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Contribution of Kir4.1 to the mouse electroretinogram
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Purpose: The electroretinogram (ERG) represents the combination of several distinct cellular processes and conduc-
tances. Here, we define the contribution that&nductance through Kir4.1 channels makes to the mouse ERG.

M ethods: To obtain mice expressing different levels of Kir4.1, we métied.1* mice and used PCR to identiyr4.1*
-andKir4.1** littermates. In addition, we mat&dr4.1*- males with females homozygous for tiob (no b-wave) defect,

which eliminates post-receptoral contributions to the ERG. After overnight dark adaptation, mice were anesthetized and
ERGs were recorded to 7 min stimuli, to focus on slow ERG components, or to strobe flash stimuli, to examine earlier
ERG components.

Results: The amplitudes of the ERG c-wave and the fast oscillation, measured from the c-wave peak, were significantly
larger inKir4.1*- mice than irKir4.1** littermates. In comparison, the amplitude of the light peak, the other main compo-
nent generated by the retinal pigment epithelium in response to light, did not differ biwk&it andKir4.1** mice.

The amplitude of slow PIII, revealed by thab genetic background, was reducedind.1*- mice.

Conclusions: These results indicate that a cornea-negative potential, generated by Kir4.1, normally opposes a positive
polarity conductance that is generated by the apical membrane of the retinal pigment epithelium to form the c-wave
measured at the corneal surface.

The electroretinogram (ERG) has been widely used tother components of the ERG. The results indicate that Kir4.1
measure retinal function in research and clinical applicationsonductance makes a substantial contribution to the slower
[1-3]. While the ERG is comprised of a series of distinct wavesvaves of the ERG that are generated in response to neural
that are amenable to quantitative measurement, each refleetstivity by non-neuronal elements of the retina.
interactions among more fundamental components generated
by different classes of retinal cells that differ in their polarity, METHODS
amplitude and kinetics [1,4,5]. In light of the utility of the Animalsand anesthesia: Kir4.1*- mice obtained on a C57BL/
ERG as an overall measure of retinal function, it is importan8J background from a breeding colony at the University of
to define the role of these cellular events in shaping the findflinnesota were mated to obtain the mice studied here. As
ERG waveform. control data, we used results obtained previously from C57BL/

In the present study, we focus ohdonductance carried 6J mice [7] and also testdtir4.1** littermates.Kir4.1
by the inward rectifying Kir4.1 channel. StudyKif4.1 mu-  genotyping was accomplished on tail DNA using a published
tant mice [6] indicates that Kir4.1 is not involved in b-wavePCR protocol [6]. To isolate slow PIlII, we also usedrtbie
generation, but does underlie slow PIIl, an ERG componer{ho b-wave) mutant mouse. Theb mouse is a spontaneous
with a cornea-negative polarity that follows the a-wave and ismutant that was originally identified by the lack of an ERG b-
generated by retinal Miller cells. While slow PlII, but not thewave [8], and is caused by an 85 bp deletion in the nyctalopin
b-wave, is abolished iKir4.1" mice [6], it is not clear how gene [9]. To generate double mutant mice for this sthaby,
slow PIIl influences later ERG waves. To address this issu@pb females were mated kKir4.1*- males. Asobis a X linked
we recorded ERGs from the corneal surfac€iod.1 mutant  trait, male offspring were eith&ir4.1*"/nob or Kir4.1**/nob.
mice. AlthoughKir4.1" mice do not survive to a suitable age All recordings were made between 5 and 12 weeks of age.
for testing, this approach is readily appliedkio4.1* het- After overnight dark adaptation, mice were anesthetized
erozygotes, which are viable. Since these mice express onljth ketamine (80 mg/kg) and xylazine (16 mg/kg). Eye drops
about 50% of the wild-type (WT) complement of Kir4.1 chan-were used to anesthetize the cornea (1% proparacaine HCI)
nels in retinal Muller cells [6], comparison of responses oband to dilate the pupil (1% mydriacyl, 2.5% phenylephrine
tained fromKir4.1*- andKir4.1** mice provide an opportu- HCI, and 1% cyclopentolate HCI). Mice were placed on a tem-
nity to evaluate the influence of Kir4.1 channel activity onperature regulated heating pad throughout the recording ses-
sion. All procedures involving animals were approved by the
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land Clinic Foundation, 9500 Euclid Avenue, Cleveland, OH, 44195in sccordance with the Institute for Laboratory Animal Re-
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Recording and stimulation: Two stimulation and record- RESULTS & DISCUSSION

ing systems were used. TQ measure §Iow ERG compor]ent%igure 1 presents responses recorded fkimd.1** and
we used a technique described in detail elsewhere [7]. Briefl;r4 1+~ mice to three different stimulus intensities. Each wave-
responses were recorded from the corneal surface of the 1&fim represents the grand average of the responses obtained
eye using an unpulled 1 mm diameter glass capillary tube withom threekir4.1+* or eightKir4.1** mice. The major response
filament (BF100-50-10; Sutter Instruments; Novato, CA) thal,omponents are labeled for the intermediate stimulus condi-
was filled with Hanks balanced ;alt solution to make contagtyn As noted previously [7], response amplitude initially in-
with an Ag/AgCl wire electrode with an attached connector. Acreases with stimulus intensity, but then decreases as stimulus
similar electrode placed in contact with the right eye serveghiansity is increased further. In agreement with prior results
as a reference lead. Responses were differentially ampln‘le[qlL the polarity of the off response is negative for low inten-
(DP-301; Warner Instruments; Hamden, CT; dc-100 Hzgjty stimuli (0.4 and 2.4 log cdAnand positive when higher
gamleOO) digitized gt 20 Hz and stored using LabScribe Datg;mulus intensities are used (e.g., 4.4 log éy/for each
Recording Software (iWorx; Dover, NH). . stimulus condition shown, the amplitude of the c-wave ap-

. White !lght sfumuh were der!ved from an qpt|cal channel pears larger iKir4.1*- mice (thick red tracings) thanigir4.1*
using a Leica microscope illuminator as the light source, and|jitermates (thin blue tracings). To evaluate this, we mea-
delivered to the test eye with a 1 cm diameter fiber optic bundigy e the amplitude of each ERG component for each mouse.
The unattenuated stimulus luminance was 4.4 log ‘cdiar Figure 2 presents intensity response functions for each
the mouse eye, this luminance corresponds to 6.8 10gf the major ERG components. In addition to data obtained
photoisomerizations/rod/s, based on the assumption thatsdm kir4.1+ andKir4.1"* mice, each panel also re-plots data
photopic cd/mequals 1.4 scotopic cdfiior the tungsten halo-  gptained from C57BL/6J mice in a previous study [7]. Over-
gen light source [10] and that 1 scotopic cdgequivalentto g the results obtained from both sets of control niael, 1+
100 photoisomerizations/rod/s [11]. Neutral density filters: |itermates and C57BL/6J mice, were comparable. In com-
(Oriel Instruments; Stratford, CT) placed in the light path reqarison to control results, the amplitude of the c-wave (Figure
duced stimulus luminance. Luminance calibrations were ma A) was significantly greater iKir4.1"- mice at all but the

with a LS-110 photometer (Minolta; Ramsey, NJ) focussegyyest flash intensity. The amplitude of the FO was also en-
on the output of the fiber optic bundle. A Uniblitz shutter sys15nced inKir4.1* mice relative toKir4.1** littermates or
tem was used to control stimulus duration at 7 min. On a givef5 71 /63 mice (Figure 2B); the increase observédiia. 1"

day, an individual mouse was tested using only a single stimupjce was significant at all but the lower two flash intensities.
lus condition. Intensity response functions were developed

from recordings made in different recording sessions that were
separated by at least two days.

A second stimulation and recording system was used t-
record conventional ERGs. The ERG was recorded using
stainless steel electrode that made contact with the corne
surface through a thin layer of 0.7% methylcellulose. Need|
electrodes placed in the cheek and the tail served as referel 2
and ground leads, respectively. Responses were differential log cam
amplified (0.05-1500 Hz), averaged and stored usingan UTA 4.4
E-2000 signal averaging system (LKC Technologies
Gaithersburg, MD). After overnight dark adaptation, ERGs e
were recorded to flash stimuli presented in a LKC ganzfelc c-wave
Stimulus flashes ranging from -3.6 to 2.1 log cd séu/are

presented to the dark-adapted eye. 24 - off-response
Data analysis:. The major components of the response

were measured as described elsewhere [7]. In brief, the a h o

plitude of the c-wave was measured from the pre-stimulu 0.4 f

baseline to the peak of the c-wave. The fast oscillation (FC

was measured from the c-wave peak to the trough of the Ft 7 min ] |

The amplitude of the light peak (LP) was measured fromth  gtimulus
FO trough to the asymptote of the LP. The amplitude of the

off response was measured from the LP value just prior to, . . o

. . igure 1. Comparison of ERGs obtained to 7 min stimuli from con-
flash offset tq the peak of the initial F:omponent. Imens'ty_refrol and Kir4.1 mutant mice. ERGs recorded to 7 min duration stimu-
sponse functions were analyzed using a two-way analysis @fs fiashes fronkir4.1% (thin blue tracings) oKir4.1* (thick red
variance (ANOVA). Because the group-stimulus intensity intracings) mice. Each record indicates the grand averagkiof3*
teraction terms tended to be significant, group data were suber 8Kir4.1*- mice. The stimulus intensity used to evoke these re-
sequently compared separately at each of the six flash intensponses is indicated on the left. Stimulus presentation is represented
ties used. by the lower trace. Amplitude calibration indicates 1 mV.
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In comparison, there was no consistent difference between tperted fromKir4.1*- animals. To examine whether slow Pl

LP amplitudes oKir4.1*- and control mice under any stimu- was reduced iir4.1*- mice, we studieir4.1/nob double

lus condition. Finally, the amplitude of the off response wasnutant mice, where theob trait allows slow Plll to be di-

significantly larger irkir4.1*- mice at three stimulus intensi- rectly evaluated [8].

ties (0.4, 1.4, 4.4 log cdAn Figure 3 compares average strobe flash ERGs obtained
Since the c-waves measured here reflect the sum of a pofiiem Kir4.1*/nob or Kir4.1**/nob mice for one representa-

tive component generated from the apical retinal pigment epiive stimulus condition. To minimize individual variability,

thelium (RPE) and slow PIll generated by Muller cells [12], aindividual records were first normalized to the trough of the

net increase in c-wave amplitude could reflect an increase mwave. Each plotted waveform represents the grand average

the apical RPE component or a reduction in slow PIII. In supef these normalized responses that were obtained from seven

port of the latter interpretation, Kofuji et al. [6] provided in Kir4.1*-/nob (thick red tracing) or fivé&ir4.1**/nob (thin blue

vitro evidence that the amplitude of slow PlIl was reduced irtracing) mice. While the initial a-waves do not differ between

Kird.1* mice. In that study, however, ERG data were not reKir4.1*-/nob andKir4.1**/nob mice, the later portion of the
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Figure 2. Intensity response functions for the amplitude of the major ERG components generated by the RPE in respon3deo light.
different panels plot the amplitude of the c-wak¢, fast oscillation B), light peak C), or off responsel) as a function of flash intensity
(black line, C57BL/6J; red lin&ir4.1*; blue line,Kir4.1**). Data points indicate the average of 3 to 8 responses obtained from different
mice; the error bars represent the standard error of the mean. Néte4tiat' mice were tested using only a subset of the stimulus intensities.
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response, corresponding to slow Pl is reduceiid.1*/ To follow up on these results, we also recorded dc-ERGs
nob mice. In fact, while the slow Plll responseskof4.1"*/  from Kir4.1*/nob andKir4.1**/nob mice, using the stimulus
nob mice maintain a stable negative plateau throughout theondition that evokes the largest amplitude response (2.2 log
recording epoch, the peak amplitude of slow PIlI is reducedd/n?). Figure 4 compares grand average responses for 7
in Kir4.1*/nob mice and a negative plateau is not maintainedKir4.1*/nab (thick red tracing) or ¥ir4.1**/nob (thin blue
Similar differences betweelir4.1*/nob andKir4.1**/nob  tracing) mice. It is clear that the c-wave is again much larger
responses were observed throughout the intensity range er-Kir4.1*/nob than inKir4.1**/nob littermates. While the
amined. peak-to-trough amplitude of the FO is also greatéiid.1*

‘/nob mice, there is little difference in the position of the FO
trough with respect to the initial pre-stimulus baseline nor in
the LP components. At stimulus offset, the off response is again

0 larger inKir4.1*/nob mice.

© These results indicate that Kir4.1 conductance influences
g 095 the amplitude of the mouse ERG. In particular, the c-wave
= was enhanced iKir4.1"- mice. The c-wave is known to rep-
E- 05 resent the sum of two potentials that are generated in response
< to the light-induced decline in subretinalTKA positive po-
©-075 _ » tential, generated by hyperpolarization of the apical membrane
= Kird. 17 /nob of the RPE [13-15] is offset somewhat by slow PIII, a nega-
ﬁ Ak tive polarity signal that is generated by Muller cells [12]. The
© ) e increase in c-wave amplitudel§ir4.1*- mice indicates that a
12 495 |- Kird. 1" /nob  Kir4.1 conductance contributes to the negative polarity com-

' | T - ponent. This agrees with the observation of Kofuji et al. [6]

0 50 165 1%{] 265 Qég that slow Pl was eliminated ikir4.1"- mice, and indicates
; that this conductance persists beyond the time frame analyzed
Time (ms) : , : .
in that study. An alternative explanation for the c-wave in-

crease is that there might be an increased resistance across the
Figure 3. Comparison of strobe flash ERGs obtained from contrdietina/RPE. Evidence against this idea is provided by analysis
and Kir4.1 mutant mice. ERGs recorded to strobe flash stimuli fron@f other ERG components such as the LP, which did not differ
Kir4.1**/nob (thin blue tracing) oKir4.1*/nob (thick red tracing)  betweerKir4.1** andKir4.1*- mice.
mice. Each record indicates the grand average&af41*/nob or 7 Our results also agree with the conclusion of Yang et al.
Kir4.1*"/nob mice. Stimulus intensity was -0.03 log cd séc/m [16] that the apical membrane of the RPE does not express
Kir4.1, as suggested by earlier reports [17,18]. Instead, Yang
et al. [16] found that the apical RPE expresses Kir7.1. It will
be of interest to apply the ERG technique used here to mice
lacking Kir7.1 expression in the RPE to define the role of this
— Kird. 1" /nob channel in c-wave generation. In addition, study of other ion
channel mutants should prove useful in continuing to evalu-
ate the specific channels whose activity is reflected in the ERG.

—_— .
kird 1™ inob
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