameter was nearly constant for the highest 4 log units
of the intensity range (Fig. 3A). The other measure of TPLR
kinetics, the time to peak response, was invariant near 1.0 ⫾
0.05 second over most of the available intensity range in
Rpe65⫹/⫹ mice, except at the highest two intensities, at which
the peak response was increasingly delayed, occurring at
1.22 ⫾ 0.03 seconds and 1.67 ⫾ 0.14 seconds, respectively
(Fig. 3B).
The dark-adapted pupil diameter of Rpe65⫺/⫺ mice (2.23 ⫾
0.27 mm; 96% of the pharmacologically dilated pupil) was
slightly larger than the dark-adapted pupil of Rpe65⫹/⫹ mice,
but this difference did not reach statistical significance (P ⫽

0.34). Criterion responses were reached at ⫹0.07 ⫾ 0.09 log
scot-cd 䡠 m⫺2. Thereafter, the pupil contracted with a TPLR
latency that, as in Rpe65⫹/⫹, decreased monotonously from
0.50 ⫾ 0.02 second at ⫹0.4 log scot-cd 䡠 m⫺2 to 0.41 ⫾ 0.01
second at ⫹2.3 log scot-cd 䡠 m⫺2 (Fig. 3A). The time to peak
response was constant near 0.97 ⫾ 0.04 seconds in the
Rpe65⫺/⫺ mice, but, unlike Rpe65⫹/⫹ mice, there was no
delay of this parameter at the highest intensity (Fig. 3B). The
latency parameters of Rpe65⫺/⫺ mice could be made to correspond to those of the Rpe65⫹/⫹ by shifting the data 4.4 log
units to the left (not shown). Accordingly, the TPLR time to
reach criterion responses at threshold was very similar in
Rpe65⫹/⫹ (0.55 ⫾ 0.02 second) to that in Rpe65⫺/⫺ mice
(0.51 ⫾ 0.02 second).
In Rpe65⫹/⫹ mice, the earliest measured parameter of response size, TPLR amplitude at 0.6 second, showed a steep rise
from threshold near ⫺5.7 log scot-cd 䡠 m⫺2 to 0.17 ⫾ 0.03 mm
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FIGURE 3. Parameters summarizing TPLR in Rpe65⫹/⫹ and Rpe65⫺/⫺ mice. (A, B) Latency of the response to reach criterion of 0.1 mm or peak
amplitude. (C, D) Response amplitude measured at a fixed time of 0.6 second or at peak. (E) Response amplitude measured at a fixed time of 2.5
seconds. (A–E) Circles and triangles: green and orange stimuli, respectively. Insets: measurements on a representative TPLR. Error bars are ⫾ SEM.
(F) Comparison of responses (mean ⫾ 2 SEM) elicited by a ⫹2.3 log scot-cd 䡠 m⫺2 stimulus in the Rpe65⫺/⫺ mice (pair of traces) with a ⫺2.5 log
scot-cd 䡠 m⫺2 stimulus in Rpe65⫹/⫹ mice (gray band).

at ⫺4.7 log scot-cd 䡠 m⫺2. For the ensuing three log units (as
the leading edge latency became progressively shorter; Fig.
3A), the amplitudes continued to grow with intensity, but at a
much shallower rate than the rate observed near threshold
(Fig. 3C). A saturated amplitude of 0.32 ⫾ 0.03 mm was

attained over the intensity range of ⫺1.6 to ⫹2.3 log scot-cd 䡠
m⫺2. The peak amplitudes were larger than the amplitudes
measured at 0.6 second, but the function relating them to
luminance had a similar steep rise near threshold followed by
a slower rate of rise (Fig. 3D). In Rpe65⫺/⫺ mice, the two
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response amplitude parameters showed some similarities to
those in Rpe65⫹/⫹ mice, although they were shifted to much
higher stimulus intensities. The amplitude parameters of
Rpe65⫺/⫺ mice could be made to correspond nearly to the
Rpe65⫹/⫹ data by a 4.9-log-unit shift to the left (not shown).
This shift corresponded closely to the difference in TPLR
thresholds.
Early (ⱕ0.6 seconds after stimulus onset) timing and amplitude measures with the green and orange stimuli (Figs. 3A, 3C)
were well matched to the rhodopsin spectrum from ⫺4.5 to
⫺1.6 log scot-cd 䡠 m⫺2 in Rpe65⫹/⫹ mice and from ⫺0.6 to
⫹1.3 log scot-cd 䡠 m⫺2 in Rpe65⫺/⫺ mice. There was no
evidence of a pigment spectrally different from rhodopsin
contributing to TPLR. In Rpe65⫹/⫹ mice, saturation of the
timing and amplitude measures for stimuli higher than ⫺1.6
log scot-cd 䡠 m⫺2 made it difficult to rule out a contribution by
a different pigment at early times. At peak response, a small
(⬃0.3 log) enhancement of the orange stimulus effectiveness
was apparent in Rpe65⫹/⫹ mice from ⫺3.6 to ⫺1.6 log scot-cd
䡠 m⫺2 (Fig. 3D) consistent with a contribution by mouse
M-cones.
The early-dilation phase of the TPLR was quantified with the
response amplitude measured at 2.5 seconds. This parameter
showed a similar pattern of increase with stimulus intensity as
the other two amplitude measures over the range of ⫺4.7 to
⫹0.4 log scot-cd 䡠 m⫺2 in Rpe65⫹/⫹ mice. At the highest two
intensities (corresponding to the increased latency of the peak
response, Fig. 3B) the amplitude at 2.5 seconds grew steeply
(Fig. 3E) in correspondence with the observed dramatic retardation of dilation kinetics (Fig. 2C). The amplitude-versusluminance function in Rpe65⫺/⫺ mice corresponded to the
lower intensity portion of Rpe65⫹/⫹ results. A shift of 4.9 log
units to the left caused overlap of both functions. Amplitudes
evoked with green and orange stimuli were in general well
matched to the rhodopsin spectrum. At ⫹1.3 log scot-cd 䡠 m⫺2
there was a small (⬃0.2 log) enhancement of the green stimulus effectiveness consistent with a possible contribution by
NIF receptors.
With the five descriptive parameters of TPLR used in the
current work, a response elicited in Rpe65⫺/⫺ mice should be
similar to a response elicited in Rpe65⫹/⫹ mice with a stimulus
that is 4 to 5 log units dimmer. This hypothesis was further
tested by comparing the mean TPLR evoked by a ⫺2.5-log
scot-cd 䡠 m⫺2 green stimulus in Rpe65⫹/⫹ mice with that
evoked by a ⫹2.3-log scot-cd 䡠 m⫺2 green stimulus in
Rpe65⫺/⫺ mice (Fig. 3F). The resultant TPLRs had very similar
shapes with the mean value of Rpe65⫺/⫺ results showing
somewhat smaller peak amplitude compared with Rpe65⫹/⫹
results. There was extensive overlap when the variability of the
responses is considered. Thus, we conclude that the neural
circuitry driving TPLR in Rpe65⫺/⫺ mice is acting as if experiencing the ambient light levels through a 4.8-log-unit neutral
density filter.

Acute Changes in Retinal Function Due to
Treatment in Rpe65ⴚ/ⴚ Mice
Do TPLR parameters reflect acute changes in retinal function in
individual animals? Previous work has shown that rod photoreceptor function of Rpe65⫺/⫺ mice can be dramatically improved in the short-term by oral administration of 9-cis-retinal.5,32 TPLR of Rpe65⫺/⫺ mice also showed dramatic
improvement 48 hours after oral administration of 9-cis-retinal.
The family of responses elicited with increasing intensities of
green stimulus in a representative Rpe65⫺/⫺ mouse before and
48 hours after the treatment demonstrate the lower thresholds,
larger amplitudes, and greater retardation of the dilation phases
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observed (Fig. 4A). The reproducibility of the treatment effect
is demonstrated in four additional mice with the green stimulus
of ⫺0.6 log scot-cd 䡠 m⫺2. In each animal, there was a definite
response after treatment, compared with no response before
treatment at this intensity (Fig. 4B). Rpe65⫺/⫺ mice 48 hours
after 9-cis-retinal administration had significantly (P ⬍ 0.05)
lower TPLR thresholds (⫺2.05 ⫾ 0.26 log scot-cd 䡠 m⫺2) and
larger maximum response amplitudes (0.59 ⫾ 0.06 mm) compared with untreated Rpe65⫺/⫺ mice (Fig. 4C). It is important
to note that TPLR thresholds after treatment remained significantly (P ⬍ 0.05) elevated by 2.8 log units compared with
those in Rpe65⫹/⫹ mice (Fig. 4C).

TPLR in Normal Human Subjects and Patients
with LCA
We extended the studies of the TPLR from mice to normal
human subjects (n ⫽ 8; age range, 9 –55 years) and patients
with LCA (n ⫽ 18; age range, 1–59 years). Table 1 provides
clinical details of the patients studied. Figure 5A compares
TPLR elicited by a white stimulus (⫹2.5 log scot-cd 䡠 m⫺2) in a
representative, dark-adapted, normal subject and in patient 11.
In the normal subject (Fig. 5A), presentation of the stimulus is
followed by pupillary constriction starting at 0.28 seconds.
From a prestimulus baseline diameter of 5.5 mm, the pupil
diameter rapidly decreased during the fast-constriction phase
(0.28 –1 second) and reached its smallest diameter (3 mm) and
remained constricted until 2 seconds when the dilation phase
ensued. In the patient (Fig. 5A), constriction started at 0.3
second from a similar dark-adapted diameter, and the response
progressed at a shallower rate, reaching its smallest diameter
(4.1 mm) at 0.85 second. This resulted in a response amplitude
that was approximately half of normal. Thereafter, the pupil
started to redilate toward baseline.
Families of TPLR responses elicited with a range of green
stimuli in a representative normal subject are shown for comparison with those from two patients with LCA (Fig. 5B). In the
normal subject (Fig. 5B), the shape of the TPLR response family
showed both similarities to and differences from the normal
mouse responses previously described (Fig. 2B). The human
TPLR threshold was near ⫺5 log scot-cd 䡠 m⫺2. In some subjects, the dilation phase transiently overshot the baseline at
stimulus intensities near threshold. With increasing stimulus
luminance there was an increase in amplitude, shortening of
the latency to criterion response, and retardation of the dilation phase. At the highest intensities, a sustained pupil contraction is observed followed by a delayed and biphasic dilation
phase, reminiscent of the mouse response. Response families
in two patients with LCA illustrate the abnormalities encountered (Fig. 5B). In Patient 11, the TPLR threshold response was
elevated by 3 log units, near ⫺2 log scot-cd 䡠 m⫺2. Responses
above threshold were slower and shallower than normal responses. As stimulus intensity increased, there was an increase
in amplitude, shortening of the latency to criterion response
and retardation of the dilation phase. At the highest intensity
(⫹2.3 log scot-cd 䡠 m⫺2) TPLR response amplitude reached
50% of normal. Note that at any given stimulus intensity,
responses in the patient resembled normal responses evoked
by 3- to 4-log-unit dimmer stimulus. In patient 17 there was
even greater threshold elevation (by at least 5 log units; near
⫹1.4 log scot-cd 䡠 m⫺2). TPLRs were elicited only at the highest
two intensities and were very small in amplitude, with waveforms resembling normal responses near threshold. With increasing light intensity, there was a modest increase in response amplitude, which reached, at the highest intensity, only
10% of the normal amplitude. Results from these two patients
indicate that loss of sensitivity may explain, at least in part, the
differences in TPLR between LCA and normal subjects.
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FIGURE 4. Effect on TPLR of treatment in Rpe65⫺/⫺ mice. (A) Response families elicited with a range
of green stimuli in an Rpe65⫺/⫺
mouse before treatment and 48
hours after treatment with oral 9-cisretinal. Intensity steps are approximately 1 log unit, except near response threshold (多). (B) Pre- and
48-hour posttreatment responses to a
single-intensity (⫺0.6 log scot-cd 䡠
m⫺2) green stimulus in four
Rpe65⫺/⫺ mice (in addition to the
animal shown in A). (C) TPLR parameters in groups of Rpe65⫺/⫺ mice
before
and
after
treatment
(Rpe65⫹/⫹ data also shown for comparison).

Quantifying the TPLR in Humans
Parameters for human TPLR were chosen to correspond
closely to those used in mice and included baseline pupil
diameter, the luminance (threshold) and time (latency) required to reach criterion amplitude, and the amplitude of
constriction at a fixed time of 0.6 second. We analyzed the
earliest portions of the response, because TPLR in patients
(especially in young children) became less reliable with time
after stimulus. Manual pupillary measurements complemented

automatic measurements (Fig. 5A, open circles) in those patients with a greater degree of eye movement abnormality.
Pupil response amplitude (measured at 0.6 second) plotted
as a function of stimulus luminance in this group of patients is
compared with a mean normal function (Fig. 5C). The shape of
the functions describing response amplitude parameters in
normal human subjects (Fig. 5C) differed from that in the
normal mouse. Instead of the steep increase in amplitude in the
mouse luminance response function, the human TPLR amplitude at 0.6 seconds showed a gradual increase for approxi-
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FIGURE 5. TPLR in normal humans and patients with LCA. (A) Time course of constriction and dilation phases of the horizontal pupil diameter
elicited by a 2.5-log scot-cd 䡠 s 䡠 m⫺2 white flash (0.1 second, stimulus monitor shown) in a representative normal subject and in patient 11. Symbols:
photographs of pupils of various diameters extracted manually from digitized video frames. Scale bars, 6 mm. (B) TPLR families elicited by green
stimuli over the intensity range ⫺6.6 to ⫹2.3 log scot-cd 䡠 m⫺2 in a normal subject and two patients. Stimulus steps were approximately 1 log unit.
(C) Individual luminance response functions measured at the fixed time of 0.6 seconds in all patients (unfilled symbols) compared with mean data
for normal subjects (filled circles). (D) Distribution of baseline dark-adapted pupil diameter, TPLR threshold to criterion response, and maximum
response in all patients compared with mean normal data.
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mately 3 log units, from 0.11 ⫾ 0.05 mm at ⫺5.7 log scot-cd.
m⫺2 to 1.2 ⫾ 0.07 mm at ⫺1.6 log scot-cd 䡠 m⫺2. Thereafter,
amplitudes continued to grow at a slower rate, reaching a
1.5 ⫾ 0.03 mm (75% of baseline dark-adapted pupil diameter)
at ⫹2.3 log scot-cd 䡠 m⫺2. There was a wide range of abnormalities in the patients. TPLR response functions in the patients were shifted toward higher luminances, showing greatly
elevated thresholds and smaller response amplitudes. TPLR
was recordable in 17 or 18 patients with the highest luminance
stimulus. TPLR latency decreased monotonously with increasing stimulus intensities in both normal subjects and patients
(data not shown). In normal subjects, mean TPLR response
latency decreased from 0.6 ⫾ 0.03 second at ⫺5.7 log scot-cd
䡠 m⫺2 to 0.3 ⫾ 0.01 second at the highest two intensities. In the
patients, mean latency decreased from 0.58 ⫾ 0.01 second at
⫺1.58 log scot-cd 䡠 m⫺2 to 0.42 ⫾ 0.07 second at the highest
intensity. A clear saturation of this parameter was not observed
in most patients. Averaged response amplitude and latency
functions from patients nearly overlap the corresponding normal functions, by shifting them to the left along the horizontal
axis by 4 log units. Response parameters are further summarized in Figure 5D. Baseline dark-adapted pupil diameter in
normal subjects (6.2 ⫾ 0.18 mm) was similar to that in patients
(5.6 ⫾ 0.2 mm). Patients showed elevated TPLR thresholds
ranging from ⫺1.53 to ⫹2.3 log scot-cd 䡠 m⫺2 (normal,
⫺4.67 ⫾ 0.22 log scot-cd 䡠 m⫺2) and reduced maximum response amplitude (0.6 ⫾ 0.1 mm; range, 0.1–1.2 mm) to 40%
of normal subjects (1.53 ⫾ 0.04 mm).

DISCUSSION
The severe visual impairment in most patients with early-onset
retinal degenerations like LCA is difficult to quantify with
conventional clinical instrumentation33; but, in the past, there
has been no necessity to be exceedingly quantitative. Recently,
preclinical success in animal models of LCA and the prospect
of future clinical trials in certain severe retinal diseases5,6 has
made it worthwhile to explore clinically feasible methods that
could precisely quantify the visual function of these patients.
In the current work, we studied the time-honored clinical
examination technique of pupillometry—more specifically, the
properties of TPLR elicited with short-duration stimuli, to determine whether it had potential value as a surrogate measure
of vision for future LCA clinical trials. We began with a murine
model of LCA and found that the early phases of these objective responses are driven by the activity of classic imageforming photoreceptors and are altered toward normal by a
treatment known to restore photoreceptor function in this
model. Then, we explored the feasibility of the technique to
quantify the visual abnormalities in patients with LCA.

Properties of the Direct TPLR in Normal Mice
TPLRs were exquisitely sensitive to light in dark-adapted
Rpe65⫹/⫹ mice. A conservative response threshold (0.1-mm
constriction) was reliably reached with single (unaveraged)
traces evoked by 0.1-second stimuli expected to cause approximately 1 isomerization per 250 murine rods. This response
threshold was more sensitive than ERG b-wave thresholds34
and somewhat less sensitive than scotopic threshold response
(STR) and behavioral thresholds.34,35 Thus, near threshold, the
early phase of the mouse TPLR almost certainly is driven by the
high amplification achieved in the rod phototransduction cascade, together with the temporal and spatial integration of rod
signals through rod pathways of the distal and proximal retina.
Demonstration of identical TPLR responses at early times
evoked with chromatic stimuli matched for the rhodopsin
spectrum (Figs. 2B, 3A, 3C) provided further support for me-
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diation by the rod system near threshold. At later times and/or
higher stimulus intensities (Figs. 3B, 3D, 3E), small additional
contributions from mouse M-cones36 or NIF receptors37 could
not be ruled out with the stimuli used in the current work.
The shape of mouse TPLR displayed an orderly continuum
of change over the 9 log units of stimulus dynamic range
provided by our instrumentation. Response latency to reach
criterion amplitude became shorter over the first 5 log units,
whereas the latency to reach peak constriction remained invariant. For the 3 log units of higher intensities, latency to peak
became incrementally longer, consistent with a diminishing
redilation component or growing delayed constriction component of the TPLR signal. The luminance–response function of
the TPLR constriction amplitude showed a steep slope for the
first log unit above threshold followed by a shallower slope at
intermediate luminances. This unusual saturation function was
essentially invariant for fixed early times (Fig. 3C) or at peak
response (Fig. 3D), and it was suggestive of a form of incremental desensitization. Because the responses were normally
recorded with increasing order of stimulus luminance, one
may argue that increasing light adaptation of the retina may
have desensitized the intermediate and high luminance portions of the function. This was not the case, however, because
in pilot experiments TPLRs evoked with high luminance stimuli in fully dark-adapted eyes were nearly identical with TPLRs
evoked with the same stimulus presented in the usual dim-tobright order (data not shown). Of note, with steady state (or
long stimulus duration) PLR measurements, luminance-response functions similar to the current work,21 as well as those
showing an apparently different shape,37 have been described.
Future studies are needed to define methodological and physiological parameters that may be contributing to the differences in saturation functions observed.

Consequences of Severe, Early Onset, and
Retina-Wide Photoreceptor Dysfunction
on the Murine TPLR
Young Rpe65⫺/⫺ mice have nearly normal retinal structure
with severely impaired but detectable photoreceptor function
due to a block of the visual cycle.4,5,38 As expected, Rpe65⫺/⫺
mice showed severe impairment of the TPLR but threshold
responses could readily be evoked with stimuli 4 to 5 log units
brighter than normal. Spectral stimuli matched for rhodopsin
absorption evoked identical responses at early (Fig. 3A, 3C)
and peak times (Fig. 3D). At any given intensity of stimulation,
TPLRs in Rpe65⫺/⫺ differed from those in Rpe65⫹/⫹ mice (Fig.
2). It is noteworthy that TPLRs of mutant mice could be reliably
duplicated in Rpe65⫹/⫹ mice by the addition of a 4.8-log-unit
neutral-density filter in the stimulus light path (Fig. 3F). This
difference in sensitivity to light was of the same order of
magnitude as we observed in RPE65-mutant dogs compared
with normal dogs.6
How did the level of desensitization of TPLR compare with
other measures of visual dysfunction in the mutant mice? The
activation phase of rod phototransduction in Rpe65⫺/⫺ mice,
as measured with ERG photoresponses in vivo, can be reproduced by a 1.6-log-unit reduction of the stimulus intensity.5
Similarly, single rods from Rpe65⫺/⫺ mice show normal activation and deactivation kinetics to subsaturating stimuli, as
long as light intensities are reduced by 2.1 log units.32 Both in
vivo5 and single-cell32 experiments predict reduction of rod
circulating current in the dark, although by somewhat different
extents: 0.5 versus 0.9 log units, respectively. The activity of
rod bipolar cells in Rpe65⫺/⫺ mice, as estimated with ERG
b-waves in vivo,39 show a 3 to 4 log unit loss of sensitivity to
light.4,5,40 These results, taken together, suggest the existence
of an additional ⬃1.5-log-unit loss of sensitivity between pho-

IOVS, April 2004, Vol. 45, No. 4
toreceptors and bipolar cells, and another ⬃1.5-log-unit loss of
sensitivity between bipolar cells through the pupillary light
reflex pathways. The origins and the accurate extents of these
apparent losses are currently unknown, but it is tempting to
speculate that there may be a contribution from synaptic abnormalities throughout the Rpe65⫺/⫺ visual neural pathways
subserving TPLR, possibly secondary to developmental lack of
normal visual experience such as those described in mouse
retina41 and the rabbit ciliary ganglion42 after visual deprivation. Consistent with this speculation are the TPLR results at 48
hours after oral 9-cis-retinal treatment. The retinoid treatment
caused near complete recovery of photoreceptor function in
Rpe65⫺/⫺ mice,5,32 but only a partial recovery of TPLR with a
residual elevation of threshold response by 2.8 log units
(Fig. 4).
The origin of the function in Rpe65⫺/⫺ mice has been an
enigma. Both rhodopsin and 11-cis-retinal are biochemically
undetectable,4,5,38,43 but rod-photoreceptor–mediated function is readily demonstrable.5,40 Recently, it has been hypothesized that rod function in Rpe65⫺/⫺ mice is driven by an
endogenous supply of isorhodopsin, which has an absorption
peak shifted toward shorter wavelengths compared with rhodopsin.38 Mediation of TPLRs by isorhodopsin would correspond to approximately a 0.25-log-unit increase of the effectiveness of our green stimulus relative to the orange stimulus
(shift of green results to the left relative to orange results in
Figs. 3A–3E). There was no such tendency apparent in the
early phase TPLR data of the current work. Future studies with
more numerous and narrower-band stimuli are required to
confirm the detailed action spectrum of the TPLR in Rpe65⫺/⫺
mice. Also, it has recently been hypothesized that Rpe65⫺/⫺
photoreceptors are effectively light adapted because of spontaneous activation of the phototransduction cycle by free opsin.44 This would be expected21 to cause a reduction in the
pupil diameter of dark-adapted Rpe65⫺/⫺ mice. Instead, mean
dark-adapted pupil diameters of the Rpe65⫺/⫺ mice in the
present study were larger than those of Rpe65⫹/⫹ mice, but
this difference was not statistically significant (Fig. 4C). The
pupil diameters of both groups did not differ from previously
reported values.21 If spontaneous activity of phototransduction
in Rpe65⫺/⫺ rods were confirmed, the lack of observed pupillary light adaptation could be postulated to originate from the
desensitization of neural pathways driving the TPLR during
early development by this “veiling light.”

Contribution of NIF Photoreceptors to TPLR
A growing body of evidence supports the involvement of
non-rod, non-cone photopigments in a network of intrinsically
light-sensitive retinal ganglion cells that project to the suprachiasmatic nuclei and underlie NIF light responses.7,45 It is
thought that these cells provide signal input to the pupillary
light reflex pathways through connections with the olivary
pretectal nuclei.46,47 Relatively late (⬎3 seconds after light
onset) responses evoked by brighter stimuli appear to be dominated by NIF photoreceptors, whereas earliest responses
evoked by dimmer stimuli are dominated by activation of rod
and cone photoreceptors.48,49 Our methods using near-threshold and short-duration stimuli and measuring transient responses at early times were designed to evaluate PLRs driven
mostly by image-forming photoreceptors instead of sluggish
NIF receptors.50,51 Accordingly, we found 5-log-unit loss of
TPLR sensitivity in Rpe65⫺/⫺ mice instead of the 2-log-unit loss
expected from longer duration stimuli if NIF photoreceptors
were driving the pupil in the absence of image-forming photoreceptor function.37,49 Furthermore, kinetics of the TPLR in
Rpe65⫺/⫺ mice support this notion with latencies (⬃0.4 seconds) approaching normal values in this study and normal
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rodent PLR latencies reported by others.10,13,37 In contrast,
pupillary light responses evoked by bright and long-duration
light stimuli in mice with retinal degeneration have been reported to have much slower latencies.37 In addition, NIF receptors have an action spectrum that is shifted by approximately 20 nm to shorter wavelengths than in the rhodopsin
spectrum.37 Our green and orange stimuli matched for rhodopsin absorption produced identical responses, thus providing
support for the hypothesis that the early phase of the TPLRs
evoked with short-duration stimuli used in the current work do
not have major input from NIF receptors. At high intensities
and late times (Fig. 3E), an NIF receptor contribution could not
be ruled out. A comparison of pupil responses at later times
evoked by short versus long duration stimuli in Rpe65⫺/⫺ mice
may be helpful to differentiate the responses driven by conventional versus NIF photoreceptors.

TPLR Abnormalities in Patients with LCA
Abnormal pupillary reactions are considered a feature of the
clinical presentation of patients with LCA,33,52 but few studies
have quantified pupillary responses in these patients or others
with hereditary outer retinal degenerations. With steady state
stimuli, patients with retinitis pigmentosa, for example, can
display PLR thresholds ranging from normal to a 5-log elevation. The extent of the elevation was greater in the group of
patients without detectable full-field rod ERGs compared with
the group with detectable ERGs, although there was an overlap.12 In the present study, we extended our use of stimulus
and analysis methods of TPLR, optimized to elicit a reflex
driven by conventional photoreceptors in mice, to the study of
normal human subjects and a group of patients with LCA.
The near-normal pupil diameters observed under darkadapted conditions in our cohort of patients with LCA were
consistent with previous results in patients with retinitis pigmentosa53 and do not lend support to the hypothesized existence of spontaneous activation of the phototransduction cycle.44,54 The pupils of all patients with LCA but one reliably
responded to bright, short-duration light stimuli (Fig. 5D).
Luminance–response functions showed varying degrees of
threshold elevation ranging from 3 to more than 6 log units.
Pupil response kinetics in 15 of 17 patients, once adjusted for
threshold elevation, were similar to those of normal subjects,
suggesting a primary role of loss of quantum catch at the
photoreceptor level as the main underlying abnormality in this
group of patients with LCA.
Threshold levels and waveform shapes of direct TPLRs
evoked with short-duration full-field stimuli in normal darkadapted human subjects were similar to those previously reported.55–59 At all stimulus intensities used in the current
work, constriction kinetics were faster than redilation kinetics59,60 and the latency to criterion constriction appeared to
saturate near 0.3 second. We chose to measure response amplitude in two different ways: at fixed early time and at peak
constriction. Measuring at a fixed early time had the advantage
of quantifying dominant signal components causing constriction with little intrusion from signal components causing redilation of the pupil. Furthermore, TPLR at early times is now
believed to be driven by conventional (image-forming) photoreceptors,48 and our mouse results support this notion. Measuring at peak time, on the other hand, allowed for delays in
signal transmission as may be apparent in some patients, but
the interpretation was complicated by greater involvement of
redilation signals, possible abnormalities in more proximal neural circuits, or even involvement of signals driven by NIF
photoreceptors, especially at higher luminance stimuli.
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Use of TPLR as an Outcome Measure in Clinical
Trials of LCA
In patients with severe hereditary retinal degenerations, the
early phase of the direct TPLR with a short-duration stimulus is
a convenient, objective, noninvasive, and noncontact test of
visual function that may be a useful complement to other
objective measures of vision (e.g., ERG and VEP). After an
appropriate period of dark adaptation, TPLR measurements
covering more than 8 log units of dynamic range above normal
threshold were able to be performed in approximately 15
minutes. The full-field stimulus confronted the uncontrolled
fixation difficulties and nystagmus common in this patient
population and was especially useful in infants and young
children with limited cooperation.61,62 TPLR is temporally
locked to the stimulus and thus allows for better differentiation
of light-evoked changes in pupil size from fluctuations due to
other reasons, as may occur with steady state PLR measures.
How pupillary thresholds would relate to perceptual thresholds is currently an unanswered question in this severely impaired population of patients. In cooperative adult subjects,
this question should be addressed. Modifications of the current
instrument could permit simultaneous determination and comparison of thresholds for objective (TPLR) and subjective measures of vision,55,63 such as has occurred in other groups of
patients.64 In normal human subjects, both rod and cone systems can contribute to the consensual pupillary light reflex
with transient stimuli under certain experimental conditions.65
Estimation of the type of photoreceptors mediating the direct
TPLR responses in normal subjects and patients by determining
the action spectra was not within the scope of the current
work but is certainly a worthy future pursuit.
An outcome measure for human clinical trials attempting to
modify the course of severe retinal degenerative disease must
have a large dynamic range and, ideally, would be equally
applicable to infants, children, and adults, as well as to the
animal models used for preclinical studies. Our murine studies
and results indicating feasibility of such measurements in patients with LCA suggest early phase of the TPLR elicited with
short-duration stimuli may be a useful means to quantify photoreceptor-driven visual function transmitted through higher
visual pathways.
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