-

-~
brought to you by ;i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Bern Open Repository and Information System (BORIS)

Doc Ophthalmol (2007) 115:155-163
DOI 10.1007/s10633-007-9078-5

ORIGINAL RESEARCH ARTICLE

An adaptive ERG technique to measure normal
and altered dark adaptation in the mouse

Paul J. DeMarco Jr. - Yoshiaki Katagiri -
Volker Enzmann - Henry J. Kaplan -
Maureen A. McCall

Received: 20 March 2007/ Accepted: 6 August 2007 / Published online: 22 September 2007

© Springer-Verlag 2007

Abstract The time-course of dark adaptation pro-
vides valuable insights into the function and
interactions between the rod and cone pathways in

commensurate with the functional deficit were
recorded in pigmented mice that lacked cone function
(Gnar2?®y and in WT mice injected with a toxin,
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q the retina. Here we describe a technique that uses the sodium iodate (NalOs), which targets the retinal
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: flash electroretinogram (ERG) response to probe the pigment epithelium and also has downstream effects
Pf functional integrity of the cone and rod pathways on photoreceptors. These data demonstrate that this
Py during the dynamic process of dark adaptation in the adaptive tracking procedure measures retinal sensi-
.. mouse. Retinal sensitivity was estimated from the tivity and the contributions of the rod and/or cone
Qe stimulus intensity required to maintain a 30 pV pathways during dark adaptation in both WT control
8 criterion b-wave response during a 40 min period of and mutant mice.
g dark adaptation. When tracked in this manner, dark
s adaptation functions in WT mice depended upon the Keywords Animal model - Dark adaptation -
. bleaching effects of initial background adaptation Electroretinogram (ERG) - Mouse -
® conditions. Altered dark adaptation functions, Retina - Visual sensitivity
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For a complete characterization, it is of value to
assess both the rod and cone systems and thus, the
ability of the retina to function under both dark
(scotopic) and light adapted (photopic) conditions,
respectively. These assessments are particularly
important after experimental manipulation of ele-
ments in the rod or cone signaling pathways, or when
screening animal models for mutations that alter
normal function [1, 10]. Like other mammals, the
mouse retina contains both rod and cone photorecep-
tors [11], and as such, standardized protocols for
independently recording the light and dark adapted
mouse ERG have been proposed [1, 12, 13]. To
isolate cone function, the retina is exposed to a
background that desensitizes the rods, generating an
ERG response dominated by cone initiated activity.
Conversely, rod function is isolated by dark adapta-
tion, which maximizes rod sensitivity, generating an
ERG response dominated by rod initiated activity. In
either case, ERG responses are recorded once the
retina has achieved a steady state level of adaptation.

Alternative methods for recording the ERG from
cone and rod pathways have been developed that
measure retinal function under conditions in which
the state of retinal adaptation is in flux. These
techniques must utilize a metric that follows retinal
sensitivity as a function of the changing adaptation
state. For example, Peachey et al. [14] studied
changes in cone-mediated sensitivity as a function
of time after the onset of a photopic background were
measured using the amplitude ERG b-wave. Simi-
larly, the changing sensitivity of the retina after
termination of a photopic background was examined
in a line of VPP transgenic mice by measuring the
growth of the ERG b-wave response [3]. The paired-
flash technique [15] is another approach that has been
used to study the recovery of the mouse rod response
[16-18] as well as to assist in studying the mouse
cone pathways in isolation [19, 20]. In this paradigm,
the ERG response is measured to a probe flash
presented at varying intervals after a brighter (rod
saturating) adapting flash. Each of these approaches
uses the change in the ERG response amplitude to
estimate retinal sensitivity. However, it is important
to remember that the amplitude of the mouse ERG b-
wave is only linearly proportional to the stimulus
intensity near threshold, while at higher stimulus
intensities the response exhibits nonlinear saturation
[9, 21]. Consequently, if ERG response amplitude is
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used to estimate retinal sensitivity, assumptions that
link amplitude directly to changes in sensitivity are
valid only when ERG responses are within the linear
range.

Here, we describe an ERG recording technique
that quantifies retinal sensitivity using a criterion
response method. The advantage is that a low
amplitude criterion response, applied through adap-
tation, ensures the linearity of the intensity response
function and the link between ERG response ampli-
tude as retinal sensitivity changes [22]. We applied
this technique in the mouse to measure the process of
dark adaptation and tracked the time-course of the
shift from cone-dominated (photopic) vision to rod-
dominated (scotopic) vision, including the transi-
tional (mesopic) phase where both systems are
operational [23]. As such, the measure provides an
estimate of the relative sensitivity of the cone and rod
systems in the mouse as the retina transitions from a
photopic to a scotopic state. We describe use of this
technique in wildtype (WT) mice and also show
examples of its use to characterize adaptation in mice
with known alterations in retinal function.

Methods
Animals

C57B1/6]J (Jackson Laboratory, Bar Harbor, ME)
served as WT controls and were between 60—
100 days of age at the time of recording. The ERG
protocol was approved by the Institutional Animal
Care and Use Committee at the University of
Louisville and was performed in accordance with
the Association for Research in Vision and Ophthal-
mology (ARVO) statement for the “Use of Animals
in Ophthalmic and Vision Research”. Experimental
mice were age matched to the WT mice and were: (1)
C57B1/6]J mice administered sodium iodate (NalOs)
to damage the retinal pigment epithelium (RPE) and
with it, rod and cone photoreceptor function, and (2)
pigmented Gnar2””"® mice, which had been back-
crossed onto a C57Bl/6] background for five
generations, and whose cone pathways had been
inactivated due to a mutation [24].

The methods for NalO; administration and its
effects on visual function have been described
previously [25]. In brief, a sterile solution of 1%
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NalOs in saline was injected into the tail vein at a
final dose of 35 mg/kg. Adaptation was measured
2 weeks after injection.

Electroretinography

Mice were anesthetized with an intramuscular injec-
tion of a mixture of Ketamine (27 mg/kg) and
Xylazine (7 mg/kg) dissolved in Ringer’s solution.
This dose maintained anesthesia for about 1 hour, the
maximum duration for most adaptation experiments.
For longer experiments, supplemental doses (80% of
the induction concentration) were administered at
50 min intervals after the initial dose. The pupil was
dilated and accommodation relaxed with topical
application of tropicamide (1%) and phenylephrine
hydrochloride (2.5%). The mouse was mounted in a
stereotaxic frame and a corneal contact lens was
placed on the eye and used as the active electrode. To
improve electrode contact, a layer of artificial tears
(Polyvinyl Alcohol, 1.4%) was applied to the cornea
prior to placement of the contact lens. To avoid
corneal drying the same artificial tear solution was
delivered continuously (45 ul/h) during the experi-
ment, using a syringe micropump (New Era Pump
Systems, Inc.) connected to a blunt 25 Ga. needle
placed just above the eye. Body temperature was
maintained throughout the experiment at 37°C with a
feedback regulated heating pad (Gayman, Inc.).

The ERG signal was recorded from the corneal
surface with a contact lens that was embedded with a
conductive silver thread electrode (DTL) [26]. A
reference needle electrode was inserted in the fore-
head and a ground placed in the tail to complete the
circuit. The flash ERG was recorded over a 500 ms
epoch, amplified 10,000 times, bandpass filtered from
0.1 to 1,000 Hz, and digitized at a sample rate of
3,000 Hz.

Flash stimuli were produced using two 470 nm
light emitting diodes (LED, Nichia Corp), whose
lenses were reshaped so that they could be paired and
directly imaged onto the end of a fiber-optic cable.
The opposite end of the cable was positioned a few
millimeters from the eye and formed a stimulus field
of approximately 80° of visual angle. Stimulus
presentation and acquisition of the ERG responses
were controlled by a program written in LabVIEW
(National Instruments, Inc.), which interfaced with

data acquisition hardware. The program controlled
the stimulus duration and intensity through an
interface with custom-built electronic drivers. Each
LED light output was controlled independently and
was a linear function of drive voltage over a 10 V
range. Stimulus output was calibrated on a regular
basis in radiometric units, and in both scotopic and
photopic photometric units with a radiometer (IL
1700, International Light, Inc.).

At each stimulus intensity the ERG was evoked by
a continuous train of 10 ms flashes, presented at
2 Hz, producing a recording epoch of 500 ms for
each ERG response. To enhance the accuracy of the
sensitivity measurements, we averaged 10 ERG
responses over each subsequent train of 10 epochs,
yielding real-time estimates of retinal sensitivity at
5 s intervals over the 40 min tracking period.
Amplitude was measured from the trough of the a-
wave (or baseline in the absence of an a-wave) to the
peak of b-wave. The software program measured
ERG amplitude and altered stimulus intensity to
maintain a criterion ERG response of 30 uV. Under
our conditions, the b-wave peak occurred about
50 ms after the flash. Using this information, the
software was programmed to search for the b-wave
peak within 30-80 ms of the stimulus presentation,
which avoided artifacts in these measurements. If the
ERG response was not within 10% of the 30 uVv
criterion, the program altered the stimulus intensity
for next set of trials, increasing or decreasing
stimulus intensity in 0.05 log unit steps depending
on whether the amplitude was larger or smaller than
criterion. Thus, the adaptive tracking procedure
produces a stimulus that evokes a constant b-wave
response amplitude throughout a period of 40 min, a
time frame in which dark adaptation measured using
the ERG is reported to stabilize [3].

WT controls were exposed to one of two adapting
backgrounds (2.4 log cd m ™2 or 4.0 log cd m~?) for
10 min. The adapting field was created with a 75 W
xenon arc lamp source and imaged on the retina via a
separate fiber optic cable subtending the same visual
angle as the test stimuli. At the end of the adaptation
period, the background was extinguished and
replaced with a separate fiber optic that imaged the
LED stimulus and the tracking procedure was
initiated. At the start of the tracking program both
LEDs flashed in tandem at a combined flash intensity
of 17.5 scotopic (scot) cd s m™2, to generate the
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criterion response. As retinal sensitivity increased
with time in the dark, the flash intensity for one LED
was decreased while the other continued at peak
output. Near the end of the adaptation period only a
single LED was required to maintain the criterion
response. When mice initially dark adapted, the
initial intensity of the tracking stimulus was lowered
to accommodate increased retinal sensitivity by
placing a neutral density filter between the LEDs
and the fiber optic cable.

Statistical analyses

Group differences were analyzed with a two-tailed
Student’s test for independent groups. To compare
the ultimate sensitivity in each condition, the stimulus
intensity that elicited the criterion response over the
last 2 min of the dark adaptation function was
averaged for each mouse and used to compute the
group average.

Results
Dark adaptation in WT mice

Figure la plots individual adaptation functions for
nine WT mice (colored lines) and their average
(black line) for the 2.4 log cd m™~2 adapting condition.
In each, flash intensity decreases with increasing time
in the dark to maintain a 30 pV criterion response.
Retinal sensitivity increases rapidly over the first
5 min; thereafter, the slope of the curve declines but
retinal sensitivity continues to increase and becomes
stable by 40 min. It is well know that recovery of
visual sensitivity after a bleaching stimulus is
inversely related to the product of the light intensity
and stimulus duration [27]. From previously pub-
lished calculations of the effectiveness of light on
rhodopsin bleaching in vivo for the WT mouse eye
[28], we estimate that a 2.4 log cd m~2 background
bleaches approximately 50% of the available rho-
dopsin in the retina.

When a 4.0 log cd m~? initial background was
used that bleaches over 95% of the available
rhodopsin, the resulting adaptation profile was quite
different (Fig. 1b; n = 8). Both the shape of the
adaptation function and the sensitivity of the retina at
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Fig. 1 Dark adaptation differs as a function of the adapting
background in WT mice. Adaptation functions for WT mice
exposed to a background of either: (a) 2.4 log cd m™> (n = 9)
or (b) 4.0 log cd m> (n = 8) for 10 min prior to the start of the
tracking program. Data for individual mice (colored lines) and
the mean for each group (black line) are shown for each
condition. These backgrounds are estimated to bleach approx-
imately 50% and 100% of rhodopsin in the mouse eye,
respectively. The inset in Fig. 1b plots dark adaptation
functions, using the tracking program, for mice (n = 4) adapted
to a 4.0 log cd m~? background for 10 min and then dark
adapted for 40 min (see text for details). (¢c) The mean curves
for each background condition, along with 95% confidence
intervals show the differences in adaptation and final sensitiv-
ity reach after exposure to the two backgrounds. The dotted
lines represent exponential decay functions fit to each group
mean (see text for details). Representative averaged ERG
waveforms from one mouse in the 2.4 log cd m~2 background
condition at 1, 10 and 35 min after termination of the
background. Each waveform is 500 ms in duration and trough
to peak b-wave amplitude is approximately 30 pV

40 min differ when the curves from the two adapting
backgrounds are compared. Figure 1c compares the
mean curves for the two adapting conditions,
smoothed by a Hanning method, along with their
with 95% confidence intervals. The mean dark
adaptation curves for each background condition
were fit by exponential decay functions, which are
indicated by the black dotted lines. The dark adap-
tation function for the 2.4 log cd m 2 adapting
background is best modeled by a two process
equation that captures both an initial fast phase and
a secondary slower phase, with time constants of
4.5 min and 57.4 min, respectively. In contrast, the
dark adaptation function for the 4.0 log c¢d m ?
adapting background could be modeled by a single
process equation whose time constant was 74.9 min,
suggesting that the initial fast process seen for the
dimmer adapting background is saturated by the
brighter background. Thus, these differences show
that the technique can be used to track dark adapta-
tion under various bleaching conditions and processes
with different time-courses. The insets in Fig. 1c are
examples of averaged ERG waveforms recorded at 1,
10 and 35 min for the 2.4 log cd m * adapting
background. Early in dark adaptation, the ERG
waveforms had prominent a- and b-wave compo-
nents, typical of a mixed rod-cone (mesopic)
response in mouse [3, 20]. Waveforms sampled from
later time points had b-wave but small or absent a-
waves, typical of a rod-dominated response to lower
intensity stimuli [3, 8, 29].

As a control, a separate group of four WT mice
were exposed to the 4.0 log cd m > adapting
background for 10 min and, then placed in total
darkness for 40 min. At the end of the dark adapta-
tion period, the tracking program was started (with no
additional adaptation), and sensitivity was tracked for
an additional 40 min. We used this to evaluate the
degree to which the tracking protocol, in itself,
influenced the time-course of dark adaptation. The
data, shown in the inset in Fig. 1b, demonstrate that
the sensitivity reached after 40 min of dark adapta-
tion is stable albeit higher than during the 40 min
tracking period (Fig. 1b). The mean flash luminance
required to elicit a criterion ERG response at 40 min
in Fig. 1b, is 1.7 scot cd s m~2, compared to 0.1 scot
cd s m 2 after 40 min of dark adaptation (inset), a
significant reduction in sensitivity of 1.2 log units
(t=2.6, P <.05).

Mice with dysfunctional cones have delayed dark
adaptation

If our tracking program assesses first cone and then
rod function, then the overall shape of the curve
should be altered in the absence of one photoreceptor
type. To test our technique and this hypothesis, we
assessed dark adaptation in mice with a mutation in
the Gnar2"® gene, which have abnormal cone
function as early as 4 weeks of age due to an
interruption in the phototransduction cascade [24],
but assessments of rod function appear to be within
the normal range [24, 30, 31]. When backgrounds
greater than 1.5 and, as high as 2.0 log cd m~ > were
used, we found that the ERG response of Gnar2? i3
mice remained saturated for over 40 min. Therefore,
we adapted mice for 5min to a 1.2 cd m 2
background because with this combination the ERG
typically regained sensitivity within our standard 40
tracking period. Figure 2 shows dark adaptation for
four Gnar2”” mice at 2 months of age (colored
lines), along with the mean for three WT mice (black
line) recorded under the same adapting conditions.
The Gnat2"® mice show delayed dark adaptation;
the ERG response from these mice remains saturated
for up to 20 min, but then begins to regain sensitivity,
reaching approximately the same sensitivity of WT
mice at the end of 40 min. The change in the x-axis
scale in Fig. 2, relative to other plots in this study,
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Fig. 2 Dark adaptation is altered by a spontaneous mutation.
Dark adaptation functions measured in a pigmented strain of
mice that have a mutation in the Gnat2 gene, causing a
functional loss of cone responses. Before testing, mice were
adapted to a background of 1.3 log cd m~2 for 5 min.
Functions from four mutant mice are shown in color, while the
average and 95% confidence intervals of three WT mice are
shown in black. Gnar2”"® mice have delayed dark adaptation,
owning to the loss of cone function and sustained saturation of
rod response, for up to 20 min, before beginning the dark
adaptation process

reflects the lower starting intensity for the tracking
stimulus needed to promote rod recovery. In addition,
WT mice using these conditions reach a higher stable
sensitivity after 40 min compared to the two brighter
backgrounds we tested (Fig. 1c).

NalO3; model of RPE damage produces changes in
both the time-course and overall sensitivity of
dark adaptation

We have previously studied the effects of NalO;
treatment on visual function in mice [25]. NalOs
damages the RPE and, as a consequence, alters both
rod and cone function [32-34]. As an extension of
our previous work, we evaluated adaptation in
NalOs-treated mice using a 2.4 log cd m™~> adapting
background. Figure 3 plots the changes in retinal
sensitivity in three NalO; treated mice, along with the
average and 95% confidence intervals from our WT
data for comparison. NalOs treated mice show a
significant decrease in sensitivity (t = 3.3, P < .0l)
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Fig. 3 Dark adaptation is altered by a chemical treatment
which is toxic to the retinal pigment epithelium. Dark
adaptation functions for mice after adapting to the 2.4 log cd
m~2 background for mice (colored lines; n = 3) treated with
NalO; (35 mg/kg) 2 weeks prior to testing. Black lines show
the WT mean and 95% confidence intervals under the same
conditions. At the end of tracking, the mean sensitivity of
NalO; treated mice is 0.5 log units lower than WT. The inset
shows a representative flash ERG from a NalO; treated mouse

reflecting the functional deficits that we have previ-
ously observed, using other measures of retina
structure and visual function [25]. A typical flash
ERG waveform from a NalO; treated mouse (inset of
Fig. 3) illustrates a normally shaped ERG (although it
is significantly smaller than control).

Discussion

We describe the use of a non-invasive ERG method
using a low-amplitude fixed response criterion to
assess changing sensitivity of the retina as a function
of dark adaptation in the mouse retina. Using this
technique, we compare dark adaptation in WT mice
with those lacking functional cones and in mice with
diminished photoreceptor function to show the rela-
tive contribution of cones and rods during the
transition from photopic to scotopic vision.

The dark adaptation function for WT mice after
adaptation to a 2.4 log cd m ™2 background is best fit by
a two-process exponential decay function (Fig. 1a).
The initial limb has a fast decay, while the second is
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significantly slower. A similarly shaped function is
obtained for WT mice when a 1.3 log cd m 2
background is used (Fig. 2—black trace). The data
from our WT mice and from our comparisons of dark
adaptation across WT, Gnai2? B mutant and NalO;
treated mice provide strong evidence that cone func-
tion contributes to the first limb of the WT function,
while the second limb and final sensitivity rely on rod
function. First, the initial insensitivity in Gnar2"?
mice suggests that in the absence of cone function the
rod system is saturated and requires time to recover
(Fig. 2). The final sensitivity in Gnar2""” mutants is
similar to WT, indicating a contribution of the rod
system. Second, the light intensity (1.7 scot cd s m~2)
required for a criterion response in the WT retina at
40 min (Fig. 1a) is within the range reported previ-
ously to elicit a rod-dominated ERG b-wave response
in the dark adapted mouse [9] and further indicates that
the second limb can be attributed to rod function.
Third, the adaptation functions from Gnar2’"? and
NalOj3 mice differ. The NalOs-treated retina is gener-
ally less sensitivity throughout testing, which is
consistent with dysfunction and loss of both rod and
cone photoreceptors due RPE destruction. A similar
general effect on sensitivity also was observed in the
Royal College of Surgeons rat, in which the RPE is
dysfunctional [22]. Finally, when photoreceptors are
bleached with a bright adapting background (4.0 log cd
m %), the resulting adaptation function is fit by a single
exponential decay function. This is consistent with
observations across a number of species, that the time-
course of the recovery of ERG sensitivity is related to
extent of bleaching of the photopigment (mouse [16,
35, 36], rat [22] and human [37]).

The dark adaptation function of the WT mouse is
best fit by a two component exponential decay
function. However, the limbs of the curve in the
mouse and rat [22] are less distinct than in the human
[38—40]. A contributing factor to this species differ-
ence arises from the similarity of the peak
wavelengths in the rod and M-cone pigments in the
rodent, a difference of only about 7 nm [41]. In the
human the difference between rod and L-cone
pigment peak sensitivities can be over 50 nm [42—
44]. This large difference can exploited to enhance
the prominence of the cone-rod break by choosing a
long-wavelength test stimulus that is detected more
easily by L-cones initially, and later by rods as their
sensitivity —surpasses the cones during dark

adaptation. An analogous method cannot be used in
mice because of the spectral similarity between rod
and M-cone pigments, and the overlap of UV-cone
and rod pigments at shorter wavelengths.

The advantage of the adaptive technique we
describe is that it relies upon maintaining a criterion
response amplitude as dark adaptation progresses and
directly measures the increase in retinal sensitivity as
a function of time. A very similar method to the one
developed here has been used with humans to
measure dark adaptation of the cone systems [45].
An alternative ERG method has been described that
assesses dark adaptation in the mouse uses a constant
intensity stimulus [3, 16]. Both methods estimate
sensitivity by measuring b-wave amplitude, but the
adaptive technique keeps amplitude constant but the
other estimates the increase in sensitivity of the rod
system indirectly from the growth of the b-wave
amplitude. Both techniques also require initial empir-
ical work to determine starting stimulus parameters.
In our case, the level of adaptation must be selected
so that it does not saturate the system, while the latter
must determine the proper starting stimulus intensity,
so that it is both bright enough to evoke a response
from the light adapted retina, but not so bright as to
cause response saturation before dark adaptation is
complete. In the latter method, difficulty may arise in
linking the ERG response to retinal sensitivity when
the non-linear response range is reached, near b-wave
response saturation when a fixed stimulus intensity is
used. In contrast, the use of a criterion, assures that
the response remains within a linear response range.

While our adaptive technique has advantages, it
also is limited in its ability to estimate absolute
sensitivity. In the mouse, the absolute threshold for a
criterion b-wave response has been reported require a
stimulus flash of about —5 log scot td s [8]. Our
lowest mean dark adapted threshold is obtained with
a flash of 0.01 (-2 log) scot cd s m 2 stimulus
(Fig. 2), which is 3 log units higher, indicating that
our stimuli maintain the retina at levels higher than
absolute threshold. We also show that the tracking
stimulus does not further desensitize the retina after a
prolonged period of dark adaptation (Fig. 1b, inset).
However, comparing retinal sensitivity after 40 min
of the tracking procedure (Fig. 1b) to 40 min of dark
adaptation without the tracking procedure (Fig. 1b
inset) suggests that the tracking procedure may cause
some delay in the normal time-course of adaptation.
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Modifications could be made to increase ultimate
sensitivity, e.g., lower initial intensities for the
adapting background and tracking stimulus or
increasing inter-stimulus interval. However, each
will, in some way, compromise the contribution of
the cone system in the analysis.

We have shown that an automated adaptive
technique, which measures the ERG recorded from
the mouse eye, is a valuable tool for determining the
properties of dark adaptation in WT mice and those
with alterations in visual function. Judicious choice
of initial stimulus parameters should allow this
technique to transfer to other studies of the rod and
cone pathway contribution in other mouse mutants
and in species other than rodents.
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