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dark- and light-adapted responses in amphibian rods
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Abstract

We evaluated the generality of two models of vertebrate phototransduction. The approach was to quantitatively
optimize each model to the full waveform of high-quality, dark-adapted (DA), salamander rod flash responses. With
the optimal parameters, each model was then used to account for signature, qualitative features of rod responses
from three experimental paradigms (stimyltesponse, “BR suite”): (1) step responses; (2) the intensity

dependence of the period of photocurrent saturafigg ¢s. In(1)); and (3) light-adapted (LA) incremental flash
sensitivity as a function of background intensity. The first model was the recent successful model of Nikonov et al.
(1998). The second model replaced the instantaneod$ Rfering used in the Nikonov et al. model with a

dynamic buffer. The results showed that, in the absence of the dynarfiictiDéfer, the Nikonov et al. model does

not have sufficient flexibility to provide a good fit to the flash responsesl using the same parameters, reproduce
the salient features of the/B suite—critical features at step onset and offset are absentgtheinction has too

shallow a slope; and the model cannot generate the empirically obskeraade of Weber—Fechner LA behavior.

Some features could be recovered by changing parameters, but only at the expense of the fit to the rBfeflence (
data. When the dynamic buffer is added, the model is able to achieve an acceptable fiR&f tiza while

reproducing several features of thgRSsuite, including an empirically observ@d,; function, and an extended

range of LA flash sensitivity adhering to Weber’s law. The overall improved behavior of the model with a dynamic
Ca&* buffer indicates that it is an important mechanism to include in a working model of phototransduction, and
that, despite the slow kinetics of amphibian rods? Chuffering should not be simulated as an instantaneous

process. However, neither model was able to capture all the features with the same parameters yielding the optimal
fit to the Ref data. In addition, neither model could maintain a good fit to R data when five key biochemical
parameters were held at their current known values. Moreover, even after optimization, a number of important
parameters remained outside their empirical estimates. We conclude that other mechanisms will need to be added,
including additional C&"-feedback mechanisms. The present research illustrates the importance of a hybrid
qualitative/quantitative approach to model development, and the limitations of modeling restricted sets of data.

Keywords: Phototransduction, Computational modeling, Vertebrate rods, Light adaptation, Cyclic GMP cascade,
Dark-adapted flash responses

Introduction The stoichiometric and, to a lesser degree, kinetic information

Much is known about the biochemical steps (the cGMP cascade bout the elements of the cGMP cascade in rods is now known in

linking the absorption of photons and the electrical response o ufficient detail to permit either stochastic molecular modeling

vertebrate photoreceptors. A strong test of our understanding of th La.mb‘ 1994) or modeling by explicit dn‘fergnﬂal equatlo.ns ADIC .
: . . their steady-state counterparts (e.g. Forti et al., 1989; Tranchina
phototransduction process is to implement a model of the known ’ AN
) . . . ) . . etal., 1991; Lamb & Pugh, 1992; Nikonov et al., 1998). In general,
and putative underlying biochemical and biophysical mechanisms; " .
despite all that is known about the cascade, models have been
In general, the broader the set of data accounted for by a model, the . . -
' . . valuated in relation to photoreceptor responses over limited re-

more confidence we have that the model is comprehensive an . . -
- - ; L - .Sponse ranges for a restricted set of stimulus conditions.

captures all the essential mechanisms, with realistic, physiologi-

cally realizable parameters.
Modeling approach

Address correspondence and reprint requests to: Russell D. HameT,he challenges to development of a comprehensive model of rod

Smith-Kettlewell Eye Research Institute, 2318 Fillmore St., San FranciscoPhototransduction derive from the complexity of the system—it is
CA, 94115, USA. E-mail: russ@ski.org simply an inherently difficult problem to accurately simulate the
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behavior of a complex, nonlinear system like the cGMP cascadelicited 13 to 3541 photoisomerizations (R*)+4r0.3-0.4 log-unit
over its full operating range, including both dark- (DA) and light- increments. The data were collected using 8-pole Bessel analog
adapted (LA) conditions. One approach to the problem is to use élter DC —20 Hz, and digitized at 200 Hz (5 ms per time bin). For
guantitative optimization algorithm to find a set of parametersefficiency in optimization, four of the seven responses were used,
yielding a best fit to a representative set of data. However, due toanging from a quasilinear, near-dim flash response to a fully
the relatively large number of nonindependent parameters, quarsaturated response (27, 148, 620, and 354/4fl&sh). For calcu-
titative optimization of a transduction model to any single set oflation of error in the optimization runs, each response was sampled
empirical data, thoughecessarymay not be sufficient in evalu- at 25 Hz (40 mgtime bin) starting at time zero (defined as the
ating candidate models. A good model of the process should procenter of the 20-ms flash), and thus contributed 201 data points.
vide quantitative account of DA photoreceptor responses to both

dim and saturating flashes with the same set of parameters. Mor&uantitative optimization

over, withthe same set of parameteisshould be able to capture he models were implemented using MaflSBMULINK (The

at Ieg;t the.quallt.atlve featu.res of responses obt“a|.ned under L athWorks, Natick, MA), and optimized to tHef set of rod flash
conditions, including dynamic details (so called “signature fea- ) . AR . .

" " ) . responses using tHeéonstrained Optimizatioalgorithm provided
tures”) that reflect the influence of underlying nonlinear mecha-,

. . . . - in the Matlab Optimization Toolbox.
nisms, or the influence of more than one linear mechanism with L .
For each optimization, a restricted subset of the model param-

distinct dynamics. eters was allowed to vary within upper and lower bounds within a

Hence, the analyses in the present article combine quam't"jltlvf:?‘actor of 10 or less of empirical estimates (when available). The

optimization and qualitative model evaluation. Such an approach : . . Y .
. i remainder of the parameters were either fixed, or “roaming, steady-
puts stronger constraints on any model, and can thus guide devel-_, ", i .
: . - . State” parameters. The latter parameters were not optimized di-
opment of a parsimonious, biochemically based model that ac: .
rectly, but had to be reset to steady-state values commensurate with

counts for a broad range of DA and LA responses.

S . he new free-parameter values for each iteration of the optimiza-
Two model structures are evaluated. The first is an important. . ! . .
. ion. The free, roaming and fixed parameters associated with each

model recently proposed by Nikonov et al. (1998). The model - ) . P
. . . model result shown in the figures are identified in Tables 1-3. The
implements the major elements of the cyclic GMP (cGMP) NP :

S o ; . 7 output measure of each optimization was relative least-square error
cascade—activatiofinactivation of rhodopsin and transducin-

phosphodiesterase complex, hydrolysis of cGMP by Phosphodieé-rEILSQerr)' For e_a(_:h of the seven flash responses, this was cal-
: . " . culated by normalizing the model output and Ref data by the
terase, gating of light-sensitive membrane cation channels b

cooperave cton of P, extusion of Caby a NaCar /i CLocent for bt esponsecacuang he cuuler
exchanger, C& feedbackvia modulation of cGMP synthesis by q P P

. : ing 201 model values. The total relLSQerr was the sum of the
guanylate cyclase, and Eabuffering. The model provided good relLSQerr values for the seven responses, divided by the total

guantitative account of dark-adapted, dim-flash responses and (usin . .
different parameters) highly saturated flash responses under corrJTC-bmber of error measurements, thatis, by 140201 data points)

ditions where internal Gd concentration was held “clamped” at = (7 flash responses).
its resting dark level (Nikonov et al., 1998). Hence, it is an im-
portant model to evaluate.

The second model structure replaces the instantaneotis Ca After optimization to theRef data, the optimal (OPT) parameters
buffer used in the Nikonov et al. (1998) model with a dynamic were held fixed, and three “experiments” were simulated to gen-
C&* buffer. erate a set of model DA and LA response profiles (stimulus-

The overall goal of this research is systematic development ofesponse suite). Model performance was then evaluated in relation
parsimonious models of vertebrate phototransduction that are linket the accuracy of the fit to thRef data, as well as to the overall
to the known underlying biochemistry, and that are sufficiently account of the full suite of empirical responses (Fig. 1). The full
complete to account for the broadest possible range of empiricallguite thus includes the fit to tieef flash series, time-to-pedRpy)
observed responses. Toward that end, the present study evaluatessus logl) and peak response amplitugi®,) versus logl ), as
to what extent a reasonable model of the form of the Nikonov et alwell as the three simulated experiments—step responses, satura-
(21998) model can account for amphibian rod responses recordeibn period(Ts,) as a function of flash intensity (Pepperberg et al.,
under a range of DA and LA conditions. In addition, we examine1992, 1994), and LA relative flash sensitivity as a function of
the effect of adding a dynamic stage to the control of interndfCa background intensity.
concentration on the generality of the model. Finally, the models Fig. 1A shows the reference flash response series used in the
are evaluated when some key biochemjbaphysical parameters present study. Fig. 1B shows the time-to-p&8k vs.log (R*)] of
are held fixed at their recent empirical estimates. the Ref flash responses decreasing with flash intensity (filled cir-
cles with solid lines), along witfT,, data from four other cells
recorded (by J. Korenbrot) under the same conditions. Thhef
the Ref data decreases by 380 mglog unit from 1400 ms to
760 ms, over the 3-log-unit range of All five rods undergo
comparable changes iy, with intensity.

A set of DA rod flash responses (provided by J. I. Korenbrot, Fig. 1C shows the correspondify versus log (R*) for the
UCSF) served as the referené®ef) data for the analyses. Whole- same five rodsRef data, filled circles). The solid curve is a Hill

cell recordings from larval tiger salamander rods were made undegquation [eqn. (1)] that summarizes the five data sets.

full voltage clamp using tight-seal electrodes in the perforated- N
patch mode (see Methods in Miller & Korenbrot, 1994). TRef R - L
data set contained seven responses to 20-ms, 520-nM flashes that Rmax 1™+ 112

Qualitative evaluation: The stimulus—response suite

Methods and procedures

Physiological recordings

@
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Fig. 1. Empirical §R suite of rod responses. (Ref flash responses from larval tiger salamander rods (whole-cell, voltage-clamped
recordings in the perforated patch mode; data provided by J.I. Korenbrot, UCSF). Stimuli were 20-ms flashes at 520 nm: 13, 27, 54,
148, 310, 620 to 3541 Rflash. (B) Time-to-peakTy) versus log (R7flash). Ty for the Ref flash responses are shown as filled circles

with solid lines, along withTy, data from four other cells recorded under the same conditionsTjlwf the Ref data decreases by

~380 mglog unit from 1400 ms to 760 ms, over the 3-log-unit rangd.dAll five rods undergo comparable changesTy with

intensity (C) Peak response amplitud,f vslog (R*) for the same 5 rodsRef data, filled circles). Note that the,} of the Ref rod

(95 R*/flash) is representative of the 5 rods shown, and is close to the values reported in Miller and Korenbrot (1994) and Korenbrot
(1995). (D) Step responses from newt rods (Forti et al., 1989; Torre et al., 1998Bpte the“nose” at step onsethat recovers to

a steady-state (LA) level, armdmultiphasic response at step offeghibiting a fast recovery phase followed by a slow phase, with some
damped resonant behavior in between. (E) Highly saturated, DA responses to 100-ms flashes along with corrdggdadatippns

taken at four recovery criteria (loweg, function corresponds to a 10% recovery criterion, as indicated by the horizontal dashed line
through the photocurrent data). Data are from Pepperberg et al. (1992). Flashes ranged fy@las R*more than 2.& 107 R*/flash

(>6.5 logo units). Note that thd, functions have alopeof ~2 s/In unit, and that thfs,; data accelerate at the highest intensities.

(F) LA flash sensitivity versus logly). Flash sensitivity is defined as the peak amplitude of a flash response in the presence of a
background, divided by the DA peak flash response ampli(BdBp,). The data are from six newt rods studied by Torre et al. (1990).
Note the data obey the Weber—Fechner relation evétog units ofl,, and have at;,, of 100 R*/s.

Eqgn. (1) was fit to each data set, yielding two parameters—the response that recovers slowly to a steady-state level, and a
sensitivity (11, = number of R* eliciting a half-maximal peak pronounced, multiphasic response at step offset exhibiting a fast
flash response), and a parameteg) analogous to biochemical recovery phase followed by a slow phase, with some damped
cooperativity associated with the classical Hill coefficient used inresonant behavior in between. The slow phase at step offset has a
steady-state enzyme analyses. These parameters were then avane constant on the order 6f20 s (Forti et al., 1989; Pepperberg
aged to generate the “mean” Hill equation summarizing the grouget al., 1992). Similar behavior has been observed in recordings
data. The mean values fby, andng were 4.21 R¥u? (= 95.2  from salamander (Nakatani & Yau, 1988) and primate rods (Tamura
R*/flash) and 1.004, respectively. These values are close to thosat al., 1991).
reported in the literature for salamander rods recorded under com- Fig. 1E shows highly saturated, DA responses to 100-ms flashes
parable conditions (e.g. Miller & Korenbrot, 1994). ranging from 8 Ryflash to >2.9 X 10" R*/flash (>6.5 log

Fig. 1D shows step responses obtained from newt rods (Fortinits), along with the correspondifig,; function (Tsg), Or period
et al., 1989; Torre et al., 1990). These responses have several photocurrent saturation, versus(ln taken from Pepperberg
characteristic features, including a “nose” on the leading edge oét al. (1992). Empirically, th@s,; function tends to be linear with
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a slope of 2-3 An unit over a dynamic range that varies from cell Influx, efflux, buffering of free calcium [c(t)]

to cell (Pepperberg et al., 1992, 1994; Hamer & Tyler, 1995;

Nikonov et al., 1998). A lineaf s, function is taken to imply feaF (1) Jyark — 2dex

dominance of photocurrent recovery by a first-order reaction in the ¢= <W> (4)
cytoPCalse

cascade; a slope of 2Is unit implies a rate-limiting time constant

of ~2 s. The rate-limiting reaction has been hypothesized to be c
either R* (Pepperberg et al., 1992, 1994) or-PDE* recovery Joy = \]exsat<—>_ (5)
(Murnick & Lamb, 1996; Sagoo & Lagnado, 1997; Lyubarsky €+ Kex

et al., 1997; Nikonov et al., 1998). At high intensities, Pepperberg

et al. (1992) have noted that tfie, function exhibits an acceler- Hydrolysis of cGMP [g(t)] and synthesis by guanylate
ation to a steep slope, implying the intrusion of a recovery mech- cyclase (A)

anism with a much slower time constant than 2 s.

Fig. 1F shows the decrease in flash sensitivity traditionally . Amax _ "
associated with LA. The data in Fig. 1F are from six newt rods 9= ¢ \Mca 9(Baarc + BsuoB* (1)). ©)
studied by Torre et al. (1990). A number of studies have shown that 1+ (Kc )
a

the gain, as measured by the peak amplitude in response to a flash
on a background, decreases according to the Weber—Fechner rela-
tion over several log units in rods (Torre et al., 1990; Tamura et al.,
1991; Koutalos et al., 1925, and over a larger range in cones R(t) g\
(e.g. Burkhardt, 1994). The solid curve is the Weber—Fechner re- F(t) = = <_> ) (7)
lation fit to these data.* The intensity that caused the incremental Ruark Ydark

flash sensitivity to decrease by a factor ofl2/,) was 100 R*s?®

cGMP-gated channel, photocurrent [F(t)]

Nikonov model with parameters for suction-electrode
recordings
Nikonov et al. (1998) showed that a model of this form was
able to capture some important features of suction-electrode re-
i cording of DA flash responses, especially in the simulation of a
The Nikonov et al. (1998) model saturating flash series under €aclamp conditions. In addition,
The “front-end” of the Nikonov et al. model—the sequence of using other parameters, the model was able to provide a good fit to
cGMP-cascade reactions linking a photoisomerization of a rhoguasi-dim flash responses recorded under nonclamped (Ringer’s)
dopsin moleculghy + R — R*) to the generation of activated conditions.
transducinphosphodiesterase complex (PDE* = E*)—is sim-
ulated as two sequential first-order reactions (R*E* —) with Fit to reference voltage-clamped flash responses
time constantsg- andrg« (Lamb & Pugh, 1992; Lyubarsky et al., Panel A in Fig. 2 shows thRef data along with model flash
1996; Nikonov et al., 1998). The implementation of the front-endresponses (solid curves) using parameters that Nikonov et al. found
is equivalent to the structure used in Nikonov et al. (1998) ando provide a good fit to a quasi-dim-flash response (Nikonov et al.,
Lyubarsky et al. (1996), except that, in lieu of an analytic expres-1998; rod a, Ringer’s; see Table 2). With these parameters, the
sion, explicit differential equations for the two stages were imple-model provides a poor fit to thRef data (Fig. 2A; relLSQerr
mented [eqgns. (2) and (3)]. 0.02259), although it does captuiedependence of the peak am-
C&* dynamics [eqgns. (4) and (5)] are determined by the dy-plitude of the Ref flash responses (Fig. 2C). The model flash
namic balance of Ca influx through the cGMP-gated channels responses have a distinct “nose” at the peak that becomes more
[first term in egn. (4)] and CH efflux through the NACa?*/K prominent at high intensities. Consequently, the peaks of the model
exchanger [second term in eqn. (4)]. Cafeedback is imple- flash responses occur too early and decrease by ©8§0 ms
mented as in a number of other models (e.g., Forti et al., 1989%ver the 3-log-unit intensity range (solid curve, Fig. 2B). This
Tranchina et al., 1991)ia modulation of cGMP synthesis by feature is not generally observed in rod recordings.
guanylate cyclase [first term in egn. (6)]. In keeping with some  Moreover, the model fails to capture other features, as illus-
empirical measures and models in the literature?"Cauffering trated in Fig. 2, Panels D-F.
[Bea €QN. (4)] is treated as an instantaneous process in the outer
segment (McNaughton et al., 1986; Lagnado et al., 1992; McCarthy Step response
et al., 1996; Tranchina et al., 1991; Miller & Korenbrot, 1993). When 60-s steps of light are applied to the model (Fig. 2D), the
All parameter descriptions and values are given in Tables Igualitative behavior does not match that seen in recordings from
and 2. rods. The response at step onset does not have the “nose” (Naka-
tani & Yau, 1988; Forti et al., 1989; Fain et al., 1989; Tamura et al.,
Activation, inactivation of rhodopsin [R(t)] and PDE [E(t)] ~ 1991), and the offset response does not exhibit a slow phase (Na-

. katani & Yau, 1988; Forti et al., 1989; Tamura et al., 1991; see
R* = ® — (1/mr)R*, (2 Fig. 1D).

E* = v, R* — (1/7e) EX. ()

Results

Tsat VS. In(l)
When supersaturating flashes are simulated, the period of photo-
*Torre et al. (1990) reported dy, of 40 R* s~ . However, using this current saturatiorfTs,,) increases too slowly with increases lin

value, the Weber—Fechner relation does not fit the data shown in theifFig- 2E). The solid curve is the mod@&l,, function, which in-
Fig. 4. An l, of 100 R*s ! fits the data. creases at a rate of 1.4Is unit. This slope reflects the parameter
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Table 1. Description of model variables and parameters

Symbol Units Description
Variables
R* (R) # Number of photoactivated (inactive) rhodopsin molecules at time
E* # Number of activated PDE catalytic subunits per rod at ttme
g uM Concentration of free outer segment (OS) cGMP
c uM Concentration of intracellular free OS €aat timet
Cp uM Concentration of C& bound to dynamic CH buffer at timet
F # Normalized circulating current at tinte
Parameters
TR s Time constant for first-order inactivation of R*
TE s Time constant for first-order inactivation of E* (E* G*-PDE¥)
Urp st Rate of production of E* per R*
Cdark uM Dark resting concentration of free intracellular Ca
fse # Suction-electrode collecting efficiency
Jex pA Na'/Ca™-K™ exchange current
Jex dark pA Na'/Ca"-K™* exchange current in the dark
Jex sat pA Saturated magnitude of N&Ca*-K™ exchange current
Kex uM Ca" giving rise to half-maximal exchange current
Co uM Minimum value of free OS C& (C&" floor)
Yca st Rate constant of Ga extrusion by exchanger
Veyto pL Effective volume of rod OS
Fea # Fraction of inward circulating current carried by a
b uMs™t pA~L Converts C&" influx to current. Note: FoNyo= 1 pL, Fea = 0.193
Bca # Instantaneous Ca-buffering power of the rod OS
Ky uM~1s7t On-rate constant for binding of €ato dynamic C&" buffer
Kz st Off-rate constant for unbinding of €& from dynamic C&" buffer
er uM Total concentration of dynamic &a buffer
Odark uM Resting cytoplasmic concentration of free cGMP in the dark
Amax uMs™t Maximum activity of guanylate cyclase
Baark st Rate constant of cGMP hydrolysis (by E*) in the dark
Bsub st Rate constant of a catalytic PDE subunit in a well-stirred volume
Ke uM Concentration of C& at which cyclase activity is half-maximal
Nca # Hill coefficient for C&" modulation of cGMP synthesiga cyclase
Neg # Hill coefficient for opening of cGMP-gated channels by cGMP
Juark pA Dark circulating current
Faark pA Normalized circulating current in the dark
value for the rate-limiting step in photocurrent activatiafg(= The fit was obtained by finding a “cutoffl, (seely, in inset,

1.4 s) used to fit the dim-flash responses. The filled circles andnarked by the vertical, dotted cursor line in Fig. 2F) where the
thick dashed line with a slope of 2/ls unit is a typical Tsa model flash-sensitivity function first was judged to fall off steeper
function observed by Pepperberg and others (same data as showran a slope of-1 (the Weber’s law slope).T The Weber—Fechner
in Fig. 1E; Pepperberg et al., 1992; Murnick & Lamb, 1996; Ni- relation was then fit to the model over the rangd p¥alues less

konov et al., 1998). than or equal to this cutoff,.

The model also fails to predict the upturn in thg, function The cutoffly, for the Nikonov et al. (1998) model, using their
often seen at high intensities (Pepperberg et al., 1992; Hamer &im-flash, suction-electrode parameters, was 49 R*&t this
Tyler, 1996). cutoff I,, there was 53% of the model DA circulating current

remaining, as indicated by the intersection of the vertical cursor

LA flash sensitivity line with a curve plotting thdractional saturationof the steady-

The model does not generate a significant range of Weber’s lawtate current [i.e. + Fe(lp), shown as solid dots]. Hergssis the
behavior in the incremental LA flash responses (thick solid curve Steady-state circulating current defined to be 1.0 in the dark, and
Fig. 2F). The Weber—Fechner relation from Fig. 1F has been rezero when all channels are closed. Also, at the cuipthe steady-
produced in Fig. 2F (dashed curve), but with the adjusted to
obtain a least-square fit to the lomportion of the model flash-
sensitivity curve. Thd,,, for the best-fit Weber—Fechner curve
was 9.85 R* s This is a factor of~10 more sensitive than the TThe cutoffl, was found by calculating a slope for the model curve

. PR over a 3-point sliding window off, values. The window was shifted right-
newt rod recordings of Torre et al. (1990) shown in Fig. 1F. Theward in I/4-octave increments, and the cuthffvas defined as the highest

portion used to fit the Weber—Fechner curve was chosen using thg in the first 3-point data window having a slope at least 10% less #n
following procedure. (i.e. = 10% steeperfalloff than —1).
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Table 2. Parameters used for analyses of Nikonov et al. (1998) model

(Fig. 2) (Fig. 3) (Fig. 4) (Fig. 6)
Nikonov et al. Optimized, “Modern”
Parameters Optimized TEr=2S parameters
Lower  Upper Lower  Upper Lower  Upper Lower  Upper
Parameters Value bound bound Value bound  bound Value bound bound Value bound bound

“Front-End” Parameters

TR 0.43 0.351 0.1 0.99 0.17 0.050 0.49 0.49 0.050 0.49
TE 1.4 1.051 1 4 2 1.292 1 3
VRp 6565.8 100 20000 1916.8 100 20000 2567.6 100 20000 5602 100 20000
R*(0) 0 0 0 0
E*(0) 0 0 0 0
Ca?t, C&™-Buffer Parameters
Cdark 0.385 0.2560 0.553 0.628
Jex sat 18.638 26.78 4 40 14.08 4 40 23.17 4 40
Jexss 3.618 3.618 3.615 6.507
Kex 1.6 1.6 1.6 1.6
Fea 0.1 0.1 0.1 0.18
Bca 15 11.74 10 200 55.32 2 200 2 2 200
Veyto 1x 10712 1x 1012 1x 1012 1x 10712
F 96487 96487 96487 96487
fse 1 1 1 1
cGMP, Cyclase Parameters
Ke 0.1 0.0842 0.08 0.24 0.208 0.08 0.22 0.2 0.2 0.24
Nca 2 2 2.714 1 4 2
Amax 30 3.254 4.034 17.22
Bsub 1.9x 10°° 1.9 10°° 19X 10°° 1.9x 10°°
Odark 2 2 2 2
Ba 0.948 0.166 0.1 2 0.133 0.1 4 0.8 0.8 1.2
cGMP-Gated Channel, Photocurrent Parameters
Neg 2 2 15 15 3.5 2
J 72.296 72.296 72.296 72.296
Faark 1 1 1 1
Rel Err 0.0226 0.00311 0.00696 0.01257

aRoaming steady-state parameter.

state internal C& level (cssin inset) had dropped by only slightly time of presentation of the flash. This was achieved by clamping

more than a factor of 2, from a dark value of 0.38%9 to 0.19uM. Ca&* at each new steady-state level, not at its dark value. The
Two additional analyses are shown in Fig. 2F. These will besteady-state current values in this analysis were naturally equated

reproduced in the corresponding panels of all subsequent figuresvith those of the unclamped case, sifiggwas permitted to go to

the level it would have in the unclamped case, and then tifé-Ca

clamp was applied. This approach equated e (and hence

equated the effect of channel saturatioahd equated C& at

range, andnly static saturation contributing to flash desensitiza- the time of the flash. Thus, in comparing the unclamped and the
ge, y g Cé&{-clamped flash sensitivity, the flash response is affected

tion. This was achieved by clamping €aat its dark value in the equally by saturation and by the steady-state level of*Ca

model, and adjusting thig values to achieve the same Steac}ly'Statemediated gain. The only additional factor shaping the LA flash

rrent(Fso) 1 n in the unclam . The latter pro- ; . ) .
current(Fso) respo Ses as | the unclamped case. The latter p 0response in the unclamped case is thy@amic Ca2"-mediated
cedure ensured that, in both cases, the steady-state currents weré

gain evoked by the flash.

placed at the same level in relation to static saturation (i.e. cGMP= .
. . o >
gated channel). Differences in flash sensitivity then can be asf- At high backgroundgl, > cutoff 1), the unclamped model

cribed to the differing states of €ain the unclamped and clamped lash sensitivity falls more steeply tha_n aWeber's law slope ib_f
cases and eventually follows a steep function that parallels the high-

behavior of both C& -clamped curves. In fact, all three curves
Cazd clamp—LA flash sensitivity with & clamped at the asymptote to a slope of (neg + 1), which is predicted by the
new steady-state level reached in response to eggthin solid instantaneous compressive saturation of the cGMP-gated chan-
curve). The approach in the G&,-clamp analysis equated steady- nels (Matthews et al., 1990). Such behavior has been observed
state current levels, but did not equate internat'Clavels at the  in a number of recordings of LA photoreceptor flash sensitivity

Cagi-clamp—LA flash sensitivity with €& clamped at its
dark value (dash-dot curve)This analysis represents flash sensi-
tivity with Ca?* feedback fully disabled over the entire dynamic
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Fig. 2. The $R suite is shown for the Nikonov et al. (1998) model using the parameter values that fit the dim-flash response from
theirrod a (control response in Ringer’s). Parameters are given in Table 2. Model output is shown as solid lines and curves. Data from
Fig. 1 are shown by data points and dashed lines and curves. (A) The fit Reflaata set is poor (relLSQerr 0.0226), and neither

the growth ofTp nor Ry with flash | (B,C) match the voltage-clampéRef data. Note that the model generates an aberrant “nose”

at the peak of the flash response (A). This feature is more pronounced at higher intensities. (D) The model step responses are missing
the features at step onset and offset (compare with Fig. 1D). (E) The slope Bfthenction is shallower than the most frequently
reported slope (2/4n unit). (F) Model LA flash sensitivity (thick, solid curve). The model LA flash sensitivity was defined as the
amplitude of the response to a flash of fixed (criterion) intensity in the presence of a background adaptation, divided by the amplitude
of the criterion flash presented in the absence of a background. The criterion used was a flash eliciting a DA flash response amplitude
that was 10% of the full range of circulating current. The dashed curve is the Weber—Fechner relation from Fig. 1 F, shifted horizontally
to fit the model output below a “cutoffl}, (indicated by the dotted vertical cursor), above which the model was judged to deviate from
Weber's law (see text for details). The, for the Weber—Fechner curve is 9.85 R*sWith the Nikonov et al. dim-flash, suction
electrode parameters, the model LA flash sensitivity does not obey Weber’s law over any significant rangé,(eutefd R* s71).

At the cutoffl,, 53% of the model DA circulating current remains, as indicated by the intersection of the vertical cursor line with a
curve plotting the fraction that the steady-state current thaatsrated(i.e. 1 — Fslp), shown as solid dots). Her&gs is the
steady-state circulating current defined to be 1.0 in the dark, and zero when all channels are closed. Also, at thg theoff
steady-state internal €alevel (cssin inset) has dropped by slightly more than a factor of 2, from a dark value of BB 0.19uM.

Also shown is the LA flash sensitivity of the model under two types of simulatet-€amp conditions: (1)_A flash sensitivity

with Ca?* clamped at its dark valuéCagz-clamp; dash-dot curve). €afeedback is fully disabled over the entire dynamic range,

with only static saturation contributing to flash desensitizatior?'Gaas fixed at its dark value in the model, ahdvas adjusted to

achieve the same steady-state cur(€igf) responses as in the unclamped case, ensuring that the steady-state currents were placed at
the same level in relation to static saturation (i.e. cGMP-gated channel). Differences in flash sensitivity then can be ascribed to the
differing states of C&" in the unclamped and clamped cases. ThgGalamp analysis equated steady-state current lévgls, but

did not equate internal G4 levels at the time of presentation of the flash. This was achieved in the second analykia: f{ash
sensitivity with C&™ clamped at the new steady-state level reached in response toyg&#8d clamp; thin solid curve). This approach
equated th&s (and hence equated the effect of channel saturatim)equated C& at the time of the flash. Thus, in comparing the
unclamped and the &&-clamped flash sensitivity, the flash response is affected equally by saturation and by the steady-state level of
Ca?*-mediated gain. The only additional factor shaping the LA flash response in the unclamped casdyisatheCa?"-mediated

gain evoked by the flash. Note that at high(l, > cutoff I,), the unclamped model flash sensitivity falls more steeply than a Weber’s

law slope of—1, and eventually follows a steep function that parallels the higiehavior of both C&-clamped curves. In fact, all

three curves asymptote to a slope-ofneg + 1), which is predicted by the instantaneous compressive saturation of the cGMP-gated
channels (Matthews et al., 1990).
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under conditions when CGa-mediated feedback is disabled or K.), or by optimizing these parameters along with the two front-
blocked (Matthews et al., 1988, 1990; Nakatani & Yau, 1988;end time constantsg. and 7g«.
Tamura et al., 1989, 1991; Schnapf et al., 1990; Nakatani et al., The modelis capable of generating responses that lack the
1991). “nose” when large values &, are used (up t8., = 50), but only
if other parameters are free to optimize. The most important are
Aberrant “nose” at the peak of the model flash response Baark aNAJex sat. Baark MUSt be kept near 0.1°§ ~10 times smaller
As noted above, using parameters that fit the control dim-flashy, 4 empirical estimates, adgl s, Must be permitted to go to 30

response in Nikonov et al. (1998), the model generates flash resa or more, which exceeds empirical estimates by a factor of 23
sponses with an aberrant “nose” at the peak, especially prominent agnado et al., 1992).

at high intensities (compare Figs. 1A and 2A). This feature is not
present in the time waveform of the mod#i (t) response. It is
due to the use of an instantaneous’Chuffer in the model. The
“nose” is eliminated from the model photocurrent waveform when
Ca" is clamped at its dark value, or when Tabuffer power
(Bcg) is reduced to a relatively small valuel(~2). The “nose” is  When the model is optimized to thHeef data set (Figs. 3A-3C),

not eliminated by optimization of Ca-feedback parametets.a, using seven free parameters (Table 2), a reasonably good fit

Optimization of the Nikonov et al. (1998) model
to DA voltage-clamped flash responses
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Fig. 3. S/R suite after optimization of Nikonov et al. model to tRef voltage-clamped flash responses. (A) When the model is
optimized using seven free parameters (Table 2), a reasonably good fitRetldata is achieved (relLSQerr 0.00311). As implied

by this fit, the optimized model now provides a much improved account of the intensity dependétg@®fivell asT, (B,C). Note

that the “nose” at the peak of the flash response (Fig. 2A) is eliminated from the model response. However, with these parameters, the
model still generates step responses (D) that lack the salient features at onset and offset observed empirically (Fig. 1D). (E) The fit
to the data required a rate-limiting time constant for PDE inactivatior bfs. Hence, the slope of thi, function is too shallow.

(F) After optimization, the model now generates a modest range of Weberian LA (thick solid curve]gat@86 R*/s); but the range

is still almost two orders of magnitude less than observed empirically (see dashed curve, Fig 1R}, qraficted to be- 10,000

R*/s; see text for details). At thig where the model deviates from Weber’s law, 28% of the circulating current remains. Coding for

Fss: C&ane, and C&J -clamped sensitivity irF are as in Fig. 2F.
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is achieved (relLSQer0.00311).1 As implied by the good fit to show a hyperintensity dependence (Fig. 4B). The growth of peak
the data, the optimized model now provides a much improvedamplitude with intensity no longer matches fRef data (Fig. 4C).
account of the intensity dependenceTpf (solid curves, Fig. 3B). The model 60-s step responses (Fig. 4D) exhibit a rapid, tran-
The value ofB., in the optimal parameters was 11.7, slightly sient “nose” at step onset never seen in amphibian rod responses,
less than the values used in the Nikonov et al. (1998) moedeby, and exhibit no slow phase at step offset.
and 6-28 times less than earlier estimates of the rod’s -Gaffer The range of Weberian LA is about the same as when param-
power (e.g. Lagnado et al., 1992; Korenbrot, 1995; McCarthyeters fully optimized (cutofl, = 142 R* s'1), but is still much
etal., 1996). In combination with a low value fBgak (0.14 s'1), smaller than observed empirically (Fig. 1F).
and a high value 08.xsat (27 pA), the resulting model flash re-
sponses do not exhibit the aberrant “nose” at the peaks. Amelioration of LA behavior
Despite the fit to th&kef data after optimization, the model fails The modest range of Weberian LA behavior shown in Figs. 3
to capture several key signature features of both DA and LA re-and 4 is not readily increased to match the data shown in Fig. 1F.
sponses. For example, the model step responses still lack a “nos#&hen the Hill coefficient,n.,, is held at 2, the model cannot
at step onset and a slow phase at step offset (Fig. 3D). Second, tigenerate any significant range of Weber’s law LA behavior. Setting
slope of the modeT,; function (solid curve, Fig. 3E) is too shal- the Hill coefficient for C&" modulation of cyclase to a high value
low (~1 s/In unit vs. 2-3 ¢In unit). This is because in order to (n., = 4) is, however, not sufficient. When this is done, the model
achieve a fit to thékef data, the rate-limiting time constant of the can generate a rough approximation to Weber’s law over an ex-
front-end reactions could not be any slower thah s. tended intensity range if the ratio ofi,« to K. is set to be large
Third, after optimization to th&ef data, the model now pre- (~6; solid curve, Fig. 5A). Extended LA behavior was achieved
dicts a modest range of Weberian LA (solid curve, Fig. 3F), but theby using the same parameters that yielded an optimal fit to the
I-range is almost two orders of magnitude less than observed enRef data (Fig. 3A, Table 2) with the following exceptionky sat
pirically (see dashed curve, Fig. 1FNote that the model flash was set (to 15.18 pA) so as to achigyg« = 0.5uM [see eqn. (5)];
sensitivity begins to deviate from Weber’s law at 136 R:,svhen  n., was set to 4; the latter two changes forced an adjustment of
there is 28% of circulating current remaining and’Chas been the steady-state value fak,., [eqn. (6)] from 3.25uMs™! to
driven to 62 nM. 413.833uMs™ L
The LA behavior under these conditions is shown in Fig. 5A.
The dashed curve represents the Weber—Fechner relation and has
been fit to the model output (thick solid curve) using the same
ther 7+ OF 7e- 10 2 5. Fig. 4 shows the result of settings to 2 s analysis as in Fig. 2F, 3F, and 4F. Based on this analysis, the model

P =1
and reoptimizing the rest of the eight parameters. Fig. 4E showoughly adheres to Weber_s I_aw out t9 a cutfof 11,600 R* s,
that aTs4 function with a slope of 2 was achieved. However, undercomparable to the uppddimit for which the Torre et al. (1990)

these conditions, the fit to ttRef data is severely degraded (Fig. 4A; data adhere to Weber's law. , , ,
relLSQerr= 0.00696) and cannot be recovered.** In addition, the ~ However, some of the parameters required to achieve this be-

model Tgy function still lacks the acceleration at high intensities havior are not physiologically reasonable. For example, the cy-

; o+
that is observed empirically (compare solid curve in Fig. 4E with _clase rate varies by a fac_tor O,f more than 1000 &% @mes from
the top half of Fig. 1E). its dark value (0.54M) to its minimum of 0.037xM at the cutoff

I,. This is far outside the range of empirical estimates for cyclase
modulation, which is likely to be within a range 6f2—35.1t
Moreover, the parameters that support an extended range of LA
behavior are incompatible with a good fit to tRef data (Fig. 5B).
) ) - _ An improved fit can be recovered by reoptimizing while keeping
fThe fit to theRef data is statistically significantly better than that _ - . . . .
provided by the parameters used in the Nikonov et al. (1998) $fgly, = Moa = 4 (Flgf 5C_), but in this case, the* Iaﬁrge range of Weberian
7.323,p < 0.01], although this is not surprising since the latter parameterdight adaptation is lost (cutoff, = 153 R* s™%; Fig. 5D).
were not optimal for th&kef data used in the present study. Ndts, this
and all subsequent F tests reporteshe free parameter (not shown in Consequence of use of “modern” parameter values

Tables 2 or 3) was added to the degrees of freeddfp sed in the g ; _
calculation ofF for each optimization. This additionalf was needed to The success of the model in fitting thsf data (Figs. 3A-3C)

account for the normalization of each flash response used in the calculatiof$ @chieved when some biochemical parameters are permitted to

of relLSQerr (see Methods and Procedures). deviate from empirical estimates in the literature. It is of interest to
SThe Torre et al. (1990) flash-sensitivity data adhere to the Weber-evaluate the consequence of holding some key parameters close

Fechner relation out to 0R*/s. We can use the Torre et al. data to g their recent empirical estimates.

“predict” an equivalent upper limit for Weberian behavior for the model

flash-sensitivity functions. Assuming that the salamander rods recorded Dark value for PDE* activity (Bgark~1 s )—Nikonov et al.

using the perforated patch, whole-cell technique-a® times more sen- 51998) usePBgark = 0.8-1.2 st in modeling both their saturated

sitive than the newt rods recorded with suction electrodes, the Torre et a N . :
data “predict” an upper limit for cutoff, of ~10* R*/s. Ca®" clamped) data, and the dim-flash responses. Experimental

**The fit with 7¢- fixed a 2 s (Fig. 4A) is significantly worse than the
fit after full optimization (Fig. 3A). This was established using a modified
F test in which it was assumed that two free parameters had been added to t1tA common value reported for the full range of cyclase activity mod-
the optimization shown in Fig. 3A, but witho concomitant decrease in  ulation by C&" is 10 (e.g. Dawis et al., 1988; Calvert et al., 1998). The
error. In reality, adding two free parameters to the optimization would haverange of 2—-35 was derived using ranges of 0.2\ for Cadz, 0.1—
yielded an error less than or equal to the error obtained in the actuad.2 uM for K., 0.02-0.05 forcy, and a value of 2 fon.,. The upper
optimization, but never a greater error. Hence, leaving the error unchangeestimate for the modulation range depends strongly on the actual value of
and calculating th& value is a worst-case test of the significance. For this ng,. If a value of 2.5 is used fam.,, the estimate for the empirical cyclase
limiting case, theF test yielded a highly significant resuilf; o = 11.168, modulation range increasest2—87; forn,; = 3 (Ames et al., 1999), the
P < 0.01]. range is~2-215.

Amelioration of the slope of the model,dfunction
The shallowTs,, function is readily ameliorated by setting ei-

After optimization with7e. set to 2 s, the time-to peak of the
DA model flash responses are delayed relative tdRbkdata, and
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Fig. 4. S/R suite after optimization of Nikonov et al. model to tRef data with the rate-limiting “front-end” time constantg) held

at 2 s scthat aTgy Slope of 2 gln unit is generated by the model (solid curve, panel E). However, this feature is achieved at the expense
of the model’s ability to achieve a fit to thRef data (panels A—C). Moreover, the modg); function still lacks the acceleration at

high intensities that is observed empirically (compare solid curve in Fig. 4E with the top half of Fig. 1E). The range of the model’s
Weberian LA is about the same as with the parameters fully optimized (dyteffLl42 R*/s), but is still much smaller than observed
empirically. The coding for all the curves ks as in Fig. 2F.

estimates for this parameter in amphibian rods vary widely: 0'1s one can calculatgga from the channel Hill equation. This
in toad rods (Rieke & Baylor, 1996); 0.3°5 (Koutalos et al., requires an estimate of thi,,, for the cGMP-gated channel
1995a); 0.4-0.8 s in salamander rods (Hodgkin & Nunn, 1988); (K.y) and the Hill coefficient(n.g). Rebrik and Korenbrot (1998)
0.14-0.72 s* in salamander rods (Cornwall & Fain, 1994); and measureKqq ~ 35 UM and neg ~ 2.3 in salamander rods, yield-
0.62-0.72 st in salamander rods (Nikonov et al., 1998). ing estimates 0fQgak Of 4.8-7.7 uM. Using the range of bio-

It should be noted, however, that the above estimates are dehemical estimates of G4, (0.2-0.7 uM; Ratto et al., 1988;
pendent on the available estimates for other parameters. For ekorenbrot & Miller, 1989; Miller & Korenbrot, 1993; Gray-Keller
ample, the estimates from Hodgkin and Nunn (1988), Cornwall& Detwiler, 1994; McCarthy et al., 1994,1996), and the steady-
and Fain (1994), and Nikonov et al. (1998) assume the Hill coefstate equation for guanylate cyclase activity = Ana/(1 +
ficient for cGMP-gating of the channéheg) is 3. If nggis closerto  (c/Kga)™2), one can use the estimate gfa« to calculate the
2, as some have measured (e.g. Koutalos et al., 4, 9R8brik & dark PDE activity by setting the differential equatiotcGMP)/
Korenbrot, 1998), then the range of estimates for salamander rodt = 0, and solving foBgar. This requires estimates &%, (0.1—
Bdark across these three studies is 0.21 to 1.2 $amura et al.  0.26uM; Koch & Stryer, 1988; Calvert et al., 1998) anyl, (2—4;
(1991) estimate@qan = 1.2 s * for primate rods (assuming,y = Pepe et al., 1986; Koch & Stryer, 1988; Gorczya et al., 1994).
2.5) using an approach like that of Hodgkin and Nunn (1988). Using these ranges of measured values for the relevant param-

There are other estimates Bf..« available based on accurate, eters, one calculates an enormous rangesfQf, that is, 0.005
but less direct measures, utilizing reliable parameter estimates froto 12.3 s'1. With the parameter values set roughly in the middle
biochemical studies, in combination with electrophysiological dataof their range, one calculatg8y,« = 0.95 s'*. Hence, | have
The values forB4ak Can then be derived from a model of the assumed a reasonable “modern” estimate gy« to be in the
cGMP cascade (e.g. see Miller & Korenbrot, 1994). For exampleyicinity of 1 s71 .
assuming that 1-3% of channels are open in the dark (biochemical Pugh et al. (1999) point out tha(t) (rate of hydrolysis of
and electrophysiological data from Cameron & Pugh, 1990),cGMP by PDE*, both dark- and light-driven activity) is an impor-
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Fig. 5. (A) The model can generate a rough approximation to Weber’s law adaptation-dveg units of background intensity i,

is set to a high valuandthe ratiocqyan/Ke is also large {-6). The dashed curve represents the Weber—Fechner relation and has been
fit to the model output (thick solid curve) using the same analysis as in Fig. 2F, 3F, and 4F. Based on this analysis, the model roughly
adheres to Weber’s law out to a cutbffof 11,600 R* s%, comparable to the uppédimit for which the Torre et al. (1990) data adhere

to Weber’s law. However, as is evident in panel B, the parameters that support the desired LA behavior are incompatible with a good
fit to the Ref data. The modetan achieve a reasonable fit to tief data withn., held at 4 and the model reoptimized (C), but the
resulting parameters will then not support the extended range of LA behavior (gutof53 R* s°1; D). The coding for all the curves

in Aand D is as in Fig. 2F.

tant parameter and is a dominant (andCisensitive!) factor in ~ mensurate with a previous estimates of 10-15% (Yau & Nakatani,
flash desensitization during light adaptati@ya is thus impor- ~ 1985; Nakatani & Yau, 1988; Lagnado et al., 1992). However,
tant in shaping flash sensitivity mainly at subsaturating intensitiegecent estimates in salamander rods by Korenbrot (personal com-
where it remains significant in relation to light induced changes inmunication) indicate thaf., is larger, closer to 0.2. At least one
B(t). A perturbation analysis done for the present study revealeghototransduction model has useg, = 0.25 (Forti et al., 1989),
that small increases iB4ark Cause subsaturating flash responses tobased on empirical estimates from Menini et al. (1988).

peak and recover earlier, whereas a decreagg;in leads to a In the Nikonov et al. (1998) modeF., and Joy sat (Maximum
slowing of the response. Small change®ia.« have no effect on  rate at which the exchanger can pump?Caut of the rod OS,

the slope of thel,, function, but cause a slight expansion of the which occurs when Ca is at its maximum, i.e. in the dark) have
range of LA flash sensitivity adhering to Weber’s law. The asymp-complementary influences on the responsesificzeasesn Jox sat

totic slope of the flash-sensitivity function does not change. have the same effect atecreasesn F.,, assuming that steady-
state C&" is readjusted for each value &4 Or Joxsa). AN
Percent circulating current carried by Ca (Fc, = 0.18)— increase inJey sat Means that in the steady state, for example, in

Nikonov et al. (1998) adopted a value Bf, = 0.1. This is com-  the dark, the exchanger is extruding®Caat a higher rate. The



690 R.D. Hamer

result is a lower steady-state €alevel, leading to a decrease Hill coefficient for cGMP-gating of light-sensitive membrane
in Amax cation channel@y = 2)tf—Values for this parameter range from

A perturbation analysis showed that small increasds;igy: (or 1.6 (Koutalos et al., 199§ to 3 (Fesenko et al., 1985; Haynes et al.,
decreases ifr;;) caused LA flash sensitivity to increase at low to 1986; Zimmerman & Baylor, 1986; Watanabe & Matthews, 1989;
moderatdy,, and delayed the time-to-peak for DA flash responses.Yau & Baylor, 1989). Nikonov et al. (1998) found that a value of
At high Iy, a small increase idexsat (decrease irF.,) decreased ncg = 2 fit their subsaturating flash data better than a value of 3.
flash sensitivity. Small decreaseskyy s (increases itfr.,) caused The Hill coefficient, n.g, controls the steepness with which
the converse behavior. photocurrent approaches saturation in response to flashes or steps
of increasing intensity: a highet,, causes a steep; versus
log(l) function. An increase imgq also causes a pronounced de-

. - + . _ . . .
Hill coefficient for Cé*-modulation of guanylate cyclaseica crease in the time-to-peak of subsaturating flash responses, as well

2)—|Ear3/ ?stlrpart]es oct;‘h(';\e;”\;vere ~4d(KOCE & Stryelr, 198?' ﬁ_ev- | as a decrease in slope of thg versus logl ) function. The effects
eral moceis o the ¢ cascade su sequenty_use this va T,k are surprising since.g is a parameter of atatic nonlin-
(e.g. Forti et al., 1989; Tamura et al., 1991; Tranchina et al., 1991;

Miller & K brot. 1993). H ¢ studies indicat earity in the model. In addition, increasimgy causes the flash-
er orenbrot, ). However, more recent studies indica esensitivity function to asymptote to a steeper falloff, as expected

n - .
that C& . coopgratlwt){ a.lt the locus of GCAP-guanylate cyclase 'Strom theory (see text for Fig. 2F; Matthews et al., 1990).
lower, with a Hill coefficient closer to 2 (e.g. Gorczya et al., 1994;

Dizhoor et al., 1994; Calvert et al., 1998). Several recent compu
tational implementations of this & feedback have adopted this
lower value (e.g. Miller & Korenbrot, 1994; Koutalos et al, 1895
Nikonov et al., 1998; Calvert et al., 1998).

The Hill coefficient,n.,, has a strong effect on the range over
which C&" can modulate the cyclase rate, especially wheneve
K. < C&iw Alargern., causes an extended range of modulation

OL(?.C activi_ty over the range of d@é value§ (I_ight Ievels)k. l? h with the parameters yielding the optimal fit shown in Fig. 3, but
addition, an increase Im;; causes a decrease in time-to-peak of the, ;y, Bq increased from 0.17°$ to 0.8 s'* (a factor of 4.7), the fit

flash response and a decrease in flash sensitivity for both D,qo the Ref data is degraded by a factor of 41. Qualitatively, the
responses, and for LA flash responses at low to modepatéat model flash responses in Fig. 6 peak much too early, Wigh

high I, an increase im., causes an increased flash sensitivity. nearly independent of intensity, and the model response amplitudes
increase too slowly with intensity (solid curves Figs. 6B and 6C).

Ca?* concentration at half-activation of guanylate cyclékg, ~ The modelTg, slope is shallow (Fig. 6E), since the optimal value

0.2 uM)—Kaoch and Stryer (1988) estimated this parameter to befor the rate-limiting front-end reactionrg= 1 s) is ~1/2 the

~0.1 uM. More recent empirical estimates from both amphibian empirical estimate of 2 s. Finally, the model step response and LA

and bovine rods indicate thKt, is larger (0.2—-0.2%M; Gorczya  behavior (Figs. 6D and 6F) have the same deficiencies as in

et al., 1994; Dizhoor et al., 1994; Calvert et al., 1998; see PuglFigs. 3—4.

et al., 1997 for a review). Other values that have been used are

0.087uM (Koutalos et al., 1996), 0.2 uM (Miller & Korenbrot, Summary of performance of Nikonov et al. (1998) model
1994), and 0.11M (Ames, 1994). Taken together, the results from Figs. 2—6 show that, despite its

The empirical range of this parameter is thus only a factor ofsyccess in accounting for dim-flash, suction-electrode flash re-
~3. However, the magnitude and dynamics of Cenodulation of  sponses and, (with different parameters), saturated responses under
cyclase are quite sensitivel (Calvert et al., 1998) depending on  Ca2+ clamp (Figs. 4 and 11, Nikonov et al., 1998), the Nikonov
its relationship to C&i« and the value of the Ca Hill coefficient et al. model is missing some important mechanisms, and does not
(Nca). have enough flexibility to account fdyoth the full DA Ref flash

For example, for given values of @ and nc, (assuming  seriesanda suite of DA and LA data with a single set of parameters.
Céihh, the minimum to which C& goes in light is 0.02uM), a
decrease i, increases the range over which GC activity is mod-
ulated by changes in & if K. = C&i, GC activity will mod- Model with dynamic C& buffer
ulate by only a factor of-2 regardless of the value nf,. Assuming
Nea = 2, if K¢ = 1/2 Céy, the range of GC modulation in-
creases to a factor of5; for K. = 1/3 CdZ, the range goes to
a factor of~10; if K. = 1/5 Céiw, the range increases to a factor
of ~23.

These predicted GC modulation ranges are very sensitive to th
value ofn,. If ne, is 3 andK. = 1/3 Caiy, the modulation range
increases from a factor of10 to a factor of~28; for K, = 1/5
Céfian, the range increases to122. While a decrease i in- f1Note that the optimal fit shown in Fig. 3 was achieved with two of
creases the range over which®anodulates GC activity, it dra-  the above parameters held at their “modern” valuese= 2 andngg = 2.
matically slows the GC response to Tachanges. WithK, set A slightly better, but statistically indistinguishable, fit to tRef data was
equal to C3:y, GC activity may reach-80% of its maximal rate achieved when these parameters were permitted to be free. In that case, the

N . . . optimal values fonc, andncg were 3.21 and 1.52, respectively. However,
by ~1.5 s after onset of a saturating step of light, whereds, is in both cases, several other key parameters were forced to deviate from

1/4 Céahgy (for the same conditions), GC activity would reach its their modern estimates to achieve the fit. For example, opfiaalas =<
maximum only after~8.5 s. 0.2 s'%, about 3-5 times lower than empirical estimates.

When the five key parameters above are held to withitb%
of their modern empirical estimates, allowing five parameters to
optimize (v, Tr+, Tex and Bea and Joxsar), the model cannot
achieve a good fit to the data (Fig. 6A; relLSQefr0.01256, a
factor of 4 times the error from the optimal fit in Fig. 3R, 7) =
10.665, 0.005< P < 0.01). The fit to theRef data is quite sen-
Sitive to the parametgy. The relLSQerr increases by a factor of
4 whenpy is changed by only a factor ef1.4. If the model is run

To expand the domain of response features that can be accounted
for, some additional mechanisms must be added to the model. The
Nikonov et al. (1998) model assumes that’CTéuffering is de-
termined by the instantaneous level of free intracellulaf"Cas

has been assumed in other models (e.g. Tranchina et al., 1991;
ﬁ/liller & Korenbrot, 1994). Although some studies support the
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empirical estimategBgark = 0.8 t0 1.2K. = 0.2 10 0.24nc5 = 2, neg = 2, andF¢, = 0.18. Five of remaining parameters were allowed
to optimize(vp, Bea, Jexsan Te*, Tr+). With these “modern” parameter values, the Nikonov et al. model cannot achieve a good fit to
the Ref data (A). The times-to-peak (B) are too early for the lowéashes, and they do not change with intensity. The peak response
amplitudes have the wrongdependence (C). The step responses lack the signature features at step onset and offset (D). The best
achievable fit to thdRef data required ag« of 1.3 s, so that the mod@l,, function (E) is shallower than 2/k unit. Finally, the model

produces only a modest range of Weberian LA (cutpfE 156 R* s

idea that C&" buffering is rapid in relation to the time course

of the photocurrent responses (e.g. McNaughton et al., 1986;

Lagnado et al., 1992; McCarthy et al., 1996), the failures of the

Nikonov model led us to revisit the idea of a dynamicCauffer,

as has been done in some models in the past (e.g. Forti et al., 1989;

Tamura et al., 1991). This issue is dealt with in more detail in the

Discussion.

mined by the dynamics of photocurre(®), efflux through the

1. F). The coding for all the curves iR is as in Fig. 2F.

Calcium influx, efflux, calcium buffer
¢ = b F — ycalC — Cmin) — Ka(€r — Cp)C + K Cp.

Cp = ka(er — Cp)C — Ko Cp.

®
9)

Here b is proportional toF.,, the fraction of circulating current
Hence, eqns. (4) and (5) were replaced with two explicit dif- carried by C&": b = (Fea /2FVeyo) X 108 where F is the
ferential equations [eqns. (8) and (9)] describing the dynamics ofaraday constant, and,, is the volume of the rod outer segment

Ca&" influx through the cGMP-gated channels at a rate deter-n liters, such that the product df with J4F, in pA, yields the

desired units {Ms™* ). The quantitye; is the total C&"-buffer

exchanger (at ratg., s 1), as well as C&" sequestration (at rate concentration. All other equations in this model are as in the Ni-

ki iM~1s71) and release (at rate s™1) by a C&™ buffer (c,, with
dissociation constankKy = k»/k;). Here,c, is the concentration of

konov et al. (1998) model.
The results of addition of a dynamic €abuffer are shown in

C&* bound to buffer at any given time. It is also the concentrationFig. 7A. The two fits (Fig. 3Avs. Fig. 7A) are not statistically

of Ca* buffer bound to C4', since a 1:1 binding is assumed.

significantly different(F4 ., = 1.063,P > 0.1), but the dynamic

Parameters are described in Table 1. All parameter values foEa?" buffer produces a qualitatively better account of the peak

the simulations using this model are shown in Table 3.

responses and recovery dynamics.



692 R.D. Hamer

Table 3. Parameters used for model with dynamic®Cauffer

(Fig. 7) (Fig. 8) (Fig. 9) (Fig. 10)
Optimized Optimizedses = 2 s Extended gain control “Modern” parameters
Lower  Upper Lower Upper Lower Upper Lower  Upper
Parameters Value bound bound Value bound  bound Value bound bound Value bound  bound

“Front-End” Parameters

TR* 0.416 0.1 0.99 0.391 0.100 0.990 0.99 0.1 0.99 0.99 0.050 0.99
TE* 1.195 1 4 2 2.174 1 4 1.172 1 3
VRP 1734.73 100 10000 1161.5 100 10000 2520.5 100 10000 2371.8 100 20000
R*(0) 0 0 0 0
E*(0) 0 0 0 0
Ca?t, Cat*-Buffer Parameters
Cdark 0.572 0.568 0.3 0.679
Chbdark 15.37 4519 55.22 45.28
er 394.58 50 1000 662.80 50 1000 791.4 50 1000 889.99 50 1000
b 0.78¢ 0.486 0.299 0.933
Yca 99.67 2 200 62.428 50 200 73.17 2 200 100 100 300
ki 0.166 0.05 5 0.1 0.2 0.142 0.05 5
ko 2.350 0.05 10 0.775 0.05 10 0.8 0.1 0.7 1.801 0.05 5
Co 0.005 0.005 0.005 0.005
cGMP, Cyclase Parameters
Ke 0.219 0.1 0.22 0.22 0.1 0.22 0.1 0.1 0.22 0.2
Nea 2.855 1.6 3.8 3.8 1.6 3.8 3.8 1.6 3.8 2
Amax 4.461 9.801 121.4 60 150 20.062
Bsub 1.68x 10°° 1.68x 10°° 1.68x 10°° 1.68x 10°°
Odark 2 2 2 2
Ba 0.136 0.1 2 0.130 0.1 2 0.920 0.8 0.8 1.2
cGMP-Gated Channel, Photocurrent Parameters
Neg 2.201 15 35 3.275 15 35 2.2 2
Ju 72.296 72.296 72.296 72.296
Faark 1 1 1 1
Rel Err 0.00224 0.0035 0.006817 0.007386

38Roaming steady-state parameter.

As reflected in the good fit to thRef data,R,x versus and T, Improvements conferred by dynamic®auffering
versud match theRef data very well. However, with these optimal
parameters, the model step responses (Fig. 7D)Tandunction
st e S10W n .. T, slop (F, GE) o mathes el

' P P g results (Pepperberg et al., 1992, 1994; Murnick & Lamb, 1996). In

seenin the Forti et al. (1989) d_ata (Fig. 7D.)' .".1 addition, since thecontrast to the model with an instantaneous Chuffer, the ad-
optimal fit to theRef data requires a rate-limiting front-end time

constantre: ~ 1 s, the slope of th.., function is still too shallow, dition of the dynamic C&" buffer confers sufficient flexibility for

and there is no acceleration of thg, function at high intensities the model to achieve a reasonable fit to Ref data wherre. is

. B . - . . _held fixed & 2 s (compare Fig. 4A with Fig. 8AF; 9 = 8.897,
(Fig. 7E). The qu_els l'g.ht adaptation belw_a\{lor(Flg. /F) is com 0.01 < P < 0.025). In addition, the model step responses now
parable to the original Nikonov model optimized to tRef data

(Fig. 3F). A modest range of Weber’s law LA of the incremental _begln to have the “nose” and decay at step onset observed empir-

flash response can be accounted for (up to a cugodf 261 R* ically (compgre Fig. 8D. with Fig. 1.D)' Moreover, the range 9f LA
s1). However, the range of adherence to Weber's law is stlli5 flash sensitivity adhering approximately to Weber's law is ex-

. . = P
log units less than observed by Torre et al. (1990). tended slightly {- 0.4 log units, outto a cutoff, of ~ 531 R*'s =,

Finally, as with the original Nikonov et al. (1998) model, a compare Fig. 8F with Fig. 4F). However, this behavior is achieved

good fit to theRef data is achieved at the expense of some key\{;vrlrt]h Izortr;fe %art?r:]n;tez:n?gfgggf;ﬁ?ee;]noﬂgf?éssgrrgit:?ﬁ I'::(i)r esxA
parametersn., = 2.85 {/s. ~2; Gorczya et al., 1994Bgak = pie, P p P 9-

0.136 (5.0.8-1.2 5 *: Nikonov et al., 1998), = 4.5 uMs includedn., = 3.8, a value~2 times the empirical value (Dizhoor
. U.0—1. y .y ’ max— -

. — <1 ~
(vs.30-100; Forti et al., 1989; Pugh & Lamb, 1990; Tamura et aI.,fEt al., 1994; Gorczya et al., 1994), afighn = 0.13 s, approx

1991; Lamb & Pugh, 1992; Ames, 1994: Nikonov et al., 1998). Mately ten times less than empirical estimates.

The ratio of bound to free G4 is 26.8, compared with modern LA flash sensitivityThe model with the dynamic Ca buffer
estimates on the order of 74-300 (Lagnado et al., 1992; Korenbrohas sufficient flexibility so that when parameters are set so that the
1995; McCarthy et al., 1996). I-range of Weberian LA is extended (cutdff = 1339 R* s°%;

Tsat function The desired 2/4n unit slope of theTg,, function
is readily attained by settinge- = 2 s, the results of which are
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Fig. 7. S/R suite after a dynamic Ga buffer is added to the model, and the model is optimized to theRRAdata with 11 free
parameters. The model provides an excellent fit to e data (A-C), but with these optimal parameters, fails to reproduce the
signature features of the/R suite: the step responses lack the “nose” at onset, and multiphasic response at offsetTR)uhetion

is too shallow (E), and the model still only generates a modest range of Weberian LA behavior (up to & @itafl R* s'%; F).

The coding for all the curves iR is as in Fig. 2F.

Fig. 9F), the model is capable of achieving a reasonable fit to th&€onsequence of use of “modern” parameter values
data (relLSQerr= 0.00682; Fig. 9A). This is in striking contrast
with the Nikonov et al. (1998) model (compare with Figs. 5A and As was done in the analysis of the original Nikonov et al. (1998)
5B). In addition, the model step responses now have the desireahodel, we evaluated the consequence of holding five key param-
“nose” at step onset (Fig. 9D), and thig, function has a-2 s/In eters at or near their current best empirical estimates. The same
unit slope (Fig. 9E). Moreover, these features are attained wittive parameters were restricted. When this was done, the best fit to
several parameters near their empirical estim@gs, = 121.4uM the Ref data was significantly degraded (Fig. 10A) by a factor of
slirg=217 SiNeg = 2.2; Baark = 0.920; fraction of bound to free 2.1 times the error from the optimal fit in Fig. 7A (relLSQesr
Ca?* = 184.1), while others remain outside empirical estimates0.00739vs.0.00224;F3 13 = 8.422, 0.001< P < 0.005). More-
(e.g.ngg = 3.8; Fc4 = 0.057). over, with the parameters yielding a best fit under these con-
Although the parameters that yield an extended range of Westraints, the signature features in the rest of the suite of responses
ber’s law LA are commensurate with a relatively good fit to the DA do not match empirical features (Figs. 10D—-10F). The step re-
Ref data, the fit to theRef data is significantly poorer than that sponses no longer exhibit the “nose” at step onset. As in all other
attained when all 11 parameters are free to optimize (comparsimulations shown, the model cannot generate the fast and slow
Fig. 7Avs.Fig. 9A; Fz12= 8.172, 0.00K P < 0.005)88 phases at step offset (Fig. 10D). Thg, function has too shallow

88A modified F test was used. It was assumed that one free parameteoptimization, but not a greater error. Hence, leaving the error unchanged
had been added to the optimization shown in Fig. 7A, but withcon- and calculating th& value is a worst-case test of the significance. For this
comitant decrease in erroil his additional free parameter could only have limiting case, the~ test yielded a highly significant resul 15 = 8.172,
yielded an error less than or equal to the error obtained in the actuad.001< P < 0.005].
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Fig. 8. S/R suite after optimizing the model (nine free parameters) with a dynami¢ Raffer while holdingrg- = 2 s. With the

dynamic C&" buffer, the model has sufficient flexibility to maintain a good fit to the B&f data (A) even when the rate-limiting

recovery stage in the “front-end” reactions is held to a 2-s time constant (E). With these parameters, the step responses begin to show
a “nose” at step onset, but still do not have the multiphasic response profile at step offset (D). The model LA flash sensitivity (F) has

a slightly extended-range (~0.4 log units, out to a cutoff, of ~ 531 R* s) in comparison to the Nikonov et al. model with-

fixed & 2 s (compare with Fig. 4F). The coding for all the curves-irs as in Fig. 2F.

of a slope because the optimal rate-limiting decay time constantesponses (Figs. 3B—3F). First, the fit to fRef flash series does
under these conditions is againl s (Fig. 10E). Finally, the LA  not extend to supersaturating flash intensities; increases in inten-
flash responses now fail to adhere to Weber’s law over any sigsity after saturation is reached do not cause saturation period to
nificant range (Fig. 10F; cutoff, = 56 R*/s). increase at the empirically observed rate (B aunit; Fig. 3E). To
generag a 2 gln unit Ts4 slope, (Fig. 4E), at least one of the
“front-end” cascade reactions must be set such that the rate-
limiting time constant is-2 s. But in this case, a fit to theef data
The results of the analyses showed that when key activation, inean no longer be achieved (Fig. 4A). Second, the model cannot
activation, and feedback parameters are permitted relatively broasimulate aTs,; function with the acceleration observed at high
optimization limits, a simple model of phototransduction (Ni- intensities (compare Fig. 1E with Figs. 2E—6E; Pepperberg et al.,
konov et al., 1998) can produce a reasonable quantitative accout®92). Third, despite the fit to thRef data (Fig. 3A), increasing
of the reference voltage-clamped flash responses (from dim-flasthe stimulus duration to simulate a step response (Fig. 3D) will not
to fully saturated responses) using a single set of parameters. Howroduce the signature features observed at the onset and offset of
ever, in this case, the optimal model fit is achieved when some ke$0-s light steps (compare with Fig. 1D; Forti et al., 1989; Fain
parameters are permitted to deviate (by as much as an order et al., 1989).
magnitude) from empirical estimates. When five key parameters Finally, the peak amplitude of the LA incremental flash re-
are constrained to their empirical estimates, the match t&Réfe = sponse does not adhere to Weber’s law for more thanog units
data is degraded irrevocably (Fig. 6A). unless the C& cooperativity at cyclase is higin., = 4), and the
More importantly, even with a set of parameters that yield aratio of cya/Kc is relatively large. However, the extended range of
good fit to theRef data, the Nikonov et al. (1998) model cannot light adaptation is achieved at the expense of any reasonable fit to
reproduce a suite of signature qualitative features of DA and LAthe Ref flash responses (Fig. 5A). Moreover, the LA behavior

Discussion
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Fig. 9. S/R suite for the model with a dynamic €abuffer after adjusting parameters such that an exteidadge of Weberian LA

is generated. Nine free parameters were used to optimize Awithrestricted to be between 60 and 150 s~ The ratio ofcgan/Ke

was 3.0. The model generates a significantly larger range of LA gain control (&#0ff339 R* s'1; F), while maintaining a relatively

good fit to theRef DA data (A), and als, function reflecting a 2-s dominant recovery time constant in the “front-end” reactions (E).

In addition, the model step responses have the desired “nose” at step onset, though they still lack the multiphasic response at step-offset
(D). The fit to theRef data, though vastly superior than the comparable fit for the Nikonov et al. (1998) model (see Fig. 5A), is
significantly poorer than the best the dynami@Gauffer model can achieve (see the fit when all 11 parameters are optimized, Fig. 7;

F,10 = 10.22, 0.0005< P < 0.001). The coding for all the curves Fis as in Fig. 2F.

requires some important parameters to deviate severely from em- An instantaneous Ca-buffer model is inadequate

pirical estimates (e.gBgark = 0.1 S'%, Apax > 400 UM s™1). The C&* buffering in the Nikonov et al. (1998) model repre-
sents a modern implementation of the experimental evidence fa-
voring rapid C&" buffering. Nevertheless, the present analyses
show that, within this sort of model structure, the rapid (instanta-
Conjoint account of all these features clearly requires more flexneous) C&" buffer in the Nikonov et al. (1998) model is inade-
ibility than the Nikonov et al. (1998) model structure can provide, quate to account for the broad range of data analyzed. The limitations
implying the need for additional mechanisms. One such mechaimposed by instantaneous €abuffering are not necessarily evi-
nism was added—replacement of an instantaneou’s” @affer dent in any given response to a limited set of stimulus conditions.
with a dynamic one. With the dynamic €abuffer, the model was They become evident when one attempts to account for a broader
able to account for a broader range of responses. It should be notsét of responses. Two striking improvements after inclusion of a
that there are some data suggesting that"Gauffers are rapidly  dynamic C&" buffer are (1) that the model is now able to repro-
equilibrating in relation to the time scale of the rod photoresponseluce aTg,, function with a slope of 2 An unit while maintaining

(e.g. McNaughton et al., 1986; Lagnado et al., 1992; McCarthya reasonable fit to thRef data, and (2) the model is now able to

et al., 1996), and hence the choice to introduce a dynamf¢ Ca capture some key qualitative features of the LA behavior of rods—
buffer into the model warrants some discussion. namely, the behavior at step onsets, and an extended range of LA

Addition of a dynamic C& buffer: A working model
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Fig. 10.S/R suite after adjusting after optimizing the model with a dynamié'Gauffer while holding five key parameters at or near

their modern empirical valueggak = 0.8 to 1.2 K. = 0.2,nc; = 2, neg = 2, andF¢, = 0.18. Seven other parameters were optimized.

The best fit to theRef data is significantly degraded (Fig. 10A) by a factor of 2.1 times the error from the optimal fit in Fig. 7A
(relLSQerr= 0.00739vs.0.00224;F3 19 = 8.422, 0.001< P < 0.005). Moreover, with the parameters yielding a best fit under these
constraints, the signature features in the rest of the suite of responses do not match empirical features (D—F). The step responses no
longer exhibit the “nose” at step onset. As in all other simulations shown, the model cannot generate the fast and slow phases at step
offset (D). TheTg, function (E) has too shallow of a slope because the optimal rate-limiting decay time constant under these conditions

is again~ 1 s. Finally, the LA flash responses now fail to adhere to Weber’s law over a significant range (gatd6 R* s 1; F).

The coding for all the curves iR is as in Fig. 2F.

gain control—while maintaining a reasonably good fit to fRef In addition, two recent studies of €adynamics (and concom-
data. By contrast, the Nikonov et al. model cannot simultaneouslytant photocurrent recordings) found qualitatively similaCae-
account for theRef flash data and th&s,; data of Pepperberg havior, but ascribed the behavior to different mechanisms. Gray-
(compare Fig. 4 and 8). In addition, no parameters for the Nikonoweller and Detwiler (1994) found that the kinetics of Calecline

et al. model were found that supported both an extended range afuring steady illumination followed a time course best described
Weberian LA and a reasonable account of ffef flash data (com- by a sum of two weighted exponentials with “fast” and “slow”

pare Fig. 5 and 9). components having time constart).6 s and 5.5 s, respectively.
Gray-Keller and Detwiler interpreted the components as arising
The C&* “story” is complex from fast (and low-affinity) and slow (and high-affinity) buffers

There are some complexities in the available direct measures dhat are present in approximately equal amounts. The slow time
C&" that imply that the full C&" “story” is not yet in. For ex-  course of C&" decline at high light levels may thus be due to the
ample, one shortcoming of the direct measurements éf Q- fast sites having unloaded all their €awith only the slow buffers
namics is that they rely on a space average of th&"@asponse  remaining.

(e.g. aequorin studies like Lagnado et al., 1992; Fura-2 measures, Using somewhat different methods, McCarthy et al. (1996)
as in McCarthy et al., 1994, 1996; Younger et al., 1996; Indo-obtained qualitatively similar results, but summarized th&*Ca
dextran measures of Gray-Keller & Detwiler, 1994). Hence, thekinetics by a sum of three weighted exponentials with time con-
“true” Ca?" behavior may be more complex than has been restants 0.25 s, 1.35 s, and 6.75 s. After a number of experimental
vealed by even the best of the direct methods of measurement. tests, McCarthy et al. (1996) concluded that the data were consis-
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tent with C&* equilibrating rapidly (i.e. quasi-instantaneous’Ca  flash-sensitivity function did not adhere strictly to the Weber—
buffering). The complex Cd dynamics were interpreted as re- Fechner relation over the fullrange (Fig. 9F). This implies that
flecting differential access to the €asignal due to nonuniformi- a more comprehensive model will require additional gain control

ties in its localization antbr mobility within the cell. mechanisms.
Finally, it is worth noting that some of the €adata dramat- There are at least three other®alependent feedback mech-
ically illustrate gaps in our understanding of the full®Céstory.” anisms that have not been implemented in the present analyses, but

For example, Gray-Keller and Detwiler (1994) presented data showwhich may provide the model with the needed flexibility to pro-
ing that, following a subsaturating flash, the®Caignal outlives  vide a better account of the full range of empirical response pro-
the photocurrent response (fully recoveredy§ s) by as much as files, including LA behavior. A number of studies suggest that
15 s. Moreover, the dynamic changes inCaluring a step re- there is C&"-dependent modulation of R* lifetime. This mod-
sponse did not track the photocurrent during the step responselation is thought to be mediated by an interaction between the
These data cannot be accounted for by any model to date. Ca?*-binding protein recoverin (Rec) and the enzyme rhodopsin
Hence, in light of potential limitations of the available €a kinase (RK), which is responsible for phosphorylation (and ulti-
data, and divergent interpretations of these data in the literature, mate quenching by arrestin) of R* (Kawamura, 1993; Klenchin
working model structure was adopted that incorporated noninstaret al., 1995; Chen et al., 1995). The polarity of the modulation
taneous C&" buffering, similar to some earlier models of €a is such that a decrease in internal?Cacaused by light) re-
buffering (Forti et al., 1989; Tamura et al., 1991). The overallleases RK from inhibition by Rec, and leads to a speedup in the
improved behavior of the model with a dynamic®Cauffer sug-  shutoff of R*. In addition, there is evidence thatTamodulates
gests that it is an important mechanism to include in a workingreactions at least two other loci. Changes in intern@"Gaodu-
model of phototransduction, and that despite the slow kinetics ofate gain very early in the cascade without modifying the apparent
amphibian rods, G4 buffering cannot be simulated as an instan- time constant of R* inactivation (Lagnado & Baylor, 1994). Fi-
taneous process. nally, there appears to be €adependent modulation of the af-
finity of the light-activated membrane cation channels for cGMP
(Hsu & Molday, 1993; Rebrik & Korenbrot, 1998; Hackos &
Korenbrot, 1997). Addition of one or more of these feedback mech-
Despite the increased generality conferred by addition of the dyanisms, having different sensitivities to internal’Cdevels and
namic C&" buffer, the analyses imply that a broad account of thedifferent dynamics (Koutalos et al., 1995b; Calvert et al., 1998),
behavior of rod DA and LA responses will require further elabo- are likely to be crucial to account for the full range of observed LA

Need for other mechanisms in the model

rations of the model. behavior.
The effects of incorporating cGMP buffering have not been
Accounting for slow phase at step offset, and examined in the present study. Prior studies approximate the cGMP-
acceleration of I at high intensities buffering power of the amphibian rod to be 2 (e.g. Lamb & Pugh,

The slow phase at the offset of long-duration steps reflectsl992). There is evidence that cGMP buffering may be significantly
some slow decay process that is not readily apparent in the dymore powerful (Korenbrot personal communication). The effect of
namics of dim-flash responses, or even in response to modestiyGMP buffering would be to counteract the effect of light, and
saturating flashes. Forti et al. (1989) were able to simulate thidhence provide another potentially significant LA mechanism.
behavior by inclusion of a slow back reaction from inactive rho-  The models implemented in this study (as in Nikonov et al.,
dopsin (R) to its activated state (R*). A similar result is predictable 1998) did not include explicit limitations on total number of rho-
by assuming that deactivated rhodopsin Andhe raw apoprotein  dopsin, transducin or PDE molecules in the cell. This approach
continues to activate the cascade with some slow decay rate on timeay be adequate for low to moderate light levels. However, the
order of 10-30 s (Cornwall & Fain, 1994; Cornwall et al., 1995; cGMP cascade has a large amount of amplification between R
Matthews et al., 1996; Sampath et al., 1998). This same slovactivation and PDE activation. The present understanding of the
process may account for the acceleration of Tyg function at  stoichiometry in salamander rods is<410° R, 4X 108 T and 6%

high intensities (Pepperberg et al., 1992). 10" PDE molecules (Pugh & Lamb, 1990, 1993). Estimates of
the number of PDE molecules that are activated per R* varies
Accounting for the full range of LA over more than an order of magnitude, from 200—400 (Sray-

In general, the model LA flash-sensitivity results (see cutpff Keller et al., 1990) to 10007¢ (Vuong et al., 1984; Uhl et al.,
in Figs. 3F-9F) first begin to deviate from a Weber’s law slope of 1990) to as high as 70005 (Lamb & Pugh, 1992; Pugh & Lamb,
—1 when the background intensity drives the model to within 1993). These values lead to a loose estimate for the number of R*
15-30% of saturation. Above the cutoff, the sensitivity decline  s™* that will saturate the pool of PDE ranging from 8600 R*s
begins to be dominated by the channel saturation, and sensitivitio 300,000 s* (assuming a well-mixed system).
falls steeply with a slope determined by the cGMP Hill coefficient  Finally, the entire activation sequence has been modeled as a
of the channel (Matthews et al., 1990). two-stage linear sequence of first-order reactions. However, analy-
The range over which the models can adhere to Weber’s law ises of the activation dynamics of photoresponses (Penn & Ha-
influenced strongly by, C&i« andne,, as illustrated in Figs. 5  gins, 1972; Baylor et al., 1974; Cobbs & Pugh, 1987; Hamer &
and 9. But these analyses illustrated that extending the Weberiafyler, 1995) suggest that at least four, and as many as eight or
LA behavior, in the case of the Nikonov et al. (1998) model, canmore, stages underlie photocurrent activation. The effect of in-
only be achieved with unrealistic parameters, and sacrifices the fitorporating a more complete activation scheme remains to be
to theRef data. The model with a dynamic €abuffer was able  evaluated.
to generate an extended range of Weberian LA with a qualitatively The present study demonstrates the importance of combining
reasonable fit to thRef data, but the fit was inferior to the optimal quantitative optimization with qualitative evaluation in developing
fit with all 11 parameters free. In addition, the form of the LA a robust working model of a system as complex as the phototrans-
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duction cascade. It also illustrates the limitations of modeling re- mains membrane boundournal of Biological Chemistrg65 15323~
stricted sets of data. 15332. _ _ _
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