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Loss of the K* channel K,2.1 greatly reduces outward
dark current and causes ionic dysregulation and
degeneration in rod photoreceptors

Christopher Fortenbach'*, Gabriel Peinado Allina**@®, Camilla M. Shores'®, Sarah J. Karlen°®, Eric B. Miller, Hannah Bishop*?®, James S. Trimmer>*®,
Marie E. Burns***@®, and Edward N. Pugh Jr34°®

Vertebrate retinal photoreceptors signal light by suppressing a circulating “dark current” that maintains their relative
depolarization in the dark. This dark current is composed of an inward current through CNG channels and NCKX transporters in
the outer segment that is balanced by outward current exiting principally from the inner segment. It has been hypothesized
that K,2.1 channels carry a predominant fraction of the outward current in rods. We examined this hypothesis by comparing
whole cell, suction electrode, and electroretinographic recordings from K,2.1 knockout (K,2.1-/-) and wild-type (WT) mouse
rods. Single cell recordings revealed flash responses with unusual kinetics, and reduced dark currents that were
quantitatively consistent with the measured depolarization of the membrane resting potential in the dark. A two-
compartment (outer and inner segment) physiological model based on known ionic mechanisms revealed that the abnormal
K,2.17/- rod photoresponses arise principally from the voltage dependencies of the known conductances and the NCKX
exchanger, and a highly elevated fraction of inward current carried by Ca?* through CNG channels due to the aberrant
depolarization. K,2.1/~ rods had shorter outer segments than WT and dysmorphic mitochondria in their inner segments. Optical
coherence tomography of knockout animals demonstrated a slow photoreceptor degeneration over a period of 6 mo. Overall,
these findings reveal that K,2.1 channels carry 70-80% of the non-NKX outward dark current of the mouse rod, and that the
depolarization caused by the loss of K,2.1 results in elevated Ca?* influx through CNG channels and elevated free intracellular

Ca?*, leading to progressive degeneration.

Introduction

Vertebrate rod and cone photoreceptors signal the time-varying
rate of absorbed photons by graded, hyperpolarizing responses.
These photovoltage responses arise from transient suppression
of a circulating “dark current,” which flows inward across the
outer segment membrane and outward across the membrane of
the inner segment.

The outer segment-inward limb of the rod dark current is
carried primarily by CNG channels, along with a normally small
(~5%) contribution from the electrogenic Na*,Ca2'/K* ex-
changer (NCKX; reviewed in Kaupp and Seifert, 2002). How-
ever, the ionic mechanisms underlying the balancing outward
dark current of the inner segment have not been definitively
identified. In rods with membrane potential clamped near rest, a
substantial outward current is generated by voltage-gated de-
layed rectifier channels, historically referred to as the Iy cur-
rent (Attwell and Wilson, 1980; Bader et al., 1982; Baylor and

Nunn, 1986; Beech and Barnes, 1989; Barrow and Wu, 2009). The
Ixx current is thought to be mediated by multimeric K* channels
consisting of K,2.1 subunits (Yazulla and Studholme, 1998) and
the auxiliary subunit K,8.2 (KCNV2). K,2.1 channels (KCNB1)
are members of the Shab-related delayed rectifier subfamily that
are widely expressed in neurons, where they regulate resting
membrane potential and electrical excitability (Shah and
Aizenman, 2014). Both K,2.1 and K,8.2 are expressed in the
retina (Czirjék et al., 2007) and in photoreceptor inner segments
in particular (Gayet-Primo et al., 2018). A previous study of
K,2.I"/~ mice has shown the retina to have greatly reduced
electroretinographic (ERG) a-waves (Hart et al., 2019), consis-
tent with the idea that K;2.1 channels carry a major portion of
the outward circulating current.

Another potentially significant contributor to the outward
dark current of rods is the Na*/K* adenosine triphosphatase
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(NKX; a3p2 isoform), which is also strongly expressed in rod
inner segments (Wetzel et al., 1999). The NKX is the only Na*
efflux mechanism balancing the Na* influx through CNG chan-
nels and the NCKX exchanger into the rod outer segment. Be-
cause the NKX is electrogenic (stoichiometry, 3Na* out: 2K* in),
it makes an essential contribution to outward current in
the dark. Rod inner segments and cell bodies also contain
hyperpolarization-activated (HCN1) channels that dynamically
shape photovoltage responses during light-driven hyperpolari-
zation (Demontis et al., 1999, 2002, 2009), but their contribution
to the outward dark current at the normal resting potential is
expected to be negligible because of their strong inward rectifi-
cation and their reversal potential close to the resting potential.
Other ionic mechanisms of rods with potential relevance to the
outward dark current have been identified with transcriptomics
(Siegert et al,, 2012), including at least two inwardly rectifying K*
channels (KCNJ13, KCNJ14).

To clarify the role of K,2.1 channels in rods, in this investi-
gation we have compared the electrical and structural properties
of rods lacking K,2.1 channels (K,2.1/-) to those of WT litter-
mates. The electrical properties were studied with three dif-
ferent methods: suction electrode (SE) recordings of outer
segment photocurrents, whole cell (WC) recordings of dark
electrical properties and light-evoked responses, and ERGs.
Quantitative interpretation of the resultant data required de-
veloping a biophysical model that incorporates the known ionic
mechanisms of the dark electrical steady state and predicts the
photocurrent responses of rods of both genotypes. This analysis
reveals significantly elevated intracellular Ca?*; in K,2.1/~ rods,
a result confirmed by the greatly increased NCKX current, as
well as other distinctive kinetic features of their photocurrents.
The chronically elevated Ca®*; in turn is consistent with features
of the observed photoreceptor degeneration, producing new
insights about the functional significance of K,2.1 channels for
both physiological and cell-biological homeostasis.

Materials and methods

Animals

Mice were reared and handled under the guidelines established
by the National Institutes of Health using protocols approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of California at Davis. Heterozygous mice carrying the
null K,2.1 allele (RRID:IMSR MGI:3806050; Jacobson et al., 2007;
Speca et al., 2014) were bred to generate K,2.1*/* (WT) and
K,2.1"/~ littermates. Heterozygote (K,2.1*/~) littermates were also
used in certain experiments and were found to be structurally
and functionally equivalent to WT littermates in all assays ex-
amined. Unless otherwise indicated, all mice used in these ex-
periments were young adults (4-8 wk of age) housed in 12-h
cyclic light (~200 lux) and dark-adapted overnight before an
experiment.

Immunohistochemistry

Mice were euthanized by CO, narcosis and decapitated, and the
eyes were removed and immersed in 4% paraformaldehyde in
PBS (Thermo Fisher Scientific; AAJ75889K8) for 5 min at room
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temperature. The anterior segments were then cut away, the
lens removed, and the eyecups fixed for 20 additional minutes
before being stored in 1x PBS at 4°C until sectioning. For sec-
tioning, eyecups were embedded in low-melting agarose (In-
vitrogen; 18300-012) preheated to 70°C and oriented so as to cut
planar to the dorsoventral midline as described in Daniele et al.
(2011) and Wagner et al, (2000). Sections 150 um thick were cut
with a vibratome (Leica Microsystems; model VT 10005) and
stored in small base molds of 1x PBS at 4°C.

Sections were incubated with normal goat serum (1:20;
Jackson ImmunoResearch) in 1x PBS with 0.5% BSA and 0.5%
Triton X-100 (PBT) for 1 h at room temperature, then incubated
in primary antibodies diluted in PBT at 4°C overnight. After
three 5-min washes in PBT, secondary antibodies with 6'-dia-
midino-2-phenylindole (Invitrogen Life Technologies; R37606)
were applied for 1.5-2 h at room temperature. The sections were
washed two times for 5 min each in PBT, then one time in 1x PBS
before being mounted onto slides and coverslipped with Pro-
Long Diamond Antifade Reagent (Invitrogen Life Technologies;
P36970). Primary antibodies used for immunohistochemistry
include mouse anti-rhodopsin monoclonal antibody (1D4; Ab-
cam; RRID:AB 304874), rabbit “KC” anti-K,2.1 polyclonal anti-
body, in-house (Trimmer, 1991; Trimmer laboratory; RRID:
AB_2315767, affinity-purified, 1:100), and mouse IgGl anti-HCNI1
monoclonal antibody N70/28.1 tissue culture supernatant (Uni-
versity of California, Davis/National Institutes of Health [UC
Davis/NIH] NeuroMab Facility, RRID: AB_10672848) at 1:5.
Alexa Fluor 488-conjugated goat anti-mouse and Alexa Fluor
633-conjugated goat anti-rabbit (Invitrogen Life Technologies)
were used as secondary antibodies at 1:300 dilution in PBT.
Slide-mounted sections were visualized with a Nikon Ti-E Al
multiphoton imaging system using a 40x water immersion ob-
jective and continuous wave lasers. 3-D images (30 pm in the
z-direction) were sampled from the center and peripheral re-
gions of each section using the NIS-Elements Microscope
Imaging Software (Nikon). Cell numbers, morphological fea-
tures, and layer thicknesses were counted and measured
manually.

Paraffin-embedded sections

Paraffin embedding was done as previously described (Sun et al.,
2015). Mice were euthanized by CO, narcosis, and the eyes were
removed and flash-frozen in dry ice-cooled liquid propane for
30 s before being transferred to 3% acetic acid in MeOH and
stored at -80°C. After a minimum of 48 h, eyes were warmed by
moving sequentially to -40°C, -20°C, then room temperature
for at least 2 h at each temperature. The eyes were transferred to
100% ethanol for 1 h, replaced with fresh 100% ethanol for an-
other hour, twice in 100% xylene, and then three 45-min
changes of 60°C paraffin. Sections of 5 pm were taken with a
rotary microtome and stained for hematoxylin and eosin.

Electron microscopy

Mice were perfused trans-cardially with 2% paraformaldehyde,
2% glutaraldehyde, and 0.05% CaCl, in 50 mM 3-morpholino-
propane-1-sulfonic acid, pH 7.4, as described (Ding et al., 2015).
Retinas were removed and post-fixed in the same fixative for up
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to 2 h before being transferred to PBS for storage. Tissue was
rinsed in 0.1 M sodium phosphate buffer, then stained with 1%
osmium tetroxide, rinsed in distilled H,0, and dehydrated with
an increasing series of ethanol. Retinas were incubated in 50%
propylene oxide and 50% PolyBed resin overnight, then in-
filtrated with 100% PolyBed resin and polymerized in fresh
resin. Thin sections (80-90 nm) were cut on an ultramicrotome,
collected on copper grids, and stained with 4% uranyl acetate
and 0.2% lead citrate. Images were taken using a FEI Talos
L120C TEM.

Optical coherence tomography (OCT)

OCT imaging was performed with a custom-built, multi-modal
scanning laser ophthalmoscopy and OCT system (Zhang et al.,
2015, 2018). Anesthesia was induced with 4% isoflurane and
maintained with 2-2.5%; body temperature was maintained
with a heating pad at 37°C (Physitemp; TCAT-2LV). Mouse po-
sition was controlled with a stereotactic bite bar (Knopf; 923-B
Mouse Head Holder) mounted on a micropositioner (Phoenix
Ltd.). Pupils were dilated and cyclopleged with tropicamide and
phenylephrine, and corneal surface hydration was maintained
with hypromellose gel (Alcon; GenTeal Tears Severe) and a
contact lens (Unicon Corporation). The scanning laser ophthal-
moscopy subsystem was used for initial alignment of the mouse
eye. The OCT subsystem used a broadband near-infrared su-
perluminescent diode (Superlum; Broadlighter T-860-HP; cen-
ter wavelength, 860 nm; bandwidth, 132 nm) giving an axial
resolution of ~2 pm. Widefield OCT images were acquired over
51° of visual angle (2.2 mm) and “zoomed” OCT images over ~25°
of visual angle (~1.1 mm) with a lateral optical resolution of ~3
pm.

OCT images were processed and flattened using standard
techniques (Wojtkowski et al., 2004; Miller et al., 2019). The
OCT images shown in Fig. 11 are the result of the temporal
speckle averaging technique to enhance the structural infor-
mation in the images (Zhang et al., 2019). In short, 30-50
zoomed OCT volumes were registered and averaged, greatly
reducing speckle noise. For retinal layer thickness measure-
ments, the flattened widefield volume was averaged to obtain an
A-scan that was used to measure the lengths of the outer retina,
ONL, and combined inner segment layers (ISs) and outer seg-
ment layers (OSs; Karlen et al., 2018). Layers were segmented
based on the optima in the average A-scan and the gradient of
the average A-scan. The inner plexiform layer thickness was
defined as the neuro-fiber layer-vitreous boundary to the center
of inner nuclear layer (INL). The outer nuclear layer (ONL) was
from the center of the INL to the external limiting membrane
(ELM). Outer and inner segment lengths were measured in OCT
images using a technique recently described in Zhang et al.
(2020). Briefly, the A-scan was deconvolved with the Lucy-
Richardson algorithm in MATLAB (MathWorks) and the axial
point-spread function of the OCT subsystem, with the result
used to locate the retinal pigment epithelium (RPE) and Bruch’s
membrane. Boundaries of retinal layers were then manually
defined, and the location of the intensity peaks of Bruch’s
membrane, the RPE, IS/OS junction, and ELM were defined by
the centroid of least-squares-fitted Gaussian functions. The
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outer segment length was measured as the distance between the
RPE and the IS/OS junction and adjusted based on known dis-
tances from the RPE to the OS tips determined in albino (BALB/c)
mice (Zhang et al,, 2020).

Protein analysis

Under infrared light, dark-adapted littermate pairs of WT and
K,2.I"/~ mice were euthanized by cervical dislocation. The reti-
nas were quickly dissected and sonicated in ice-chilled Ringer’s
solution with protease inhibitor cocktail (Sigma-Aldrich;
4693159001). For rhodopsin quantification, an aliquot of each
retinal homogenate was solubilized in PBS containing 50 mM
hydroxylamine (titrated to pH 7.5 by NaOH) and 70 mM
n-octylglucoside, and rhodopsin content was determined by
difference spectroscopy at 500 nm before and after a full bleach,
using 40,500 as the extinction coefficient. Rhodopsin quantifi-
cation for each retina was performed in triplicate and averaged,
and then averaged across retinas of each genotype.

For immunoblot analyses of protein expression levels, ho-
mogenates were mixed with an equal volume of 2x reducing
sample buffer and boiled for 1 min. Samples of 10 pg each of
retinal homogenate, 10 pg mouse brain homogenate, and 10 pg
crude mouse brain membranes treated with alkaline phospha-
tase were separated by 7.5% SDS-PAGE and transferred to ni-
trocellulose membranes (Bio-Rad). Blots were blocked for 1 h
with Blotto (4% wt/vol nonfat milk) in Tris-buffered saline (TBS;
50 mM Tris, pH 7.5, 150 mM NaCl) plus 0.1% vol/vol Tween-20
followed by 1 h room temperature incubation with primary
antibodies. Primary antibodies were as follows: recombinant
mouse anti-K,2.1 IgG2a monoclonal K89/34R (Mandikian et al.,
2014; RRID:AB_2750677; tissue culture supernatant at 1:2);
mouse anti-HCNI1, IgGl monoclonal N70/28 (UC Davis/NIH
NeuroMab Facility; RRID:AB_10672848; tissue culture superna-
tant at 1:5); and mouse anti-Grp75/mortalin, IgG1 monoclonal
N52A/42 (UC Davis/NIH NeuroMab Facility, RRID:AB_2750800;
tissue culture supernatant at 1:10). After three 10-min washes
with TBS plus 0.1% vol/vol Tween-20, the membranes were
incubated with the appropriate secondary antibodies for 1 h at
room temperature in TBS. Anti-mouse secondary antibodies
were anti-IgG2a Alexa 488 (Invitrogen Life Technologies; A-
21131) and anti-IgGl Alexa 647 (Life Technologies; A-21240), each
at 1:1,500. After three 10-min washes with TBS, the immuno-
blots were visualized directly in a FluorChem Q imager (Pro-
teinSimple), and fluorescence intensity measurements were
made using associated Alphalmager software. Group differences
were evaluated by independent t test. P < 0.05 was considered
statistically significant.

SE recordings

Retinal tissue was dissected and maintained in complete dark-
ness with the aid of infrared-visible converters (BE Meyers;
Phantom Night Vision). Mice were euthanized by CO, narcosis
and the retinas dissected and stored in chilled Leibovitz’s L-15
medium (Invitrogen) supplemented with 10 mM glucose and
0.1 mg/ml BSA. The retina was finely chopped, and small pieces
were transferred to a recording chamber perfused with bicarbonate-
buffered Locke’s solution containing (in mM) 112.5 NaCl, 3.6
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KCl, 2.4 MgCl,, 1.2 CaCl,, 20 NaHCO;, and 3 sodium succinate,
bubbled with 95% 0,/5% CO, and warmed to 35-37°C, pH 7.4.
Photocurrents were recorded from intact rods by drawing in-
dividual outer segments into a highly polished glass pipette
containing (in mM) 140 NacCl, 3.6 KCl, 2.4 MgCl,, 1.2 CaCl,, 3
HEPES, and 0.2 EDTA, pH 7.4, connected to a current-to-voltage
amplifier (Molecular Devices; Axopatch 200B amplifier), fil-
tered using an analogue eight-pole Bessel filter (f. = 30 Hz), and
digitized with acquisition hardware from National Instru-
ments, Inc., and custom routines in Igor Pro (WaveMetrics).

The maximal photocurrent of the outer segment current was
measured by subtracting the recorded response amplitude fol-
lowing a saturating flash from the baseline current level, defined
as the mean level in the 0.5 s before the flash. Between 20-30
dim flash responses were averaged to calculate the average dim
flash response; the time to peak was determined from the
midpoint of the 10-ms flash to the dim flash response maximum,
compensating for the delay imposed by the analogue filter. Light
sensitivity was determined by fitting a saturating exponential
function to response amplitude versus intensity data, as de-
scribed (Fig. 4). The flux density of the unattenuated light source
was regularly measured at the recording stage, and light stimuli
were delivered through calibrated neutral density filters. The
stimulus strengths are expressed in energy density units (pho-
tons um~2). For theory, the latter values were converted to units
of photoisomerizations (®) by multiplying by the collecting area.
For WT rods, the collecting area was estimated from fluctuations
in the rising phase of responses to dim flashes arising from
Poisson variation in light capture. For K,2.17/~ this was not
possible, and the collecting area was estimated based on the
shortened length of K,2.1”/~ rods and somewhat lowered rho-
dopsin expression (compare Fig. 2).

WC recordings

Adult WT and K,2.I”/~ mice (4-6 wk of age) were sacrificed
under infrared light by cervical dislocation and decapitation.
After enucleation, the eyecup was quickly dissected in cold,
HEPES-buffered Ames and embedded in low-temperature gel-
ling agar (Sigma-Aldrich; Agarose type VII-A; 3% wt/vol in
HEPES-buffered Ames solution). Retinal slices (200-pm thick)
were cut in ice-cold HEPES-buffered Ames (pH 7.4) using Leica
1000S vibratome (Leica Biosystems) stored up to 6 h inside a
light-protected chamber containing bicarbonate buffered Ames
(pH 7.4, 295 mOsm) maintained at 32°C and continuously bub-
bled with 95% 0,/5% COs.

In the dark, retinal slices were transferred to a recording
chamber, rapidly perfused (3-5 ml/min) with bicarbonate
buffered Ames, equilibrated with 95% 0,/5% CO,, and main-
tained at 36°C. Cells were targeted for recording under infrared
light. WC recordings were made from rod cell bodies using bo-
rosilicate glass patch pipettes (electrical resistances 12-18 MQ)
filled with (in mM) 130 K-gluconate, 10 KCl, 10 HEPES, 3 ATP-
Mg, 1 GTP-Na3, and 0.1 Alexa-Fluor 488 (Invitrogen). The
electrode solution was adjusted to pH 7.2 and the final osmo-
larity adjusted to 270-280 mOsm. WC voltage clamp recordings
were made using an Axoclamp 200B amplifier (Axon Instru-
ments). Signals were filtered digitally with an eight-pole
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analogue Bessel filter with 100 Hz bandwidth digitized at 1 kHz
using a Digidata 1322A (Molecular Devices). Data were acquired
using pClamp software (Axon Instruments) and analyzed with
custom software written with Igor Pro (WaveMetrics). Mem-
brane holding potential for rod voltage clamp experiments was
-40 mV, which was not adjusted for the liquid junction po-
tential. Subsequently, the junction potential between the ex-
ternal solution (ground) and the pipette was determined at
37°C, and the measured offset (-8.2 mV) was used to adjust the
membrane potential values of Table 3.

For all WC experiments, the holding potential before access
was set to -40 mV, as initial observations indicated this setting
would be very close to the zero-current holding potential for the
rods of WT mice. Upon WC access, the holding potential was
immediately adjusted to achieve zero current, and the zero-
current holding potential at that moment (corrected post hoc
for the liquid junction potential, 8.2 + 0.3 mV) was taken as the
measurement the resting potential, Vy,, rest. The saturating pho-
tocurrent was next measured. For this latter measurement, the
holding potentials of both WT and K,2.1”/~ rods were preset to
the same nominal value, -40 mV. After these initial measure-
ments, response families of some rods were measured under
voltage clamp or current clamp, while for others, I-V curves
were measured in the dark steady state, with occasional satu-
rating flashes delivered to gauge rundown. For the I-V curves,
the holding potential was stepped from -80 to +20 for 750 ms,
and the measured current averaged over a total of 100 ms after
the decay of the capacitive current (capacitance compensation
was not used). Only rods with a series resistance of at least 1 GQ
and at least a 5-pA maximal light-evoked response were con-
sidered for further analysis. The series resistance was checked
intermittently throughout the experiment to ensure that access
was stable, and a final saturating flash was delivered to ensure
that the dark-adapted responses not fall below the 5-pA
threshold used to gauge rundown.

In analyses of results with all methods, K,2.1*/* and K,2.17/~
metrics were compared with a two-tail Student’s t test with 0.05
(95% confidence) set as the threshold for statistical significance.

ERG

Under dim red light illumination (720 nm) mice dark-adapted
overnight were anesthetized with isoflurane (1.5%) and posi-
tioned on a regulated heating pad that maintained a core tem-
perature of 37°C. After alignment of the mouse’s head in the ERG
recording apparatus (Phoenix Research Labs), a mixture of
phenylephrine and tropicamide (2:1) was applied to the cornea
to induce pupil dilation. Methylcellulose was applied to maintain
corneal moisture and electrical contact with the corneal elec-
trode during ERG recordings. A subepidermal needle placed at
the back of the head was used as a ground electrode.

Light stimuli consisted of 1-ms flashes of 510-nm light. Ret-
inal irradiance was calculated by measuring the power output of
the ERG apparatus and the stimulus duration with a calibrated
photodiode. For converting retinal energy density to photo-
isomerizations per rod, an end-on collecting area of 0.87 pm?
was used (Lyubarsky et al., 2004). All ERG traces were acquired
with Phoenix Research Labs software programmed to sample
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Figure 1. Schematic of a rod with its outer segment in an SE. (A) Infrared image of a K,2.1*/~ rod outer segment in a suction pipette with overlay of key
elements of the electrical recording system, and outline of the outer and inner segments (dashed line). A physical model of the pipette with neck constriction
length of 4-5 um accounts for the measured resistance of the pipette without (2.5 MQ) and with (5.0 MQ) the rod drawn into the pipette, constraining the seal
and series resistances to Rgea ~3.3 MQ and Ryeries ~1.7 MQ, giving an overall collection efficiency for the current-divider circuit of approximately two thirds. The
inset shows an image of a rod filled with fluorescein during a WC recording experiment from a retinal slice; the electrode (hazy fluorescence shadow at left)
was sealed to the cell body. (B) Two-compartment electrical schematic of the rod identifying the respective currents of the inner and outer segments. All
current components, including those in the outer segment, have material voltage dependence in the highly depolarized K,2.17/~ rod (Fig. 5). Resistance values

used: Ryssue = 10 KQ; Riy = 158 MQ and 113 MQ for WT and KO rods, respectively.

signals at a 5 kHz rate. The built-in digital filter was configured
to a nominal 1 Hz to 1 kHz bandpass frequency. Recorded traces
were exported to Igor Pro (WaveMetrics) for post-processing.

Theory

To address how K,2.1 channel function and loss affects rod
physiology, we used three different electrical methods: SE re-
cording from outer segments, WC recordings from rods in ret-
inal slices, and in vivo ERG recordings. To combine the
information from these different methods into a unified picture,
we developed a biophysical model of the rods of WT and K,2.1-/
mice that includes all pertinent ionic mechanisms of the outer
and inner segment membranes, as well as a model of photo-
transduction that incorporates voltage and calcium dependen-
cies usually not material to characterizing WT rod function

(Fig. 1).
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A two-compartment electrophysiological model of the rod

As will be shown experimentally, the loss of the hyperpolarizing
current of K,2.1 channels causes rods to depolarize to a potential
at which voltage dependencies of the outer segment CNG
channels and the NCKX transporter are material to their func-
tion, and to Ca%* balance in the dark. As a consequence, unlike
prior theory that has focused on normal rods in which the CNG
current exhibits negligible voltage dependence, a theory of
K,2.I"/~ rod photocurrents must predict steady state and
phototransduction-induced changes in membrane potential (Vi)
of both inner and outer segments. Moreover, responses to strong
flashes generate capacitive currents of the outer segment
membrane that can materially affect the suction pipette re-
cordings of K,2.1”/~ rod outer segments. To accommodate these
electrophysiological features of the K,2.17/~ rod, we developed a
two-compartment electrical model that incorporates the
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pertinent ionic mechanisms of the inner and outer segments
(Fig. 1). The various ionic mechanisms involved are represented
as voltage-dependent current sources, including in the outer
segment the CNG channels and NCKX transporter, and in the
inner segment the NKX transporter, K,2.1 and HCN1 channels,
and an unidentified “leak current.” Equations governing the
inner and outer segment membrane potentials in the SE re-
cording configuration, respectively, are as follows:

de,IS
Cm,IS d t

= 'INKX'IHCNI'IKVZ.I'IK,leak'Icg + Iseal (1)

and

dVim, o0s

Cm, 05 it = -Iene — Inoxk = Iseal + Ise- ()
The signs of the membrane currents are conventional, i.e., flow
of positive charge outward across the membrane is positive. For
the laterally flowing currents, currents flowing to the right are
positive and to the left are negative. In both cases, potential
gradients are consistent, i.e., currents flow “down” their gra-
dients. These equations embody Ohm’s current law at the
summing junctions in the electrical schematic exterior to the rod
inner and outer segments, respectively. On the right hand side of
Eq. 1 and Eq. 2, the membrane currents are identified by their
respective abbreviations: here Ise, = — (Vosg - Vo,c) / Rseal T€P-
resents current flowing through the pipette seal resistance
(Rseal), Ig = = Vo / Rijssue current flowing from the chamber
ground through the tissue in which the rod is embedded to the
inner segment, and Isg = V, sg / Rsg, current flowing to the SE
through the pipette series resistance, respectively. Finally, Vi, 05 =
Vinos - Vo,sg and Vi s = Vin1s - Vo ¢ (cf. Fig. 1). The K,2.1 and HCN1
currents are voltage-gated and time-dependent, features captured
with two-state Boltzmann models of the open probabilities (see
Eq. 6, Eq. 7, Eq. 8, and Eq. 9), and standard relations between open
probability and current (Eq. 10 and Eq. 11).

Electrical balance and ion species homeostasis in the dark
steady state

Two general conditions must be satisfied for a rod to be in steady
state in darkness: (1) electrical balance or electroneutrality,
which requires that the sum of all ionic currents over the
membrane must be zero; and (2) ion species homeostasis, which
requires that the inward and outward fluxes of each permeant
ion species (in particular, Na*, K*, Ca2*) must be equal. For
characterizing the electrical balance, the measured dark resting
potential was assumed to correspond to that of the inner seg-
ment (Vi 15 rest) in the model, as the WC electrode was patched to
the cell body (Fig. 1, inset). The magnitude of the total outer
segment membrane current in the dark was determined from
analysis of the saturating photocurrent, with both CNG (Icnc)
and NCXK (Inckx) contributing net inward current suppressed
by strong stimulation. A key empirical parameter characterizing
the saturating photocurrent is the fraction arising from the
NCKZX, estimated from SE photocurrents to be 0.06 for WT rods
(Makino et al., 2004) and herein from 0.15 to 0.45 for K,2.17/
rods (Fig. SI and Fig. S2). Because Iyckx is voltage-dependent
(Lagnado et al., 1988; Lagnado and McNaughton, 1990; Eq. 4), the
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magnitude of Iycxx extracted from the photocurrent after a
bright flash must be understood to be that at the hyperpolarized
potential of the saturating response, not at the resting potential,
and thus the magnitude of the NCKX current at the resting po-
tential must be inferred from the voltage dependence of the
NCKX current (Fig. 8). Analysis of the saturating photocurrent
also allowed the magnitude of Icng in darkness before the flash
to be determined (Fig. 7 and Fig. S2), which in combination with
Inckx predicts fc,, the CNG current carried by Ca?*, and the
complementary fraction carried by Na* (fya = 1 - fca), as de-
scribed below (Eq. 5). With the dark current partitioned into
Icng and Inckx, the inward flux of Na* was readily calculated
from these currents, fc,, and the stoichiometry of the NCKX
(4Na* in: 1 Ca®*, 1 K* out). Because the only path for Na* efflux
from the rod is via Na*/K* exchange (NKX) in the inner seg-
ment, the contribution of the electrogenic NKX to the outward
dark current was thus readily determined, and was found to be
~35% for WT and ~40% for knockout (KO) rods (these values
depend somewhat on the absolute magnitudes of the dark cur-
rent of the individual rods as well as the partitioning between
Icng and Incky; Fig. 7, Fig. S, and Fig. S2). The residual non-NKX
outward dark current was distributed over Ixys: (WT), Incm
(WT and KO), and a leak K* current (WT and KO), as described
in Results (Fig. 6).

Calcium ion homeostasis in the rod outer segment

Calcium ions enter the rod outer segment through CNG channels
and are extruded by the electrogenic NCKX1 exchanger. Both
inward and outward fluxes are voltage-dependent. The rod CNG
channel current’s dependence on the cGMP concentration (cG)
and membrane potential (Vy,) is well described as the product of
a power-law dependence on ¢G and a saturating Boltzmann de-
pendence on Vy, (Baylor and Nunn, 1986):

G NG
ItG(er CG) = (CGd k) x (3)

Ieng,dark {1-exp[(Vin-Veng) ] /Scne }-

The dependence of the NCKX current on internal Ca®* and
membrane potential is described by

Ca
INCKX(Vm,Ca) = (m) INCKX,sat(VNCIO() x

{exp[-(Vin-Vivex)] / s }
(Lagnado et al., 1988; Lagnado and McNaughton, 1990; Lagnado
et al., 1992). In the dark steady state, Ca®* influx through the
CNG channels and efflux through the NCKX must be in balance,
so that

(4)

f;—aIcNG (Vi) = Inckx (Vim, Ca) (5)
where f¢, is the fraction of the CNG current carried by Ca?* and
z = 2. Though expressed in terms of currents, Eq. 5 is a home-
ostatic, not electrical-balance, relation: dividing both sides of Eq.
5 by Faraday’s constant converts it into the proper flux-balance
relation. In the rod literature, the voltage dependence of the
NCKX has been largely neglected (but see Jarvinen and Lamb,
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2005), perhaps in part because of the relatively large value of the
steepness parameter, syckx = 70 mV (Lagnado and McNaughton,
1990). For the CNG channels, the voltage dependence in the
normal operating range of the cell (Fig. 8) may be negligible, but
K,2.1"’~ rods in the dark are depolarized into a membrane po-
tential range where the voltage dependence is material to
function. An important consequence of the voltage dependencies
of Icng and Inckx is that fe, itself is necessarily voltage-
dependent in the depolarized range of the resting potential of
the K,2.1/~ rod, and the nature of this dependence (Fig. 8)
suggests it to be a manifestation of the well-established divalent
cation block of the CNG channels (Zimmerman and Baylor,
1992). Another important consequence of Eq. 5 is that in any
steady state, Incxx cannot exceed 0.5 x Icg, a limit reached only
when fc, = 1, i.e., all inward CNG current is carried by Ca?*. At
this limit, Inyckx would be one third the total inward current of
the outer segment. However, because Ixckx is measured when a
bright flash is delivered that rapidly shuts the CNG channels and
hyperpolarizes the rod, due to the voltage dependence of Inckx
(Eq. 4), the measured amplitude of Ickx is increased over that in
the darkness before the flash. For the WT rod, the effect of hy-
perpolarization is modest, but for the depolarized K,2.17/~ rod, it
can increase the magnitude of Inckx by as much as 2.5-fold over
its value in darkness (for hyperpolarization from -10 mV to -75
mV; Fig. 8). This effect causes the magnitude of Iyckx extracted
from the photocurrent to be up to 45% total outer segment
photocurrent, appearing to violate the 33% limit set by Eq. 5
(Fig. S2).

Rate equations of the primary reactions of phototransduction
Rate equations describing phototransduction in mouse rods,
including calcium modulation of guanylate cyclase, have been
described previously (Gross et al., 2012a). Modifications to these
equations, including extension of several calcium-dependent
functions to higher than normal Ca2*; levels, were made in our
investigation and are described in the Supplemental text (see
end of the PDF). To accommodate the depolarization of K,2.1-/
rods, the rate equation governing changes in Ca?*; in the outer
segment was generalized (Eq. S15) to include the voltage-
dependent relations Eq. 4 and Eq. 5. In addition, a continuous
saturating Boltzmann description of fc,(V,,) was developed,
constrained by values extracted from WT and K,2.1/~ rod pho-
tocurrents (Fig. 8 C).

Rate equations for voltage-gated inner segment ion channels
The kinetics of gating of the voltage-gated K;2.1 and HCN1
channels were described by rate equations for two-state Boltz-
mann systems. For example, for K,2.1 channels the state-
transition rate equation is given by

dpo

= ko(Va) (1= po) ~ ke(Van) po (6)

where po is the probability the channel is in the open state, and
the voltage dependencies of the transition rates from open to
closed (ko), and from closed to open (k¢), are
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(ko' max — ko, min) (7)

k Vm = k min t
o(Vu) = ko, 1+ exp[-(Vi - Vo,0.5) /50]

and
(kC max — kC min)
+ ” : . 8
T+ expl(Ve ~ Voos)/5c] )

The steady state voltage-activation (open probability) function is
given by

kC (Vm) = kC,min

kO (Vm)
Ko (Vo) + k(o) ©)

The eight parameters of the two-state model for K,2.1 channels
were constrained by published steady state voltage activation
data and combined state transition time constant data (Beech
and Barnes, 1989; Demontis et al., 1999, 2002). A parallel trio
of equations was used to describe the HCN1 channels, but with
the signs of the exponential terms in the denominators of Eq. 7
and Eq. 8 switched (see Supplemental text and Fig. S3).

pO,\’0 (Vm)

Currents of the inner segment ionic mechanisms
The current flowing through K,2.1 channels was calculated as

IKVZ.I(Vm) = PO(Vm) Grva1 [Vm - EK] (103)
(Beech and Barnes, 1989) or, using the Goldman-Hodgkin-Katz
(GHK) current equation (Lewis, 1979), as

PxF?V,,

IKVZ.l(Vm) = pO(Vm) KRT x

[K];-[K],exp(-FV/RT)
1-exp(-FV,,/RT)

(10b)

With the latter scaled to have the same magnitude as the former
at Vi, rest, the I-V functions specified by Eq. 10a and Eq. 10b,
differ by no more than 12% over the operating range (-32 mV to
-75 mV) of the WT rod, and by <5% if the functions are simply
shifted for maximum congruence over that range. In the mem-
brane potential region depolarized with respect to WT Vp, rest
(-32 mV), the outward rectification of the GHK current equation
materially improved the description of the measured I-V rela-
tion of dark-adapted rods (Fig. 6, A and C).

A relation parallel to Eq. 10a was used to describe the HCN1
current:

I (Vi) = Po(Vin) Gren [Vin - ] (11)

To be applicable to the photoresponse recovery, HCN1 channels
activated by hyperpolarization needed to deactivate, and so the
two-state Boltzmann model of the channels included voltage-
dependent deactivation (cf. Fig. S3 and Supplemental text),
which was not characterized in the study by Demontis et al.
(2002).

The I-V relation of various isoforms of the NKX, including
those expressed in rods (a3B2) and cones (alfl), have been
characterized by Stanley et al. (2015). We found the normalized
electrogenic currents of the latter study for each isoform to be
well-characterized by a Boltzmann relation of the form
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INKX(Vm) = INKX,max x

(1-y)

{Y 1o+ exp [~ (Vin-Vimo.5) /Snrx] }’

where vy is a positive constant less than unity, and the other
parameters have their usual meaning (Fig. S4). As mentioned
above, the absolute magnitude of the electrogenic NKX current
in the dark-adapted rod, Inkx dark iS determined by the con-
straint that it must correspond to an efflux of Na* that balances
the influx of Na* into the outer segment through CNG channels
and NCKX at Vy, rest- Thus, given parameter values for Eq. 12
describing the normalized NKX current, setting Ingx(Vin rest) =
INkx dark i Eq. 12 completely determines the voltage-dependent
current of the NKX in the rod. At Vp, rest = -32 mV for the WT
rod, the a3B2 isoform of the NKX operates at 81% of its saturated
maximum, while at Vi, pee = -12 mV for the K,2.17/~ rod, the
value rises to 89% (Fig. S4, bottom), indicating that the latter has
little cushion for reaching a steady state with an increased Na*
influx unless expression of the NKX can be up-regulated. In the
analysis, we did not attempt to adjust for changes in the cyto-
plasmic or extracellular concentrations of the cations Na* and K*
and instead treated the NKX as a constitutive current. However,
given the small volume of the mouse rod cytoplasm (150 - 170 fl)
and relatively large ion fluxes, exposures to light for hundreds of
seconds would be expected to alter these concentrations, as
would, of course, dialysis in the WC recordings.

This completes the description of the ionic mechanisms un-
derlying the two-compartment model of the rod (Eq. 1 and Eq. 2),
with the exception of Ikjea, Which had to be postulated to
electrically balance with Iyxx the dark current of the K,2.17/~ rod.
We considered several different types of Ix channels, including
channels with an ideal linear I-V curve through Ex (Eq. 10a, with
Po = 1), channels that follow the GHK current formula (Eq. 10b,
with po = 1), channels with strongly inwardly rectifying I-V
curves, and voltage-gated K* channels with “K,2.1-like” voltage
dependence (Eq. 10a).

(12)

Implementation of the dynamic model
The two-compartment model rod is not isopotential. In the dark
state, for example, the outer segment is depolarized relative the
inner segment to an extent dependent on the magnitudes of the
ionic currents and the internal resistance between the segments
(Rin in Fig. 1). Moreover, the local transmembrane potentials of
the inner and outer segments are affected by the resistance
through the tissue to the chamber ground (Ryiseue), the resistance
of the suction pipette to the SE virtual ground (Rsg serics), and the
SE seal resistance (Rga), and the capacitances of inner and outer
segments have separable but linked effects. As a consequence,
Eq. 1and Eq. 2 are not independent, but “cross-coupled” (Eq. S1,
Eq. S2, and Eq. S3). We found that Eq. 1 and Eq. 2 could be re-
expressed in terms of the internal potentials Vi, ;s and Vi, os ina
manner that allowed them to be more readily solved for the dark
steady state, and by numerical integration with a predictor-
corrector method for light-driven changes (see Additional de-
tails of the theoretical model in the Supplemental text).

The driving force for light responses was light-activated
spatially homogeneous phosphodiesterase (PDE) activity, expressed
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as in previous papers in terms of the number activated PDE cat-
alytic subunits in the outer segment generated by photoactivated
rhodopsin (R*) with a specified lifetime (Lamb and Pugh, 1992;
Nikonov et al., 1998; Gross et al., 2012a). To better predict families
of K,2.17/~ rod responses, it was useful to assume that R* deacti-
vated with a shorter time constant (25-45 ms) for subsaturating
flashes, segueing to a slower one (70-100 ms) that prevailed for
saturating flashes (a rationale for this assumption is provided in
the Supplement). For both WT and K,2.1"/~ rods, the lifetime tg, of
the Ga-PDE (“G*-E*”) complex was assigned to the “dominant
time constant” extracted from the temporal spacing of the satu-
rating responses and the logarithm of flash strengths with a
“Pepperberg plot” analysis (Nikonov et al., 1998; Krispel et al.,
2006; Burns and Pugh, 2009).

A set of ordinary differential equations (ODEs) governing the
11 time-dependent variables was developed and integrated with
the MATLAB integrator ODE35s, and the solutions used with the
current relations (Eq. 3, Eq. 4, Eq. 5, Eq. 10, Eq. 11, and Eq. 12) to
predict the dark currents of the inner and outer segments, and
the time course of the photoresponses for different strength
flashes (compare Table S1). The variables are as follows: E*(t),
number of activated PDE catalytic subunits in the outer segment;
cG(t), cytoplasmic free cGMP; Ca(t), cytoplasmic free Ca®';
Gcla(t), active guanylate cyclase, complexed with guanylate cy-
clase binding proteins (GCAPs)-1-3Mg?* (Fig. S5 A); Glit(t),
inactive guanylate cyclase, complexed with GCAPs1-3Ca* (Fig.
S5 A); Gc2a(t), active guanylate cyclase, complexed with
GCAPs2-3Mg2* (Fig. S5 A); Gc2it(t), inactive guanylate cyclase,
complexed with GCAPs2-3Ca%* (Fig. S5 A); poxvza(t), open
probability of K,2.1 channels; poucni(t), open probability of
HCN1 channels; Vi, os(t), potential (reexterior ground) in the
outer segment (Fig. 1 A); and Vi, s(t), potential (reexterior
ground) in the inner segment (Fig. 1 A). The initial values of the
variables in the rod before the flash were specified by a geno-
type- and cell-specific determination of the values of all varia-
bles for the dark steady state and included adherence to both
electrical balance and ion species homeostasis, as described
above. Three-state models of GCAPs-1 and GCAPs-2 regulation of
rod guanylate cyclase (Fig. S5 A; Makino et al.,, 2012) were in-
troduced for two reasons: (1) to provide an explicit molecular
description of Ca?* buffering, and (2) to provide a means of
“damping” the activation and deactivation of guanylate cyclase
by rapid changes in Ca?*; predicted to occur in the K,2.1”/~ rod
arising from rapid changes in Ca?* fluxes in or out of the outer
segment attendant membrane hyperpolarization and return to
its normally depolarized state. Further details are provided in
the Supplemental text, along with a list of the parameters
(Table S2).

Online supplemental material

Fig. S1gives a detailed description of the analysis used to extract
the amplitude of the unusual “shoulder” component from satu-
rating outer segment photocurrents of K,2.1”/~ rods, and pro-
vides statistics of this analysis from a population of rods. Fig. S2
applies the theory to saturating photocurrent responses to ex-
tract the CNG channel, NCKX, and capacitive components of a
population of K,2.1"/~ rods, supplementing the same analysis as
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applied in Fig. 7 of the main text. Fig. S3 graphically presents the
two-state Boltzmann models used to describe the voltage-
dependent activation and deactivation of K,2.1 and HCNI1
channels. Fig. S4 presents a reanalysis of the voltage dependence
of electrogenic currents of various NKX isoforms from the study
of Stanley et al. (2015), parametrically characterizing them as
modified Boltzmann functions. The I-V curve of the rod isoform,
a3p2, is a key determinant of the outward dark current of the
inner segment. Fig. S5 presents a graphic analysis of the de-
pendence of the guanylate cyclase activity of the mouse rod,
extending that dependence into the “high calcium” regimen
required for understanding the K,2.17/~ rod phenotype. It also
presents a novel analysis of the contribution of GCAPs to the
calcium buffer power of the rod. These analyses play key roles in
the theory. Scheme 1 presents a schematic of a four-state CNG
channel model developed in the effort to understand the unusual
kinetics of the recovery phases of subsaturating K,2.1"/~ rod
photocurrent responses in terms of voltage-dependent divalent
cation block and rapid relief of block. Table S1 shows variables
and rate equations of the two-compartment rod. Table S2 shows
parameters of the two-compartment rod model and values
employed.

Results

K,2.1is expressed in the distal inner segments of rod
photoreceptor cells

To assess the structural status of K,2.1-/~ photoreceptors in vivo,
we used OCT to image the retinas of littermate pairs of young
mice (Fig. 2 A). Compared with those of K,2.I*/~ littermate
controls, the ONL thickness of the K,2.17/~ retina was reduced by
~33% at 8 wk of age, indicating a comparable loss of rods. OCT
also revealed the outer segments of K,2.17/~ rods of young mice to
be ~30% shorter than those of K,2.1*/~ littermates (Fig. 2, A and
B; cf. also Fig. 11). All else being equal, the combination of rod
loss and outer segment shortening predicts an ~50% reduction
in total rhodopsin in K,2.17/~ retina, close to the 60% reduction in
rhodopsin content that we measured spectrophotometrically
from dark-adapted littermate retinas (Fig. 2 C).

To localize the expression of K,2.1 in the mouse retina, we
imaged fixed retinal sections of WT and K,2.17/- littermates
immunolabeled for K;2.1. In WT retinas, K,2.1 labeling was
found in rod inner segments, and appeared more intense in the
distal inner segment near the inner/outer segment border
(Fig. 2, D and E). In contrast, the hyperpolarization-activated
channel HCN1 appeared evenly distributed throughout the in-
ner segment. Notably, K,2.1 labeling was undetectable in all
other photoreceptor compartments, and far lower in all other
cell types of the WT retina under our immunolabeling and
imaging conditions (Fig. 2 D, left). K,2.1 labeling was completely
absent in K,2.17/~ sections processed and imaged in parallel
(Fig. 2 D, right), demonstrating the specificity of the K,2.1 an-
tibody. To our knowledge, this is the first time that the distal and
proximal regions of the inner segment plasma membrane have
been shown to have distinct ion channel expression patterns. To
test whether the expression of HCN1 was also affected by the
loss of K,2.1, we used quantitative Western blotting (Fig. 1, F and
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G). Samples from K,2.1"/~ and WT littermate controls normalized
by the loading control (Grp75) showed comparable levels of
HCN1 in the presence of absence of K;2.1. This suggests that
K,2.1 does not play an essential role in the proper protein traf-
ficking of other inner segment ion channels.

In summary, K;2.1 is highly expressed in the rod inner seg-
ment, but expression in the other compartments of mouse
photoreceptors is below detection. This expression pattern is
consistent with it playing a major role in the outward compo-
nent of the rod circulating current, which exits predominantly
from the inner segment region in rodent rods (Hagins et al.,
1970).

The rod circulating current of K,2.1/- mice is substantially
reduced from its normal level

The ERG provides a noninvasive in vivo functional assessment
of the retina at multiple levels of processing. The ERGs of WT
(Fig. 3, A and B) and KO (Fig. 3, C and D) littermates were
strikingly different (Table 1). The magnitude of the a-waves, the
initial, negative-going field potential generated by the suppres-
sion of the rod circulating current, was reduced in the K,2.17/~
eye to ~50% of its WT level. The activation kinetics (slope of the
a-wave) of the normalized a-wave differed negligibly between
WT and K,2.1-/~ mice (Fig. 3 E), suggesting that the biochemistry
of phototransduction is similarly activated by light in the two
genotypes (Pugh and Lamb, 1993). The saturated amplitude of
the b-wave, which is generated by inner retinal neurons, was
reduced by ~20%, and its initiation was notably delayed. The
slow and positive-going c-wave, which is generated by the RPE
layer in response to the light-evoked decrease in extracellular K*
in the subretinal space (SRS; Oakley and Green, 1976; Steinberg
et al., 1980), was definitely present in the K,2.1”/~ ERG, but was
reduced to half the WT amplitude, and displayed a substantially
shortened time to peak (1,680 + 30 ms in WT versus 740 + 80 ms
in K,2.1/~; Fig. 3, B and D). To obtain a more detailed description
of the rod photocurrent, we turned to recordings from outer
segments with SEs.

Photocurrents of K,2.1/~ rod outer segments have reduced
saturating amplitude, decreased light sensitivity, biphasic
rising phases, and recovery undershoots

The saturated amplitudes of photocurrents of K,2.1”/~ rods re-
corded from outer segments with SEs were substantially re-
duced relative to those of WT littermates (Fig. 4 and Table 2).
K,2.I"/~ rods were less sensitive to light, with peak response
versus intensity curves shifted to ~2.5-fold higher intensities
(Fig. 4 F and Table 2, I, values). A natural interpretation of these
results consistent with the ERG data would be that in the ab-
sence of the outward current normally supplied by K,2.1 chan-
nels, the CNG channels of K,2.17/~ rods carry roughly half their
normal inward dark current. However, the SE data revealed the
K,2.I"/~ rod outer segment’s physiology to be altered in a more
drastic manner than just reduction of inward current. The first
clue to such alteration was provided by highly unusual kinetic
features of the photocurrent responses. Specifically, most KO
rods exhibited shoulders on the rising phase of the responses to
saturating (and sometimes subsaturating) flashes (Fig. 4, D and
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Figure 2. OCT reveals thinning of photoreceptor layers of the K,2.1/~ retina, and immunostaining distinctive patterns of K,2.1 and HCN1 expression
in the rod IS. (A) OCT B-scans of central retina of live heterozygous and K,2.17/~ mice. CC, choriocapillaris; OPL, outer plexiform layer; GCL, ganglion cell fiber
layer. The OCT B-scans have been aligned at the ELM; a red dashed line through the ELM is extended across the figure to the histochemical sections in D to
show alignment of the two kinds of section. (B) Axial profile plots of the scattering intensity of the B-scans in A, aligned at the ELM (red dashed line) to help
identify highly scattering retinal features. (C) Measurement of rhodopsin content of WT and K,2.1/~ (KO) retinas (n = 5 retinas from three mice of each
genotype). Error bars are SD. (D) Retinal sections stained for K,2.1 and HCN1 reveal K,2.1 expression to be narrowly confined to the apical inner segment
compartment of photoreceptors (orange), while HCN1 resides more broadly in the basal inner segment as well as the synaptic layers (bottom, green). Scale
bars, 20 um. (E) Higher magnified views of representative sections of WT retina shown in D, with red, green, and merged channels separately shown to
highlight the differences in K,2.1and HCN1 channel staining. Scale bars, 5 um. (F) Representative immunoblot of homogenates of WT and K,2.17/~ mice labeled
with antibodies for K,2.1 (blue) and HCN1 (red, upper band), with Grp75 served as loading control (red, lower band). Numbers at right indicate positions of
molecular weight standards (kD). Individual regions/channels from the blot are also shown below in black and white. (G) Quantification of K,2.1 and HCN1
protein levels by Western blot (mean + SEM, n = 10 mice/group). Fluorescence intensities were background-subtracted, normalized by the loading control

(Grp75), and expressed relative to WT. HCN1 expression was not statistically different between WT and KO samples (P > 0.05).

E; Fig. S1; and Fig. S2), and the recoveries from both dim and
bright flashes invariably exhibited prominent undershoots be-
low baseline (Fig. 4, C and E). As explained below, both these
features point to substantial alteration in mechanisms governing
Ca?* balance in the K,2.1"/~ outer segment. To obtain further
insight into the physiological processes underlying these fea-
tures, we performed WC recordings (Fig. 5 and Table 3), and
developed a theoretical model of the rod’s dark- and photo-
currents, separating current contributions from the inner and
outer segments (see Theory and Fig. 1).

K,2.17/- rods are depolarized in the dark-adapted state, and
exhibit higher R,, and slowed photovoltages

The dark-adapted state is a special set point for the normal rod, a
state in which inward and outward currents are balanced, the
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fluxes of all permeant ion species are in homeostatic equilib-
rium, and the steady state biochemistry of the normal outer
segment is optimized for reproducibly signaling single photons.
Loss of the hyperpolarizing K;2.1 current would be expected to
lead to depolarization, and indeed the resting membrane po-
tential of K,2.1"/~ rods was substantially depolarized relative to
WT rods: Vi rest = -12.1 + 3.0 mV versus -31.5 + 1.1 mV, re-
spectively (Table 3, dark V,,,, P < 0.001). Photovoltage responses
of WT rods to the maximally intense stimulus (800 photons
um~2) usually exhibited a small “nose” followed by relaxation to
a plateau between -50 mV and -55 mV (Fig. 5 A). Comparison
with previous recordings from mammalian rods (Schneeweis
and Schnapf, 1995; Cangiano et al., 2012) suggests that had it
been possible to deliver more intense flashes, the peak nose
amplitude would likely have reached -70 to -75 mV, while the
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Figure 3. Rod-driven ERG a-waves are re-

i duced 50% in amplitude in the K,2.1-/~ retina.
1000 — 1000 — (A and C) ERG response families from WT (black)
and K,2.17~ mice (red). The initial corneal-
=g 500 negative component is the a-wave, whose un-
Z derlying generator is the suppression of the rod
] circulating current. The immediately following
% 0 0 corneal-positive component is the b-wave,
£ whose generators are largely the ON (depola-
S0 ] 566 <] rizing) bipolar cells post-synaptic to the rods and
cones (see labels). Range of flash strengths is
shown in F. (Lighter bands surrounding the
~1000 —| ~1000 —| traces are running SEMs of recordings to the
) J J J ' same stimuli from multiple mice (n = 4 for
0 1000 2000 3000 4000 55/~ - 5 for WT, age 42 d). (B and D) The
C D same ERGs as in A and C presented on a much
slower time base to display the corneal-positive
1000 | 1000 —| going c-waves. (E) Representation of a selection
of the a-waves from A and C after normalization
e — to -1 reveals the rising phase of the a-waves of
> the WT and K,2.1/~ mice to have similar acti-
Y vation kinetics and dependence on flash
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plateau level would be unchanged. In addition to being depo-
larized, K,2.17/~ rods generated photovoltages (current clamp
responses) with notably slowed rising phases (Fig. 5). This
slowing may arise in part from an increase of membrane re-
sistance of K,2.1"/~ rods (Table 3, dark Ry, P < 0.05).

Table 1. Properties of WT and K,2.1/- mouse ERGs

Maximal a-wave, = Maximal b-wave, Maximal c-wave,

nva rv pva
wWT 1,075 = 15 (4) 2,103 + 16 (4) 1,828 + 25 (4)
K217/~ 497 + 13 (4) 1,710 + 23 (4) 977 + 13 (4)

All values are mean + SEM; values in parentheses give the number of eyes.
See Fig. 3 for graphical identification of the ERG component waves.
2P < 0.01.

Fortenbach et al.
Physiology of rods lacking K,2.1 channels

Flash intensity (photons um'z)

WC voltage clamp to the WT V,,, .. restores K,2.1/~ rod outer
segments’ dark current

The saturating amplitude of WC photocurrents of WT rods
voltage clamped to their resting potential and that of unclamped
WT rods recorded with SEs are statistically indistinguishable
(P = 0.47): Ripax = 17.9 pA (Table 3) versus Ry = 19.2 pA (Table 2,
adjusted for two thirds SE collection efficiency). This equiva-
lency between R,,; obtained from WT rods with the two re-
cording modes contrasts strikingly with the highly reliable (P <
10-%) difference between the saturating amplitudes of K,2.1"/~
rods under clamped and unclamped conditions: R,y = 14.6 pA
(Table 3) versus Ryax = 7.7 pA (Table 2, adjusted for SE effi-
ciency). A further striking result is that, when adjusted for the
measured 30% shorter length of the K,2.1"/~ rod outer segment
(Fig. 2), under voltage clamp to the WT resting potential, the
saturating photocurrents of WT and K,2.1”/~ rods are indistin-
guishable: Ry, = 17.9 pA versus R, = 18.9 pA (P = 0.7). The
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Figure 4. In the absence of K, 2.1 channels, rods generate a reduced photocurrent response whose rising phase has a shoulder, and whose recovery
phase undershoots the dark-adapted baseline. (A-C) Families of photocurrent responses of a WT rod, a rod of a K,2.17/~ mouse (-/-), and one from a
heterozygote (+/-). Flash strengths ranged from 7 to 4,000 photons um=2. (D) A comparison of averaged saturating photocurrent responses of WT and K, 2.1/~
rods; the dashed line presents the WT response scaled to the amplitude of the K,2.1/~ response. (E) Selected responses from C separated and replotted on an
expanded time scale (arbitrarily shifted vertically with the response to the dimmest flash at the bottom). (F) Response versus intensity relations extracted from
the response families in A-C (traces for some strongly saturating responses are not shown in A-C). Data were fitted with exponential saturation functions,
1 - exp(=I/lo) with I, values of 108, 112, and 262 photons pm~2 for the WT, +/-, and -/~ rod responses, respectively. (G) Pepperberg plot of time in saturation as
a function of the logarithm of the flash strength. The abscissa values (I) were scaled by the ratio of the I, value of each group to I, for the WT group. The slope
of the lower component estimates the dominant recovery time constant for flashes producing less than ~1 photoisomerization per disc face; see Table 2 for

average values.

simplest interpretation of these results is that clamping its
membrane potential to the resting potential of the WT rod re-
stores the CNG and NCKX currents of the K,2.1"/~ rod to an es-
sentially normal level. In contrast, the depolarization of the
unclamped K, 2.1/~ rod can be expected to reduce NCKX activity
(Eq. 4), reduce the magnitude of the CNG channel current (Eq.
3), and increase the fraction of the CNG channel current carried
by Ca®* (Eq. 4), leading to increased intracellular calcium and
reduced synthesis of ¢cGMP, further contributing to decreased
CNG current. In the following sections, we make the case that
these predictable changes in fact occur.

Fortenbach et al.
Physiology of rods lacking K,2.1 channels

Evaluation of ionic mechanisms contributing to the dark
current of WT and K,2.1/~ rods

WC voltage clamp current/voltage (I-V) measurements, com-
bined with saturating photocurrents to measure the magnitude
of outer segment membrane current, provides a means of as-
sessing how different components of membrane current con-
tribute to the dark steady state (Fig. 6). The hypothesis to be
tested by application of the theory to I-V data is that the only
difference between rods of the two genotypes is the absence of
K,2.1 current. The known membrane currents to be summed to
test this hypothesis are those illustrated in Fig. 1, viz., in the
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Table 2. Properties of photocurrents of WT and K,2.1/- rods recorded

with SEs
Maximal Dim flash Dominant time I, photons
photocurrent, time to constant of pm-22
pA? peak, ms* recovery, ms
wWT 12.8 £+ 0.7 (22) 110 + 5(22) 168 + 9 (22) 41+3(22)
K,217- 5.1+ 0.3 (15) 71+£3(7) 140 = 6 (15) 106 + 8 (14)

lo, flash strength that elicited a half-maximal photocurrent response. All
values are mean + SEM; values in parentheses give the number of rods.
2P < 0.05.

outer segment the CNG channel and electrogenic NCKX cur-
rents, and in the inner segment the NKX, K,2.1 and HCNI cur-
rents, and an unidentified K* leak current. In testing this
hypothesis, the sum of the CNG and NCKX currents is forced to
go through the respective measured -R,,., values (Fig. 6, B and
D, filled black symbols). Other constraints on the theory are that
the efflux of Na* via the NKX of the inner segment must match
the influx of Na* in the outer segment through CNG channels
and the NCKX at WT Vi, res; (red symbol), the potential to which
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both genotype rods were clamped when not undergoing voltage
steps; and that the HCN1 currents for both genotypes should be
the same in all respects. For both WT and K,2.I"/~ rods held at
membrane potentials below -50 mV the I-V, curves are domi-
nated by HCN1 current (compare pink and red curves between
Fig. 6, B and D) with conductance parameters (Grcyi rest; Table
S2) differing by 15% for the two genotypes, a difference unde-
tectable with histology or Western analysis (Fig. 2). The voltage
dependence of activation of HCN1 channels used here (Fig. 6, B
and D; and Fig. S3) was shifted to more depolarized potentials by
-25 mV from that reported by Demontis et al. (2002). Without
this shift, the HCN1 conductance parameter (Ggcny,rest) required
to account for the inward current below -40 mV in both geno-
types would have to be 1.75-2 nS, and even with such values, the
description of the I-V data is qualitatively poorer (compare Fig.
S3 and attendant text).

For K,2.1"/~ rods, the NKX electrogenic current, acting solely
to balance Na* influx at Vj, s, cannot supply the requisite
outward current to electrically balance the inward current of the
outer segment, requiring the postulation of another outward
current, identified as K* leak. Given its I-V characteristic, the
leak current is fully determined by the constraint that, when

B -10 — K\,2.1’/’
-20 \~"
S
£ 30
(0]
(e)]
S 40
S
_50_
-60 = | | I | | |
00 02 04 06 08 10 12
Time (s)

Figure 5. Current clamp photovoltage responses of K,2.17/~ rods have greatly slowed rising phases. (A) Photovoltage family of a WT rod. (B) Pho-
tovoltage family of a K,2.17/~ rod. Flash strengths ranged from 8 to 800 photons um=2 (C) Average response versus intensity functions for photovoltage
responses; smooth curves are exponential saturation functions (the flash strengths available in the slice recording apparatus were limited in range to ~10-fold
less than those used in the SE experiments; theory and experiments in other species show that the nose seen in the WT response to the strongest flash [A] is
expected to reach approximately -75 mV, with relatively rapid relaxation to the approximately =55 mV plateau; Baylor and Nunn, 1986; Cobbs and Pugh, 1987;

Schneeweis and Schnapf, 1995; Cangiano et al,, 2012).
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Table 3. Properties of WT and K,2.17/- rods recorded with
WC electrodes

Dark V,,, Light V,,, DarkR,, Rmax PA  tpealo Ms
mV mV GQ

WT -3152+11 -454+52 177°+012 17.9+16 77°+8(6)
(10) (5) ) (15)

K217/~ -1212+3.0 -50.8+4.8 231"+0.24 14.6 +18 110b+17

(4) (5 (4) () @)

Numerical quantities are the mean + SEM, with the number of biological
replicates in parentheses. Membrane potentials (dark V,,) were corrected for
the liquid junction potential of the K gluconate internal solution relative to
ground (8.2 + 0.3 mV, n = 3). V,, was measured immediately upon access as
the zero current holding potential, then R, as the total series resistance to
ground, followed by measurement of the amplitude of responses recorded
under voltage clamp (Rmay), and current clamp (light Vi) that produced
saturated photocurrents. The time to peak (tpeak) was taken as that of the
photovoltage response producing a half-saturated amplitude.

2P < 0.001.

bP < 0.05.

summed with all the other curves, the resultant I-V prediction
(Fig. 6 C, solid black curve) has a zero crossing at -12 mV, the
resting potential of the unclamped K,2.I-/~ rod (Fig. 6 C, red
symbol). Determined thus, the leak current has a magnitude of
7 pA at -12 mV and 3.6 pA at -32 mV. On the assumption (Oc-
cam’s razor) that the leak current is identical in WT and K,2.1-/-
rods, the K,2.1 current of the WT rod is then completely deter-
mined by the requirement that the sum of all currents (Fig. 6 A,
solid black curve) has its zero crossing at the WT resting po-
tential, -32 mV (Fig. 6 A, red symbol).

From the theoretical decomposition, the relative con-
tributions of the different ionic mechanisms to the outward dark
current of the WT rod at rest are found to be 34% NKX, 20% leak,
and 46% K,2.1 (the HCNI current at -32 mV is negligibly small,
-0.2 pA). Thus, K,2.1 is estimated to contribute 70% of the non-
NKX outward current of the WT rod. The prediction of a small
K* leak current does not rest solely on the WC data. The average
unclamped rod recorded with SEs has a photocurrent of 7.7 pA
(see above; cf. Fig. 7). Depending somewhat on the magnitude
and partitioning of the preflash dark current into CNG and
NCKX current, the electrogenic NKX current that balances the
influx of Na* into the outer segment of such a rod is estimated to
be 3.0 pA, requiring a leak current of 4.7 pA to maintain elec-
troneutrality at the K,2.17/~ rod resting potential of -12 mV.
Projected along its I-V curve to -32 mV, the leak current would
be 2.7 pA. From similar analysis of the photocurrents of a pop-
ulation of K,2.1"/~ rods (Fig. S1), the leak current was predicted to
range from 2 to 4 pA at -32 mV, providing a second estimate
consistent with that (3.6 pA) from the WC voltage-clamp data.
Assuming all the non-NKX, nonleak outward current of the WT
rod is carried by K,2.1 channels, these considerations of un-
clamped K,2.17/~ rods lead to the conclusion that these channels
carry 70-80% of the normal outward dark current not carried by
the NKX.

Overall, the depolarization of the K,2.17/~ rod in the dark
steady state is a hallmark feature. Near Vp, .esc = -12 mV, both

Fortenbach et al.
Physiology of rods lacking K,2.1 channels
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outer segment jonic mechanisms, the CNG channels and the
NCKX, are voltage-dependent (Eq. 3 and Eq. 4), and these de-
pendencies, as we now explain, are critical for understanding
the distinctive shoulders of the photocurrent rising phase

(Fig. 4).

The high fraction of photocurrent from the NCKX implies that
Ca%*; is elevated in K,2.1/- rods

Suction pipette and WC recordings have long established that
the outer segment plasma membrane has only three components
of membrane current: (1) CNG channel current, (2) NCKX cur-
rent, (3) capacitive current (e.g., Baylor and Nunn, 1986; Cobbs
and Pugh, 1987; Hodgkin et al., 1987; Hodgkin and Nunn, 1988;
Lagnado et al., 1992). The shoulders of the rising phase of K,2.1-/
rod responses are reminiscent of shoulders in the responses of
rods loaded with Ca®* in the dark and stimulated with strong
flashes that rapidly close all CNG channels (Lagnado et al., 1992).
The unequivocal interpretation by Lagnado et al. (1992) of the
shoulders of the rod photoresponses in their experiments is that
they represent the saturated level of electrogenic transport by
the rod outer segment NCKX, a level reached when Ca?*; exceeds
its internal binding constant of ~1.6 pM (Lagnado et al., 1992).
The shoulders in the rising phase of K,2.1”/~ rod photocurrents
averaged 72% of the saturating photocurrent amplitude (Fig.
S1 G). Interpretation of the shoulder as the current level set by
rapid suppression of CNG channel current and subsequent rate-
limited NCKX extrusion of Ca?* implies that fc, in the preflash
dark-adapted state of the K,2.1/~ rod is near unity (Eq. 5).
However, this interpretation neglects the increase in the NCKX
current owing to hyperpolarization (Eq. 4 and Fig. 6) and any
contribution of outer segment capacitive current to the photo-
current. To investigate the relative contributions of CNG, NCKX,
and capacitive currents, we used the two-compartment model to
describe the saturated photocurrents of WT and K,2.17/~ rods
(Fig. 7 and Fig. S2). The model revealed that capacitive current
likely contributes materially to the K,2.17/~ photocurrent re-
sponse to strong flashes, effectively lowering the level of the
observed shoulder.

Prediction of the bright-flash photocurrents (Fig. 7 D and Fig.
S2) of K,2.1"/~ rods also provides a means of estimating Ca?*; in
the dark-adapted K,2.17/~ rod outer segment. Specifically, the
NCKX current magnitude in darkness before the saturating flash
is determined by the level of Ca?* in the outer segment, with the
effective binding constant K., of the exchanger serving as the
gauge (Fig. 8). Thus, assuming that WT and K,2.I"/~ rods hy-
perpolarize to approximately the same level from their different
resting potentials (Fig. 5 and Table 3), Eq. 5 predicts Ca?*; in this
particular dark-adapted K,2.1"/~ rod to have been 1,030 nM,
more than three times the normal resting level. The theory also
predicts the time course of the decline of NCKX current (Fig. 7).
This latter time course is affected not only by the NCKX but also
by the total extrudable Ca2*, which depends on the total calcium
buffering power over the entire range of Ca?*; excursion from
the dark-adapted level to the lowest level achieved in the ab-
sence of influx through the CNG channels (Lagnado et al., 1992).

Because the same-shaped NCKX and CNG channel I-V curves
must account for both WT and K,2.1/~ data, one can use Eq. 3,
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Figure 6. Contributions of outer segment and inner segment ionic mechanisms to the voltage clamp currents of dark-adapted WT and K,2.1-/~ rods.
(A and C) WC voltage clamp current as a function of holding potential for a population of dark-adapted WT (A; n = 5) and K,2.1/~ (B; n = 5) mouse rods; error
bars are 95% confidence intervals, and the shaded gray areas reflect the observed physiological range of membrane potentials measured from the WC re-
cordings. Zero-current holding potentials (filled red symbols with lateral error bars; Table 2) were measured immediately upon WC access. The solid black
curves are generated as the sum of the red and black curves in the respective lower panels. In A and C, the dashed curves present the |-V curve used to describe
the data of the other genotype; thus, for example, the dashed curve in A replots the unbroken black curve in C. (B) Component analysis of the voltage clamp
current of the dark-adapted WT rod. The two outer segment inward components are CNG current (dark blue) and NCKX current (cyan); their sum is given by
the black curve; this curve was required to go through the filled black symbols, which plot the negative of the photocurrents (=R, Table 3) measured at the
effective outer segment holding potential; the error bars are 95% confidence intervals. The CNG current curve is the Boltzmann function of Eq. 3 with reversal
potential Vey = +8.5 mV and steepness factor seng = 14 mV (Baylor and Nunn, 1986). The NCKX current curve is given by Eq. 4, with Vyckx = =14 mV, sycrx =
70 mV, Knckx = 1,100 nM (Schnetkamp et al., 1991), and Incixsat(Vickx) = =2.0 pA and -1.6 pA for WT and K,2.17/~, respectively (Lagnado and McNaughton,
1991). The inner segment components are the NKX electrogenic current (a3B2 isoform; Eq. 12; Supplemental text), K,2.1 and HCN1 currents, and an un-
identified K+ leak current; the sum of the inner segment components is given by the red curve. The K,2.1 curve was generated with Eq. 10b with Py adjusted so
that the current at Viy, rest is 9.1 pA, corresponding (with Ex = =91 mV) to Gyyz.1 = 0.18 nS (Eq. 10a). The leak current magnitude is assumed to be identical in both
genotypes, and has the magnitude 2.7 pA at -32.0 mV. The HCN1 -V curve was generated with Eq. 11 with Gpyengrest = 1.45 nS and Eyena = =31 mV. The sum of
the red and black curves in B is plotted as the black curve in A. The inner segment zero-current holding potential is plotted as a red circle at the average Vy, et
for WT rods (-32 mV). The filled black circle, which has the same magnitude, is plotted at the resting potential of the outer segment, which is situated slightly
positively relative to the red symbol because the circulating current flows through the internal resistance of the rod (Fig. 1). At the WT resting potential, the
currents are not only in electrical equilibrium but also produce homeostasis of the permeant ions Na*, K*, and Ca?*, based on the stoichiometry and other
properties of the NCXK and NKX exchangers (see Theory). (D) Component analysis of the K,2.17/~ rod dark current. The components are the same as those of
the WT rod, but in the absence of K,2.1 channels, an unidentified K* leak current of 5.0 pA at the resting potential (-12 mV) of the inner segment is required for
electrical balance. Extrapolated to Vi, rest Of the WT rod, this current would have the amplitude 2.7 pA, which is equal to the magnitude of the leak current
assigned to the WT rod at Vi, et in B. For the HCN1 current, Gyenarest = 1.6 nS, and Eyyeng = =31 mV as in the WT rod. At the resting potential, the K,2.1 current
accounts for 80% of the total non-NKX, non-HCN1 outward current (the ordinate scale in D has been expanded relative to that in B to facilitate inspection of
the component curves).
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Figure 7. Decomposition of the bright-flash photocurrents of WT and K,2.17/~ rods into components from CNG channel, NCKX, and capacitive
currents. (A) Solid black line presents the average photocurrent of an individual WT rod, adjusted for a suction pipette collection efficiency of two thirds; the
gray band presents the running SD of the traces averaged. The position of the data trace on the time axis was not adjusted for the flash duration (10 ms) or the
analogue filtering (30 Hz, eight-pole Bessel) in this plot. (B) The three components comprising the theoretical photocurrent response are separately plotted as
membrane current (see legend on figure). The theoretical currents were digitally filtered by a 30 Hz, eight-pole Bessel filter whose characteristics matched
those used in the suction pipette recordings, and otherwise were adjusted only for a several-millisecond delay arising from the early stages of photo-
transduction (Lamb and Pugh, 1992), and 5 ms for the flash duration. The sum of the three components (red dashed line) is identical to the dashed red trace
shown in A, except for the baseline offset, which converts the trace in A to “photocurrent.” (C and D) The same analysis as in A and B of the photocurrent of a
K,2.17/~ rod. Here the NCKX and capacitive currents contribute almost equally in determining the shoulder amplitude. The fraction of the saturated photo-
current attributable to the NCKX is 0.2, 3.3-fold greater than that (0.06) estimated for the WT mouse rod (Makino et al,, 2004), and the estimated Ca®*; 1,030

nM. Similar results were obtained from analysis of the saturating photocurrents of an additional population of K,2.1/~ rods (Fig. S2).

Eq. 4, and Eq. 5 to deduce that in addition to being depolarized,
cGMP in the K,2.17/- must be somewhat reduced (Fig. 8). To
understand the principle, it is helpful to compare the expect-
ations for the condition in which rods of both genotypes are
clamped to the WT resting potential (Fig. 8, A-C) with the un-
clamped condition that applies to the SE recording (Fig. 8, D-F).
Under WC voltage clamp to -32 mV, the photocurrents (Rpax)
and dark (CNG channel + NCKX) currents have the same mag-
nitude and opposite sign, and the only difference between the
WT and K,2.17/~ rod is the shortened length of the latter’s outer
segment; thus, in this condition, both CNG channel and NCKX
currents are proportionately reduced in scale, so that fc, is es-
timated with Eq. 5 to be the same for both genotypes (Fig. 8 C).
In contrast, in the unclamped condition, both NCXK (Fig. 8 D)
and CNG channel (Fig. 8 E) curves “pull apart” in opposite

Fortenbach et al.
Physiology of rods lacking K,2.1 channels

directions for the two genotype rods; the extracted magnitude of
the NCKX component of the photocurrent (red filled symbol in
Fig. 8 D) is larger in the K,2.1/~ than in the WT rod, and the CNG
channel component is reduced (black filled symbol). Extrapo-
lation along the theory curves to the respective unclamped
resting potentials predicts the CNG current in darkness (Fig. 8 E,
open symbols). Since mere “sliding” along the CNG channel
curve of the WT rod to -12 mV does not account for the vertical
shift of the open circle, in addition to the depolarization, there
must be a reduction in cGMP in the K,2.1-/~ relative to that in the
WT outer segment. The shorter-length outer segment of the
K,2.17/~ is material to estimation of the reduction in cGMP; thus,
were the K,2.17/~ outer segment normal length, the CNG channel
current would be that given by the second red curve; using this
latter curve, the cGMP is found with Eq. 3 to be reduced by 12%.
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Figure 8. Voltage dependence of NCKX current, CNG channel current, and the fraction of CNG current carried by Ca?* for voltage clamped and
unclamped conditions. (A) Dependence of the NCKX current on membrane potential for the average WT and K, 2.1/~ (KO) rod under WC voltage-clamp to the
WT resting potential, =32 mV. The black (WT) and red (KO) curves plot the |-V curve of the rod NCKX (Lagnado and McNaughton, 1990; Eq. 4) scaled to pass
through the values (open circles) based on the assumption that the rods have the same normal resting Ca?*;, Cagari = 320 nM. The thicker black curve plots the
calcium-saturated NCKX activity function of the WT rod, obtained by scaling the curve for the resting condition by (320 + K.,)/320, with Ke, = 1,100 nM
(Schnetkamp et al,, 1991). The dashed red curve plots the calcium-saturated NCKX activity function of the K,2.17/~ rod, adjusted for the shorter average length
of its outer segment. (B) Dependence of the CNG channel current on membrane potential for WT and K,2.17/~ rods (Eq. 3); the symbols plot the negative of the
Rmax values in Table 3 (the lateral offset of the symbols arises from differential depolarization of the outer segments when the inner segment is clamped to the
same potential; cf. Fig. 1). (C) Fraction of the CNG current carried by Ca2* (the smooth curve is the same at that in F). (D) Dependence of NCKX current on
membrane potential of average WT and K,2.17/~ (KO) rod under unclamped conditions; open symbols plot the values at respective resting potentials, while
filled symbols give measured values upon maximal hyper-polarization. (E) CNG channel current dependence on membrane potential; the filled symbols
represent the saturated magnitude of recorded currents, while the open symbols represent the values projected along the curves to the unclamped resting
potentials. For the WT rod, the saturated photocurrent (CNG + NCKX) is 20 pA; for the KO rod, 9.5 pA. The red curve not drawn through the points represents
the CNG current that would have been recorded if the KO rod had the same length as the WT rod. Depolarization alone cannot fully account for the ratio of the
KO to WT currents, so based on Eq. 3, an ~12% reduction in resting cGMP level by elevated Ca2*; is implicated. (F) Dependence of fc,, the fraction of CNG
current carried by Ca?* on membrane potential. The values of fc, for the WT rod in darkness (open black symbol, fc, = 0.072) and the K,2.1/~ rod (open red
symbol, fc, = 0.29) are derived from the homeostasis relation (Eq. 5), given the respective curves in D and E. A “saturating Boltzmann” function (smooth black
trace) was fitted through the data points to provide a continuous function fca(Vin), needed for analysis of dynamic changes in Ca?* fluxes during photo-
transduction as the outer segment membrane potential varies. CNGC, CNG channels.
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Finally, application of Eq. 4 to the results in panels D and E leads
to determination of fc,, which is found to be threefold higher for
the K,2.17~ rod (0.20) than for the WT rod (0.066; Fig. 8 F),
implying a substantially increased influx of Ca2*. A parallel ap-
plication of the theory to a population of K,2.17/~ rods reveals
that on average, resting Ca®*; in K,2.1”/~ rods exceeds the normal
resting level by 10-fold or more (Fig. S2).

When a K,2.17/~ rod is stimulated with a strongly saturating
flash, the CNG channel current is very rapidly suppressed,
quantitatively accounting for the initial phase of the photo-
current up to the shoulder (Fig. 7 and Fig. S2). The shoulder
amplitude, however, is affected both by NCKX saturation due
to the elevated Ca?*; in the prior dark-adapted state (Lagnado
et al., 1988, 1992) and by the capacitive transient arising from
hyperpolarization. This latter conclusion follows first from
the fact that the “super-shoulder” component exceeds the one-
third limit set by Eq. 5 (Fig. S1), and is strengthened by the
prediction of the time course with a model that includes the
outer segment capacitive transients (Fig. 7, B and D; and Fig.
S2). The time course of the NCKX decline is less perfectly
predicted than the decline of the CNG channel current, de-
pending as it does not only on free Ca?*; but also on the
quantity of Ca?* exchangeable from intracellular buffers over
the entire range of Ca%*; excursion. Nonetheless, our expla-
nation of the shoulder of the K,2.17/~ rod photocurrent is
consistent with the fact that the rod outer segment plasma
membrane has only two ionic mechanisms, CNG channels and
the NCKX.

The undershoots are caused by rapid activation of guanylate
cycle above its resting level

Some previous studies have reported undershoots or inverted
responses in recordings from outer segments with SEs, par-
ticularly when the outer segment is incompletely drawn into
the recording pipette and the portion of the outer segment
external to the pipette constriction is stimulated (Baylor and
Lamb, 1982; Jarvinen and Lamb, 2005). Thus, one potential
explanation for the undershoot is that the rod had been drawn
into the suction pipette to the extent that some of the inner
segment is past the constriction (Fig. 1), leading to detection of
inner segment voltage-sensitive currents, in particular
hyperpolarization-activated inward cation current (I1,) arising
from the HCNI1 channels that are strongly expressed in the
inner segment (Fig. 2). This latter hypothesis predicts that the
undershoot would not be responsive to light. To test this hy-
pothesis, we performed paired-flash experiments, whereby
the first saturating flash elicited a response with an under-
shoot and the second saturating flash was timed to occur
during the undershoot (Fig. 9). In all paired-flash experi-
ments, the flash delivered during the undershoot produced a
larger amplitude photocurrent, and the amplitude of the re-
sponse to the second flash response was indistinguishable
from the sum of the magnitudes of the first response and its
undershoot (Fig. 9). These results are inconsistent with the
undershoot arising from a voltage-sensitive current like I, in
the inner segment, and rather imply that in K,2.17/~ rod re-
sponses the undershoot corresponds to an increase in light-
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Figure 9. Light suppression of the undershoot of K,2.1/~ rod photo-
responses reveals it to arise from CNG channel current. (A) Paired-flash
paradigm: the response of the rod to a single saturating flash (black trace);
response of the same rod to a pair of identical flashes (red trace), with the
second delivered during the undershoot of the response to the first flash. The
ordinate scale is normalized by the saturating amplitude of the photocurrent
response to the first flash. (B) Bar chart summarizing results from 10 ex-
periments. The red filled region gives the magnitudes of saturating photo-
currents to the first and second flashes in the paired-flash experiment; the
gray-filled region stacked on the first flash plots the magnitude of the un-
dershoot. All magnitudes are scaled by the amplitude of the response to the
first flash, as in A. The magnitude of the photocurrent response to the second
flash is indistinguishable from the sum of the magnitudes of the initial pho-
tocurrent and its undershoot.

suppressible outer segment CNG channel current arising from
transiently increased cGMP.

The rising phase of the second response in the paired-flash
experiments did not exhibit the shoulder seen in the initial
response, and moreover, the duration of the second response
was shorter (Fig. 9 A). These results indicate that Ca®*; has not
yet returned to its elevated resting level at the time of the
second flash, and further suggest that the elevated resting
Ca2*; present at the time of the first flash inhibits the deac-
tivation of an early step in phototransduction (Murnick and
Lamb, 1996).

Predictions of photocurrent response families of WT and
K,2.17/~ rods

The theory was next used to generate photocurrent response
families of WT and K,2.1"/~ rods (Fig. 10). The model was able
to recapitulate key qualitative features of K,2.1~/~ rod response
families, including the rapid downturns of subsaturating re-
sponses, undershoots below baseline, and the spacing of the
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recoveries from saturating flashes (Fig. 10 E). The rapid
downturn in the subsaturating responses of the K,2.17/~ rod is
predicted by the model as a correspondingly rapid activation
of guanylate cyclase. This fast activation of cyclase arises from
an extremely rapid decline in Ca2*; caused by the step-like
dependence of fc, on membrane potential; thus, hyperpolar-
ization of only 10-15 mV can greatly decrease Ca?* influx
through CNG channels (Fig. 8 C), while NCKX extrusion
continues at near basal level. In this way, the K,2.17/~ rod is
very different from WT rods, in which fc, is effectively
voltage-independent over the normal range of V,, (Fig. 8 C), so
that the time course of Ca2*; decline in WT rods is dictated
mainly by the NCKX and the Ca2?*-dependent Ca?* buffer
power of the rod (Fig. S5). In effect, the gain of the Ca®
feedback to guanylate cyclase in the K,2.17/~ rod during sub-
saturating responses is greatly increased by the steep voltage-
dependence of fc,, the fraction of CNG channel current carried
by Ca?.

While the model was able to predict response undershoots
below baseline (Fig. 10 E), it did not recapitulate the detailed
form of the undershoots, and moreover often predicted os-
cillations that were not observed in the data. The early portion
of the observed recoveries from saturating responses of rods
of both genotypes obeyed “recovery translation invariance”
(Nikonov et al., 1998), and the dominant time constant ex-
tracted from these traces was interpretable in the model as the
lifetime of the tg of the G.a-PDE (G*-E*) complex (Krispel
et al., 2006; Burns and Pugh, 2009; Fig. 10 F). However,
predictions of subsaturating responses and the spacing of the
saturating responses were improved if it was assumed that
photoactivated rhodopsin (R*) inactivated somewhat faster
during responses to subsaturating flashes than during re-
sponses to saturating flashes (Fig. 10 E, Eq. S11, and Table S2).
This formulation of a variable R* lifetime is admittedly ad hoc
and presumed to be a placeholder for an effect of the high
Ca?*; on the dark-adapted K,2.17/- rod. However, the only
known mechanism of regulation of R* lifetime by calcium,
recoverin-mediated inhibition of Grkl, is not known to shorten
the R* lifetime in high Ca?*; (Nikonov et al., 2000; Makino
et al., 2004).

Photoreceptor degeneration in K,2.17/~ rods

Elevated intracellular Ca?* such as occurs during hypoxia is
well known to produce detrimental effects on mitochondrial
and ER structure and function (Stirling and Stys, 2010).
Consistent with such expectations, electron micrographs
show severe distortions of mitochondria in the K,2.17/~ rod
inner segment relative to those in WT samples (Fig. 11 D).
Moreover, OCT data and histology show thinning of the ONL
and decreased outer segment length (Fig. 2 and Fig. 11). The
rod degeneration and loss are progressive with age (Fig. 11 C).
The relatively static shortening of K,2.17/~ rod outer segments
by ~30% relative to those of WT mice (Fig. 2 B and Fig. 11 C)
may result in part from reduced production in the ER of
proteins and lipids required for the daily renewal 0of 10% of the
outer segment.
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Discussion
The outward dark current of the normal mouse rod is

generated predominantly by K,2.1 channels and the
electrogenic NKX

The electrogenic NKX current of the mouse rod inner segment
must carry approximately one third of the normal outward dark
current (Fig. 6). This conclusion follows directly from the ho-
meostatic requirement that the net flux of each permeant ion
must be zero in the dark steady state, and the fact that the NKX
is the only efflux route for Na* that enters the outer segment
through CNG channels and the Na*/ Ca*, K* exchanger
(NCKX1). Genetic elimination of the hyperpolarizing K,2.1 cur-
rent strongly depolarizes the rod (Table 3 and Fig. 5), implying
that K,2.1 channels contribute critically to the normal hyper-
polarizing outward dark current. The theoretical analysis shows
that to maintain Na* homeostasis, K,2.1"/~ rods must have a non-
NKX outward current at their resting potential of -12 mV. As-
suming that this latter leak current is carried by an unidentified
class of K* channels that have the same expression level in WT
channels leads to the conclusion that K,2.1 channels carry
70-80% of the normal outward dark current (Fig. 6 and atten-
dant text). Further support for the conclusion that K,2.1 current
dominates the non-NKX outward dark current of the rod comes
from its localization to, and very strong expression in, the inner
segment (Fig. 2), which was shown in the original current
source density analysis that discovered the dark current to be
the predominant membrane source of outward current (Hagins
et al., 1970; Penn and Hagins, 1972).

The primary mechanisms of the physiological phenotype of
K,2.1/~ rods: depolarization and elevated Ca?* influx

The primary physiological defect in rods lacking K,2.1 channels
is the strong depolarization resulting from the loss of the potent
hyperpolarizing current that these channels normally provide
(Fig. 6). Fortunately for the experimenter, a good fraction of the
depolarized K,2.1"/~ rods is able to survive this loss for several
months (Fig. 2) and achieve a distinct dark steady state; how-
ever, the static depolarization has dire consequences. For a dark-
adapted K,2.1/~ rod whose NCKX is responsible for ~20% of the
total photocurrent (Fig. 7, C and D), depolarization to -12 mV
causes fc,, the fraction of inward current carried by Ca%*
through the CNG channels, to increase more than threefold,
from ~6% to 20% (Fig. 7 and Fig. 8). This effect is a direct con-
sequence of the I-V relations of the CNG channels and NCKX
(Fig. 8, A and B; Eq. 3; and Eq. 4), and the homeostatic re-
quirement of balanced Ca?* flux in the dark steady state (Eq. 5).
Free Ca?* in the dark-adapted K,2.1"/~ rod outer segment is also
predicted to be much higher than normal, at least 750 nM and
likely 2-4 M on average (Fig. S2), as compared with a normal
level of ~300 nM (Woodruff et al., 2002; Gross et al., 2012a). The
abnormally elevated fc, of the CNG channels at rest in K,2.17/
rods no doubt arises from relief of divalent cation block of rod
CNG channels, which are much more permeable to Ca2* than to
Na* when the block is relieved by depolarization (Zimmerman
and Baylor, 1992), highlighting the essential role of this block in
maintaining Ca?*; at a level proper for normal rod function.
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Figure 10. Key features of the photocurrent responses of K,2.1-/~ rods can be explained with an extension of phototransduction theory to include
the voltage dependence of CNG channels and the NCKX, and the voltage-dependent and voltage-activated conductances of the inner segment.
Related to Fig. 1. (A) Response family of a WT rod: with the exception of that to the most intense, the traces were restricted to subsaturating responses and
saturated responses that exhibit recovery translation invariance (Nikonov et al., 1998). The measured flash strengths were 4.6, 8.7, 18, 108, 427, 1,422, 2,774,
5,263, 10,570, and 73,000 photons um=2. The filled symbols are plotted on the traces at the times (Ts,;) when the dark currents had recovered 20% from
saturation. (B) Predictions of the two-compartment model; filled symbols identify times 20% recovery from saturation, as in A. (C) Comparison of the times in
saturation (T,,¢) extracted from the empirical traces (msd.) and the predicted traces (pred.). The symbols 5 ops and Tp, pre give the values of the dominant time
constants estimated by least-squares fitting of straight lines of T, versus the natural log of the flash strength for the observed and predicted traces, re-
spectively (Nikonov et al,, 1998). In the theoretical model, the lifetime ¢ of the G.a-PDE (G*-E*) complex was assumed equal to Tp, ops (210 ms), and the
lifetime of photoactivated rhodopsin (R*) was set to 45 ms (Eq. S9). Theory predicts the points to follow a line of unit slope (unbroken line). (D and E) Response
family of a K,2.17/~ rod and model predictions (the same rods whose response to the most intense flash were predicted and plotted in Fig. 7 on a much faster
time scale); the circular symbols plot the times of 20% recovery from saturation (Ts.), as in A and B. The measured flash strengths were 108, 224, 427, 747,
1,423, 2,774, 5,263, and 73,000 photons pm 2. In the model calculations the lifetime t¢ of the G.a-PDE (G*-E*) complex was assumed equal to Tp, obs (110 ms),
while R* was assumed to deactivate with a time constant of 30 ms for subsaturating flashes, segueing to 70 ms for saturating flashes (Eq. S11). Most other
parameters were set to the same value for WT and K,2.17/~ rods (Table S2). (F) Comparison of the dominant time constants extracted from analysis of the
empirically measured and theoretically predicted traces (the predicted responses to the most intense flashes in A and C are provided in Fig. 7; predicting the
time course of the recoveries to this intensity flash, estimated to produce more than 75 R* per disc face, is beyond the scope of the model).
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Figure 11. K,2.1/- rods undergo slow degeneration. (A) Paraffin-embedded ultrathin sections of heterozygous and Kv2.1/~ retinas of 6-mo-old mice
stained for hematoxylin and eosin. Sections have been aligned at the ELM, showing that the OS, IS, and ONL layers are smaller in the K,2.17/~ mouse. Scale bar,
10 um. (B) OCT B-scans of central retina of K,2.17/~ mice at 6 wk and 24 wk of age. There is a notable decrease in the OS, IS, and ONL layer thickness over time
in K,2.17/~ mice. Scale bar, 100 um. (C) Quantification of the OS, IS, ONL, and IPL layers in the same mice from 6 wk to 6 mo of age (mean + SEM, n = 4 per
genotype). The OS layer is shorter in K,2.17/~ mice at all ages, and there is a progressive decline in IS and ONL thickness over time. (D) TEM sections showing
individual rod photoreceptors in WT and K,2.17/~ mice. Mitochondria in the K,2.17/~ rod inner segments are more abundant and look distorted as compared
with WT. Dark adaptation before euthanasia did not change this effect. Scale bar, 1 pm. IPL, inner plexiform layer; OPL, outer plexiform layer; GCL, ganglion cell

fiber layer; TEM, transmission EM.

The steep voltage dependence of the fraction of CNG channel
current carried by Ca?* underlies the strange photocurrent
kinetics of K,2.17/~ rod

In addition to reduction in photocurrent magnitude and
shoulders on the rising phase of the response to bright flashes,
K,2.I"/~ rods exhibit unusually rapid, “truncating” downturns of
their subsaturating responses, followed by undershoots below
baseline (Fig. 4, C and E). To explain these phenomena, the
domains of a number of dynamic variables of the model rod, e.g.,
fca of the CNG channels (Fig. 8), guanylate cyclase activity (Fig.
S5 B), and Ca?* buffering (Fig. S5 C), had to be extended into
membrane potential and Ca%*; regimens not usually encom-
passed by phototransduction theory. With reasonable ex-
tensions, moderately successful predictions could be made of the
characteristic kinetic features of K,2.1/~ rods, including the
rapid downturns of subsaturating responses and undershoots
(Fig. 10 E), as well as the spacing of recoveries from saturating
flashes (Fig. 10 F). The theory predicts that even small hyper-
polarizations “jump” fc, from a high to low value (Fig. 8 C),
causing Ca?*; to decline very quickly and strongly activate cGMP
synthesis of guanylate cyclase. While successful in qualitatively
explaining the strange features of K,2.17/~ rod photocurrent ki-
netics, the present theory should be taken as an installment on
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future work that not only incorporates all the rod membrane’s
ionic mechanisms but also includes additional molecular in-
formation about the consequences of chronic exposure to
high Ca?*; on these mechanisms and on the components of
phototransduction.

Considerations about mouse rod WC recordings

The WT photovoltage responses obtained under WC current
clamp recording displayed kinetics that at first glance appear to
be unusually slow. However, closer inspection reveals that the
substaturating responses were quite similar to those previously
published, especially in recordings from mouse rods (Cangiano
et al., 2012; Jin et al., 2015; Pahlberg et al., 2017). Insufficient
flash strength in our apparatus is likely responsible for the ab-
sence from our recordings of the classic nose in WT rods,
whereby intense flashes drive the rod photovoltage to approxi-
mately -75 mV, followed by relaxation to a plateau of approxi-
mately -55 mV while CNG channels remain completely closed
(Baylor and Nunn, 1986; Cobbs and Pugh, 1987; Schneeweis and
Schnapf, 1995). Uncompensated series resistance and capaci-
tance may have contributed to the slowing of photovoltage
kinetics, but the greater slowing in photovoltages of K,2.17/~
relative to WT rods, and the fact that this was observed in all
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cells (Fig. 5 and Table 3), suggest that the increased slowing of
photovoltage responses of K,2.17/arise from their altered
physiology.

The total volume of the mouse rod cytoplasm is only 150-170
fl, so dialysis of the inner and outer segments by the relatively
low resistance electrode patched onto the cell body should be
relatively fast under our recording conditions. It bears emphasis
in this context that photovoltage response families take con-
siderably more time to collect than the other WC measurements,
inasmuch as repeated stimulation with each flash strength is
required to obtain reliable average responses, and time must be
allotted for complete recovery between flashes. That the time to
peak of observed subsaturating photovoltage responses tends to
increase rather than decrease with flash strength as in the re-
cordings of much larger amphibian rods (Baylor and Nunn, 1986;
Cobbs and Pugh, 1987) suggests that dialysis could have lowered
the concentration of agents that normally act to shorten the time
to peak of the subsaturating photoresponse. Cyclic nucleotides
and their precursors are examples of such agents; thus, for ex-
ample, reduced cAMP or cGMP concentration in the inner seg-
ment could lower the resting HCN1 conductance by an allosteric
mechanism (e.g., Eq. S23), diminishing the magnitude of the
HCNI current. Alternatively, and not mutually exclusively, re-
duced GTP concentration in the outer segment could diminish
the calcium feedback activation of guanylate cyclase, an estab-
lished mechanism of shortening the time to peak of sub-
saturating photocurrent responses (Burns et al., 2002). Finally,
alteration of Na*;, K*;, or Ca?*; by dialysis could weaken NCKX
function and thereby diminish the calcium feedback activation
of guanylate cyclase.

Photovoltage response families of mouse rods have to date
been published by only two other groups (Cangiano et al., 2012;
Pahlberg et al., 2017). The response family in Cangiano et al.
(2012) was recorded at room temperature, and the subsaturat-
ing responses are much slower in reaching peak amplitude than
our WT responses (Fig. 5). The response family in Pahlberg et al.
(2017) is very similar to ours, and also exhibits a slowing in the
time to peak of subsaturating responses as a function of in-
creasing flash strength. Both experimental technique and theory
will no doubt undergo further modification as additional mouse
rod WC experiments are undertaken. We stress that a great
value of theory is its ability to generate testable predictions
about unexplained features of the data. It can be anticipated that
photoresponses of mouse rods having genetically targeted ma-
nipulations not just of outer segment proteins but also of
channels (such as K,2.1), and modulators responsible for the
outward limb of the circulating current and other features of the
overall electrical response will be important in better under-
standing the rod photovoltage.

Presence of the c-wave in the K,2.1-/- eye

A recent study (Hart et al., 2019) reported that mice lacking
K,2.1 channels do not generate an ERG c-wave, whereas the
c-wave was found to be present in the K,2.1/~ mice of this study
(Fig. 3 D). The c-wave is a transepithelial potential response of
the RPE to the decrease in K*, in the SRS surrounding the
photoreceptors that occurs as a consequence of the rod light
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response (Steinberg et al., 1980; Steinberg, 1985). The decrease
in SRS K*,, is driven both by reduced efflux of K* through inner
segment K* channels as the rod hyperpolarizes, and continued
influx of K* into the rod through the NKX. As expected from the
reduced a-wave amplitude, and confirmed with WC and SE re-
cordings, in the dark-adapted K,2.1"/~ rod, there is a reduction of
inward dark current into the outer segment. As a consequence,
there must be reduced efflux of K* from the K,2.1/~ rod relative
to that of the WT via both ionic mechanisms. Nonetheless, as the
K,2.17/- rod is able to maintain electrical balance in the dark via
its NKX and an unidentified K* leak current, the NKX must
continue to pump K* from the SRS into the K,2.1”/~ rod, and so it
would be expected that a c-wave would still be present in ERG
responses, though reduced in amplitude, as we have observed
(Fig. 3 D).

K,2.1 channels in retinal disease conditions

Cone dystrophy with supernormal rod response (CDSRR) is a
recessive retinal disorder characterized by color vision deficits,
reduced acuity, and larger than normal rod-driven ERG re-
sponses (Gouras et al., 1983; Alexander and Fishman, 1984; Kato
et al., 1993; Hood et al., 1996; Michaelides et al., 2005; Wu et al.,
2006), which arises from mutations in KCNV2 (K,8.2; Wissinger
et al., 2008, 2011; Zelinger et al., 2013). This disorder has been
proposed to arise because “K,2.1/K,8.2 channels contribute to
the delayed depolarizing phase of the photovoltage response;
with reduced or absent K, current deactivation, the light-
induced photoreceptor hyperpolarization becomes more sus-
tained” (Gayet-Primo et al., 2018). Our results suggest an
alternative explanation of CDSRR and related photoreceptor
disorders arising from mutations in K,2.1 and K,8.2 genes,
namely that loss of the current normally responsible for most of
the outward dark current causes chronic and severe depolari-
zation in the dark, with the consequence of greatly increased
Ca?* influx through the CNG channels (Fig. 7, Fig. 8, and Fig.
S2), increased Ca?*; in the dark, and supernormal light-driven
hyperpolarization (Table 3). Eventually, the highly elevated
Ca2*; will cause inexorable stress on mitochondria (Fig. 11), ER,
and other basic cellular functions (Stirling and Stys, 2010),
leading to photoreceptor loss. Applying our results and analysis
to other CDSRR models may provide further insights into the
role of mutant K,2.1 and associated subunits in rod function and
disease-associated dysfunction.

A phenotype of severe K,2.1 dysfunction of potential clinical
interest is presented by the ERG b-wave of the K,2.1"/~ mice
(Fig. 3 C), which is strikingly delayed in onset by ~20 ms. (Fig. 3
C), and reduced in amplitude by ~20% (Table 2). The delay in
b-wave generation could arise from slowed photoreceptor hy-
perpolarization, which we observed in the WC recordings under
current clamp mode. It also could reflect slowed removal of
elevated glutamate from the photoreceptor synapses (e.g., if the
glutamate concentration were strongly elevated by the rod’s
depolarization). The decreased b-wave amplitude could arise
from a partial degeneration of ON-bipolar cells, but the absence
of any obvious change in the INL (bipolar cell body layer)
thickness (Fig. 2) makes substantial loss of bipolar cells unlikely.
The smaller decrease in b-wave relative to the reduction in
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a-wave amplitude K, 2.1/~ mice appears to be another instance of
the general resilience of retinal bipolar cells during photore-
ceptor degeneration (Hood et al., 1996; Aleman et al., 2001). The
extracellular dipole current underlying the saturating a-wave of
the K,2.1/~ retina, however, comprises a mixture of the three
components of rod photocurrent—suppression of CNG channel
current, decline of NCKX current, and decline of capacitive
current—that is quite distinct from that underlying the a-wave
in the WT retina (Fig. 7).

Overall, the slow degeneration of K,2.1”/~ rods is likely the
consequence of their fragile life on a tightwire of high Ca®*;.
From this perspective, the K,2.1"/~ rod may provide a valuable
experimental model for investigating Ca%*-dependent photore-
ceptor degeneration, as well regulatory mechanisms that help
cells cope with chronically elevated Ca?*;.
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Figure S1. Extraction of the shoulder amplitudes of K,2.1-/~ rod photocurrents. (A) Saturating photocurrent responses of a K,2.17/~ rod to flashes of four
intensities: 7.3 x 10%, 3.9 x 104, 1.9 x 10% and 1.1 x 10* photons um~2 (identified by the nominal neutral density filters labels 0, 3, f6, and f9). Each trace is the
average of 2-4 responses. The raw traces were first scaled by 1.5x to adjust for SE collection efficiency (two thirds), and then were interpolated on a 100-ps
time grid using the MATLAB “interpl” routine with the piecewise cubic Hermite interpolating polynomial (pchip) option. (B) Same traces as in A, but slid
laterally for concurrence in the initial portion of the rising phase. (C) Average of traces in B (thick black line), plotted with running error bar (gray region)
corresponding to +2 SDs (C is replotted as Fig. S2 F). (D) Amplitudes of the shoulder levels of the traces in B, taken as the average of each trace over the
interval 37-43 ms, and plotted as a function of the nominal ND filter density. (E) Saturated amplitudes of the responses in B, taken as the average amplitude
over the interval 120-400 ms. (F) Scatterplot of the results in D and E. The tight bunching of the points implies that the shoulder amplitude was invariant with
flash strength over this range of intensities. (G) Scatterplot of the amplitudes of the shoulders versus those of the saturating photocurrent for a population of
K,2.17/~ rods recorded with SEs and analyzed as in A-F (Pearson r = 0.84, P < 10-¢); each symbol is the result from an analysis such as shown in A-F, and is thus
the average of the x and y values in a panel like F. The black line is an unconstrained straight line fitted to the data by least squares, has a slope of 0.72, and
accounts for 71% of the variance, i.e., r> = 0.71. Based on the kinetics and light dependence (compare Fig. 4 and Fig. 7), the component of the photocurrent
below the shoulder can be assigned unambiguously to suppression of CNG current, and so the slope of the line indicates that on average, CNG current
suppression comprises 72% of the K,2.17/~ photocurrent regardless of the underlying cause of cell-to-cell variation (which may arise, for example, from outer
segment length variation). The blue line is the upper limit set by the hypothesis fc, = 1 (Eq. 5): four of the data points fall above the limit, and many others are
situated close to the limit. (H) The magnitudes of the residual (non-CNG channel) saturating K,2.17/~ rod photocurrents are plotted against the total pho-
tocurrent amplitude. In this plot, the hypothesis fc, = 1 is represented by the red line; theory (Eq. 5) predicts that no points can lie below this line if the
magnitudes of the two components correspond to the dark levels of the CNG and NCKX currents; many of the points lie very near or below the limit. The closer
the points to the line, the higher resting Ca>* would be expected to be (the cyan symbols in G and H are from the rod whose photocurrents are analyzed in A-F).
Avg., average; Sat, saturation.
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Figure S2. Decomposition of the amplitude and rate-saturated photocurrents of K,2.1~/~ rods into three membrane current components: CNG,
NCKX, and capacitive. Related to Fig. 7. The traces (heavy black line) are averages of several responses to flashes of at least three intense flash strengths up to
20,000 photons um~2. The responses to different flash strengths were interpolated on a 100-us grid and shifted for maximal congruence with the early rising
phase (CNG channel closure) of the most intense flash. The running error (gray shaded region) is +1 SD. A-H provide three numbers characterizing the theory
traces: the saturated photocurrent (PC) amplitude; fyckx the fraction of the photocurrent ascribed to NCKX current; and Cayess, the estimated Ca2*; in the dark-
adapted rod immediately before the flash. The panels are arranged in order of increasing Cap, which ranges from approximately two times normal (A, 560 nM)
to >4 uM (G); in the latter case, Ca,es; greatly exceeds the internal binding constant K., (1.1 uM) of the NCKX, which serves as a gauge (Fig. 7). The “average”
value of Ca,eg, is 10-fold higher than the normal WT level. The values of fyckx colored red exceed the naive theoretical limit of 0.33, which neglects the effect of
hyperpolarization on the NCKX (the value of the half-saturation constant K., of the NCKX current limits the reliability of estimating Ca,cs;, as it is highly
nonlinearly dependent on fyckx as the latter approaches its limit; thus, Ca,es; €stimates >4 pM were not differentiated). The preprocessing of the photocurrent
data of each of the rods was performed with the procedure illustrated in Fig. S1.
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Figure S3. Kinetic features of the two-state Boltzmann models of K,2.1 and HCN1 channels used in the theoretical model. (A) Steady state activation
functions for K,2.1 (green) and HCN1 (magenta) channels. Dashed lines show description of the Iy, current of rabbit rods (Beech and Barnes, 1989) and of I,
current (Demontis et al., 2002). (B) Voltage-dependence of the rate constants of closed — open (green curve) and open - closed (red curve) state transitions of
the K,2.1 model compared with the description (dashed curve) of Beech and Barnes (1989) of I, kinetics. (C) Voltage dependence of rate constants of closed -
open (green curve) and open — closed (red curve) state transitions of the HCN1 model compared with the characterization of Iy, kinetics (dashed curve) by
Demontis et al. (2002). In B and C, the unbroken black curve is the equilibrium rate constant, the sum of the rates described by the red and green curves
(Demontis et al. (2002) did not characterize the deactivation of HCN1 channels in their experiments, and provided no information about their behavior for V,,,
greater than -60 mV. A two-state Boltzmann model that perfectly recapitulates their results and includes voltage-dependent deactivation predicts that rods
reach a saturating hyperpolarization more negative than -80 mV, which has never been reported in rod photovoltage recordings; Baylor and Nunn, 1986;
Cobbs and Pugh, 1987; Schneeweis and Schnapf, 1995; Cangiano et al., 2012). In addition, using an HCN1 two-state model that recaps the activation curve and
kinetics of Demontis et al. (2002) requires the resting conductance parameter Gy to be 1.75-2 nS to account for the WT 1-V data of Fig. 6, because of the
leftward voltage shift in po. Further, adoption of such a two-state model predicts that the photovoltage response to flashes that strongly saturate, i.e,, close,
the CNG channel current will have a plateau of -60 mV, more negative than ever observed. In contrast, the two-state Boltzmann HCN1 model described herein
predicts a photovoltage plateau of -53 mV.

Fortenbach et al. Journal of General Physiology

Physiology of rods lacking K,2.1 channels https://doi.org/10.1085/jgp.202012687

S3


https://doi.org/10.1085/jgp.202012687

JGP

Stanley et al. (2015) NKX results

1k ]
© 08 1
5
O
- 0.6 1
0}
N
S04 1
ol a1p31 (cones & RPE)
pZd | ® o281 (Mueller cells) |
0.2 @® 232 (Mueller cells)
® 332 (rods)
0 1 1 1 1 1 1 1 1
-100 -80 -60 -40 -20 0 20 40 60
Mouse rod NKX current
10 T T T T T
9l ]

— NKX I/V of rods

i INKX( Vm,rest ) 7

Rod NKX current (pA)
N

4 I 1 i 1 1 1 1 1 1
-100 -80 -60 -40 -20 0 20 40 60

Membrane potential (mV)

Figure S4. Voltage dependence of NKX electrogenic current. (A) Normalized currents of different NKX isoforms from Stanley et al. (2015) (symbols), and
identification of the retinal cell types in which they are expressed, including the rod isoform a3B2 (black circles). Data of each isoform were fitted using the
MATLAB least squares fitting tool (cftool) with a Boltzmann function of the form of Eq. 12. For the curve describing the rod isoform data y = 0.33, Vi, 05 = =57.1
mV, and sykx = 27.6 mV. (B) The voltage dependence of the NKX current in a WT mouse rod with 22 pA dark current; the smooth curve plots the function fitted
to the rod isoform in panel scaled to have the magnitude (7.5 pA) of the NKX current at the resting potential (~-32 mV) required to extrude all the Na* that enters
the rod outer segment through CNG channels and the NCKX exchanger. The saturating level of the WT mouse rod NKX current is thus predicted to be 9.3 pA.
Analysis of the dependence of the turnover number of the NKX on K*, and Na*; (Stanley et al.,, 2015) along with the information that K*, = 6 mM in the SRS
(Steinberg et al., 1980) predict the turnover number at the Vi, et to be ~45 s71. Consequently, the rod inner segment would have a total of 1.3 x 108 NKX units,
and given a membrane surface area 80 um? (length, 15 um; diameter, 1.7 um), an NKX expression density of ~16,000 pm~2.
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Figure S5. Three-state guanylate cyclase (GC)-GCAPs model and Ca?* buffering by GCAPs and recoverin. (A) Schematic of regulation of rod guanylate
cyclase activity through Ca?* and Mg?* binding and unbinding to tightly associated GCAP1 protein (after Dizhoor et al., 2010). Each GC holomer is a dimer with
three tightly associated guanylate cyclase type 1 activating proteins (GCAP1), and each GCAP1 has three functional EF hand calcium binding sites, for a total of
six binding sites per GC. The calcium-bound GCAP1s inhibit the GC (inactive). When Ca?*; declines in the outer segment during the light response, Ca®*
dissociates from GCAP1 and is replaced by Mg?*, stimulating increased GC synthesis of cGMP. The schematic postulates the existence of a transient inter-
mediate state in which the GCAPs are free of divalent cation. A parallel three-state scheme (not shown) is assumed to govern the interaction of GCAP2 with GC.
(B) Decomposition of total steady state rod GC activity into a component regulated by GCAP1 and a second component regulated by GCAP2 (after Makino et al,,
2008). The function defining total GC activity (black curve) is essentially that of Gross et al. (2012a), but manipulated for Ca*; greater than the WT level (open
circle at 320 nM) so that in a K,2.17/~ rod at rest (filled circle), cGMP synthesis in the dark gives the appropriate level of CNG channel current (compare Fig. 8 B).
The green and blue curves represent the activity of GC-GCAP2 and GC-GCAPYL, respectively, and their summed activity is given by the red curve. The blue and
green curves are determined Eq. S1and Eq. S2 with parameters Ky = 48 NM, Ny 2 = 2.0, Keye1 = 103 nM, and neye 1 = 2.3, respectively. The absolute scaling of
the two curves was set by the least square fitting to the overall activity function (black curve), which saturates at 150 pM s~%; given a total GC concentration of
5 uM and the same turnover for each GC-GCAP; enzyme complex, the fitted concentrations of the two components are GC-GCAP; = 1.77 uM and GC-GCAP, =
3.23 pM. (C) Rod Ca?* buffer power can be described in terms of Ca2* binding by the EF hand proteins, GCAP1 and GCAP2, with three functional Ca2* binding
sites each; and recoverin, with two functional Ca?* binding sites. Given the known stoichiometry of Ca?* binding and the concentrations of GC (taken to be 5 pM
referred to the outer segment cytoplasm) and recoverin (taken to be 25 uM), overall buffer power can be computed. The results of the calculation (thickened
black curve) are compared with description of calcium buffering of salamander rods by Lagnado et al. (1992) (black dashed curve); also shown is the latter curve
scaled by 65% (lighter dashed curve). The symbols plot the calculated Ca?* buffer power at the resting Ca?* levels of the WT (open circle) and K,2.1-/~ rod (filled
circle; a buffer component with calcium-independent buffer power of 5 is not plotted; this component helps stabilize Ca?*; at nanomolar concentrations where
the buffering power of GCAP2 declines).
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Provided online are two tables. Table S1 shows variables and rate equations of the two-compartment rod. Table S2 shows
parameters of the two-compartment rod model and values employed.

Standard features of WT and K,2.1/- mouse rods

Application of physiological theory required specification of the absolute levels of current, resting membrane potentials, Ca%*;, and
other features of WT and K,2.1/~ rods. Such specification is complicated, especially for K,2.1/~ rods, in part because of the need to
encompass three different kinds of electrophysiological data (in vivo ERGs, Fig. 3; WC recordings from rods in slices, Fig. 5, Fig. 6,
and Table 2; SE recordings from outer segments, Fig. 4, Fig. 7, Fig. 9, and Fig. 10), but also because K, 2.1/~ rods are undergoing a slow
degeneration, which increases variation between rods (Fig. 2 and Fig. 11). Here we provide a list of key features, with a brief ex-
planation of the values adopted in the analysis.

Outer segment dimensions

In vivo OCT measurement of the central retina of yielded outer segment (OS) layer thicknesses of 24 + 0.1 pm and 17 + 0.4 pm for
K,2.1*'- and K,2.1"/~ mice, respectively (Fig. 2 and Fig. 11). Because the central retina comprises a relatively small fraction of the total
hemispherical retina, and outer segments are somewhat shorter in the peripheral retina, and the latter provides most of the tissue
for WC and suction pipette experiments, “standard” outer segment lengths were taken to be 21 pm and 15 pm for WT and K,2.17/
rods, respectively. The diameter of the mouse rod OS was assumed to be 1.4 pm and the cytoplasmic cross-sectional area not oc-
cupied by the disc membranes to be 5%. Specification of these dimensions defines the membrane capacitance for prediction of
capacitive currents and determines the effective internal axial resistance between outer and inner segments (Fig. 1). Rods with
different photocurrent magnitudes, especially of K,2.17/~ mice, were sometimes analyzed as having somewhat different outer seg-
ment lengths.

Resting membrane potential and internal resistance between 0S and IS

Another rod feature critical for the theoretical model is the resting membrane potential in the dark. The average zero-current
holding potentials measured immediately upon break-in in the dark (Table 3) were assumed to apply to the inner segment mem-
branes of all rods of the genotype, i.e., Vi rest1s = -32 mV and -12 mV for WT and K,2.1/~ rods, respectively. Straightforward cal-
culations (e.g., Hagins et al., 1970) show that the tip of the rod outer segment must be several millivolts depolarized by the inward
dark current and the relatively high axial resistance of the outer segment cytoplasm, whose cross-section is ~95% occupied by the
disc membranes. In the two-compartment model, we assumed an axial resistance between the inner and outer segments of 15 MQ
pm! and took the resistance between the inner and outer segment compartments in the two-compartment model (R;, in Fig. 1) to be
50% of that predicted for the total outer segment length; this resulted in the values R;,, = 15 x (21/2) = 158 MQ (WT), and 15 x (15/2) =
113 MQ (KO).

Saturating photocurrents and outer segment lengths

The average photocurrent of the WT mouse rod outer segment measured with SEs and adjusted for approximately two-thirds
collection efficiency is 19.2 pA, statistically indistinguishable (P = 0.47) from the average WC photocurrent of WT rods clamped to
-32 mV, with their resting potential 17.9 pA (Ry,a,; Table 2 and Table 3). As presented in Results, the average photocurrent of K, 2.1/~
rods clamped to -32 mV (14.6 pA) is effectively normal when adjusted for the shorter length of the outer segment. The ratio of WT to
K,2.1/- rod WC clamped photocurrents, 1.23, is smaller than the ratio of outer segment lengths measured with OCT (Fig. 2). The
theory required specification of both R,,x and outer segment length. For all theoretical calculations, the measured values of R,
were used, which included the average clamp values in I-V analysis (solid black symbols in Fig. 6), and the individual rod photo-
current Ry, values for analysis of suction pipette data (e.g., Fig. 7 and Fig. S2).

Necessity of including capacitive current

Decomposition of the saturating photocurrents recorded of rod outer segments with SEs from dark-adapted rods was critical for
assessment of the resting condition, especially of K,2.1"/~ rods. We employed a MATLAB script to extract the amplitudes of the initial
shoulders of K,2.1/~ rods, and examined the relation between these empirical components (Fig. S1). The hypothesis that the mag-
nitude of the outer segment photocurrent is equal to the sum of the magnitudes of the dark CNG channel current (Icyg,rest) and
NCKX (Inckxrest) current was tested against the upper limit determined by the condition that the entire CNG channel current is
carried by Ca?*, i.e., fc, = 1in Eq. 5; this condition predicts Inckx rest to be no more than 33% of the total. In Fig. S1, G and H, this upper
limit is plotted as the red and blue lines. 4 points lie above this upper limit, and 13 more lie very close to the limit. This highly
consistent result made it necessary to consider contributions of capacitive current to the K,2.1/~ rod photocurrent, and so to include
the voltage-dependent increase in NCKX current resulting from the hyperpolarization triggered by CNG channels closure. Overall,
by taking into consideration both the voltage dependence of the NCKX current and the capacitive current, a reasonable description
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of the amplitude-, rate-, and delay-saturated photocurrents was possible (Fig. 7 and Fig. S2; cf. Cobbs and Pugh, 1987). This analysis
also yielded the ineluctable conclusion that Ca?*; in K,2.17/~ rods is much higher than normal. Some features of the K,2.1"/~ rods
saturating photocurrents nonetheless remain puzzling, particularly the “ripple” or “ringing” present in most records. The NCKX
current reveals the time course of the decline of Ca?*; as seen through the saturating nonlinearity of NCKX current dependence on
Ca?* (Eq. 4), and is affected by both the concentration and affinity of outer segment calcium buffers (Lagnado et al., 1992). However,
as described by Eq. 4, NCKX current should decline monotonely in time after the CNG channels are close by a strong flash, and
cannot per se produce ringing (see below). We hypothesized that imbalance in the resistances to the chamber ground and the virtual
ground of the SE might cause a transient oscillation, but the observed ringing effect could not be reproduced with reasonable values
of the circuit parameters of Fig. 1.

Additional details of the theoretical model

Electrical circuit model

The electrical circuit used for the two-compartment model rod (Fig. 1) was solved for the dark steady state and dynamic (photo-
response) conditions as follows. The circuit has four key nodes, which can be labeled by their locations, x, ¢, Xo,se» Xi 15, and X; os, With
corresponding instantaneous potentials V, ¢, Vo s, Vis, Vios, where the first part of the subscript of these locations and potentials
refers to “in” or “out,” and the second subscript to chamber, SE, inner segment, and outer segment, respectively. For convenience,
define conductances corresponding to the four resistances in Fig. 1 with the symbols g; = 1/Rrissues gs = 1/Rseals Gsp = 1/RSE, series» Gi =
1/R;n and also define two dimensionless constants that are combinations of the four conductances:

o= |;q gigt :|
| =
tGsp + 9t gs + Gs Jsp

and

_ L? 9i 9sp }
Oy = |—2F——|.
tGsp + Gt Js * Gs Gsp
With a bit of straightforward algebra based on the condition that current at each of the four nodes must instantaneously

(i-e., including capacitive terms) sum to zero, one can derive the following pair of differential equations for V; s, V;os, conveniently
expressible in matrix form,

e o] [l ()] @

—Cm, 1501 Cm,0s(1 + 01) dVi,os/dt

where

I s (t) =- [INKX (t) + Inen (t) + IKvm(t) + I leak + Icg (t) “Iseal (t)} (SZ)

and
Ioos(t) = ~[Tenc (£) + Inckx () + Leat(t) - Ise(£)]- (S3)

The 2 x 2 matrix on the left-hand side of Eq. S1is fixed once the conductances and capacitances are assigned values, and because it is
invertible for reasonable parameters, its inverse is readily computed. Multiplying both sides of Eq. S1 on their left by the inverse of
the matrix, one obtains a pair of ODEs for the internal potentials at nodes x; s, X; os. Because the derivative terms are now isolated on
one side of the equation, these equations can be integrated with routine numerical predictor-corrector techniques such as the
Runge-Kutta method. The initial conditions V; is (t = 0) and V; o5 (t = 0) required to solve the ODEs are determined by the dark steady
state, as described in the Theory section “Electrical balance and ion species homeostasis in the dark steady state”. Among the various
steady state conditions that must be met is the relation -g; (Vi os - Vi, 1s) = Ios, dark = IcNG, dark + INCKx, dark» Which expresses the fact
that all current entering the outer segment flows through the internal resistance to the inner segment, comprising the internal loop
of the dark current. In solving the ODEs of Eq. S1, one must calculate the membrane potentials at each time step taken by the in-
tegrator to derive the voltage-dependent currents (circular symbols in Fig. 1; Eq. S2 and Eq. S3); this is done by applying the in-
stantaneous relations

Voc = Gz(Vi,os- i,IS): (54)
Vose = 01(Vios-Viss), (S5)
Iy =-9:Voc, (S6)

Tseal = -gs (VSE'VO,C)r (57)
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Isg = gspVSE: (58)

and the definitions of the local membrane potentials, Vy,1s = Vi s - Vo,c and Vi 0s = Vios - Vo,se- Subroutines were used to calculate
for each ionic mechanism the current as a function of the local membrane potential (in Eq. S2, I i, represents a generic K-current,
which can be specified as one with properties similar to K,2.1, or of types of K* channels, or a combination thereof). It was found
much easier to set up the dynamic problem in terms of the variables Vs, Vi os rather than in terms of Vi, 1s, Vin,0s : in the derivation
of Eq. S1, the identity relations

AVings _ d(Viss - Vo) _ dViss _ dVoc
dt dt dt  dt

and

dVim, os _ d(V;, 0s - Vo, se) _ dVi, 05 dVo, se
dt dt dt dt

were used, along with substitutions from Egs. S2-S8. The off-diagonal elements of the matrix in Eq. S1 embody cross-coupling
between the internal potentials of the two segments, and make the overall ODE problem second-order. Though small in magnitude
relative to the diagonal elements, the cross-coupling terms in Eq. S1 were investigated to assess whether the shoulders or ringing
behavior in the saturating K,2.1"/~ rod photocurrent responses might arise from imbalance of the resistances to the virtual grounds of
the chamber and SE current-to-voltage converters, respectively, combined with the resistance of the SE seal (Fig. 1). There were no
differences between genotypes in the values of the parameters of the resistance/conductance parameters in the model except a slight
adjustment for the shorter outer segments of K,2.1”/~ rods. The value of Cy, os, however, which was calculated from surface area of
the outer segment membrane, was slightly different between genotypes due to the difference in OS lengths.

Disc-associated reactions of phototransduction

Photoactivated rhodopsin (R*) was assumed to deactivate exponentially, which can approximate the underlying multi-step process
of C-terminal phosphorylation and arrestin binding (Gross et al., 2012a). Accordingly, the effective number of R* in the outer
segment after a brief flash that produces ® photoisomerizations is given by

R* (t) = Pexp[-kn(t-tae)], t>taa (S9)

where tg=1/kg is the effective lifetime of R*. The activation and deactivation of the G;a-PDE (E*) catalytic complex was described by
the first-order reaction

¥
o eR* () - B / % (510)
dt
where vgg is the rate with which a fully active R* generates E¥'s (Lamb and Pugh, 1992), and 1. is the lifetime of an E* (Eq. S10 was
only assumed to apply for flashes that produce less than one photoisomerization per disc face, 1,350 for WT and 970 K,2.1"/~ rods; no
effort was made to modify the model to apply to greater flash strengths). In mouse rods, t¢ has been shown to be determined by
RGS9-1, as the empirically measured dominant time constant of deactivation (tp) of the mouse rod photocurrent is approximately
proportional to the RGS9 expression level (Krispel et al., 2006; Burns and Pugh, 2009). For K,2.1"/~ rods, we similarly identified t¢
with 1y, (Fig. 10). However, in application of the theory to photoresponse families of K,2.1/~ rods, it appeared that the lifetime of R*
was briefer for subsaturating than for saturating responses. To accommodate this feature, the rate constant of R* deactivation was
varied with flash strength:

kR = kR,fast + (kR,slow - kR,fast) {%;s] . (Sll)
Accordingly Ty = 1/kg varies between a short (“fast”) lifetime, Tg, fast = 1/Kg fast, and a slower lifetime Tg gow = 1/Kr slow- This admittedly
ad hoc device is a placeholder for a molecular model of R* lifetime that varies in a hitherto unexpected fashion due to the chronic
exposure of dark-adapted K,2.I/~ rods to elevated Ca®*; and to the abnormally large swings in Ca?*; that occur during their
photoresponses.

The concentration of cGMP (cG) in the outer segment was treated as homogeneous, obeying the following rate equation (Lamb
and Pugh, 1992; Pugh and Lamb, 1993):

dg_tG = a(t) = [BapE " (t) + Baan] G(t).  (S12)
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Voltage-gated channels

Voltage-gated K,2.1 and HCN1 channels play pivotal roles in the WT rod’s photovoltage response. Because an account of the satu-
rating photocurrent response necessitated consideration of capacitive current triggered by hyperpolarization, the dynamic prop-
erties of these voltage-gated cation channels had to be included in the model. Two-state Boltzmann models were developed for both
classes of channels and parametrized to be as consistent as possible with published results (Beech and Barnes, 1989; Demontis et al.,
1999; Demontis et al., 2002). The Theory section provided a mathematical description of the Boltzmann models (Eq. 6, Eq. 7, Eq. 8,
and Eq. 9), and here we provide a graphical summary (Fig. S3). Neither the data nor the characterization of HCNI currents by
Demontis et al. (1999, 2002) described deactivation (open — closed) kinetics, which had to be included in the model, as HCNI
channels certainly close as the light response ends. Moreover, in modeling WT photovoltages, it was found that the HCN1 activation
function of Demontis et al. predicted hyperpolarization to go below -85 mV for strong light flashes, which has not been observed in
rod photovoltage recordings in response to intense flashes (see Baylor and Nunn, 1986; Cobbs and Pugh, 1987). Thus, it was found
necessary to shift the half-activation potential to a more positive potential (Fig. S3 A), with a similar but less pronounced shift in the
equilibrium rate constant’s dependence on membrane potential (Fig. S3 C).

Voltage-dependence of the rod NKX current

The electrogenic NKX current is responsible for a substantial fraction of the outward dark current of the rod: for WT rods 35% and
K,2.1"/- 42% at their average respective resting potentials. Given the recent thorough characterization of the voltage dependence of
the electrogenic currents of various NKX isoforms (Stanley et al., 2015) and the need to include the voltage dependence of the rod
isoform (a3B2) in the model, we developed analytic descriptions of the published data (Fig. S4). Remarkably, the analysis predicts the
expression level of the NKX in the mouse rod inner segment membrane to be ~16,000 pm™2.

Dependence of guanylate cyclase (GC) activity and calcium buffer power on Ca?*;

With the realization that Ca?*; is substantially elevated in the K,2.1/~ rod (Fig. 7 and Fig. S2), development of a theoretical account of
the mutant rod’s photoresponses necessitated extending the description of several physiological functions into the micromolar
calcium concentration range, well outside that of normal rod function. Chief among these functions are GC activity and calcium
buffer power. In undertaking making these extensions, we found that calcium buffer power and GC activity could be linked
quantitatively through the binding and unbinding of Ca?* to GC activating proteins, GCAP1 and GCAP2 (Fig. S5), possibly resolving
the longstanding mystery of the molecular identity of the “high-affinity” calcium buffer of rods (Lagnado et al., 1992), as now ex-
plained. Investigating mice lacking GCAP1 or GCAP2 (Makino et al., 2004) found that the GC activity of the mouse rod could be
decomposed into two components regulated by GCAP1 and GCAP2, respectively, with each component of activity having a distinct
dependence on Ca?* through its respective GCAP:

(ch,tot/Gctot) (aj,max - aj,min)
1+ {&} ol .

Koej

ot,- (Ca) = Oj,min * (813)

Here o; (Eq. S13, j = 1; Eq. S14, ] = 2) is the rate of cGMP synthesis (uM s™!) by the enzyme complex GC « 2GCAP;, G 1 is the quantity
of the jth complex, Gy is the total concentration of GC in the outer segment, and the other parameters are self-explanatory. As
found by Makino et al. (2008), the overall rod GC activity (black curve) can be described as the sum of the two component activities
(Fig. S5 B). As applied to cGMP synthesis in the living rod, Eq. S13 (j = 1) and Eq. S14 (Eq. S13 with ] = 3) are in effect instantaneous
two-state models of GC activity, such that the switch from the inhibited form of the GC dimer with 6 Ca2* bound to the two associated
GCAPs to the active form with 6 Mg?* bound is assumed to instantaneously track changes in Ca2*;.

The rate of change of Ca?*; (Ca) in the isotropic rod outer segment is a balance between influx through the CNG channels and
efflux via the NCKX:

dﬂ _ _{%fCa (Vm) ICNG (Vm) - INCKX(me Ca) }
dt F Veyro BPca(Ca) '

(S15)

In Eq. S15, current from CNG channels (Eq. 3) and the NCKX (Eq. 4) is converted to mole units through division by Faraday’s
constant, F, and to molar units by division by the outer segment cytoplasmic volume V.. The rate of change is also scaled by the
buffer power for calcium, BPc,. Compared with previous treatments in the literature, Eq. S15 is complicated by the necessity of
incorporating the dependence of fc,, Icng, and Inckx on Vi, and as well as of Iyckx on Ca (Eq. 3 and Eq. 4). BP¢, was established to be
dependent on Ca (Lagnado et al., 1992), though the molecular basis of this dependence has not been determined. We therefore
examined the hypothesis that the high-affinity Ca?* buffer of Lagnado et al. (1992) might be GCAPs. While the specific binding
parameters of the 3 EF-hand binding sites of GCAP1 and GCAP2 are unknown (Ames et al., 1999; Ames and lkura, 2002; Lim et al.,
2014), a simplifying factor for computing their buffer power is that the switch of GC from the active to the inactive form releases of 6
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Ca?*, and vice versa for the switch in the reverse direction (Fig. S5 A). Thus, in a two-state GC model, the “activity down-switch”
directly reports Ca?* binding, such that the contribution to buffer capacity of the GC « 2GCAP; complex is given by

d(GC - 2GCAP;4,.)

1Ca (s16)

BPGOZGCAPJ-(CO') =-6
Given the absolute concentration of GC in the outer segment and the relative quantities of GC« 2GCAP1 and GC « 2GCAP2, an analytic
form for the contribution of GCAPs to calcium buffer power is readily derived from Eq. S13 and Eq. S14 and appropriate scaling of the
concentrations of the two component species (Fig. S5 B). Remarkably, the instantaneous buffer power of GC-GCAPs with a GC
concentration of 5 uM naturally exceeds 200-fold in the 20-30 nM range of Ca?*; (Fig. S5 C; the buffering power would of course be
still greater were the GC concentration taken to be higher than 5 uM, but the latter value was adopted for consistency with bio-
chemical data [Dizhoor et al., 2010], and for its applicability to WT and K,2.1/~ rod photocurrent response families).

Theory of the K,2.1-/- rod photocurrent undershoot

Efforts to produce an account of the undershoot of the photocurrent response recoveries of K,2.1/~ rods (Fig. 10 E) were hampered by
the tendency of the predicted recoveries to oscillate. Thus, while the abnormally fast truncation of subsaturating responses was
predictable as rapid activation of GC by very rapidly declining Ca2* influx through CNG channels as hyperpolarization caused fc,
(Vi) to “jump downward” across its step-like voltage dependence (Fig. 8 C), most variants of the model also predicted the CNG
channel currents to return too quickly toward baseline and even to oscillate as depolarization occurred and fc, (Vi) jumped back to a
higher GC activity-suppressing level. Formally, the calcium feedback regulation of cGMP synthesis in the model had become un-
derdamped and unstable due to the voltage dependencies of the CNG channels, fc, and NCKX (Eq. 3, Eq. 4, and Eq. 5), which in-
creased the gain of the negative feedback relation between Ca?* and GC activity for membrane potentials in the neighborhood of the
resting potential of K,2.1"/~ rods. We tried several ways of dampening the feedback, including (1) manipulation of the buffer power at
elevated Ca"; (e.g., by varying the concentration of recoverin), (2) introducing a three-state dynamic model of GC activity regulation
by GCAPs (Fig. S5 A and Fig. 10 E), (3) including an allosteric modulation of the HCN1 channels by cGMP along the lines described by
Wang et al. (2002), and (4) developing a four-state model of the CNG channels with a delayed transition from the open-blocked to the
open-unblocked state. Increasing Ca?* buffer power in the high-Ca?* regimen (e.g., by increasing the concentration of recoverin in
the K,2.1/~ rod outer segment) was rejected as counterproductive, as this slowed the activation of the GC feedback and led to un-
acceptably slowed NCKX currents in response to strongly saturating flashes. We now describe the other three strategies.

Three-state model of GC-2GCAPs feedback

The most successful feedback dampening was produced with a three-state model of GC « 2GCAPs feedback (Fig. S5 A); this allowed
specific slowing of the repopulation of the inactive, Ca?*-bound state when Ca?* rises very rapidly when depolarizations jump
“eastward” over the fc, (V.,) step function. The rate equations of the three-state models are given by

dGeyg
dt

d GCli
dt

d Geye
dt

and

= -kitGeig + Kita (Gcl,tut - Gey - Gcla): (517)

= —kyirGey; + ki Calot (Gcl,tot - Gey - Gcla)r (518)

= —kputGeoq + tha(GCZ,tot - Gey; - GCZa)r (519)

d GCZi
dt

= _kzifGCZi + kzﬁ Caloe? (GCZ,tot - GCZi - GCZa)~ (SZO)

Here Gjq, Gcjr, and Ggj; represent the concentrations of the three GC « GCAP; species (active, transient, and inhibited), and by dint of
the conservation relation Gc;;or = Gejq + Gcjr + Gj;, the number of rate equations has been reduced to two for each species. The steady
state solution to Eq. S17, Eq. S18, Eq. S19, and Eq. S20 combined with Eq. S13 and Eq. S14 can be rendered closely consistent with the
Ca** dependence of the familiar two-state instantaneous model (Eq. S13 and Eq. S14) by choosing the four rates governing each
species so as to satisfy the relation

[k ke (1/705)
KCVCJ' - |:kj,at kj,ti:| (521)

and by further selecting the rates so as to minimize occupancy of the intermediate divalent-free state relative to the overall con-
centration Gg; o of each GC « 2GCAP; species. Thus, one finds the fractional occupancy of the active and transient states, respectively,
of Fig. S5 A to be

Fortenbach et al. Journal of General Physiology
Physiology of rods lacking K,2.1 channels https://doi.org/10.1085/jgp.202012687

S10


https://doi.org/10.1085/jgp.202012687

JGP

Gea 1
chl,tot ) 1+ [kj.at/kj,ta] . [chi'j} Ty (522)
and

G (Kt /Kisa)

GCji; _ I+ [kj,at / ka,tta] ]ia [ %;) } Toyej (s23)

with the occupancy of the inactive state obtained from the conservation relation. From these relations, one can see that occupancy of
the intermediate state can be minimized by having k; a:/k; e << 1: then Eq. S22 and Eq. S23 (when multiplied by the turnover number
of GC) closely approximate the published steady state Ca*-dependence (Eq. S13 and Eq. S14; blue and green curves in Fig. S5; Makino
etal.,, 2004). At the nanomolar levels of Ca?*; experienced in rods whose CNG current has been suppressed for a long time, however,
the steady state activity of the three-state model is slightly reduced relative to that of the two-state model (compare red and black
traces in Fig. S5 <10 nM Ca2*): this occurs because the transition rate from the transient intermediate to the inhibited state nec-
essarily declines toward zero as free Ca2* declines. Overall, the key to maximal consistency between the three-state dynamic model
and the “instantaneous” model (Eq. S13 and Eq. S14) was to keep the rate-constant for transition from the active to the intermediate
state as low as possible, while slowing down the Ca?*-dependent transition to the inhibited state so as to dampen the feedback
suppression of GC activity. We emphasize that with reasonable choice of parameters, there were little if any differences between
predictions for the WT rod made with the two-state instantaneous and the three-state time-dependent GC e+ 2GCAP models.

Allosteric modulation of the HCN1 conductance

A second approach taken to obviate “undershoot oscillations” in predictions K,2.1/~ subsaturating responses was to include an al-
losteric modulation of the HCNI1 conductance, a concept roughly consistent with the ideas of Zagotta and Siegelbaum (1996), whose
work revealed very strong homology between the nucleotide binding domains of HCN1 and CNG channels. In this approach, Eq. 11
was modified as follows:

cGNv

Inen (Vm) = Po (Vm)GHCNI {1 + (m

)} (Vm-En). (S24)

The resting HCN1 conductance in this case is given by

N;
G -G {1+ [ CGdark " :|}
HCNI, rest = YHCN1 "~ Ny . 1r Ny .
CGdark "+ KH "

Taking Ky to be in the low micromolar range near ¢Ggayx, Eq. S24 allows HCN1 channels to increase their conductance when cGMP
rises rapidly due to activation of GC in subsaturating K,2.1"/~ rod photoresponses (Fig. 4 E; and Fig. 10, D and E). The increase in Gycn
inhibits depolarization, but the effect is limited to an ~30% increase above the resting level, as the allosteric factor rises from ~1.5 at
rest to a maximum of 2.0. Though inspired by established features of HCN1 channels, Eq. S24 neglects the time course of diffusional
equilibration between mouse rod outer and inner segments, likely to be the order of seconds (Calvert et al., 2006). While Eq. S24 is
speculative, that it helps to prevent undershoot oscillations by dampening V,,, depolarization focuses attention on the abnormally
high gain feedback loop in the K,2.1"/~ rod involving Ca?*, GC, cGMP, CNG channels, and V,;: in the WT rod, Ca?* feedback to GC
works essentially independently of V,, due to the flat I-V of the CNG channels in their normal range of operation (Baylor and Nunn,
1986; cf. Fig. 6 and Fig. 8 B). It is notable in this context that both cGMP and cAMP have been shown to decline in the retina in
response to light (Cohen et al., 1978), and even if HCN1 modulation on the time scale of subsaturating responses does not occur,
modulation of inner segment cyclic nucleotide levels by steady light or dopamine could be important, and a potential explanation of
the absence of depolarization-dependent closure of HCN1 channels in the study of Demontis et al. (2002); Fig. S3.

Four-state model of the CNG channels distinguishing divalent cation-blocked and unblocked states

The third approach used to try to dampen oscillations in simulating subsaturating responses of K,2.1/~ rods was the development of a
CNG channel model with four states: closed-blocked, open-blocked, closed-unblocked, and open-unblocked, with opening governed
by cooperative cGMP binding and voltage-dependent blocking by divalent cations (see below). The hope was to slow the transition
from the open-blocked to the open-unblocked state relative to its converse, creating a temporal asymmetry in hyperpolarization-
versus depolarization-dependent jumps over the step-like fc, (Vy,) function, slowing the influx of Ca?* in the latter case, and thereby
reducing the “up” phase of an oscillation. Although a four-state CNG channel model was created that was fully consistent with the
classic steady state Baylor-Nunn I-V (Fig. 8 B), a version that produced the desired kinetic asymmetry was not found. Despite the
failure, it is hoped that our reporting the effort will stimulate others to try to create a successful dynamic model of CNG channel
divalent cation block, and thereby of fc..
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Scheme 1.  Four-state CNG channel model incorporating control by both cGMP and membrane potential (V,,), with the latter determining whether
the channel is blocked by divalent cations or unblocked. The four boxes identify the concentrations of channels in the open-blocked (OB), open-unblocked
(OU), closed-blocked (CB), and closed-unblocked states. The simplest dynamic version consistent with Eq. 2 has voltage-dependent rates that are independent
of cGMP and cGMP-dependent rates independent of membrane potential. The dynamic model potentially allows transitions blocked - unblocked and un-
blocked — blocked to have different dependence on membrane potential, which could serve to stabilize CNG current against rapid increases in Ca?*.
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