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A recent paper by Murnick & Lamb [1] presented physi-
ological 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 com-
plete photocurrent saturation (T

sat
) 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. T
sat

 for the Test flash was reduced
by as much as 6-7 s by the Pre-flash, corresponding to an ef-
fective reduction in gain by a factor of 10-15, depending on
the slope of the T

sat
 versus ln(I) function. This interpretation

receives support from several lines of recent experimental
evidence that suggest that one or more steps in the biochemi-
cal events leading to activation of cGMP-phosphodiesterase
(PDE*) are regulated dynamically by the level of internal cal-
cium [1-11].

The authors suggest that the observed decreases in Test
flash T

sat
 could result from Ca++-sensitive gain modulation at

an early phototransduction step. They propose that the Ca++-
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Purpose: Recent biochemical and physiological data point to the existence of one or more Ca++-mediated feedback mecha-
nisms 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 (T

sat
) 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 T
sat

 (∆T
sat

) 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 re-
sponses 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
(τ

R
), 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 τ
R
, is rate-limiting. (2) With τ

R
 rate-limiting, the

model cannot account for ∆T
sat

 exceeding the delay. (3) The Ca++-dependent reduction in τ
R
 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 τ

R 
is both rate-limiting and Ca++-sensitive if, in addition to the feedback

onto τ
R
, 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 condi-
tions. The 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. Some implications for vertebrate photorecep-
tor light-adaptation are discussed.
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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 consis-
tent with PDE*-inactivation being the rate-limiting step in pho-
tocurrent 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++, reduc-
ing the effective gain of photocurrent activation without alter-
ing the overall dynamics of photocurrent recovery from satu-
ration controlled by the slower PDE*-recovery. The critical
observation supporting this interpretation of the data was that
the decrease in T

sat
 was found to exceed the delay, ∆t, between

Pre- and Testflashes (e.g., for ∆t = 1 s, T
sat

 was typically re-
duced by 2 s). Murnick & Lamb reason that within a RecRK
model structure, if the light-induced gain reduction is gener-
ated at the same step that forms the rate-limiting reaction, this
predicts a decrease in T

sat
 that is, at most, equal to, but never

greater than ∆t.
Goals of the Present Study:  The present article imple-

ments 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++-modula-
tion of effective R* catalytic gain without a concomitant modu-
lation 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 pe-
riod 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 quan-
titative optimization of the models to one or more sets of data,
combined with qualitative evaluation in which the optimal pa-
rameters 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.

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 τ

R
rate-lim-

iting, the change in τ
R
 required to reproduce both the observed

gain changes (10-15x) and the empirical intensity-dependence
of T

sat
 [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 ac-
count for robust qualitative features of data from other experi-
ments. The latter two results highlight the importance of in-
cluding as broad a range of data as possible in model evalua-
tion.

METHODS
Analyses:  The analyses were similar to those used in [15].
Candidate models were quantitatively optimized (Optimiza-
tion Toolbox, The Mathworks, Natick, MA) to the Murnick &
Lamb [1] saturated toad rod flash responses and, simulta-
neously, to a set of sub-saturated flash responses from Rieke
&  Baylor [16]. After the optimization, the optimal param-
eters were then used to simulate a suite of dark- and light-
adapted empirical rod responses under a range of experimen-
tal 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”) fea-
tures 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, includ-
ing 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 signa-
ture 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 reac-
tions [19-21]. In the scheme depicted by Eqs. 1-3, feedback
from RecRK has been included (q

5
RK* in Eqs. 1,2), plus a
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slow back-reaction from inactive R
i
 to R* (τ

b
, τ

Ri
 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 low-
ered Ca++ (in response to light) is to increase RK*, increasing
the rate of R* inactivation. Both the RecRK feedback reac-
tion and the rhodopsin back-reaction are discussed in Appen-
dix 1.

In Eqs. 1 and 2, (1/τ
b
) and (1/τ

Ri
) are the rate-constants

for the back-reaction between R and R* and the disappear-
ance of inactivated rhodopsin. q

5
RK* 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, ν
rp
 is the rate of activation of PDE per rhodopsin

molecule [20,21], and 1/τ
E
 is the rate constant of PDE*-inac-

tivation (i.e., τ
E
 is the time constant of PDE*-inactivation).

unit time. K
ca

 is the concentration of Ca++ that yields 1/2-maxi-
mal synthesis rate of cGMP (when c = K

Ca
, the first term in

Eq. 6 = A
max

/2).
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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 γ

Ca
; sec-

ond term, Eq. 4), and dynamic Ca++-buffering (c
b
, 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 c

b
 is

the concentration of Ca++bound to buffer at time t. In the first
term in Eq. 4, J

d
 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 [F

Ca
/(2F

fd
V

cyto
)], which gives

fraction of current carried by Ca++ (F
Ca

), converted to concen-
tration units (by the Faraday constant, F

fd
, and the cell vol-

ume, V
cyto

). The Ca++-buffer binds Ca++ with an on-rate of k
1
,

and an off-rate of k
2
. The parameter e

T
 is the total buffer con-

centration.

hydrolyzes cGMP (second and third terms, Eq. 6), while Ca++-
modulates, in a cooperative fashion (with Hill coefficient, n

ca
),

the synthesis of cGMP by guanylate cyclase (A
max

; first term,
Eq. 6). The hydrolysis terms in Eq. 6 include a light-activated
term (β

sub
E*(t)), and a term to account for basal hydrolysis of

cGMP in the dark (β
dark

; [17,18,20,21]). β
sub

converts E* from
a unitless number (of molecules) to units of concentration per

tion of photocurrent (Eq. 7). The photocurrent elicited by a
light stimulus is proportional to the number of membrane cat-
ion channels opened by the cooperative action (with Hill co-
efficient n

cg
) of free cGMP (g).

To this core set of reactions two forms of additional Ca++

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). K

Rec,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 ki-
nase, i.e., RK that has been released from inhibition by
recoverin. The feedback gain control is established by an in-
crease in RK* corresponding to a speed-up of the quenching
of activated rhodopsin, i.e. an effective decrease in the time
constant of recovery, τ

R
. 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, τ
E
 and

τ
R*

rate-limiting.
R* activation Model: This model replaces the RecRK Ca++

feedback with a feedback that modulates the effective cata-
lytic gain of R* without altering its dynamics. This corresponds
to an implementation of a scheme proposed by Lagnado &
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(2) Dynamic Ca++ reactions (Eqs. 4 and 5). Equations 4

(4) Closure of membrane cation channels and genera-

(3) Hydrolysis and synthesis of cGMP (Eq. 6). PDE*



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 inten-
sity. 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 re-
sults 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 modu-
lation of Φ, the number of R* generated by a brief flash. K

r
 in

Eq. 10 is the K
1/2

 for the Ca++-effect on R* activation, with
Hill coefficient n

r
.

Here, 1/τ
R
 is the first-order rate-constant for inactivation
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to “predict” the responses to a suite of DA and LA stimulus
conditions obtained in other studies. These are shown in Fig-
ure 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, exhib-
iting 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 (T

sat
) observed by Murnick & Lamb. The

signature feature is the slope of the T
sat

 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
T

sat
 function (filled red squares). However, the T

sat
 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 T

sat
 slopes of seven cells presented in their Table 1 (2.7 s/ln

unit). Typically, the slope of T
sat

 versus ln(I) observed in am-
phibian rods is 2-3 s [1,12-14].

Figure 1D shows the decrease in flash sensitivity as a func-
tion of background light intensity (LA flash sensitivity). The
data are from 6 newt rods studied by Torre et al. [23]. A num-
ber of studies have shown that the gain, as measured by the
peak amplitude in response to a flash on a background, de-
creases 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 in-
cremental flash sensitivity to decrease by a factor of two (I

1/2
)

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 addi-
tional 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 increas-
ing 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 satura-
tion (T

sat
) in response to the flash decreases as the intensity of

of R*, replacing the pseudo-first order rate-constant, q
5
RK*,

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 (τ

E
, and τ

R

rate-limiting).
RecRK-R* activation Model: This model contains both

of the additional (non-cyclase) feedback mechanisms: modu-
lation of R* inactivation rate (q

5
RK*, Eq. 12) and Ca++-modu-

lation 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

model (i.e., Eqs. 2 through 9).
Four cases are examined for the RecRK-R* activation

model. For each of the rate-limiting cases (τ
E
 and τ

R
 rate-lim-

iting), the analysis is carried out twice, first under the assump-
tion that the RecRK mechanism (modulation of R* lifetime)
dominates the early gain control, and then under the assump-
tion that the R* activation mechanism (modulation of R* acti-
vation gain) dominates the early gain.

Empirical Response Suite I:  After optimization to the
Murnick & Lamb saturated two-flash data and the sub-satu-
rated flash responses, the models described above were used
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the conditioning step increases.
The right panel in Figure 2B shows the results of a Ca++

clamp experiment by Matthews [2]. Tiger salamander rods

© 2000 Molecular VisionMolecular Vision 2000; 6:265-86 <http://www.molvis.org/molvis/v6/a36>

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

Figure 1. Empirical Response Suite I.  A: Sub-saturated flash re-
sponses 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, signa-
ture 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 inten-
sity-dependence of saturation period (T

sat
) observed by Murnick &

Lamb. The signature feature is the slope of the T
sat

 versus ln(I) func-
tion. 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 pre-
sented in their Figure 3 (whose data are analyzed in this paper) only
provided two data points on the T

sat
 function (filled red squares).

However, the T
sat

 slope for this cell closely matches data from an-
other rod presented in their Figure 1 (filled red circles), and is close
to the average of the T

sat
 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/R

dark
 = (1 + I/I

1/2
)-1. The intensity that caused the incremental

flash sensitivity to decrease by a factor of 2 (I
1/2

) 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.

Figure 2. Empirical Response Suite II.  A: Results of the Fain et al.
[27] step-flash paradigm. A saturating flash was applied after pre-
sentation 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: Re-
sults 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+ pre-
vents 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 be-
fore 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 satura-
tion is significantly prolonged under Ca++ clamp (right-most curves
in each case).
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TABLE 1. DESCRIPTION OF MODEL VARIABLES & PARAMETERS

The symbol "#" means that the quantity is a unitless number.

TABLE 2. PARAMETERS FOR ANALYSIS OF RECRK MODEL

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 (τ

E
, τ

R
), 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] satu-
rated two-flash data (ERR

M& L
; data from their Figure 3) and to the

sub-saturated flash responses from Rieke & Baylor [16] (ERR
flash

;
responses  to the 4 lowest flash intensities shown in their Figure 4).
The combined error (ERR

combo
) was calculated as the square root ofthe

product of the two other errors.

and efflux of Ca++, thus opposing the light-induced fall in
Ca++[22,27-29]. Removal of external Ca++ minimizes the in-
flux 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 in-
crease (relative to the gain with Ringer’s solution) at a Ca++-
sensitive step early in the phototransduction cascade. By para-
metric 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 phos-
phorylation of R*.

RESULTS
RecRK Model: τ

E
 Rate-Limiting:  The Murnick & Lamb data

can be accounted for with PDE* lifetime rate-limiting: With
τ

E
 rate-limiting, the RecRK model provides an excellent ac-

count 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 col-
umn 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 de-
scription of the variables and parameters for all models is given
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in Table 1.
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 satu-
ration if the Pre-flash had not affected Test flash saturation
period. Note that the data remain in saturation for progres-
sively 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 T
sat

 versus delay (derived from Fig-
ure 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 T

sat
 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 τ

E
rate-limiting), using the same set of optimized param-

eters, 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 re-
sponses 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 fea-
tures 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 T

sat
 versus ln(I) function (blue solid curve)

along with the empirical T
sat

 data from Murnick & Lamb
(dashed red line and red data). The model T

sat
 versus ln(I) func-

tion reproduces the same slope (~2.8 s/ln unit) as the Murnick
& Lamb data. This slope is set by the rate-limiting τ

E
(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 (I

b
),

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 hori-
zontally to fit the model output below a “cutoff” background
intensity (cutoff I

b
), above which the model was judged to

deviate from Weber’s law. The cutoff I
b
 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 I

b
 = 8000 R* s-1). At the cutoff I

b
,

14% of the model DA circulating current (F
ss
) remains, as in-

dicated 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 - F

ss
(I

b
)), where F

ss
 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 I

b
, the steady-
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Figure 3. RecRK model accounts for Murnick & Lamb data with τ
E

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 saturat-
ing 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 indi-
cated 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 progres-
sively 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 T

sat
 versus

delay for both the data and model (derived from A). T
sat

 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 T

sat
 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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state internal Ca++ level (c
ss
 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;

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 I

b
 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 satu-
ration (i.e., cGMP-gated channel). Differences in flash sensi-
tivity then can be ascribed to the differing states of Ca++in the
unclamped and clamped cases.

The Ca
dark

++ clamp analysis equates steady-state current
levels (F

ss
), but does not equate internal Ca++ levels at the time

of presentation of the flash. This is achieved in a second analy-
sis: (2) LA flash sensitivity with Ca++ clamped at the new
steady-state level reached in response to each I

b
(Ca

ss
++ clamp;

blue dashed curve). This approach equates the F
ss
 (and hence

equates the effect of channel saturation), and equates Ca++ at
the time of the flash. Thus, in comparing the unclamped and
the Ca

ss
++-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 I

b
 (I

b
> cutoff I

b
), 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 - I

b
 behavior of both Ca++ clamped curves. In fact, all
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Figure 4. RecRK model accounts for Empirical Response Suite I with τ
E
 rate-limiting.  A: The RecRK model (with τ

E
 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 T

sat
 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 (I

b
), 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 I

b
), marked by a dotted vertical cursor, above

which the model was judged to deviate from Weber’s law. The cutoff I
b
 was defined as the highest I

b
 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 I

b
 values up to  and including the highest I

b
  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 I

b
 = 8000 R* s-1). At the cutoff I

b
, 14% of the model DA circulating current (F

ss
) 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 - F

ss
(I

b
)), where F

ss
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 I
b
, the steady-state internal Ca++ level (c

ss
 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; 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 I

b
 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++

dark
 clamp analysis equates steady-state current levels (F

ss
), 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
I

b
(Ca

ss
++ clamp; blue dashed curve). This approach equates the F

ss
 (and hence equates the effect of channel saturation), and equates Ca++ at the

time of the flash. Thus, in comparing the unclamped and the Ca
ss

++-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 I

b
 (I

b
> cutoff I

b
), 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 - I
b
 behavior of both

Ca++ clamped curves. In fact, all 3 curves asymptote to a slope of -(n
cg

 + 1), which is predicted by the instantaneous compressive saturation of
the cGMP-gated channels [30].
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3 curves asymptote to a slope of -(n
cg

 + 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 sen-
sitivity losses due to dynamic gain mechanisms from those
due to static (channel) saturation of the model. For example,
the Ca

dark
++ clamp analysis (blue dash-dot curve) shows viv-

idly how much the two Ca++ feedback mechanisms protect the
rod from rapidly losing sensitivity (as I

b
 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 sen-
sitivity (especially at low I

b
), the rate of decrease of sensitiv-

ity with I
b
 is greatly diminished by the gain mechanisms, per-

mitting 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 I

b
 where the model begins to fall off more sharply

than Weber’s law (F
ss
 at the cutoff I

b
 is 0.14, and is close to

this value in all subsequent similar figures).
With the same parameters, the RecRK model with τ

E
 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: τ
R
 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-limit-

ing in a model in which RecRK is the only early gain mecha-
nism. In simulating the data with the RecRK model, the sa-
lient features of the Murnick & Lamb data can only be ac-
counted for if PDE* lifetime, and not R* lifetime is rate-lim-
iting [1]. One critical failure of the model is that, with τ

R
 rate-

limiting, model Testflash T
sat

 cannot exceed the magnitude of
the delay between Pre- and Test flashes. This is illustrated in
Figure 6, which shows Test flash T

sat
 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 T

sat
 never equals or exceeds

the magnitude of the delay. This failure rules out a model struc-
ture 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 in-
commensurate 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* inacti-
vation must decrease by 10-15 times from its dark level to its
minimum (τ

Rmin
) as Ca++approaches its physiological minimum

(c
min

, Eq. 4). Empirical data from measurement of the inten-
sity dependence of T

sat
(T

sat
 versus ln(I); [1,12-14,20]) place

bounds on the value of the rate-limiting recovery time con-
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Figure 5. With τ
E
 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 Fig-
ure 3 and Figure 4, the RecRK model with τ

E
 rate-limiting also re-

produces the signature features of the Fain et al. [27] data; the model
saturated flash response emerges out of saturation faster as the inten-
sity 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.

Figure 6. RecRK model does not account for Murnick & Lamb data
with τ

R
 rate-limiting.  With τ

R
 rate-limiting in the RecRK model, the

reduction in model Testflash T
sat

 (blue curve) cannot exceed the mag-
nitude 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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stant, i.e., ~2-3 s. This means that when Ca++ approaches c
min

,
τ

R
 can fall to no less than 2-3 s to remain the rate-limiting

reaction with a time constant commensurate with empirical
measures of T

sat
. Thus, the dark values of τ

R
 (τ

Rdark
) must be

greater than or equal to 20-30 s, forcing the dim-flash flash
response to be anomalously prolonged. This problem is illus-
trated in Figure 7. The top panel shows the relationship be-
tween τ

R
 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++, τ
R

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 Fig-
ure 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 recov-
ery “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 modu-
lation of τ

R
, this puts strong constraints on some of the bio-

chemical parameters of the RecRK reactions. This is true re-
gardless 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 govern-
ing 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]; ∆Gain = τ

R,dark
/τ

R,Ca_min
). It

can be seen from Eq. 1 that any process that increases RK*
effectively increases the rate of inactivation of R* (decreases
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Figure 7. Consequences for the dim-flash response when τ
R
 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 be-
tween τ

R
 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 theo-
retical physiological minimum, the model τ

R
 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
τ

R
 being Ca++-sensitive, and the requirement that the change in τ

R

effect a large (10x) gain change, and that, at its minimum, τ
R
 remain

rate-limiting with a time constant of ~2 s, the model dim-flash re-
sponse recovers much too slowly in comparison with empirical rod
responses.

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., K

D
 = q

4
/q

3
 in Eq. 8, A10). The gain

change (ordinate) is defined as the ratio of τ
Rdark

 (theoretical value of
τ

R
 when Ca++ = c

dark
 = 0.3 µM) to τ

Rmin
(τ

R
 when Ca++ = c

min
 = 0.02

µM). The curves shown correspond to a family of K
Rec,Ca

 values rang-
ing from 0.2 to 1.2 µM (from top to bottom, in 0.1 µM increments).
The red curve is for K

Rec,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 K

D
 must be very small if other RecRK- and Ca++

parameters are set to values estimated in the literature. In this ex-
ample, Rec

tot
 = 34 µM [8] and the Hill coefficient, w = 2 [8]. For

K
Rec,Ca

 = ~0.9 µM (red curve) [8], K
D
 must be less than ~0.25 µM in

order to get a gain change of 10x. This value for K
D
 is ~14 times less

than the value estimated by Klenchin et al. (~3.4 µM; [8]). Analyses
show that K

D
 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 K

D
 restricted to small values, but, due to the steep-

ness 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 K

Rec,Ca
 value, only a very restricted range of (small) val-

ues for K
D
 are permissible in order to achieve the empirically ob-

served gain changes.
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R* lifetime, τ
R
). From Eq. 8 it can be seen that the steady-

state level of RK* will be set by the ratio of q
4
 to q

3
, the disso-

ciation constant (K
D
 = q

4
/q

3
) for the interaction between RK

and Rec* (see Appendix 1, Eqs. A13 and A14). Hence K
D
 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* avail-
able. Hence, the different curves in Figure 8 show the Gain
versus K

D
 for different values of K

Rec,Ca
. The latter parameter

is the K
1/2

 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 K

Rec,Ca
 values rang-

ing from 0.2 to 1.2 µM (from top to bottom, in 0.1 µM incre-
ments). The red curve corresponds to a biochemical estimate
for this parameter (K

Rec,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 K
D
 must be very

small if other RecRK and Ca++ parameters are set to values
estimated in the literature. For a value of K

Rec,Ca
 = 0.9 µM (the

in vivo estimate by Klenchin et al. [8]), K
D
 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 T

sat
 in the

Murnick & Lamb data). This value for K
D
 is ~14 times less

than the value estimated by Klenchin et al. (~3.4 µM; [8]) in
an in vitro study with bovine tissue. K

D
 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
K

D
restricted to small values, but the overall range of (small)

K
D
values that are permissible in order to achieve the empiri-

cally observed gain changes is highly restricted.
If we knew a priori that the RecRK feedback only gener-

ated gain changes on the order of 2-4x, a significantly broader
range of values for K

D
 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 re-
gardless of what is the rate-limiting reaction:  τ

E
 Rate-Limit-

ing: 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 τ

R
 or τ

E
 is

rate-limiting. Figure 9 shows the results for τ
E
 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
T

sat
 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 T

sat
 in response to

the Pre-flash can exceed the delay (blue curve falls below
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Figure 9. An R* activation model with τ
E
 rate-limiting accounts for

the Murnick & Lamb data.  A: With τ
E
 rate-limiting, the R* activa-

tion model provides a good fit to the Murnick & Lamb saturated
two-flash data. B: The corresponding model Testflash T

sat
 versus de-

lay along with the Murnick & Lamb data. As was seen in comparable
results from the RecRK model (Figure 3B), the model is able to cap-
ture the critical feature of the data, i.e., that the decrease model Test
flash T

sat
 in response to the Pre-flash can exceed the delay (blue curve

falls below dashed blue line with slope = -1). The format and sym-
bology for this figure is the same as for Figure 3. Parameters for this
model are given in Table 3.

TABLE 3. PARAMETERS FOR ANALYSES OF R* ACTIVATION MODEL

Table format as in Table 2. Only parameters optimized have lower
and upper bounds specified.
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Figure 11. An R* activation model also accounts for the Murnick &
Lamb data when τ

R
 is rate-limiting.  A: With τ

R
 rate-limiting, the R*

activation model provides a good fit to the Murnick & Lamb satu-
rated two-flash data. This is also reflected in (B), which shows the
corresponding model Testflash T

sat
 versus delay along with the analo-

gous Murnick & Lamb data. As for the case with τ
E
 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 T

sat
 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. Param-
eters are given in Table 3.

Figure 10. An R* activation model with τ
E
rate-limiting accounts for

the Empirical Response Suite I.  A: With the same parameters yield-
ing 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), T

sat
 versus ln(I) (C). More-

over, it generates a relatively large range of LA flash sensitivity ad-
hering to Weber’s law (D); cutoff I

b
 = 12,100 R* s-1. Format and

symbology as in Figure 4.

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 re-
sponses, T

sat
versus 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, includ-
ing a relatively large range of LA flash sensitivity adhering to
Weber’s law (Figure 10B-D).

τ
R
 Rate-Limiting: When τ

R
 is rate-limiting, the R* acti-

vation 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
τ

R
rate-limiting) also reproduces the salient features of amphib-

ian rod step responses (Figure 12B), the empirical T
sat

 versus
ln(I) function (Figure 12C), as well as a large dynamic range
of Weber’s law LA flash sensitivity (Figure 12D). In addition,
it reproduces the qualitative behavior observed by Fain et al.
[27] in their step-flash paradigm, regardless of whether τ

E
 (top

panel of Figure 13A) or τ
R
 (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 pan-
els of Figure 13B. The top pair and bottom pair of panels are
for τ

E
 and τ

R
 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 activa-
tion) that does not alter the recovery kinetics of the target re-
action, 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 τ

R
 is both rate-limiting and Ca++-sensitive if, in addition

to the RecRK feedback, there is an earlier, stronger Ca++ feed-
back (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.

τ
R
 is rate-limiting: Figure 14 shows results for the case

where τ
R
 is rate-limiting. Since the results for τ

E
rate-limiting

were virtually the same, and since rate-limitation by τ
R
 is the

more challenging of the two cases (i.e., when τ
R
was rate-lim-

iting, the RecRK model failed to capture the Murnick & Lamb
data; Figure 6), only the results for τ

R
 rate-limiting case will
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Figure 12. An R* activation model with τ
R
 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 param-
eters, the model also accounts for the signature features of step re-
sponses (B), T

sat
 versus ln(I) (C), and generates a relatively large

range of LA flash sensitivity adhering to Weber’s law (D).

be shown.
The model provides a good overall fit to the Murnick &

Lamb data (Figure 14A). Moreover, the corresponding plot of
Testflash T

sat
 versus delay (Figure 14B) shows that, in con-

trast to the RecRK model (Figure 6), with τ
R
 rate-limiting, the

model can generate a decrease in Testflash T
sat

 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 fea-
tures of step responses (Figure 15B) and T

sat
 versus ln(I) (Fig-

ure 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 qualita-
tive features of both the step-flash data of Fain et al. [27] (Fig-
ure 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 T

sat
 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 T

sat

versus delay). Unlike the data (red), the model never falls be-
low the dashed blue line with slope -1 because the change in
Testflash T

sat
 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 representa-
tive DA and LA rod data. A standard model of
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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 τ

E
 (top panel) or

τ
R
 (bottom panel) is rate-limiting. B: However, for neither of the rate-

limiting cases (τ
E
: top two panels; τ

R
: 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 re-
covery kinetics of the target reaction, can be ruled out.

Figure 14. The combined model with τ
R
 rate-limiting can account for

the Murnick & Lamb data.  With τ
R
 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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phototransduction, with only one Ca++ feedback locus at a late
stage in the cascade (i.e., cGMP-synthesis), cannot generate
the 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 observa-
tions of Murnick & Lamb [1], as well as those of Fain et al.
[27] and Matthews [3], at least one additional feedback mecha-
nism is required. Three candidate models were implemented
and evaluated: feedback at R* lifetime (RecRK model), feed-
back at R* activation with no change in R* inactivation kinet-
ics (R* activation model), and a combined model with both
early feedbacks (RecRK-R* activation model).

RecRK Model:  τ
R
 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-lim-
iting in order to account for all the features of their data (Fig-
ure 4, Figure 5, and Figure 6). Ca++-regulation of a rate-limit-
ing τ

R
 fails to capture at least one crucial feature of the Murnick

& Lamb data: the large change in T
sat

 that can exceed the mag-
nitude of the delay between Pre- and Test flashes. This failure

rules out a model in which Ca++-mediated modulation of a
rate-limiting τ

R
 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-domi-
nant recovery reaction (i.e., τ

R
) 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. Esti-
mates 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 τ

R
 would have to fall

to quite small values (40 to 50 ms) during photocurrent satu-
ration in order to effect the requisite gain change.

The analyses also showed that rate-limitation by R* life-
time in a RecRK model imposes other serious constraints. With
τ

R
rate-limiting, the change in τ

R
 required to reproduce both

the observed gain changes (10-15x) and the empirical inten-
sity-dependence of T

sat
 (2-3 s/ln unit [1,12,14,22]) is incom-

mensurate with the dynamics of dim-flash responses (Figure
7). In order to be compatible with both empirical T

sat
data and

the Murnick & Lamb data, τ
R
 would have to transition be-

tween 20-30 s in the dark to 2-3 s in complete photocurrent
saturation (when Ca++ approaches c

min
), thus yielding an inor-

dinately 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) im-
plied by the Murnick & Lamb data by modulation of R* life-
time using parameters in the range of current empirical esti-
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Figure 15. The combined model with τ
R
 rate-limiting can account for

the Empirical Response Suite I.  With τ
R
 rate-limiting and R* activa-

tion the dominant of the two front-end gains, using the same param-
eters 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), T

sat
 versus ln(I) (C), and generates a relatively large range of

Weber’s law LA (D; cutoff I
b
 = 5000 R* s-1). Format and symbology

as in Figure 4.

Figure 16. A combined model with τ
R
 rate-limiting accounts for

Empirical Response Suite II.  With τ
R
 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 repro-
duces 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 ap-
plied 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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mates (Figure 8). This is true regardless of which is the rate-
limiting recovery reaction (PDE*- or R* lifetime).

R* activation Model:  In principle, τ
R
 can be rate-limit-

ing 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 τ

E
 or τ

R
 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 dem-
onstrate that, in principle, the Murnick & Lamb results can be
explained by a model in which Ca++feedback modulates ef-
fective R* catalytic gain as long as the gain change does not
alter R* inactivation kinetics. This same 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 (Fig-
ure 13B). This failure rules out this specific model, and a whole
class of models in which the feedback action of a Ca++-de-
crease 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* activa-
tion model can be rejected. If Ca++ feedback significantly de-
creased 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 ris-
ing 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* acti-
vation 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 param-
eters. This suggests the need to implement other feedback
mechanisms. Ca++ feedback onto the affinity or Hill coeffi-
cient of the channel for cGMP [38-41] have not been imple-
mented 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++-sensi-
tive τ

R
 can be rate-limiting if gain at R* activation is domi-

nant: 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 τ

E
 or τ

R
 is rate-limit-

ing, as long as Ca++-modulation of R* activation is the domi-
nant of the two gain mechanisms (Figure 14, Figure 15, and
Figure 16). If the gain at τ

R
 is dominant, as was seen for the

RecRK model (Figure 6), the large decreases in Testflash T
sat

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-limit-
ing 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 unequivo-
cally identify the rate-limiting reaction in the early cGMP cas-
cade. The present analyses demonstrated that the Murnick &
Lamb data can be accounted for by a model in which R* life-
time is both rate-limiting and Ca++-sensitive if, in addition to
feedback via RecRK, an early, stronger feedback is present.

© 2000 Molecular VisionMolecular Vision 2000; 6:265-86 <http://www.molvis.org/molvis/v6/a36>

Figure 17. A combined model with τ
R
 rate-limiting cannot account

for the Murnick & Lamb data if R* lifetime gain dominates.  Analo-
gous to what was seen for the RecRK model (Figure 6), when τ

R
 is

rate-limiting and the stronger of the two front-end gains modulates
τ

R
, the combined (R*-activation-RecRK) model cannot account for

the Murnick & Lamb [1] data. It cannot generate large enough changes
in Test flash T

sat
, and the model T

sat
 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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The stronger feedback must be such that it does not signifi-
cantly alter the recovery kinetics of the rate-limiting reaction.
Hence, the question of whether τ

R
 [12-14] or τ

E
 [1,3,19,20,42]

is the rate-limiting recovery time constant still remains open.
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 biochemi-
cal parameters were held near their current best empirical es-
timates. One key failure resulted when n

Ca
 (the Hill coeffi-

cient 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 n

Ca
 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 n

Ca
 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 gen-
eration of a large range of LA flash sensitivity adhering to
Weber’s law (Figure 4D) using a value of n

Ca
 = 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):
Rec

tot
 = 35 µM (empirical estimate = 34 µM [8]); RK

tot
 = 7

µM (~1/5 Rec
tot

 [8]); K
Rec,Ca

 = 0.53 µM (0.87 µM [8]); w = 2.5
(empirical estimate = 2 [8]); β

dark
 = 0.5 s-1 (empirical estimate

= 0.5 - 1 s-1 [16,20,47,48], reviewed in [15]); K
Ca

 = 0.14 µM
(empirical estimate = 0.1 to 0.2 µM [43-45,49,50], reviewed
in [15] and [51]); n

cg
 = 2.59 (empirical estimate = 1.6-3 [24,52-

56]); f
Ca

 = 0.3 (empirical estimate = 0.10 - 0.25
[17,22,28,57,58] Korenbrot, personal communication); c

dark
 =

0.3 µM (0.2 - 0.7 µM [31,34,59-62]); c
min

 = 0.02 µM (empiri-
cal estimate = ~0 - 0.05 µM [33,34,63-65]).

Some implications for vertebrate photoreceptor light ad-
aptation:  Weber’s law and the value of n

Ca
: This paper has

evaluated models having one or two Ca++ feedback mecha-
nisms 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 gen-

erate 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 em-
pirical estimate ~2 (n

Ca
 = ~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 signa-
ture 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 ex-
tended range of LA behavior could only be obtained when the
Hill coefficient for cooperative action of Ca++ onto cyclase
activity (n

Ca
) was high (~4).

The present results show that, with additional Ca++ feed-
back, a large range of Weber’s law LA flash sensitivity can be
generated with a relatively low cyclase Hill coefficient. For
example, 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 n

Ca
,

close to the modern estimates [43-45].
Effects of steady increases in Ca++ feedback on flash sen-

sitivity:  Pugh et al. [35] point out that a steady increase in
Ca++ feedback (due to a steady I

b
) 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 sen-
sitivity 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 analy-
ses 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 Ca

dark
++-

clamped sensitivity was higher than the unclamped sensitiv-
ity at low to moderate I

b
, and lower than the unclamped sensi-

tivity at high I
b
. This means that the effect of steady increases

in cyclase activity was to decreaseflash sensitivity over low
to moderate I

b
, and to increase flash sensitivity at high I

b
. 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
Ca

dark
++-clamped sensitivity fell below the unclamped sensi-

tivity 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 (Fig-
ure 4D, Figure 10D, Figure 12D, and Figure 15D). However,
in the present models, Ca++ acts at one or more of two addi-
tional 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 I

b
 could

be due to the effect of Ca++ feedback at RecRK and/or R*
activation. Nevertheless, the net combined effect on sensitiv-

© 2000 Molecular VisionMolecular Vision 2000; 6:265-86 <http://www.molvis.org/molvis/v6/a36>

280



ity of all the active Ca++ feedbacks in the present models was
to decrease sensitivity for all I

b
 causing less than or equal to

~15% reduction in (unclamped) circulating current, or ~75%
reduction in current in the Ca

dark
++-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 feed-
backs disabled, (using the same parameters as in Table 2, Table
3, and Table 4), leaving only the feedback at cyclase func-
tional. The result was a small increase in flash sensitivity at
low to moderate I

b
 (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 I

b
 causing less than

or equal to ~70% reduction in current under Ca
dark

++ clamp.
This result implies that the relatively lower sensitivity under
unclamped conditions at low/moderate I

b
 was not due simply

to a desensitization imposed by decreases in τ
R
 and/or R* ac-

tivation 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 Ca
dark

++-clamped sensitivities at
low/moderate I

b
.

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
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 re-
sulting 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 Ca

ss
++

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 Ca

ss
++-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 inten-
sity.

Importance of modeling a broad range of data:  The re-
sults 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 re-
produces the Murnick & Lamb results, the Fain et al. data did
not have features that could be used to identify the rate-limit-
ing 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 re-
sults of the present analyses illustrate the importance of evalu-
ating candidate models in relation to sets of data obtained un-
der 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 accept-
able model structures and/or parameter sets.
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TABLE 4. PARAMETERS FOR ANALYSES OF COMBINED RECRK-R*
ACTIVATION MODEL τR RATE LIMITING

Table format as in Table 2 and Table 3. The optimized parameter
values and upper and lower bounds are shown for the τ

R
 rate-limiting

case only, under two conditions: dominance by gain at R* activation
(∆R* gain dominant), and dominance by gain at R*lifetime (∆τ

R

dominant). Only parameters optimized have lower and upper bounds
specified.
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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],

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-pro-
tein, 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 reac-
tions (the internal dynamics of which are, for the most part,
unknown) as a two-stage process.

with a corresponding differential equation,

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]:

The quantity E represents the number of molecules of a com-
plex of transducin (T) and PDE, [T·PDE] = E, which is acti-
vated 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

This scheme assumes that the depletion of E* is a first-order
process with rate constant 1/τ

E
. 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 con-
stant, νrp, yielding

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 recov-
ery with some occasional resonant behavior in the transition;
toad: [67]; salamander: [22,28]; monkey: [18]). One mecha-
nism 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 cap-
ture a number of salient features of amphibian rod responses,
including the acceleration of the T

sat
 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 equiva-
lent to other schemes in which additional forms of inactivated
rhodopsin (apoprotein) may continue to activate PDE at a slow
rate [71-73].

These may be written in differential equation form as

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:

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*:

where the complex [Rec*·RK] is the inhibited form of RK.
The first reaction (Eq. A9) leads to a differential equation for
Rec*:
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where Rectot = Rec* + Rec, the total amount of Rec in the
rod. It was assumed that this reaction reached equilibrium rap-
idly, such that the formation of Rec* follows the instantaneous
level of internal Ca++. Setting Eq. A11 equal to zero and solv-
ing for Rec*, we get the steady-state equation

where q'
6
 = q

6
Pn, and Pn is a constant.

Under the assumption that reaction A15 is rate-limiting, phos-
phorylation will proceed at a rate governed by the instanta-
neous level of the complex [RK*·R*], and a steady-state solu-
tion to Eq. A17 may be used:where KRec,Ca = (q

2
/q

1
)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

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,

where K
D
 = q

4
/q

3
, the concentration of Rec* corresponding to

1/2-activation of RK.

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

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

Only Step 2 is assumed to be reversible, and q
5
 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 simulta-
neous with, and stoichiometrically equivalent to the phospho-
rylation process.

Under these assumptions, the following differential equations
result:

The differential Eqs. for R* and Ri dynamics may now be
written as:

Substituting Eq A18 into Eq A20, we get

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

In addition to decay of R* to Ri (with rate-constant 1/τ
R
; Eq.

A6a), depletion of Ri and the back-reaction to R* from Ri are
assumed to occur by separate pathways.

The back-reaction to R* proceeds with rate 1/τ
b
, and Ri is

depleted with rate 1/τ
Ri

. The resulting differential equations
for R* and Ri with Ca++-modulation by RK are analogous to
Eqs. A7-8:

The quantity (q
5
RK*) in Eq. A23 corresponds to the R* decay

time constant, (1/τ
R
) 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
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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-con-
stant governing the depletion of R* (Eq. A23).

The print version of this article was created on 9 Mar 2001. This reflects all typographical corrections and errata to the article through that date.
Details of any changes may be found in the online version of the article.
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