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Abstract
Purpose: Recent biochemical and physiological data point to the existence of one or more Ca++-
mediated feedback mechanisms modulating gain at stages early in the vertebrate phototransduction
cascade, i.e., prior to activation of cGMP-phosphodiesterase (PDE). The present study is a
computational analysis that combines quantitative optimization to key data with a qualitative
evaluation of each candidate model's ability to capture “signature” features of representative rod
responses obtained under a broad range of dark-(DA) and light-adapted (LA) conditions. The primary
data motivating the analyses were the two-flash data of Murnick & Lamb. These data exhibited
strikingly nonlinear behavior: the period of complete photocurrent saturation (Tsat) in response to a
Test flash was reduced substantially when preceded by a less-intense saturating Pre-flash. Depending
on the delay between Pre- and Test flashes, the change in Tsat (ΔTsat) could exceed the magnitude
of the delay, and could be reduced by as much as ∼50%, corresponding to a large reduction in gain
by a factor of 10-15. The overall goal of the study was to evaluate what model structure(s) were
commensurate with both the Murnick & Lamb data and the salient qualitative features of rod
responses obtained under a broad range of DA and LA conditions.

Methods: Three candidate models were quantitatively optimized to the Murnick & Lamb saturated
toad rod flash responses and, simultaneously, to a set of sub-saturated flash responses. Using the
parameters from these optimizations, each candidate model was then used to simulate a suite of DA
and LA responses.

Results: The analyses showed that: (1) Within the context of a model with Ca++ feedback onto
rhodopsin (R*) lifetime (τR), the salient features of the Murnick & Lamb data can only be accounted
for if the rate-limiting step is not the Ca++-sensitive step in the early cascade reactions, i.e., if PDE*
lifetime, and not τR, is rate-limiting. (2) With τR rate-limiting, the model cannot account for ΔTsat
exceeding the delay. (3) The Ca++-dependent reduction in τR required to effect the large gain is
incommensurate with the empirical dynamics of dim-flash responses. (4) Regardless of which
reaction is rate-limiting, a model using solely modulation of R* lifetime puts strong constraints on
the domain of biochemical parameters commensurate with the large gain changes Murnick & Lamb
observed. (5) The analyses show that, in principle, the Murnick & Lamb data can be accounted for
when τRis both rate-limiting and Ca++-sensitive if, in addition to the feedback onto τR, there is an
earlier, stronger Ca++ feedback that does not affect R* inactivation kinetics (e.g., gain at R* activation
or transducin (T*) activation). (6) Ca++-modulation of R* activation or T* activation as the sole early
gain mechanism can also account for the Murnick & Lamb data, but fails to predict the data of
Matthews, and can thus be rejected along with any model of comparable form.

Conclusions: The results imply that the Murnick & Lamb data per se are insufficient to rule out rate-
limitation by (Ca++-sensitive) R* lifetime; evaluation of a broader set of responses is required. The
analyses illustrate the importance of evaluating candidate models in relation to sets of data obtained
under the broadest possible range of DA and LA conditions. The analyses are aided by the presence
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of reproducible signature, qualitative features in the data since these tend to constrain the domain of
acceptable model structures and/or parameter sets. Some implications for vertebrate photoreceptor
light-adaptation are discussed.

A recent paper by Murnick & Lamb [1] presented physiological data with striking nonlinear
features. Using a two-flash technique, the authors found that a saturating Pre-flash applied to
toad rods dramatically reduced the period of complete photocurrent saturation (Tsat) elicited
by a second, more intense, saturating Test flash. The interpretation of the data was that the Pre-
flash led to a Ca++-dependent reduction in gain early in the phototransduction cascade. The
effective gain reduction was substantial. Tsat for the Test flash was reduced by as much as 6-7
s by the Pre-flash, corresponding to an effective reduction in gain by a factor of 10-15,
depending on the slope of the Tsat versus ln(I) function. This interpretation receives support
from several lines of recent experimental evidence that suggest that one or more steps in the
biochemical events leading to activation of cGMP-phosphodiesterase (PDE*) are regulated
dynamically by the level of internal calcium [1-11].

The authors suggest that the observed decreases in Test flash Tsat could result from Ca++-
sensitive gain modulation at an early phototransduction step. They propose that the Ca++-
sensitive process could be Ca++-modulation of the rate of rhodopsin (R*)-inactivation (R*
phosphorylation). In this model, a decrease in internal Ca++ pursuant to a flash of light (and
cGMP-gated channel closure) accelerates the process of phosphorylation of R* by releasing
rhodopsin kinase (RK) from inhibition by the Ca++-binding protein, recoverin (Rec) [4-9].

Murnick & Lamb [1] propose that their data are consistent with PDE*-inactivation being the
rate-limiting step in photocurrent recovery, not R* inactivation as proposed by Pepperberg et
al. [12-14]. In this model, R* lifetime would be significantly shorter than PDE* lifetime, and
would decrease further with light-induced decreases in internal Ca++, reducing the effective
gain of photocurrent activation without altering the overall dynamics of photocurrent recovery
from saturation controlled by the slower PDE*-recovery. The critical observation supporting
this interpretation of the data was that the decrease in Tsat was found to exceed the delay, Δt,
between Pre- and Testflashes (e.g., for Δt = 1 s, Tsat was typically reduced by 2 s). Murnick &
Lamb reason that within a RecRK model structure, if the light-induced gain reduction is
generated at the same step that forms the rate-limiting reaction, this predicts a decrease in
Tsat that is, at most, equal to, but never greater than Δt.

Goals of the Present Study: The present article implements and evaluates the model structure
(the RecRK model) suggested by Murnick & Lamb [1] to explain their data. In addition, two
other candidate models are analyzed. The first alternative model has an early gain mechanism
that does not alter the dynamic of photocurrent recovery, i.e., Ca++-modulation of effective R*
catalytic gain without a concomitant modulation of R* lifetime (R* activation model). This
corresponds to an implementation of a scheme proposed by Lagnado & Baylor [2] to explain
their observations that, during the period of light exposure, experimental reduction of Ca++

caused a substantial decrease in transduction gain, but no apparent change in response kinetics.
The second alternative model combines the two early gain mechanisms, R* lifetime (RecRK)
and R* activation (RecRK-R* activation model).

The models were evaluated in relation to the Murnick & Lamb data, as well as in relation to
other key data obtained under a broad range of stimulus conditions. The approach was similar
to that used in Hamer [15], i.e., a combination of quantitative optimization of the models to
one or more sets of data, combined with qualitative evaluation in which the optimal parameters
are used to predict signature qualitative features of a suite of data sets from other experiments
under both dark-adapted (DA) and light-adapted (LA) conditions.
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The overall goal of the study was to evaluate what model structure(s) are commensurate with
both the Murnick & Lamb data and the broader suite of representative DA and LA rod data.
The analyses confirm that, within the context of a RecRK model structure in which R* lifetime
is Ca++-sensitive, PDE* lifetime indeed must be rate-limiting in order to account for all the
features of the Murnick & Lamb data. In addition, the analyses show that rate-limitation by R*
lifetime in a RecRK model imposes other fundamental constraints: with τRrate-limiting, the
change in τR required to reproduce both the observed gain changes (10-15x) and the empirical
intensity-dependence of Tsat [1,12-14] is incommensurate with the dynamics of dim-flash
responses. Moreover, it is shown that, if the large gain change implied by the Murnick & Lamb
data (10-15x) occurs entirely by means of modulation of R* lifetime, then severe constraints
are imposed on some key biochemical parameters and that these constraints occur regardless
of which is the rate-limiting inactivation reaction, R* or PDE* lifetime.

The analyses demonstrate that the Murnick & Lamb data can be accounted for by a model in
which R* lifetime is both rate-limiting and Ca++-sensitive if, in addition to feedback via
RecRK, an early, stronger feedback is present. However, this additional feedback must be such
that it does not significantly alter the recovery kinetics of the rate-limiting reaction. This result
implies that the Murnick & Lamb data alone are not sufficient to unequivocally identify the
rate-limiting reaction in the early cGMP cascade.

Finally, the results show that some model structures can be ruled out despite the fact that they
can provide an excellent account of the Murnick & Lamb data, since they fail to account for
robust qualitative features of data from other experiments. The latter two results highlight the
importance of including as broad a range of data as possible in model evaluation.

METHODS
Analyses: The analyses were similar to those used in [15]. Candidate models were
quantitatively optimized (Optimization Toolbox, The Mathworks, Natick, MA) to the Murnick
& Lamb [1] saturated toad rod flash responses and, simultaneously, to a set of sub-saturated
flash responses from Rieke & Baylor [16]. After the optimization, the optimal parameters were
then used to simulate a suite of dark- and light-adapted empirical rod responses under a range
of experimental conditions (Empirical Response Suites I and II, described below). The
adequacy of each model was then evaluated based on quantitative (optimized) fits to the data,
and on the ability of the model to capture salient qualitative (“signature”) features of the broader
suite of responses.

Inclusion of the sub-saturated flash response data in the initial optimization turned out to be
crucial. Without it, the optimization was not adequately constrained, so that the model could
achieve a good fit to the Murnick & Lamb saturated data with parameter values that failed to
reproduce essential qualitative features of the Empirical Response Suite, including dim-flash
responses and step responses. Inclusion of the sub-saturating responses constrained the
optimization such that the model was then more likely to be able to reproduce signature features
of the response suite.

Models: The candidate models each have four core sets of phototransduction reactions,
elements of which have been implemented in a number of published models [15,17-20].

(1) Simplified R-, PDE activation scheme (Eqs. 1-3 ) . PDE activation is modeled as two
sequential first-order reactions [19-21]. In the scheme depicted by Eqs. 1-3, feedback from
RecRK has been included (q5RK* in Eqs. 1,2), plus a slow back-reaction from inactive Ri to
R* (τb, τRi in Eqs. 1,2; also see Eqs. A6-A8, Appendix 1). RK* in Eq. 1 represents the amount
of activated rhodopsin kinase at time t. In Eq. 1, it acts to modulate the rate of R* inactivation.
The effect of lowered Ca++ (in response to light) is to increase RK*, increasing the rate of R*
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inactivation. Both the RecRK feedback reaction and the rhodopsin back-reaction are discussed
in Appendix 1.

In Eqs. 1 and 2, (1/τb) and (1/τRi) are the rate-constants for the back-reaction between R and
R* and the disappearance of inactivated rhodopsin. q5RK* is a pseudo-first-order rate constant
for R* inactivation. Φ is the number of photoisomerizations elicited by a brief flash of light.

In Eq. 3, νrp is the rate of activation of PDE per rhodopsin molecule [20,21], and 1/τE is the
rate constant of PDE*-inactivation (i.e., τE is the time constant of PDE*-inactivation).

∂
∂t R ∗ = Φ − (q5RK∗)R ∗ + 1

τb
Ri (Eq. 1)

∂
∂t Ri = q5RK∗R∗ − ( 1

τb
+ 1

τRi
)Ri (Eq. 2)

∂
∂t E ∗ = υrpR∗ − 1

τE
E ∗ (Eq. 3)

(2) Dynamic Ca++ reactions (Eqs. 4 and 5 ) . Equations 4 and 5 describe Ca++-influx through
the light-sensitive cGMP-gated membrane cation channels (first term, Eq. 4), efflux via the
Na+: Ca++, K+ electrogenic exchanger (with rate γCa; second term, Eq. 4), and dynamic
Ca++-buffering (cb, third and fourth terms, Eq. 4 and Eq. 5; cf. [17] and [18]). In Eqs. 4 and 5,
c is the concentration of free internal Ca++ at time t, and cb is the concentration of Ca++bound
to buffer at time t. In the first term in Eq. 4, Jd is the dark circulating current, and F is the
fraction of channels open at time t. The Ca++-influx through the channels is set by the factor
[FCa/(2FfdVcyto)], which gives fraction of current carried by Ca++ (FCa), converted to
concentration units (by the Faraday constant, Ffd, and the cell volume, Vcyto). The Ca++-buffer
binds Ca++ with an on-rate of k1, and an off-rate of k2. The parameter eT is the total buffer
concentration.
∂c
∂t =

FCa
2Ffd Vcyto

JdF − γCa(c − cmin) − (eT − cb)k1c + k2cb (Eq. 4)

∂cb
∂t = (eT − cb)k1c − k2cb (Eq. 5)

(3) Hydrolysis and synthesis of cGMP ( Eq. 6 ). PDE* hydrolyzes cGMP (second and third
terms, Eq. 6), while Ca++-modulates, in a cooperative fashion (with Hill coefficient, nca), the
synthesis of cGMP by guanylate cyclase (Amax; first term, Eq. 6). The hydrolysis terms in Eq.
6 include a light-activated term (βsubE*(t)), and a term to account for basal hydrolysis of cGMP
in the dark (βdark; [17,18,20,21]). βsubconverts E* from a unitless number (of molecules) to
units of concentration per unit time. Kca is the concentration of Ca++ that yields 1/2-maximal
synthesis rate of cGMP (when c = KCa, the first term in Eq. 6 = Amax/2).

∂g
∂t =

Amax

1 + ( c
KCa

)nCa
− g(βdark + βsubE ∗) (Eq. 6)

(4) Closure of membrane cation channels and generation of photocurrent (Eq. 7). The
photocurrent elicited by a light stimulus is proportional to the number of membrane cation
channels opened by the cooperative action (with Hill coefficient ncg) of free cGMP (g).

To this core set of reactions two forms of additional Ca++
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F (t) = ( g
gdark

)ncg (Eq. 7)

feedback have been added, first singly, then in combination.

RecRK Model: This model introduces Ca++-modulation of R* lifetime via RecRK (Eqs. 8,9).
The model assumes a cooperative binding (with Hill coefficient, w) of free internal Ca++to Rec
that happens rapidly in relation to the time scale of the other reactions. Hence, the interaction
between Ca++ and Rec is treated as if it was instantaneous and is quantified by the steady-state
solution (Eq. 9) to the differential equations (Eq. A11, Appendix 1). In Eqs. 8,9 below, Rec*
symbolizes Rec bound to w Ca++ ions (see Appendix 1, Eqs. A9, A11, A12). KRec,Ca is the
Ca++concentration at which half of Rec is bound to Ca++.

Interaction between Rec* and RK (Eq. 8) is treated as a dynamic, reversible reaction. RK* is
activated rhodopsin kinase, i.e., RK that has been released from inhibition by recoverin. The
feedback gain control is established by an increase in RK* corresponding to a speed-up of the
quenching of activated rhodopsin, i.e. an effective decrease in the time constant of recovery,
τR. A decrease in Ca++ pursuant to a flash of light (and cGMP-gated channel closure) decreases
the amount of bound Rec- Ca++, which reduces Rec's inhibition of RK, thus accelerating the
process of phosphorylation of R* and ultimate capping (quenching) by arrestin [4-9]. Eqs. 8-9
are derived in Appendix 1, Section B.

The RecRK model is evaluated for two cases, τE and
∂
∂t RK∗ = q4(RKtot − RK∗) − q3RK∗Rec ∗ (Eq. 8)

Rec ∗ =
Rectot

1 + ( KRec,Ca
c )w

(Eq. 9)

τR*rate-limiting.

R* activation Model: This model replaces the RecRK Ca++ feedback with a feedback that
modulates the effective catalytic gain of R* without altering its dynamics. This corresponds to
an implementation of a scheme proposed by Lagnado & Baylor [2] to explain their observations
that during the period of light exposure, experimental reduction of Ca++ causes a substantial
decrease in transduction gain, but no apparent change in response kinetics. Their results imply
an early gain mechanism that acts as if it reduced the effective light intensity. The locus of
action could be at the “activatability” of rhodopsin, or in the catalytic activity of R* in activating
transducin and PDE. However, there is currently no known mechanism for this gain effect, and
Lagnado & Baylor's results cannot distinguish between action at R* activation or transducin
activation.

Hence, in the present implementation of the Lagnado & Baylor scheme, activation of R* is
treated as Ca++-sensitive, such that a reduction in internal Ca++ reduces the number of R
molecules activated by a flash. The Ca++-effect is assumed to be rapid, and thus the feedback
(denominator of the first term in Eq. 10) is written in the form of a Michaelis-Menten
modulation of Φ, the number of R* generated by a brief flash. Kr in Eq. 10 is the K1/2 for the
Ca++-effect on R* activation, with Hill coefficient nr.

Here, 1/τR is the first-order rate-constant for inactivation
∂
∂t R ∗ = Φ

1 + ( Kr
c )nr

− − 1
τR

R∗ + 1
τb

Ri (Eq. 10)
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∂
∂t Ri = 1

τR
R∗ − ( 1

τb
+ 1

τRi
)Ri (Eq. 11)

of R*, replacing the pseudo-first order rate-constant, q5RK*, of Eqs. 1 and 2. The rest of the
Eqs. in this model are as in Eqs. 3 through 7. Again, two cases are examined (τE, and τR rate-
limiting).

RecRK-R* activation Model: This model contains both of the additional (non-cyclase)
feedback mechanisms: modulation of R* inactivation rate (q5RK*, Eq. 12) and Ca++-
modulation of R* activation (denominator of the first term in Eq. 12). Both of these feedback
reactions are embodied in Eq. 12.

All other Eqs. in this model are the same as in the RecRK
∂
∂t R ∗ = Φ

1 + ( Kr
c )nr

− q5RK∗R∗ + 1
τb

Ri (Eq. 12)

model (i.e., Eqs. 2 through 9).

Four cases are examined for the RecRK-R* activation model. For each of the rate-limiting
cases (τE and τR rate-limiting), the analysis is carried out twice, first under the assumption that
the RecRK mechanism (modulation of R* lifetime) dominates the early gain control, and then
under the assumption that the R* activation mechanism (modulation of R* activation gain)
dominates the early gain.

Empirical Response Suite I: After optimization to the Murnick & Lamb saturated two-flash
data and the sub-saturated flash responses, the models described above were used to “predict”
the responses to a suite of DA and LA stimulus conditions obtained in other studies. These are
shown in Figure 1 and Figure 2.

Figure 1A shows sub-saturated flash responses obtained from toad rods by Rieke & Baylor
[16]. Each model was simultaneously optimized to a subset of these data (responses to the
lowest four flash intensities) and to the Murnick & Lamb saturated data (shown in Figure 3).

Figure 1B shows step responses obtained from newt rods by Forti et al. [17]. These data have
two qualitative, signature features that have been observed in similar recordings from rods of
other species (e.g., salamander [22]; primate [18]). (1) A “nose” on the leading edge of the
response that recovers slowly to a steady-state level. The relaxation to a steady-state
presumably reflects the action of feedback gain mechanisms. (2) A pronounced, multi-phasic
response at step-offset, exhibiting a fast recovery phase followed by a slow phase, with some
damped resonant behavior in between. The slow phase may reflect a slow back-reaction from
inactivated to activated rhodopsin [12,17].

Figure 1C shows a summary of the intensity-dependence of saturation period (Tsat) observed
by Murnick & Lamb. The signature feature is the slope of the Tsat versus ln(I) function. The
thick red dashed line in Figure 1C has a slope of 2.8 s/ln unit, the slope for the cell presented
in Figure 3 of Murnick & Lamb. The cell presented in their Figure 3 (whose data are analyzed
in this paper) only provided two data points on the Tsat function (filled red squares). However,
the Tsat slope for this cell closely matches data from another rod presented in their Figure 1
(filled red circles), and is close to the average of the Tsat slopes of seven cells presented in their
Table 1 (2.7 s/ln unit). Typically, the slope of Tsat versus ln(I) observed in amphibian rods is
2-3 s [1,12-14].
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Figure 1D shows the decrease in flash sensitivity as a function of background light intensity
(LA flash sensitivity). The data are from 6 newt rods studied by Torre et al. [23]. A number of
studies have shown that the gain, as measured by the peak amplitude in response to a flash on
a background, decreases according to the Weber-Fechner relation over several log units in rods
[18,23-25], and over a larger range in cones [26]. The dashed red curve is the Weber-Fechner
relation fit to the Torre et al. data [23]. The intensity that caused the incremental flash sensitivity
to decrease by a factor of two (I1/2) was 100 R*s−1. The signature feature of note is the relatively
large dynamic range over which flash sensitivity obeys the Weber-Fechner relation. In this
case, the Torre et al. [23] data obeys the Weber-Fechner relation over a ∼4 log unit intensity
range.

Empirical Response Suite II: Figure 2 shows two additional elements of the Empirical
Response Suite. The left panel reproduces the results of a step-flash paradigm used by Fain et
al. (salamander rods; [27]). A saturating flash was applied after presentation of a 7 s
conditioning step of light of increasing intensity (curves labeled 1, 2, 3). The flash response in
the absence of a conditioning step is shown by the curve labeled DA. The signature feature to
note is that the period of saturation (Tsat) in response to the flash decreases as the intensity of
the conditioning step increases.

The right panel in Figure 2B shows the results of a Ca++ clamp experiment by Matthews [2].
Tiger salamander rods were exposed to a 0 Ca++/0 Na+ test solution for brief periods around
the time of presentation of a super-saturating, 20 ms flash. The test solution minimizes
simultaneously the influx and efflux of Ca++, thus opposing the light-induced fall in
Ca++[22,27-29]. Removal of external Ca++ minimizes the influx of Ca++ through the outer
segment cation channels, while removal of external Na+ prevents Ca++-efflux through the
Na+: Ca++,K+ exchanger.

Matthews applied the Ca++ clamp at four time periods around the time of flash presentation
(t=0): the test solution was applied either from 1 s before to 1 s after the flash (“Pre & Post”
condition), or from the time of the flash until 1 s after the flash (“Post”), or from 1 s before the
flash until the time of the flash (“Pre”), or from 1 s after the flash until 2 s after the flash
(“Late”). The signature feature is that the Ca++ clamp significantly prolonged the period of
saturation only when the Ca++ clamp was applied within a brief time window around the time
of the flash (“Pre & Post” and “Post”), but not if it was applied too early (“Pre”) or too late
(“Late”).

The prolongation was interpreted as reflecting a gain increase (relative to the gain with Ringer's
solution) at a Ca++-sensitive step early in the phototransduction cascade. By parametric
variation of the timing of the application of the Ca++ clamp solution and return to Ringer's
solution, Matthews was able to map out a time course for the Ca++-sensitivity of the gain effect
(roughly exponential, with a time constant of ∼0.5 s). Matthews proposed that the observed
time constant of the Ca++-effect might correspond to RecRK modulation of phosphorylation
of R*.

RESULTS
RecRK Model: τE Rate-Limiting: The Murnick & Lamb data can be accounted for with PDE*
lifetime rate-limiting: With τE rate-limiting, the RecRK model provides an excellent account
of the Murnick & Lamb data. The panels in Figure 3A show the Murnick & Lamb saturated
two-flash data (in red) and the model fits (in blue) for delays of 0, 1, 2, 3 s (left column of
panels), and 4, 6, 8, and 10 s (right column of panels). The parameters for the model are given
in Table 2, and a description of the variables and parameters for all models is given in Table
1.
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In each panel of Figure 3A, the time at which the Test flash was presented is indicated by an
inverted green triangle near the abscissa (as this triangle moves to the right on the abscissa, the
delay between Pre- and Test flashes increases); the red star near the top of each panel marks
the time at which the response to the Test flash would have emerged from saturation if the Pre-
flash had not affected Test flash saturation period. Note that the data remain in saturation for
progressively less time as delay increases (i.e., the time between the saturated data and the red
star increases as delay increases).

The plot of Test flash Tsat versus delay (derived from Figure 3A) is shown in Figure 3B. The
model responses are shown as blue filled circles and solid blue curves, and the Murnick &
Lamb data are shown as red filled squares with a red solid curve. The dashed lines have a slope
of −1, and are placed to pass through the first data point (at delay = 0) for both the model results
and the data. The data fall below this line out to a delay of 6-7 s, illustrating the signature
feature that the change in Tsat can exceed the delay. The model results capture this feature, and
also fall below the corresponding blue line of slope −1.

In addition, after optimization to the Murnick & Lamb data and the sub-saturating flash
responses, the RecRK model (with τErate-limiting), using the same set of optimized
parameters, reproduces all the salient qualitative features of the DA and LA responses in the
Empirical Response Suites shown in Figure 1 and Figure 2. The fits to the sub-saturated toad
rod flash responses are shown in Figure 4A. The model is able to provide a reasonable account
of the four sub-saturating responses to which it was optimized (four smallest responses in
Figure 4A) as well as to responses to five higher intensities (to which the model was not
optimized). Figure 4B shows the model step responses, which exhibit the two qualitative
features seen in the newt rod responses of Figure 1B, namely the “nose” at step onset and the
two-phase response at step offset. The slow phase of the step-offset response is due to the back-
reaction between R and R* in the model [17,23]. Figure 4C shows the model Tsat versus ln(I)
function (blue solid curve) along with the empirical Tsat data from Murnick & Lamb (dashed
red line and red data). The model Tsat versus ln(I) function reproduces the same slope (∼2.8 s/
ln unit) as the Murnick & Lamb data. This slope is set by the rate-limiting τE(Table 2).

The model also generates a substantial range of Weber's law LA flash sensitivity (∼3 log units;
solid blue curve, Figure 4D). For each of a series of background adaptation levels (Ib), model
LA flash sensitivity was defined as the amplitude of the response to a flash of fixed criterion
intensity divided by the intensity of the criterion flash. The criterion was the flash intensity
eliciting a DA flash response amplitude that was 10% of the full range of circulating current.
The dashed red curve is the Weber-Fechner relation from Figure 1D, shifted horizontally to fit
the model output below a “cutoff” background intensity (cutoff Ib), above which the model
was judged to deviate from Weber's law. The cutoff Ib is marked by the black dashed vertical
cursor in Figure 4D, and its definition is given in the legend to Figure 4.

The model LA flash sensitivity obeys Weber's law over a significant range (cutoff Ib = 8000
R* s−1. At the cutoff Ib, 14% of the model DA circulating current (Fss) remains, as indicated
by the intersection of the vertical cursor line with the green solid curve. The latter plots the
fraction that the steady-state current is saturated (i.e., 1 - Fss(Ib)), where Fss is the steady-state
circulating current defined to be 1.0 in the dark, and zero when all channels are closed. Also,
at the cutoff Ib, the steady-state internal Ca++ level (css in inset) has dropped by a factor of 5.1,
from a dark value of 0.3 μM to 0.059 μM.

Also shown is the LA flash sensitivity of the model under two types of simulated Ca++ clamp
conditions: (1) LA flash sensitivity with Ca++ clamped at its dark value (Cadark

++clamp; blue
dash-dot curve). Ca++-feedback is fully disabled over the entire dynamic range, with only static
saturation contributing to flash desensitization. Ca++ was fixed at its dark value in the model,
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and Ib was adjusted to achieve the same steady-state current as in the unclamped case, ensuring
that the steady-state currents were 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
Ca++in the unclamped and clamped cases.

The Cadark
++ clamp analysis equates steady-state current levels (Fss), but does not equate

internal Ca++ levels at the time of presentation of the flash. This is achieved in a second analysis:
(2) LA flash sensitivity with Ca++ clamped at the new steady-state level reached in response
to each Ib(Cass

++ clamp; blue dashed curve). This approach equates the Fss (and hence equates
the effect of channel saturation), and equates Ca++ at the time of the flash. Thus, in comparing
the unclamped and the Cass

++-clamped flash sensitivity, the LA flash response in each case 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 case is the dynamic Ca++-
mediated gain change evoked by the flash.

Note that at high Ib (Ib> cutoff Ib), 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 high
- Ib behavior of both Ca++ clamped curves. In fact, all 3 curves asymptote to a slope of −(ncg
+ 1), which is predicted by the instantaneous compressive saturation of the cGMP-gated
channels [30].

The analyses in Figure 4D (which are recapitulated in all subsequent similar figures) aid in
seeing the magnitude of the Ca++-mediated adaptational gain control and the intensity range
over which it is exerted. They also help dissect the model sensitivity losses due to dynamic
gain mechanisms from those due to static (channel) saturation of the model. For example, the
Cadark

++ clamp analysis (blue dash-dot curve) shows vividly how much the two Ca++ feedback
mechanisms protect the rod from rapidly losing sensitivity (as Ib increases) due to the static
saturation of the cGMP-gated channel. Moreover, both Ca++ clamp analyses show that,
although the dynamic Ca++-mediated gain mechanisms lead to some absolute loss of sensitivity
(especially at low Ib), the rate of decrease of sensitivity with Ib is greatly diminished by the
gain mechanisms, permitting Weberian desensitization over a large dynamic range. Finally, it
can be seen from the analyses that a significant amount of cGMP-gated membrane channels
remain open even at the cutoff Ib where the model begins to fall off more sharply than Weber's
law (Fss at the cutoff Ib is 0.14, and is close to this value in all subsequent similar figures).

With the same parameters, the RecRK model with τE rate-limiting also reproduces the signature
features of the Fain et al. [27] data; the model saturated flash response emerges out of saturation
faster as the intensity of a conditioning step is increased (Figure 5A). Under simulated Ca++

clamp, the model also reproduces the qualitative behavior of the Matthews [3] data (Figure
5B); the period of saturation (blue solid curve) is prolonged (blue dashed curve) by the
application of the Ca++ clamp near the time of the flash (“Pre & Post”, “Post”), but not if the
flash occurs too early (“Pre”) or too late (“Late”).

RecRK Model: τR Rate-Limiting: The rate-limiting step cannot also be the Ca++-sensitive step
in a RecRK model.:

The analyses show that R* lifetime cannot be rate-limiting in a model in which RecRK is the
only early gain mechanism. In simulating the data with the RecRK model, the salient features
of the Murnick & Lamb data can only be accounted for if PDE* lifetime, and not R* lifetime
is rate-limiting [1]. One critical failure of the model is that, with τR rate-limiting, model
Testflash Tsat cannot exceed the magnitude of the delay between Pre- and Test flashes. This is
illustrated in Figure 6, which shows Test flash Tsat versus delay for the model (blue) and the
Murnick & Lamb data (red). The model results are always above the dashed blue line with
slope −1, depicting the fact that the change in model Tsat never equals or exceeds the magnitude
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of the delay. This failure rules out a model structure in which R* lifetime is rate-limiting and
in which early Ca++ feedback occurs solely at R* lifetime (via RecRK; [1]).

Rate-limitation by R* lifetime in a RecRK model is incommensurate with the kinetics of the
dim-flash response.: Other fundamental constraints mitigate against R* lifetime being rate-
limiting in a model with RecRK as the only early gain mechanism. In order to achieve the gain
change observed by Murnick & Lamb (10-15x), the time constant of R* inactivation must
decrease by 10-15 times from its dark level to its minimum (τRmin) as Ca++ approaches its
physiological minimum (cmin, Eq. 4). Empirical data from measurement of the intensity
dependence of Tsat(Tsat versus ln(I); [1,12-14,20]) place bounds on the value of the rate-
limiting recovery time constant, i.e., ∼2-3 s. This means that when Ca++ approaches cmin, τR
can fall to no less than 2-3 s to remain the rate-limiting reaction with a time constant
commensurate with empirical measures of Tsat. Thus, the dark values of τR (τRdark) must be
greater than or equal to 20-30 s, forcing the dim-flash flash response to be anomalously
prolonged. This problem is illustrated in Figure 7. The top panel shows the relationship between
τR and the level of Ca++ as it falls from a dark value of 0.3 μM to a minimum of 0.02 μM. Over
this range of Ca++, τR falls from 20 s to ∼2 s. The bottom panel of Figure 7 shows the resulting
dim-flash response (blue curve) in comparison to an empirical response (red). The model
response was the result of optimizing the RecRK model to the Murnick & Lamb data and to
the sub-saturating flash responses with the RecRK parameters set to generate the profile in the
top panel of Figure 7. The resulting model dim-flash response can capture much of the early
response of the cell due to the influence of Ca++ feedback on recovery, but it has a very
prolonged recovery “shelf” reflecting the 20 s (DA) rhodopsin inactivation time constant. This
prolonged response profile is not seen in normal, healthy rod responses.

RecRK Model: General Considerations: The need for a large front-end Ca++-mediated gain
severely constrains RecRK parameters. If the full gain modulation underlying the Murnick &
Lamb data (∼10-15x) is assumed to be generated via modulation of τR, this puts strong
constraints on some of the biochemical parameters of the RecRK reactions. This is true
regardless of which is the rate-limiting reaction, R* or PDE* lifetime.

The model can help to illustrate this problem. Figure 8 shows how the maximum effective
“front-end” gain change depends on some of the key biochemical parameters governing the
interaction between Rec and Ca++, and between Rec* and RK (here Rec* symbolizes Rec
bound to wCa++ ions, the species that inhibits RK).

The ordinate in Figure 8 is the maximum, steady-state change in effective R* Gain, defined as
the calculated steady-state change in R* lifetime when Ca++ falls from its dark level (0.3 μM
in this example; [31]) to its physiological minimum (0.02 μM in this example [32-34]; ΔGain
= τR,dark/τR,Ca_min). It can be seen from Eq. 1 that any process that increases RK* effectively
increases the rate of inactivation of R* (decreases R* lifetime, τR). From Eq. 8 it can be seen
that the steady-state level of RK* will be set by the ratio of q4 to q3, the dissociation constant
(KD = q4/q3) for the interaction between RK and Rec* (see Appendix 1, Eqs. A13 and A14).
Hence KD is plotted on the abscissa of Figure 8.

The level of RK* is also determined by the parameters governing the interaction of Rec and
Ca++. For a given Ca++ level, the amount by which RK* can change depends on the affinity
of Rec for Ca++ and the resultant amount of Rec* available. Hence, the different curves in
Figure 8 show the Gain versus KD for different values of KRec,Ca. The latter parameter is the
K1/2 for the interaction between Ca++ and Rec, i.e., the Ca++ concentration at which 1/2 of the
Rec is bound to Ca++(the state in which it inhibits RK, thus slowing R* inactivation). The
curves shown correspond to candidate KRec,Ca values ranging from 0.2 to 1.2 μM (from top to
bottom, in 0.1 μM increments). The red curve corresponds to a biochemical estimate for this
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parameter (KRec,Ca=0.9 μM) obtained by Klenchin et al. [8]. The horizontal dashed line occurs
at a gain change of 10.

The curves in Figure 8 illustrate that KD must be very small if other RecRK and Ca++ parameters
are set to values estimated in the literature. For a value of KRec,Ca = 0.9 μM (the in vivo estimate
by Klenchin et al. [8]), KD must be less than ∼0.25 μM in order to achieve a gain change of
10x or more (the gain change implied by the large decreases in Tsat in the Murnick & Lamb
data). This value for KD is ∼14 times less than the value estimated by Klenchin et al. (∼3.4
μM; [8]) in an in vitro study with bovine tissue. KD will be even more severely constrained (to
even smaller values) if it is assumed that the minimum physiological value for Ca++ is greater
than 0.02 μM.

Note that each of the curves is quite steep in the region of high gain values (10x or more). This
means that, not only is KDrestricted to small values, but the overall range of (small) KDvalues
that are permissible in order to achieve the empirically observed gain changes is highly
restricted.

If we knew a priori that the RecRK feedback only generated gain changes on the order of 2-4x,
a significantly broader range of values for KD would be permissible. However, in this case, to
achieve the an overall gain change of 10x or more, there would need to be an additional
feedback mechanism(s) contributing to the overall large gain change, such as a gain affecting
R* catalytic activity [2]. Two models that include this kind of gain mechanism are examined
in the following sections.

R* activation Model: General Considerations: An R* activation model accounts for the
Murnick & Lamb data regardless of what is the rate-limiting reaction: τE Rate-Limiting: A
model containing Ca++-modulation of R* activation as the sole early gain mechanism (Eqs.
3-7, 10,11) can account for the Murnick & Lamb data regardless of whether τR or τE is rate-
limiting. Figure 9 shows the results for τE rate-limiting. The left panels (Figure 9A) show the
excellent fit of the model to the Murnick & Lamb saturated two-flash data. The right panel
(Figure 9B) shows the corresponding model Testflash Tsat versus delay along with the Murnick
& Lamb data. As was seen in comparable results from the RecRK model (Figure 3B), the model
is able to capture the critical feature of the data, i.e., that the decrease model Test flash Tsat in
response to the Pre-flash can exceed the delay (blue curve falls below dashed blue line with
slope = −1).

Figure 10A shows the model fit to the sub-saturating flash responses, while Figure 10B-D
shows the model step responses, Tsatversus ln(I), and LA flash sensitivity, respectively. Clearly
the model was able to achieve a reasonable fit to the Murnick & Lamb data, while providing
a good account of the sub-saturating flash responses. In addition, the model captures the salient
features of the other DA and LA responses, including a relatively large range of LA flash
sensitivity adhering to Weber's law (Figure 10B-D).

τR Rate-Limiting: When τR is rate-limiting, the R* activation model can achieve a good fit
to the Murnick & Lamb data (Figure 11), as well as to the sub-saturated flash responses (Figure
12A).

These results alone demonstrate that the Murnick & Lamb results can be accounted for by a
model in which the rate-limiting step early in the cascade is also Ca++-sensitive, as long as
Ca++does not act on the recovery time constant of the target reaction.

With the same parameters, the R* activation model (with τR rate-limiting) also reproduces the
salient features of amphibian rod step responses (Figure 12B), the empirical Tsat versus ln(I)
function (Figure 12C), as well as a large dynamic range of Weber's law LA flash sensitivity
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(Figure 12D). In addition, it reproduces the qualitative behavior observed by Fain et al. [27]
in their step-flash paradigm, regardless of whether τE (top panel of Figure 13A) or τR (bottom
panel Figure 13A) is rate-limiting.

A pure R* activation model can be ruled out: Despite its ability to account for the Murnick &
Lamb data and other representative response profiles, the R* activation model can,
nevertheless, be ruled out because it fails to predict the Matthews [3] Ca++ clamp data. This is
shown in the right panels of Figure 13B. The top pair and bottom pair of panels are for τE and
τR rate-limiting cases, respectively. Note that in both cases, the model does not predict a
significant extension of saturation period under Ca++ clamp conditions. This failure implies
that the R* activation model, and any similar model (with an early Ca++ feedback up to and
including PDE activation) that does not alter the recovery kinetics of the target reaction, can
be ruled out.

RecRK-R* activation Model: Dominance by Gain at R* activation: The RecRK-R* activation
model combines both early feedbacks, i.e., at R* activation and at R* lifetime (Eq. 12). As was
seen with the R* activation model, the analyses show that the Murnick & Lamb data can be
accounted for when τR is both rate-limiting and Ca++-sensitive if, in addition to the RecRK
feedback, there is an earlier, stronger Ca++ feedback (i.e., Ca++ feedback at R* activation) that
does not affect R* inactivation kinetics. This is shown in Figure 14, Figure 15, and Figure 16.

τR is rate-limiting: Figure 14 shows results for the case where τR is rate-limiting. Since the
results for τE rate-limiting were virtually the same, and since rate-limitation by τR is the more
challenging of the two cases (i.e., when τR was rate-limiting, the RecRK model failed to capture
the Murnick & Lamb data; Figure 6), only the results for τR rate-limiting case will be shown.

The model provides a good overall fit to the Murnick & Lamb data (Figure 14A). Moreover,
the corresponding plot of Testflash Tsat versus delay (Figure 14B) shows that, in contrast to
the RecRK model (Figure 6), with τR rate-limiting, the model can generate a decrease in
Testflash Tsat that exceeds the magnitude of the delay (model results fall below the blue dashed
line with slope −1).

In addition, the model fits the sub-saturated flash responses (Figure 15A), and accounts for the
signature qualitative features of step responses (Figure 15B) and Tsat versus ln(I) (Figure 15C).
The model also generates a relatively large dynamic range of LA flash sensitivity adhering to
the Weber-Fechner relation (Figure 15D). Finally, the model captures the qualitative features
of both the step-flash data of Fain et al. [27] (Figure 16A), and the Ca++ clamp data of Matthews
[3] (Figure 16B).

RecRK-R* activation Model: Dominance by Gain at R* lifetime: In contrast to the case where
R* activation gain is dominant, if Ca++-modulation of R* lifetime is the dominant of the two
early gain mechanisms in the combined model, the large decreases in Testflash Tsat observed
by Murnick & Lamb cannot be reproduced (as was seen in the analyses of the RecRK model;
Figure 6). This is shown in Figure 17 (Testflash Tsat versus delay). Unlike the data (red), the
model never falls below the dashed blue line with slope −1 because the change in Testflash
Tsat never exceeds the delay (compare with Figure 3B and Figure 14B). Thus, if both R*
activation and R* life-time (RecRK) gains are present, the R* lifetime gain cannot dominate.

DISCUSSION
The overall goal of the present study was to evaluate model structure(s) that might be
commensurate with both the highly nonlinear data of Murnick & Lamb and a suite of
representative DA and LA rod data. A standard model of phototransduction, with only one
Ca++ feedback locus at a late stage in the cascade (i.e., cGMP-synthesis), cannot generate the
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primary observations of Murnick & Lamb's two-flash data [1] or the Fain et al. step-flash data
[27]; no combination of parameters will permit such a model to predict a reduction in Testflash
saturation period as a result of prior stimulation, nor can such a model account for the Matthews
[3] Ca++ clamp data.

In order to account for the striking experimental observations of Murnick & Lamb [1], as well
as those of Fain et al. [27] and Matthews [3], at least one additional feedback mechanism is
required. Three candidate models were implemented and evaluated: feedback at R* lifetime
(RecRK model), feedback at R* activation with no change in R* inactivation kinetics (R*
activation model), and a combined model with both early feedbacks (RecRK-R* activation
model).

RecRK Model: τR cannot be rate-limiting if it is the only early, Ca++-sensitive gain
mechanism: Analysis of the RecRK model confirmed Murnick & Lamb's [1] prediction that
when R* lifetime is Ca++-sensitive, PDE* lifetime must be rate-limiting in order to account
for all the features of their data (Figure 4, Figure 5, and Figure 6). Ca++-regulation of a rate-
limiting τR fails to capture at least one crucial feature of the Murnick & Lamb data: the large
change in Tsat that can exceed the magnitude of the delay between Pre- and Test flashes. This
failure rules out a model in which Ca++-mediated modulation of a rate-limiting τR is the single
early gain mechanism.

With PDE* lifetime rate-limiting (i.e., the dominant early recovery reaction), the effective time
constant of the non-dominant recovery reaction (i.e., τR) would be constrained to be less than
∼1 s in the dark, and would have to decrease by 10-15x as Ca++ level dropped to its
physiological minimum. Estimates of the non-dominant recovery time constant with Ca++

clamped at its dark level have been reported to be 0.4-0.5 s for amphibian rods [19,20]. This
means that τR would have to fall to quite small values (40 to 50 ms) during photocurrent
saturation in order to effect the requisite gain change.

The analyses also showed that rate-limitation by R* lifetime in a RecRK model imposes other
serious constraints. With τRrate-limiting, the change in τR required to reproduce both the
observed gain changes (10-15x) and the empirical intensity-dependence of Tsat (2-3 s/ln unit
[1,12,14,22]) is incommensurate with the dynamics of dim-flash responses (Figure 7). In order
to be compatible with both empirical Tsatdata and the Murnick & Lamb data, τR would have
to transition between 20-30 s in the dark to 2-3 s in complete photocurrent saturation (when
Ca++ approaches cmin), thus yielding an inordinately prolonged dim-flash response (Figure 7).

Finally, the analysis of the RecRK model showed that it is difficult to account for the full gain
change (∼10-15x) implied by the Murnick & Lamb data by modulation of R* lifetime using
parameters in the range of current empirical estimates (Figure 8). This is true regardless of
which is the rate-limiting recovery reaction (PDE*- or R* lifetime).

R* activation Model: In principle, τR can be rate-limiting and Ca++-sensitive if the gain occurs
at R* activation.:

The limitations of the RecRK model led us to examine an alternative scheme suggested by
Lagnado & Baylor [2] (R* activation model; described in Methods, Models). The results
showed that when the Ca++-dependent gain change occurs at the locus of effective R* catalytic
gain, all the key features of the Murnick & Lamb data can be captured regardless of whether
τE or τR is the rate-limiting recovery time constant (Figure 8, Figure 9, Figure 10, and Figure
11). Moreover, the model provides a reasonable account of several of the responses included
in the Empirical Response Suites. These results demonstrate that, in principle, the Murnick &
Lamb results can be explained by a model in which Ca++feedback modulates effective R*
catalytic gain as long as the gain change does not alter R* inactivation kinetics. This same
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conclusion applies to any reaction prior to PDE activation, as long as the gain change does not
alter the inactivation kinetics of the target reaction.

The R* activation model can be rejected: Despite the success at capturing the Murnick & Lamb
data as well as many of the salient features represented in the Empirical Response Suites (Figure
9, Figure 10, Figure 11, Figure 12, and Figure 13A), the R* activation model is unable to
simulate one key data set, i.e. the extension of saturation period observed by Matthews [3]
when changes in internal Ca++ are minimized for a brief period around the time of the saturating
flash (Figure 13B). This failure rules out this specific model, and a whole class of models in
which the feedback action of a Ca++-decrease is to decrease the gain of any stage up to and
including PDE* activation without changing the effective dynamics of the target reaction's
inactivation.

Pugh et al. [35] also provide evidence that an R* activation model can be rejected. If Ca++

feedback significantly decreased R* catalytic gain, Pugh et al. reason that it would cause a
decrease in the slope of the early rising phase of LA flash responses. However, they present
evidence that the early rising phase of the photocurrent of LA flash responses follows an
invariant trajectory independent of background intensity. However, several other studies have
found evidence that the early rising phase of the LA flash response is not invariant with intensity
[10,11,36,37].

If, indeed, the rising phase is invariant with background intensity, this argues against the
existence of any decrease in R* catalytic gain, and thus argues against two of the three models
analyzed in the present study (either the pure R* activation model or the combined RecRK-R*
activation model). However, as discussed in the section above, the remaining model (RecRK)
has serious limitations in accounting for all the data using available estimates for key
biochemical parameters. This suggests the need to implement other feedback mechanisms.
Ca++ feedback onto the affinity or Hill coefficient of the channel for cGMP [38-41] have not
been implemented in the present study, but these mechanisms cannot generate the Murnick &
Lamb results. Hence, other, as yet unknown mechanisms that can affect early transduction gain
may be needed.

Combined RecRK-R* activation Model: A Ca++-sensitive τR can be rate-limiting if gain at R*
activation is dominant: When both early Ca++ feedbacks are included (RecRK-R* activation
model), the model can account for the Murnick & Lamb data as well as many of the features
of the empirical suite of responses regardless of whether τE or τR is rate-limiting, as long as
Ca++-modulation of R* activation is the dominant of the two gain mechanisms (Figure 14,
Figure 15, and Figure 16). If the gain at τR is dominant, as was seen for the RecRK model
(Figure 6), the large decreases in Testflash Tsat observed by Murnick & Lamb cannot be
reproduced, thus eliminating this as a viable scheme (Figure 17).

General Considerations: Is PDE* lifetime or R* lifetime rate-limiting? Overall, the models
are able to capture a broader range of DA and LA features with parameters in the range of
empirical estimates when PDE*-inactivation is the rate-limiting reaction. However, the
analyses of the R* activation and RecRK-R* activation models showed that, in principle, the
Murnick & Lamb data alone are not sufficient to unequivocally identify the rate-limiting
reaction in the early cGMP cascade. The present analyses demonstrated that the Murnick &
Lamb data can be accounted for by a model in which R* lifetime is both rate-limiting and
Ca++-sensitive if, in addition to feedback via RecRK, an early, stronger feedback is present.
The stronger feedback must be such that it does not significantly alter the recovery kinetics of
the rate-limiting reaction. Hence, the question of whether τR [12-14] or τE [1,3,19,20,42] is the
rate-limiting recovery time constant still remains open.
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Role of some key biochemical parameters: In a recent article, Hamer [15] showed that two
models (one based on the Nikonov et al. [20] model which used an instantaneous Ca++-buffer,
and one with a dynamic Ca++-buffer) failed to be able to capture a suite of rod responses when
some key biochemical parameters were held near their current best empirical estimates. One
key failure resulted when nCa (the Hill coefficient for Ca++ feedback onto guanylate cyclase)
was held to ∼2.2 [43-46]. In this case, the models were able to generate LA flash sensitivity
adhering to Weber's law over only a small intensity range. Only when nCa was large (i.e.,
approaching 4) could the models generate a large dynamic range of Weberian LA similar to
that observed by Forti et al. [17].

This result (and other failures using “modern” parameters values) implied that the models
analyzed in Hamer [15] lacked one or more important mechanisms. In particular, the failure
to reproduce empirical LA behavior using “modern” cyclase Ca++ feedback parameters
suggested the possibility that with additional Ca++ feedback, a model might be able to
reproduce the empirical LA behavior with nCa held at or near its modern empirical estimate
(∼2.2).

The present work has analyzed models with additional feedback mechanisms in place. One
finding (not described in the Results) was that with Ca++ feedback at R* lifetime in place
(RecRK model), the model was able to fit the Murnick & Lamb [1] data (Figure 3), the sub-
saturated flash responses (Figure 4A), and all the other key qualitative features of the Empirical
Response Suites (Figure 4B,C and Figure 5), including generation of a large range of LA flash
sensitivity adhering to Weber's law (Figure 4D) using a value of nCa = 2.5 instead of ∼4 [15]
(see Table 2). Moreover, these results were achieved with 10 other key biochemical parameters
set to within ±∼60% (0.2 log units) of their modern empirical estimates (Table 2): Rectot = 35
μM (empirical estimate = 34 μM [8]); RKtot = 7 μM (∼1/5 Rectot [8]); KRec,Ca = 0.53 μM (0.87
μM [8]); w = 2.5 (empirical estimate = 2 [8]); βdark = 0.5 s-1 (empirical estimate = 0.5 - 1 s-1

[16,20,47,48], reviewed in [15]); KCa = 0.14 μM (empirical estimate = 0.1 to 0.2 μM [43-45,
49,50], reviewed in [15] and [51]); ncg = 2.59 (empirical estimate = 1.6-3 [24,52-56]); fCa =
0.3 (empirical estimate = 0.10 - 0.25 [17,22,28,57,58] Korenbrot, personal communication);
cdark = 0.3 μM (0.2 - 0.7 μM [31,34,59-62]); cmin = 0.02 μM (empirical estimate = ∼0 - 0.05
μM [33,34,63-65]).

Some implications for vertebrate photoreceptor light adaptation: Weber's law and the value
of nCa : This paper has evaluated models having one or two Ca++ feedback mechanisms in
addition to the more well-studied feedback onto cGMP-synthesis (via Ca++-mediated
stimulation of guanylate cyclase). Each model was able to generate a relatively large range of
LA flash sensitivity adhering to Weber's law (see Figure 4D, Figure 10D, Figure 12D, and
Figure 15D). These results are in contrast to the results of an earlier analysis which found that
the Nikonov et al. model [20] was not able to generate a large range of Weberian LA and, with
the same set of parameters, capture the features of other DA and LA responses [15]. Moreover,
with the Hill coefficient for the cooperative interaction between Ca++ and cyclase held to its
modern empirical estimate ∼2(nCa = ∼2; [43-45]), the Nikonov et al. model [20] generates
only a modest range of Weber's law LA flash sensitivity.

Addition of a dynamic Ca++-buffer to the Nikonov et al. model [20] conferred the ability to
capture a number of signature empirical features and generate a significantly larger range of
Weber's law LA flash sensitivity [15]. However, the model had only the one Ca++-feedback
(onto cyclase), and the extended range of LA behavior could only be obtained when the Hill
coefficient for cooperative action of Ca++ onto cyclase activity (nCa) was high (∼4).

The present results show that, with additional Ca++ feedback, a large range of Weber's law LA
flash sensitivity can be generated with a relatively low cyclase Hill coefficient. For example,
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the combined RecRK-R* activation model (Figure 14, Figure 15, and Figure 16) captures the
Murnick & Lamb data as well as the array of signature features of the suite of DA and LA
empirical responses with a value of 2.38 for nCa, close to the modern estimates [43-45].

Effects of steady increases in Ca++ feedback on flash sensitivity: Pugh et al. [35] point out that
a steady increase in Ca++ feedback (due to a steady Ib) extends the photoreceptor's operating
range by “protecting” the cell from sensitivity losses due to the instantaneous saturation
imposed by the cGMP-gated channels. In addition, they claim that steady increases in Ca++

feedback will either increase or decrease LA flash sensitivity depending on the specific locus
of the feedback.

For example, Pugh et al. [35] claim that a steady increase in cyclase activity will increase flash
sensitivity. The analyses of flash sensitivity presented in Hamer [15] argue against this being
a general rule. In that paper, in which the models had only one feedback at guanylate
cyclase , the Cadark

++-clamped sensitivity was higher than the unclamped sensitivity at low to
moderate Ib, and lower than the unclamped sensitivity at high Ib. This means that the effect of
steady increases in cyclase activity was to decrease flash sensitivity over low to moderate Ib,
and to increase flash sensitivity at high Ib. In fact, the relative increase in sensitivity conferred
by the steady increase in cyclase activity could be ascribed, in large part, to the extended
operating range. Without Ca++ feedback, the Cadark

++-clamped sensitivity fell below the
unclamped sensitivity due to static saturation of the channels, i.e., when the steady circulating
current in the clamped condition began to approach saturation (<∼20% circulating current
remaining).

The same pattern can be seen in the present analyses (Figure 4D, Figure 10D, Figure 12D, and
Figure 15D). However, in the present models, Ca++ acts at one or more of two additional loci
(RecRK or R* activation or both). Pugh et al. [35] point out that steady increases in feedback
at these loci will have the effect of decreasing flash sensitivity. Hence, the lower sensitivity
of the unclamped function at low/moderate Ib could be due to the effect of Ca++ feedback at
RecRK and/or R* activation. Nevertheless, the net combined effect on sensitivity of all the
active Ca++ feedbacks in the present models was to decrease sensitivity for all Ib causing less
than or equal to ∼15% reduction in (unclamped) circulating current, or ∼75% reduction in
current in the Cadark

++-clamped condition.

In order to check the relative contribution of RecRK and/ or R* activation gain (versus feedback
gain at cyclase), the models were run with the RecRK and/or R* activation feedbacks disabled,
(using the same parameters as in Table 2, Table 3, and Table 4), leaving only the feedback at
cyclase functional. The result was a small increase in flash sensitivity at low to moderate Ib
(as expected). Under these conditions, the effect of a steady increase in cyclase activity was
(as in Hamer [15]) to decrease flash sensitivity for all Ib causing less than or equal to ∼70%
reduction in current under Cadark

++ clamp.This result implies that the relatively lower
sensitivity under unclamped conditions at low/moderate Ib was not due simply to a
desensitization imposed by decreases in τR and/or R* activation gain. The desensitization must
be due to the feedback at cyclase. A more direct demonstration of this was achieved by re-
running the models while disabling Ca++ feedback onto cyclase. This resulted in a virtual
elimination of the difference between the unclamped and Cadark

++-clamped sensitivities at low/
moderate Ib.

The above analyses show that steady-state increases in cyclase activity do not necessarily lead
to an increase in LA flash sensitivity as claimed by Pugh et al. [35]. Light adapted flash
sensitivity is more complex, with sensitivity depending on the net balance between dynamic
sensitivity regulation mechanisms and static saturation influences,including pigment
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bleaching. It is also important to note that the balance between these is not necessarily a
monotonic function of background intensity.

Effects of transient increases in Ca++ feedback on flash sensitivity: Pugh et al. [35] claim that
when Ca++ is clamped at its new steady-state level set by each background, the resulting flash
sensitivity function has approximately the same shape (intensity-dependence) as the
unclamped function. The analyses in the present article and in Hamer [15] show that, strictly
speaking, this is not the case. The shape of the Cass

++ clamp (blue dashed curves in Figure 4D,
Figure 10D, Figure 12D, and Figure 15D) is not the same as either the unclamped model
responses (solid blue curves) or the theoretical Weber-Fechner relation (red dashed curves in
same Figures); it falls off more quickly with intensity. The only difference between the
Cass

++-clamped and unclamped conditions is presence or absence of transient increases in
Ca++ feedback due to the flash. Hence, the model results serve to illustrate that the effect of
these relatively small transient increases in Ca++ feedback can be important for light adaptation,
in that they tend to make the flash sensitivity fall off more slowly with background intensity.

Importance of modeling a broad range of data: The results of Murnick & Lamb are reminiscent
of some earlier data by Fain et al. [27] reproduced in the present article (Figure 2). Although
the reduction in saturation period observed by Fain et al. [27] may be explained by the same
mechanism that reproduces the Murnick & Lamb results, the Fain et al. data did not have
features that could be used to identify the rate-limiting and Ca++-sensitive reactions within the
context of a model of the form of the RecRK model.

The limitations of the Fain et al.data, as well as the results of the present analyses illustrate the
importance of evaluating candidate models in relation to sets of data obtained under the
broadest possible range of DA and LA conditions. A model may be able to generate an excellent
quantitative fit to one or more sets of data (e.g., Figure 9, Figure 10, and Figure 12) and yet
fail to capture even qualitative features of other representative responses (e.g., failure of the
R* activation model to reproduce the Matthews data; Figure 13B). To the extent that the critical
data are truly representative of the cell's response repertoire, such failures can rule out the
candidate model.

Hence, the data to be simulated must be carefully chosen, with some attention to reliability.
Moreover, analyses are aided by the presence of reproducible signature, qualitative features in
the data since these tend to constrain the domain of acceptable model structures and/or
parameter sets.
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Appendix 1. Equation Derivations

A. Derivation of PDE activation, including an R*<--R Back-Reaction Without
Ca++-Feedback Onto R* lifetime

Rhodopsin activation and depletion are treated as first-order process [17,19-21],

R∗ →

1∕τR
Ri (Eq. A1)

with a corresponding differential equation,
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∂
∂t R ∗ = Φ − 1

τR
R∗ (Eq. A2)

Here Φ represents the number of photoisomerizations elicited by a brief flash of light.

An ordinary differential equation for PDE; activation may be derived from a simplified
enzymatic reaction [19,20]:

R∗ + E→
K

R∗ + E ∗ (Eq. A3)

The quantity E represents the number of molecules of a complex of transducin (T) and PDE,
[T·PDE] = E, which is activated enzymatically in a single step by R* with rate K.

The corresponding differential equation describing the rate of change of activated E* is given
by Eq. A4

∂
∂t E ∗ = (KE )R ∗ − 1

τE
E ∗ (Eq. A4)

This scheme assumes that the depletion of E* is a first-order process with rate constant 1/τE.
If it is also assumed that the above reaction is not stoichiometrically limited by the amount of
E available, then the coefficient governing the accretion of E*, KE, may be approximated as
a pseudo-first-order rate constant, νrp, yielding

∂
∂t E ∗ = νrpR∗ − 1

τE
E ∗ (Eq. A5)

The scheme depicted in Eqs. A1 through A5 is not, strictly speaking, correct. The actual
chemistry involves a number of additional steps, including enzymatic activation of the G-
protein, or transducin (T). The full PDE activation process may consist of 6-8 “micro-
steps” [21,66]. Nevertheless, over the past few years, it has been proposed that the PDE
activation process is well approximated by summarizing all the reactions (the internal dynamics
of which are, for the most part, unknown) as a two-stage process.

Introduction of R*<--Ri back-reaction
It has been observed in several species that the response to a prolonged step of light has multi-
phasic dynamics at step-offset (early fast recovery, followed by a much slower recovery with
some occasional resonant behavior in the transition; toad: [67]; salamander: [22,28]; monkey:
[18]). One mechanism that can reproduce this behavior is the inclusion of a back-reaction from
Ri to R* [17]. Recently, Hamer & Tyler [68] and Hamer [15,69,70] incorporated this back-
reaction in computational phototransduction models and were able to capture a number of
salient features of amphibian rod responses, including the acceleration of the Tsat versus ln(I)
function at high intensities [12] and the multi-phasic step-offset response. The differential
equations for accretion and deletion of R* and Ri may be derived from the chemical scheme
in Eqs. A6a through A6b (equivalent to scheme by Forti et al. [17]). It is worth noting that this
reaction scheme is functionally equivalent to other schemes in which additional forms of
inactivated rhodopsin (apoprotein) may continue to activate PDE at a slow rate [71-73].

R∗ →

1∕τR
Ri →

1∕τRi
(Eq. A6a)

R ∗ ←

1∕τb
Ri (Eq. A6b)

These may be written in differential equation form as
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∂
∂t R ∗ = Φ − 1

τR
R∗ + 1

τb
Ri (Eq. A7)

∂
∂t Ri = 1

τR
R∗ − ( 1

τb
+ 1

τR
)Ri (Eq. A8)

B. Derivation of Ca++-Feedback Onto R* lifetime via Rec/RK in the Presence
of an R*<--R Back-Reaction

The RecRK model adds Ca-sensitivity to the inactivation of R*. The first reaction is the
cooperative binding of Ca++ by Rec:

Rec + wCa++⇌
q2

q1
Rec•wCa++ (Eq. A9)

The complex [Rec·wCa++] will be symbolized by Rec*.

The second reaction is a reversible disinhibition of RK to its active form (RK*) by interaction
with Rec*:

Rec ∗ + RK∗⇌
q4

q3
Rec ∗•RK (Eq. A10)

where the complex [Rec*·RK] is the inhibited form of RK. The first reaction (Eq. A9) leads
to a differential equation for Rec*:

∂
∂t Rec ∗ = (q1Rec)cw − q2Rec ∗

= (Rectot − Rec ∗)q1cw − q2Rec ∗
(Eq. A11)

where Rectot = Rec* + Rec, the total amount of Rec in the rod. It was assumed that this reaction
reached equilibrium rapidly, such that the formation of Rec* follows the instantaneous level
of internal Ca++. Setting Eq. A11 equal to zero and solving for Rec*, we get the steady-state
equation

Recss
∗ =

Rectot

1 + ( KRec,Ca
c )w

(Eq. A12)

where KRec,Ca = (q2/q1)1/w, the Ca++ concentration at which half of Rec is bound to Ca++.

The second reaction (Eq. A10), the disinhibition of RK, can be written in differential equation
form as

∂
∂t RK∗ = q4(RKtot − RK∗) − q3RK∗Rec ∗ (Eq. A13)

RKtot is the total amount of RK in the cell, and (RKtot − RK*) is the amount of inactive RK.

Eq. A13 has the steady-state solution,

RKss
∗ =

RKtot

1 + ( Recss
∗

KD )
(Eq. A14)
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where KD = q4/q3, the concentration of Rec* corresponding to 1/2-activation of RK.

For simplicity, it was assumed that RK* leads to R* phosphorylation (-inactivation) in two
steps. Step 1 is the interaction between R* and the disinhibited (activated) RK (=RK*) to form
a complex, [R*·RK*]

RK∗ + R∗→

q5
RK∗•R ∗ (Eq. A15)

Step 2 is incorporation of a number of phosphates (P) onto the [R*·RK*] [74], yielding a new
complex [nP·R*] and releasing free RK*. The complex [nP·R*] is treated as inactivated
rhodopsin (Ri)

RK∗•R ∗ + nP⇌
q7

q6
RK∗ + R∗•nP (Eq. A16)

Only Step 2 is assumed to be reversible, and q5 is assumed to be rate-limiting in the two forward
reactions.

Capping by arrestin, the final mechanism of R* inactivation, is not explicitly modeled [74],
but is assumed to be simultaneous with, and stoichiometrically equivalent to the
phosphorylation process.

Under these assumptions, the following differential equations result:
∂
∂t RK∗•R ∗ = RK∗(q5R ∗ + q7Ri) − q6

′ RK∗•R ∗ (Eq. A17)

where q′6 = q6Pn, and Pn is a constant.

Under the assumption that reaction A15 is rate-limiting, phosphorylation will proceed at a rate
governed by the instantaneous level of the complex [RK*·R*], and a steady-state solution to
Eq. A17 may be used:

RK∗•R ∗ = RK∗

q6
′ (q5R ∗ + q7Ri) (Eq. A18)

The differential Eqs. for R* and Ri dynamics may now be written as:
∂
∂t R ∗ = Φ − q5RK∗R∗ (Eq. A19)

∂
∂t Ri = q6

′ RK∗•R ∗ − q7RK∗Ri (Eq. A20)

Substituting Eq A18 into Eq A20, we get
∂
∂t Ri = RK∗(q5R ∗ + q7Ri) − q7RK∗R∗

= (q5RK∗)R ∗
(Eq. A21)

In Eq. A19, the Ca++-sensitivity is expressed in the modulation of R* lifetime by RK*.

In addition to decay of R* to Ri (with rate-constant 1/τR; Eq. A6a), depletion of Ri and the
back-reaction to R* from Ri are assumed to occur by separate pathways.

R∗ ←

1∕τb
Ri →

1∕τRi
(Eq. A22)
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The back-reaction to R* proceeds with rate 1/τb, and Ri is depleted with rate 1/τRi. The resulting
differential equations for R* and Ri with Ca++-modulation by RK are analogous to Eqs. A7-8:

∂
∂t R ∗ = Φ − (q5RK∗)R ∗ + 1

τb
Ri (Eq. A23)

∂
∂t Ri = q5RK∗R∗ − ( 1

τb
+ 1

τRi
)Ri (Eq. A24)

The quantity (q5RK*) in Eq. A23 corresponds to the R* decay time constant, (1/τR) in Eqs.
A2, A7-8. However, in Eq. A23, the rate of decay of R* is a time-dependent function of
Ca++. In the presence of light, Ca++ decreases, leading to a decrease in the steady-state amount
of Rec* (Eq. A12). A decrease in Rec* leads, in turn, to an increase in the amount of RK* (Eq.
A14), which translates to an effective increase in the rate-constant governing the depletion of
R* (Eq. A23).
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Figure 1.
Empirical Response Suite I. A : Sub-saturated flash responses obtained from toad rods obtained
by Rieke & Baylor [16]. Each model was simultaneously optimized to a subset of these data
and to the Murnick & Lamb saturated data (shown in Figure 3). The sub-saturating responses
used for optimization were the responses to the lowest four intensities: 0.10, 0.35, 1.29, and
4.35 photons/m2/10 ms flash, or 2.26, 7.91, 29.15, and 98.3 R*/10 ms flash assuming an
effective collecting area of 22.6 m2. B : Step responses obtained from newt rods by Forti et al.
[17]. These data have two qualitative, signature features that have been observed in step
responses from rods of other species (e.g., salamander [22]; primate [18]). (1) A “nose” on the
leading edge of the response that recovers slowly to a steady-state level. (2) A pronounced,
multi-phasic response at step-offset, exhibiting a fast recovery phase followed by a slow phase,
with some damped resonant behavior in between. C : A summary of the intensity-dependence
of saturation period (Tsat) observed by Murnick & Lamb. The signature feature is the slope of
the Tsat versus ln(I) function. The thick red dashed line has a slope of 2.8 s/ln unit, the slope
for the cell presented in Figure 3 of Murnick & Lamb. The cell presented in their Figure 3
(whose data are analyzed in this paper) only provided two data points on the Tsat function (filled
red squares). However, the Tsat slope for this cell closely matches data from another rod
presented in their Figure 1 (filled red circles), and is close to the average of the Tsat slopes of
seven cells presented in their Table 1 (2.7 s/ln unit). D : The decrease in flash sensitivity as a
function of background light intensity (LA flash sensitivity). The data (filled red circles) are
from 6 newt rods studied by Torre et al. [23]. The dashed red curve is the Weber-Fechner
relation fit to the Torre et al. data: i.e., R/Rdark = (1 + I/Idark 1/2) . The intensity that caused the
incremental flash sensitivity to decrease by a factor of 2 (I1/2) was 100R*s-1. The signature
feature of note is the relatively large dynamic range over which flash sensitivity obeys the
Weber-Fechner relation. In this case, the Torre et al. [23] data obeys the Weber-Fechner relation
over a ∼4 log unit intensity range.
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Figure 2.
Empirical Response Suite II. A : Results of the Fain et al. [27] step-flash paradigm. A saturating
flash was applied after presentation of a 7 s conditioning step of light of increasing intensity
(curves labeled 1, 2, and 3). The flash response in the absence of a conditioning step is shown
by the curve labeled DA. The signature feature to note is that the period of saturation in response
to the flash decreases as the intensity of the conditioning step increases. B : Results of a
“Ca++ clamp” experiment by Matthews [2]. Tiger salamander rods were exposed to a 0
Ca++/0 Na+test solution for brief periods around the time of presentation of a super-saturating,
20 ms flash. Removal of external Ca++ minimizes the influx of Ca++ through the outer segment
cation channels, while removal of external Na+ prevents Ca++-efflux through the Na+: Ca++,
K+ exchanger [22,27-29]. The Ca++ clamp was applied at one of four time periods: from 1 s
before, to 1 s after the flash (“Pre & Post” condition); from the time of the flash until 1 s after
the flash (“Post” condition); from 1 s before the flash until the time of the flash (“Pre”
condition), or from 1 s after the flash until 2 s after the flash (“Late” condition; green trace
above abscissa in each panel). The signature qualitative feature to note is that in the “Pre &
Post” and “Post” conditions (but not in the “Pre” and “Late” conditions), the period of
photocurrent saturation is significantly prolonged under Ca++ clamp (right-most curves in each
case).
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Figure 3.
RecRK model accounts for Murnick & Lamb data with τE rate-limiting. A : Murnick & Lamb
saturated two-flash data (red) with the model fits (blue) for delays of 0, 1, 2, 3 s (left column
of panels), and 4, 6, 8, and 10 s (right column of panels), where delay equals time between
saturating Pre-flash and a more intense saturating Test flash. The parameters for the model are
given in Table 2. In each panel, the time at which the Test flash was presented is indicated by
an inverted green triangle near the abscissa. The red star near the top of each panel marks the
time at which the response to the Test flash would have emerged from saturation if the Pre-
flash had had no effect. Note that the data remain in saturation for progressively less time as
delay increases (the time between the saturated data and the red star increases as delay
increases). The model fits the Murnick & Lamb data quite well. B : Plot of Test flash Tsat versus
delay for both the data and model (derived from A ). Tsat was defined as the time between
application of the Test flash and the time at which the response first recovered from saturation,
i.e., fell to less than 90% saturation. The model responses are shown as blue filled circles and
the solid blue curve, and the Murnick & Lamb data are shown as red filled squares with a red
solid curve. The dashed lines have a slope of −1, and are placed to pass through the first data
point (at delay = 0) for both the model results and the data. The data fall below this line out to
a delay of 6-7 s, illustrating the signature feature that the change in Tsat can exceed the delay.
The model results capture this feature, and also fall below the corresponding blue line of slope
−1.
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Figure 4.
RecRK model accounts for Empirical Response Suite I with τE rate-limiting. A : The RecRK
model (with τE rate-limiting) was optimized to both the Murnick & Lamb saturated two-flash
data and to four sub-saturating flash responses from toad rods (four smallest responses). The
model is able to provide a reasonable account of the 4 sub-saturating responses as well as
responses to 5 higher intensities (to which the model was not optimized). B : Model step
responses reproduce the “nose” at step onset and the two-phase response at step offset. C : The
model Tsat versus ln(I) function (blue solid curve) reproduces the same slope as the Murnick
& Lamb data (∼2.8 s/ln unit; red data and dashed line as in Figure 1B). Finally, the model
generates a substantial range of Weber's law LA flash sensitivity (∼3 log units; solid blue curve,
panel D ). For each of a series of background adaptation levels (Ib), model LA flash sensitivity
was defined as the amplitude of the response to a flash of fixed criterion intensity divided by
the intensity of the criterion flash. The criterion was the flash intensity eliciting a DA flash
response amplitude that was 10% of the full range of circulating current. The dashed red curve
is the Weber-Fechner relation from Figure 1D, shifted horizontally to fit the model output
below a “cutoff” background intensity (cutoff Ib), marked by a dotted vertical cursor, above
which the model was judged to deviate from Weber's law. The cutoff Ib was defined as the
highest Ib at which the value of the model deviated from the best-fit Weber-Fechner curve by
a criterion amount (0.05 log units). The Weber-Fechner curve was fit (least-squares) to the
model over all Ib values up to and including the highest Ib where the model slope was still >=
−1. The model slope was estimated by fitting a line to a moving window of 3 adjacent model
points (sampling every 20.25 R*/s, or 0.075 log units). Note that the model LA flash sensitivity
obeys Weber's law over a significant range (cutoff Ib = 8000 R* s−1. At the cutoff Ib, 14% of
the model DA circulating current (Fss) remains, as indicated by the intersection of the vertical
cursor line with the green solid curve. The latter plots the fraction that the steady-state current
is saturated (i.e., 1 - Fss(Ib)), where Fssis the steady-state circulating current defined to be 1.0
in the dark, and zero when all channels are closed. Also, at the cutoff Ib, the steady-state internal
Ca++level (css in inset) has dropped by a factor of 5.1, from a dark value of 0.3 μM to 0.059
μM. Also shown is the LA flash sensitivity of the model under two types of simulated Ca++

clamp conditions: (1) LA flash sensitivity with Ca++ clamped at its dark value (Ca++
dark clamp;
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blue dash-dot curve). Ca++feedback is fully disabled over the entire dynamic range, with only
static saturation contributing to flash desensitization. Ca++ was fixed at its dark value in the
model, and Ib was adjusted to achieve the same steady-state current as in the unclamped case,
ensuring that the steady-state currents were 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 Ca++ in the unclamped and clamped cases. The Ca++ clamp analysis equates steady-
state current levels (Fss), but does not equate internal Ca++ levels at the time of presentation
of the flash. This is achieved in a second analysis: (2) LA flash sensitivity with Ca++ clamped
at the new steady-state level reached in response to each Ib(Cass

++ clamp; blue dashed curve).
This approach equates the Fss (and hence equates the effect of channel saturation), and equates
Ca++ at the time of the flash. Thus, in comparing the unclamped and the Cass

++-clamped flash
sensitivity, the LA flash response in each case 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 case is the dynamic Ca++-mediated gain change evoked by the flash.
Note that at high Ib (Ib> cutoff Ib), 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 high
- Ib behavior of both Ca++ clamped curves. In fact, all 3 curves asymptote to a slope of -(ncg
+ 1), which is predicted by the instantaneous compressive saturation of the cGMP-gated
channels [30].
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Figure 5.
With τE rate-limiting, the RecRK model accounts for the qualitative features of the Fain et al.
[27] step-flash data and the Matthews [3] Ca++ clamp data. With the same parameters as in
Figure 3 and Figure 4, the RecRK model with τE rate-limiting also reproduces the signature
features of the Fain et al. [27] data; the model saturated flash response emerges out of saturation
faster as the intensity of a conditioning step is increased (Figure 5A). Under simulated Ca++

clamp, the model reproduces the qualitative behavior of the Matthews [3] data (Figure 5B);
the period of saturation (blue solid curve) is prolonged (blue dashed curve) by the application
of the Ca++ clamp near the time of the flash (“Pre & Post”, “Post”), but not if the flash occurs
too early (“Pre”) or too late (“Late”). Compare with Figure 2.
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Figure 6.
RecRK model does not account for Murnick & Lamb data with τR rate-limiting. With τR rate-
limiting in the RecRK model, the reduction in model Testflash Tsat (blue curve) cannot exceed
the magnitude of the delay between Pre- and Test flashes; i.e., the model results are always
above the dashed blue line with slope −1. This contrasts with the Murnick & Lamb data (red
curve versus red dashed line). This failure rules out a model structure in which R* lifetime is
rate-limiting and in which early Ca++ feedback occurs solely at R* lifetime (via RecRK; [1]).
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Figure 7.
Consequences for the dim-flash response when τR is rate-limiting in a RecRK model. Within
the context of a RecRK model structure, rate-limitation by R* lifetime is incommensurate with
the kinetics of the dim-flash response. Top panel: The relationship between τR and the level
of Ca++ as it falls from a dark value of 0.3 μM to a minimum of 0.02 μM. In this example,
parameters in the RecRK model were set such that as Ca++ fell from its dark value to its
theoretical physiological minimum, the model τR decreased from 20 s to 2 s. Bottom panel:
Resulting dim-flash response from model in top panel (blue curve) in comparison to an
empirical dim-flash response (red; curve 2 from Rieke & Baylor [16]; see Figure 1A). The
model response was the result of optimizing the RecRK model to the Murnick & Lamb data
and to the sub-saturating flash responses with the RecRK parameters set to generate the profile
in the top panel. Clearly, with τR being Ca++-sensitive, and the requirement that the change in
τR effect a large (10x) gain change, and that, at its minimum, τR remain rate-limiting with a
time constant of ∼2 s, the model dim-flash response recovers much too slowly in comparison
with empirical rod responses.
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Figure 8.
The need for a large front-end Ca++-mediated gain severely constrains RecRK parameters. The
relationship between R* lifetime gain change and the dissociation constant for the interaction
between Ca++-Rec complex and RK (i.e., KD = q4/q3 in Eq. 8, A10). The gain change (ordinate)
is defined as the ratio of τRdark (theoretical value of τR when Ca++ = cdark = 0.3 μM) to
τRmin(τR when Ca++ = cmin = 0.02 μM). The curves shown correspond to a family of KRec,Ca
values ranging from 0.2 to 1.2 μM (from top to bottom, in 0.1 μM increments). The red curve
is for KRec,Ca = 0.9 μM, a value obtained by Klenchin et al. [8]. The horizontal dashed line
marks a gain of 10. See text for details. Note that KD must be very small if other RecRK- and
Ca++ parameters are set to values estimated in the literature. In this example, Rectot = 34 μM
[8] and the Hill coefficient, w = 2 [8]. For KRec,Ca = ∼0.9 μM (red curve) [8], KD must be less
than ∼0.25 μM in order to get a gain change of 10x. This value for KD is ∼14 times less than
the value estimated by Klenchin et al. (∼3.4 μM; [8]). Analyses show that KD will be even
more severely constrained (to even smaller values) if it is assumed that the minimum
physiological value for Ca++ is greater than 0.02 μM, as estimated in some studies [33,
63-65]. Not only is KD restricted to small values, but, due to the steepness of the functions in
the region of high gain values (10x or more), the overall range of permissible values is highly
restricted. Hence, for a given KRec,Ca value, only a very restricted range of (small) values for
KD are permissible in order to achieve the empirically observed gain changes.
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Figure 9.
An R* activation model with τE rate-limiting accounts for the Murnick & Lamb data. A : With
τE rate-limiting, the R* activation model provides a good fit to the Murnick & Lamb saturated
two-flash data. B : The corresponding model Testflash Tsat versus delay along with the Murnick
& Lamb data. As was seen in comparable results from the RecRK model (Figure 3B), the model
is able to capture the critical feature of the data, i.e., that the decrease model Test flash Tsat in
response to the Pre-flash can exceed the delay (blue curve falls below dashed blue line with
slope = −1). The format and symbology for this figure is the same as for Figure 3. Parameters
for this model are given in Table 3.
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Figure 10.
An R* activation model with τE rate-limiting accounts for the Empirical Response Suite I.
A : With the same parameters yielding a fit to the Murnick & Lamb saturated data, the model
provides a reasonable fit to the sub-saturating flash responses, as well as for the signature
features of step responses ( B ), Tsat versus ln(I) ( C ). Moreover, it generates a relatively large
range of LA flash sensitivity adhering to Weber's law ( D ); cutoff Ib = 12,100 R* s−1. Format
and symbology as in Figure 4.
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Figure 11.
An R* activation model also accounts for the Murnick & Lamb data when τR is rate-limiting.
A : With τR rate-limiting, the R* activation model provides a good fit to the Murnick & Lamb
saturated two-flash data. This is also reflected in ( B ), which shows the corresponding model
Testflash Tsat versus delay along with the analogous Murnick & Lamb data. As for the case
with τE rate-limiting (Figure 9), as well as the comparable results for the RecRK model (Figure
3B), the model is able to capture the critical feature of the data, i.e., that the decrease model
Test flash Tsat in response to the Pre-flash can exceed the delay (blue curve falls below dashed
blue line with slope = −1). Format and symbology as in Figure 5. Parameters are given in Table
3.
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Figure 12.
An R* activation model with τR rate-limiting accounts for the Empirical Response Suite I.
A : The model provides a reasonable fit to the sub-saturating flash responses. B - D : With the
same parameters, the model also accounts for the signature features of step responses ( B ),
Tsat versus ln(I) ( C ), and generates a relatively large range of LA flash sensitivity adhering
to Weber's law ( D ).
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Figure 13.
An R* activation model can be ruled out. A : The R* activation model readily reproduces the
qualitative features of the Fain et al. [27] step-flash data regardless of whether τE (top panel)
or τR (bottom panel) is rate-limiting. B : However, for neither of the rate-limiting cases (τE:
top two panels; τR: bottom two panels) can the model capture the key feature of the Matthews
[3] data, i.e., when a Ca++ clamp is applied for a brief period around the time of the flash, the
model does not generate any significant extension of saturation period (compare with data,
Figure 2B). This failure implies that the R* activation model, and any similar model (with an
early Ca++ feed-back up to and including PDE activation) that does not alter the recovery
kinetics of the target reaction, can be ruled out.
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Figure 14.
The combined model with τR rate-limiting can account for the Murnick & Lamb data. With
τR rate-limiting, the combined (R*-activation-RecRK) model can provide a good account of
the Murnick & Lamb data when the dominant of the two front-end gains is at R* activation
(compare with Figure 3, Figure 9, and Figure 11).
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Figure 15.
The combined model with τR rate-limiting can account for the Empirical Response Suite I.
With τR rate-limiting and R* activation the dominant of the two front-end gains, using the same
parameters as in Figure 14, the combined (R*-activation-RecRK) model provides a good
account of the sub-saturated flash responses ( A ), reproduces the signature qualitative features
of the step responses ( B ), Tsat versus ln(I) ( C ), and generates a relatively large range of
Weber's law LA ( D ; cutoff Ib = 5000 R* s−1). Format and symbology as in Figure 4.
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Figure 16.
A combined model with τR rate-limiting accounts for Empirical Response Suite II. With τR
rate-limiting and R* activation the dominant of the two front-end gains, using the same
parameters as in Figure 14, the combined (R*-activation-RecRK) model reproduces the
signature qualitative features of the step-flash paradigm of Fain et al. [27] ( A ). As in the Fain
et al. data (red), the period of saturation of the model to a saturating flash (blue curves) decreases
progressively as the intensity of a prior conditioning step of light in increased. ( B ) With the
same parameters, the model also reproduces Matthews' extension of saturation period when a
Ca++ clamp is applied near the time of the flash (“Pre & Post” and “Post” conditions; dashed
blue curve), but not when it is applied too early (“Pre”) or too late (“Late”) (compare with
Figure 2B).
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Figure 17.
A combined model with τR rate-limiting cannot account for the Murnick & Lamb data if R*
lifetime gain dominates. Analogous to what was seen for the RecRK model (Figure 6), when
τR is rate-limiting and the stronger of the two front-end gains modulates τR, the combined (R*-
activation-RecRK) model cannot account for the Murnick & Lamb [1] data. It cannot generate
large enough changes in Test flash Tsat, and the model Tsat versus delay (blue curve) never
falls below the slope of −1. This rules out such a model. Thus, if both R* activation and R*
lifetime gains are present, the R* lifetime gain cannot dominate.
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Table 1
DESCRIPTION OF MODEL VARIABLES & PARAMETERS

Symbol Units Description

Variables
R*,R # Number of photoactivated, inactive rhodopsin molecules at time t
E* # Number of activated PDE catalytic subunits per rod at time t
g μM Concentration of free outer segment (OS) cGMP
c μM Concentration of intracellular free OS Ca++ at time t
cb μM Concentration of Ca++ bound to dynamic Ca++ -buffer at time t
F # Normalized circulated current at time t
Rec* μM Concentration of recoverin bound to Ca++

RK* μM Concentration of activated (disinhibited) rhodopsin kinase
Parameters

Front-End Feedback
Rectot μM Total concentration of recoverin
RKtot μM Total concentration of rhodopsiin kinase
Krec,Ca μM Concentration of Ca++ at which 1/2Rectot is bound to Ca++

w # Hill coefficient for Ca++ binding to recoverin
q3 sec−1 μM−1 rate constant for binding of Rec* to RK*
q4 sec−1 rate constant for unbinding of Rec* to RK*
q5 sec−1 μM−1 rate constant for interaction between R* and RK*
Front-End
τR s Time constant for 1st -order inactivation of R*
τE s Time constant for 1st -order inactivation of E* (E*=G*PDE*)
nrp s−1 Rate of production of E* per R*
τRi sec Time constant for depletion of inactivated rhodopsin
τb sec Time constant for back reaction from R to R*
Ca++, Ca++ -Buffering
cdark μM Dark resting concentration of free intracellular Ca++

c0 μM Minimum value of free OS Ca++ (Ca++ floor)
γCa s−1 Rate constant of Ca++ extrusion by exchanger
Vcyto pL Effective volume of rod OS
FCa # Fraction of inward circulating current carried by Ca++

k1 μM−1 s−1 On-rate constant for binding of Ca++ to dynamic Ca++ -buffer
k2 s−1 Off-rate constant for unbinding of Ca++ to dynamic Ca++ -buffer
eT μM Total Concentration of dynamic Ca++ buffer
cGMP, Cyclase
gdark μM Resting cytoplasmic concentration of cGMP in the dark
Amax μM s−1 Maximum activity of guanylate cyclase
βdark s−1 Rate constant of cGMP hydrolysis in the dark
βsub s−1 Rate constant of a catalytic PDE subunit in a well-stirred volume
Kc μM Concentration of Ca++ at which cyclase activity is half-maximal
nca # Hill coefficient for Ca++ -modulation of cGMP synthesis via cyclase
cGMP-Gated Channel, Photocurrent
neg # Hill coefficient for opening of cGMP-gated channels by cGMP
Jdark pA Dark circulating current

The symbold “#” means that the quantity is a unitless number.
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Table 2
PARAMETERS FOR ANALYSIS OF RECRK MODEL

τE— Rate Limiting (Figs.3-5) τR— Rate Limiting (Fig. 6)
Value Lower Bound Upper Bound Value Lower Bound Upper Bound

“Front-End” Feedback Parameters
q3 1.17062 0.1 10 4.77044 0.1 10
q4 0.194099 0.1 10 8.84519 0.1 10
RKtot 7 7
Rectot 35 35
Kref,Ca 0.53 0.669028 0.1 1.2
w 2.5 1.5 2.5 2.5 1.5 2.5

“Front-End” Parameters
1/τb 0.05 0.005 0.05 0.00500023 0.005 0.05
1/τRi 0.334905 0.05 0.5 0.5 0.05 0.5
q5 10 0.01 10 0.0497478 0.01 10
νrp 1000 1000
τE 2.88 0.458034 0.2 0.6

Ca++, Ca++ -Buffer Parameters
fCa 0.3 0.2469
cDark 0.3 0.3
c0 0.02 0.02
γCa 96.28 50 150 79.2385 50 150
k1 0.603583 0.05 5 0.703409 0.05 5
k2 0.718945 0.05 5 0.777149 0.05 5
et 294.398 100 1000 881.304 100 1000

cGMP, Cyclase Parameters
βsub 1.68*10−5 1.68*10−5

βd 0.5 0.752485 0.2 4
Amax 20 200
Kc 0.137747 0.05 0.24 0.0830172 0.05 0.24
nCa 2.5 3.8 1.5 3.8
gDark 5 2

cGMP-Gated Channel, Photocurrent Parameters
ncg 2.58614 1.5 3.5 2.36128 1.5 3.5
Jd 17.34 17.34

Errors
ERRcombo 0.246417 0.515797
ERRml 0.745378 2.58888
ERRflash 0.081464 0.102766

Parameters are grouped according to functional elements of the model. All descriptions of parameters are given in Table 1. For each of the two rate-
limiting cases analyzed (τE, τR), the columns of numbers show the optimized parameter value, and the lower and upper bounds used in the optimization.
The latter are shown only for parameters that were actually optimized. The errors listed at the bottom of the Table are RMS errors for the fits to the Murnick
& Lamb [2] saturated two-flash data (ERRM& L'; data from their Figure 3) and to the sub-saturated flash responses from Rieke & Baylor [16]
(ERRflash; responses to the 4 lowest flash intensities shown in their Figure 4). The combined error (ERRcombo) was calculated as the square root ofthe
product of the two other errors.
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Table 3
PARAMETERS FOR ANALYSES OF R* ACTIVATION MODEL

τE — Rate Limiting (Figs.9,10,13) τR — Rate Limiting (Figs.11-13)
Value Lower Upper Value Lower Upper

Bound Bound Bound Bound

“Front-End” Feedback Parameters
Kr 1 0.01 1 0.754487 0.01 1
nr 1.75626 1.5 3.5 1.76628 1.5 2.5

“Front-End” Parameters
1/τb 0.00605424 0.005 0.05 0.00506223
1/τRi 0.276616 0.05 0.5 0.405197
τR 0.724862 0.1 1 2.80803
νrp 1000 1000
τE 2.88 0.456273

Ca++, Ca++-Buffer Parameters
fCa 0.264506 0.291954
CDark 0.3 0.3
C0 0.02 0.02
γCa 84.8887 50 150 93.6977 50 150
k1 2.71247 0.05 5 3.94229 0.05 5
k2 0.411885 0.05 5 0.223895 0.05 5
eT 174.813 100 1000 228.784 100 1000

cGMP, Cyclase Parameters
βsub 1.68*10−5 1.68*10−5

βd 0.226277 0.2
Amax 24.4703 20 200 20 20 200
Kc 0.105064 0.05 0.24 0.084256 0.05 0.24
nCa 3.78534 1.5 3.8 3.06461 1.5 3.8
gDark 2 2

cGMP-Gated Channel, Photocurrent Parameters
ncg 2.9839 1.5 3.5 2.8557 1.5 3.4
Jd 17.34 17.34

Errors
ERRcombo 0.166388 0.197711
ERRml 0.392868 0.542604
ERRflash 0.0704692 0.0720411

Table format as in Table 2. Only parameters optimized have lower and upper bounds specified.
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Table 4
PARAMETERS FOR ANALYSES OF COMBINED RECRK-R* ACTIVATION MODEL τR RATE LIMITING

Δ R* gain dominant (Figs.14-16) ΔτRgain dominant (Figs.17)
Value Lower Upper Value Lower Upper

Bound Bound Bound Bound

“ Front-End ” Feedback Parameters
Kr 0.304485 0.01 0.5 0.0212626 0.01 1
nr 1.60752 1.25 2.5 1.81912 1.5 2.5
q3 1.51352 0.1 10 4.78438 0.1 10
q4 3.37175 0.1 10 9.34065 0.1 10
RKtot 7 7
RECtot 35 35
Krec,Ca 0.833646 0.1 1.2 0.864032 0.1 1.2
w 2.06798 1.5 2.5 1.9731 1.5 2.5

“ Front-End ” Parameters
1/τb 0.0149221 0.001 0.05 0.00513759 0.001 0.05
1/τRi 0.312442 0.1 0.5 0.493603 0.1 0.5
q5 0.0753154 0.01 10 0.0494193 0.01 10
νrp 1000 1000
τE 0.599617 0.2 0.6 0.395216 0.05 3

Ca++, Ca++-Buffer Parameters
fCa 0.302549 0.2469
CDark 0.3 0.3
C0 0.02 0.02
γCa 97.098 79.2385
k1 0.507003 0.703409
k2 0.865133 0.781478
eT 601.726 881.304

cGMP, Cyclase Parameters
βsub 1.68*10−5 1.68*10−5

βd 0.69632 0.891205
Amax 20 20 200 166.197 20 200
Kc 0.101011 0.05 0.24 0.085389 0.05 0.24
nCa 2.38147 1.5 3.8 3.60063 1.5 3.8
gDark 2 2

cGMP-Gated Channel, Photocurrent Parameters
ncg 2.81898 1.5 3.5 2.31204 1.5 3.5
Jd 17.34 17.34

Errors
ERRcombo 0.248113 0.741438
ERRml 0.700295 4.03937
ERRflash 0.0879058 0.136094

Table format as in Table 2 and Table 3. The optimized parameter values and upper and lower bounds are shown for the τR rate-limiting case only, under
two conditions: dominance by gain at R* activation (ΔR* gain dominant), and dominance by gain at R*lifetime (ΔτR dominant). Only parameters optimized
have lower and upper bounds specified.
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