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Kinetics of Turn-offs of Frog Rod Phototransduction Cascade
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The time course of the light-induced activity of phototrandsuction effector enzyme cGMP-phosphodiesterase
(PDE) is shaped by kinetics of rhodopsin and transducin shut-offs. The two processes are among the key factors
that set the speed and sensitivity of the photoresponse and whose regulation contributes to light adaptation. The
aim of this study was to determine time courses of flash-induced PDE activity in frog rods that were dark adapted
or subjected to nonsaturating steady background illumination. PDE activity was computed from the responses re-
corded from solitary rods with the suction pipette technique in Ca*-clamping solution.

A flash applied in the dark-adapted state elicits a wave of PDE activity whose rising and decaying phases have
characteristic times near 0.5 and 2 seconds, respectively. Nonsaturating steady background shortens both phases
roughly to the same extent. The acceleration may exceed fivefold at the backgrounds that suppress =70% of the
dark current.

The time constant of the process that controls the recovery from super-saturating flashes (so-called dominant
time constant) is adaptation independent and, hence, cannot be attributed to either of the processes that shape
the main part of the PDE wave. We hypothesize that the dominant time constant in frog rods characterizes arrestin
binding to rhodopsin partially inactivated by phosphorylation. A mathematical model of the cascade that considers
two-stage thodopsin quenching and transducin inactivation can mimic experimental PDE activity quite well. The
effect of light adaptation on the PDE kinetics can be reproduced in the model by concomitant acceleration on
both rhodopsin phosphorylation and transducin turn-off, but not by accelerated arrestin binding. This suggests

that not only rhodopsin but also transducin shut-off is under adaptation control.

INTRODUCTION

Absorption of light by rhodopsin molecules in the pho-
toreceptor outer segment translates into hyperpolariza-
tion of the entire cell by biochemical amplification
cascade that uses cGMP as the second messenger. Free
cGMP level in the rod outer segment (ROS) cytoplasm
is set by interplay between two enzymes, cGMP-producing
guanylate cyclase and cGMP-degrading phosphodi-
esterase. Light activates cGMP phosphodiesterase (PDE),
thereby decreasing the cGMP level and leading to the
closure of the cationic channels of the ROS plasma
membrane. Activation of PDE by light is a multistep
process. First, the rhodopsin molecule switches to its
active state after catching a photon. In this state, rho-
dopsin activates many molecules of the specific photo-
receptor G protein transducin. Transducin, in turn,
binds to PDE and stimulates its hydrolytic activity.
Restoration of the pre-stimulus level of cGMP is man-
datory for recovery of rod current to make the cell ca-
pable of reacting to new light stimuli. This means that
the PDE activity must return to its “dark” level, that is,
the cascade must be quenched. Serial activation of
transducins by rhodopsin is progressively slowed down
by rhodopsin phosphorylation, and then completely
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stopped by arrestin binding. PDE activates when it com-
bines with transducin a subunit (T,*) bearing GTP. The
inactivation occurs when T,GTP*PDE complex hydro-
lyzes GTP to GDP. Inactivation of the cascade and resto-
ration of the dark state is under the control of negative
Ca®* feedback that operates mostly by increasing the
speed of rhodopsin phosphorylation and stimulating
c¢GMP production (for review see Pugh and Lamb 2000;
Burns and Baylor 2001; Burns and Arshavsky 2005; Chen,
2005; Bush and Makino 2007).

Thus, the time courses of PDE activation and inactiva-
tion are the key factors that control both the speed of
the photoreaction and the restoration of the dark-
adapted state. Surprisingly, there is not much data on
these processes obtained in direct physiological experi-
ments. Rates of the reactions measured in vitro are usu-
ally low and poorly compatible with the observed speed
of physiological response. For instance, intrinsic GTP-
ase activity of transducin is too low to ensure timely
turn-off of the cascade (Chabre and Deterre, 1989;
Arshavsky and Bownds, 1992; Angleson and Wensel, 1993).
Discovery of RGS9-1, a GTP-ase—activating protein (GAP)
that greatly accelerates transducin GTP-ase, improved
the situation (Nekrasova et al., 1997; He et al., 1998;

© 2008 Astakhova et al. This article is distributed under the terms of an Attribution-Non-
commercial-Share Alike-No Mirror Sites license for the first six months after the publication
date (see http://www.jgp.org/misc/terms.shtml). After six months it is available under a Cre-
ative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as
described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

587

920z Arenigad 60 uo 1senb Aq 4pd£001.800Z dBl/EG1LE1L61/285/G/2€ L/4pd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq



Chen etal., 2000). By genetically manipulating the level
of expression of the GAP complex, Krispel et al. (2006)
have demonstrated that in normal mouse rods transducin
turn-off occurs with the time constant 7z = 0.2 s. In am-
phibian rods, 7, was estimated to be 2-3 s (Pepperberg
et al., 1992, 1994; Lyubarsky et al., 1996; Sagoo and
Lagnado, 1997; Nikonov et al., 1998; Calvert et al., 2002).
However, the GAP effect of RGS9 strongly depends
on its concentration/level of expression both in vitro
(Makino et al., 1999; Arshavsky et al., 2002) and in vivo
(Krispel et al., 2006), so the actual rate of transducin
shut-off in species other than mice or salamander
remains uncertain.

Similarly, physiological quenching of rhodopsin activ-
ity occurs in less than a second, whereas phosphoryla-
tion in tube usually proceeds on a minute time scale
(Wilden et al., 1986; Gorodovikova et al., 1994; Calvert
etal., 1998; Kennedy et al., 2003, among many others).

The rates of the two turn-off processes were also in-
ferred from various mathematical models of phototrans-
duction (Lyubarsky et al., 1996; Nikonov et al., 2000;
Hamer, 2000a, 2000b; Hamer et al., 2003, 2005; Kuzmin
et al., 2004; Caruso et al., 2006). These models inevi-
table include several parameters whose values are poorly
known, so the reliability of the values of time con-
stants of rhodopsin and PDE quenching (7; and 75)
extracted from modeling is quite uncertain. Thus,
obtaining a direct physiological estimate of 7z and 7g
may impose constrains on the structure of the models
and on values of other parameters that are derived
from modeling.

Activation and subsequent quenching of rhodopsin
and transducin result in a wave of PDE activity whose
time course is determined by the kinetics of rhodopsin
and transducin shut-offs. The aim of this study was to
restore the waveform of flash-induced PDE activity from
the photoresponses of an intact rod. Then we planned
to extract 7z and 7 values from the curve and investi-
gate possible effects of light adaptation on them. The
PDE time course was determined from photoresponses
of isolated frog rods to dim (nonsaturating) flashes re-
corded under Ca*-clamped conditions. This procedure
fixes the cytoplasmic free calcium concentration at the
pre-stimulus level thereby canceling powerful dynamic
calcium feedbacks to many components of the photo-
transduction cascade (Matthews et al., 1988; Nakatani and
Yau, 1988). Excluding feedbacks greatly simplifies the
equations that relate the cell current response to the PDE
activity, thus enabling restoration of underlying light-
induced PDE waveform.

We found that it is not possible to unambiguously ex-
tract characteristic times of two turn-off processes and
attribute them specifically to rhodopsin and transducin
quenching. However, we show that steady background
illumination that leads to the closure of 15-70% of chan-
nels and to corresponding decrease in intracellular cal-
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cium accelerates the processes that shape both the rising
and falling phases of the PDE response by more than
fivefold. This suggests that, contrary to the current
belief, not only rhodopsin but also transducin shut-off is
under adaptation control.

On the other hand, the so-called dominant time con-
stant determined from Pepperberg analysis (Pepperberg
etal., 1992) (1, = 2 s) was adaptation independent. This
means that the main phase of either rhodopsin or trans-
ducin turn-off is not the process that underlies 7, and
controls the recovery from saturation in the frog rod.

MATERIALS AND METHODS

Experimental Procedure

Experiments were performed on retinas of Rana ridibunda frogs
caught in the wild. Frogs were treated in accordance with the
Council for International Organizations of Medical Sciences prin-
ciples for biomedical research involving animals (1985). Animals
were kept for up to 6 months in tanks with free access to water at
20-25°C on a natural day/night cycle, and fed living cockroaches
and dry pet food. Before the experiment, animals were dark
adapted overnight. Under dim red light the frogs were killed by
decapitation and pithed. Retinas were removed under infrared
surveillance, and isolated rods were obtained as described by
Firsov et al. (2005). Photoreceptor current was recorded using
a standard suction pipette recording technique (Baylor et al.,
1979). Rod was sucked into a glass pipette in the configuration,
inner segment in.

To quickly change the ionic milieu around the rod outer seg-
ment, we used an assembly of movable tubings. A two-barrel pi-
pette made of a theta capillary produced two jets of solutions of
different composition. The second, single-barrel pipette placed
opposite to the theta tubing at the distance of ~0.5 mm sucked
the jets in, thus preventing their mixing with the main bath solu-
tion that was always perfused with slowly flowing normal Ringer.
The rod in the recording pipette was originally placed into the
main bath close to the two jets. A computer-controlled stepper
motor could then move the tubing assembly so that the rod was
suddenly immersed into either of the two jets of different compo-
sition. The direction of the jets was at ~45°C to the rod axis to re-
duce mechanical effects on the cell.

Light-stimulation system consisted of two independent chan-
nels based on high-output LEDs with A, = 525 nm. Stimulus in-
tensity was controlled by switchable ND filters and LED current.
Typically, we used 10-ms flashes to stimulate the rod. Flash inten-
sity expressed as the number of isomerizations per flash (R*) was
calibrated for each individual rod using the statistics of few-pho-
ton responses (Baylor etal., 1979). Cell dimensions were deter-
mined from the IR monitor screen, the number of rhodopsin
molecules per ROS calculated assuming rhodopsin concentration
of 3.2 mM, and intensity expressed as the fractional bleach, if nec-
essary. Independently, intensity of impinging light /was calibrated
in photons - pm ™% ' using Burr-Brown OPT-310 integrated opto-
sensor. It could be converted into R* using the rod light—collect-
ing area S (Baylor etal., 1979, Eq. 14):

2
S= ”Z L g 1n(10)- f- iy,

Here, d is the ROS diameter, /is the ROS length, ¢ = 0.67 is
the quantum yield of rhodopsin bleaching, and a;e; = 0.015 T
is the specific axial pigment density at 525 nm (as estimated from
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our MSP recordings). Factor f= 0.5 applies to the situation
when ROS is illuminated side-on with nonpolarized light. The
two calibrations coincided within 20%. Accumulated bleach by
stimulating flashes and background light did not exceed 0.5%
throughout the experiment, so no correction for rhodopsin loss
was made.

Photoresponses were low-pass filtered at 30 Hz (8-pole Bessel
filter), digitized at 100 Hz, and stored on the computer hard disk.
If necessary, further digital filtering could be applied to the data.
Data acquisition, stimulus timing, and stimulus intensity were un-
der LabView software control (National Instruments).

Standard Ringer solution used for retinal dissection and as the
main solution in the perfusion bath contained (in mM): 90 NaCl,
2.5 KCl, 1.6 MgSOy, 10 glucose, 1 CaCly, 5 NaHCOgs, 5 HEPES,
and 50 mg/1 bovine serum albumin, pH adjusted to 7.6. As for the
solution to block Ca?* feedback onto the cascade, we tested vari-
ous replacements for Na* used in previous works: guanidinium®
(Nakatani and Yau, 1988; Matthews et al., 1988, 1990; Fain et al.,
1989), Li* (Matthews et al., 1990), and choline* (Matthews, 1995;
Lyubarsky et al., 1996; Nikonov et al., 1998; Matthews and Fain,
2001). Although guanidinium® and Li' yielded usable results,
multiple exposures to these solutions were irreversibly damaging
to rods. Most reproducible photoresponses and best stability of
[Ca*];, were obtained in the Ca**-clamping solution after Lyubarsky
et al. (1996) and Nikonov et al. (1998). It contained (in mM):
90 choline chloride, 5 choline bicarbonate, 10 glucose, 50 mg/1
bovine serum albumin, and 5 HEPES, pH brought to 7.6 by TMA-
OH. Free calcium level was set to nominally 3.4 nM by 0.4 mM
CaCl; plus 2 mM EGTA.

All computations were performed with MathCad 2001i
(MathSoft).

Theoretical Basis of Determining Light-induced PDE Activity
from Ca-clamped Responses
Equations used here were previously introduced in various
forms by many researchers. For uniformity, we will further fol-
low, when possible, the formulations and notation by Pugh and
Lamb (2000).

Current j flowing through the cGMP-gated channels of the
ROS plasma membrane at any moment of time and registered by
the suction pipette is given by:

N [eg]™ 1)
—p— el
J@) [eg]"c + K" ’

where Fis a proportionality coefficient, [¢g] is the concentration
of cyclic GMP, K is the half-saturation constant, and n, = 2-3 is
the Hill’s coefficient that relates the conductivity of the mem-
brane to the cGMP concentration (Fesenko etal., 1985; Haynes
et al., 1986; Zimmerman and Baylor, 1986). Because in normal
conditions [¢g] << KEq. 1 simplifies to:

jO=F LI, (1a)

the light response is:
r(t) = jg = j(0), (2)
where j, is the dark current obtained from Eq. la by setting
[cg(t)] = [¢g] (here and throughout, the index d refers to the dark-

adapted state).
Then the fractional response is given by:

(1) / T =1 = (cG(1))",

where ¢G(t) is the cGMP concentration normalized to its dark
level. After rearrangement of terms,

)
Gy =(1=rt) /1. ). ®)
In the absence of feedbacks 7. is constant, so the flash response
recorded in Ca®*-clamping solution provides the time course of the
cGMP concentration ¢G(t) and its time derivative, dcG(t)/dt.
On the other hand, the cGMP turnover is described by:

%(” = o)~ Blt)-cG(1), “

where «(1) is the guanylate cyclase activity and () is the rate of
turnover of the cytoplasmic cGMP pool by PDE expressed in s™'.
B(t)=Bs+ Bit), asum of the PDE activity in darkness and an addi-
tional activity induced by light. In turn, B(t) = B(t) + B,(t), where
B.(t) is the activity elicited by a steady background (if present),
and By(t) is the flash-induced activity. Due to normalization,
¢G(0)=1,and a(0)= ;=B

Generally, a(t) is under Ca feedback control and hence varies
during photoresponse. However, in the absence of feedback (1) is
constant at ;. Solving Eq. 4 for B,(1), one gets:

1 (o deGO)Y 5
Bl(t)_cG(t)(Bd dt ) e ©

Its equivalent has earlier been obtained (Rieke and Baylor, 1998,
their Eq. 14).

Itis evident from Eq. 3 and Eq. 5 that to calculate 8,(t) two param-
eters must be known, namely channels’ cooperativity n,; and dark
c¢GMP turnover rate 8, Analysis of intensity dependence of Ca?*-
clamped responses allows estimating the n,; value (see Results).
However, special experiments should be done to determine 3.

Measurements of PDE Dark Activity B4

Methods for determining dark cGMP turnover rate 8, were sug-
gested by Hodgkin et al. (1985) and Hodgkin and Nunn (1988).
Because in a steady-state the rate of cGMP production is equal to the
rate of its hydrolysis, a,= 8,and ¢G,; = 1 after normalization. Hence,
as follows from Eq. 4, instantaneously stopping one of the two reac-
tions would resultin exponential decrease (a,=0) or linear increase
(B4=0) of the cGlevel whose initial rate is equal to the ¢G dark turn-
over rate.

In our work, we inhibited cGMP hydrolysis by suddenly applying
to the cell a high concentration of the PDE inhibitor 3-isobutyl-1-
methylxanthine (IBMX) (Hodgkin and Nunn, 1988; Cobbs, 1991).

As follows from Eq. 4, in this case:

eG(t)=1+a,t =1+t (6)

(@) / ju = cG()"c.

Therefore, jumping into the IBMX-containing solution and then
plotting

@/ "
versus time would yield a straight line whose slope is 3.

Determining the Dominant Time Constant of the Cascade
Shut-off

Pepperberg et al. (1992) introduced a simple scheme of photo-
transduction that allowed extracting the time constant of the
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slowest turn-off process by analyzing the recovery of rod circulat-
ing current after bright saturating light flashes. In this scheme,
light produces, with a certain gain, an active substance whose sin-
gle-exponential removal controls the recovery from saturation.
Then the time in saturation

T, =-C+1,-In(gl) (7)

where gis the gain, /is the stimulus strength, and 7, is the time
constant of the substance’s removal. Cis a constant whose value
depends on the level to which the activity in the cascade should
decay to allow a fixed level of recovery of the circulating current.
Thus, the T, vs. In(I) plot should be a straight line whose slope
yields 7.

The time in saturation, 7, is defined as the time between the
moment of flash and the recovery of a certain fixed level of circu-
lating current. Routinely it is taken as the recovery of a constant
fraction (say, 10%) of the steady current flowing before the flash.
This allows comparison among cells whose dark current levels can
vary greatly. However, if two states of the same cell (e.g., dark and
light adapted) are to be compared, a fixed absolute level of the
current recovery should be used. It ensures that the hydrolytic ac-
tivity of the cascade, in the course of quenching, decayed to the
same level regardless of the adaptation state of the cell. There-
fore, we chose as the criterion level the recovery of 10% of the
dark current and then fixed the absolute value (which normally
was near 1.5 pA) for each given cell.

RESULTS

Measurements of PDE Dark Activity

The PDE rate was measured by instant transfer of the
cell from normal Ringer solution into the jet of Ringer
containing 0.5 mM IBMX. The cell was first stimulated
with a saturating flash to determine the zero level of the
ROS current in normal Ringer. After recovery of the
dark current, the cell was exposed to the IBMX-contain-
ing jet that resulted in a fast approximately twofold in-
crease of the current (Fig. 1 A). Plotting

Gty / j) e

versus time yields the curve whose initial linear part has
aslope of 3.4 s~! (Fig. 1 B). (Here, we assume n,c= 3, as
follows from further analysis). Four trials made with this
cell gave averaged value for 8, =3.7 + 0.4 s™! (mean =+
SD). Mean value for six cells yields 8, =3.4 + 0.8 s~ .

Testing the Quality of the Ca?* Clamp

Using Eq. 5 for determining lightinduced PDE activity
Bi(t) relies on the assumption that the rate of the cGMP
synthesis, a(t), is kept constant at its pre-stimulus level.
In turn, this means that [Ca®];, should stay constant
during the photoresponse. This is supposed to be
achieved by eliminating Ca** influx by removing calcium
from the bathing solution and stopping active Ca* ef-
flux by replacing external Na" with an ion that does not
drive the exchanger. However, perfect Ca** clamp can
never be achieved because the rod in the clamping solu-
tion is in a non-steady state. Direct control of [Ca®'];,
levels with a Ca*-sensitive dye could not help much
because the fluorescence analysis demands strong illu-
mination, which precludes further physiological experi-
ments on the same cell. However, stability of [Ca*];,
can be assessed by measuring dark current values at dif-
ferent moments after the jump into the clamping so-
lution. Here, we essentially follow the approach of
Lyubarsky et al. (1996).

The thin line in Fig. 2 A shows changes of the suction
pipette current in darkness after jumping the cell into
the Ca*-clamping jet. Because in this solution Na' is
substituted by choline’, the dark current is mostly carried
by the outward flux of intracellular K" and changes its sign
(see Matthews, 1995, 1996, 1997; Lyubarsky et al., 1996).

A 40 8 B /
R .// s , MW
12 V ,AM
R 1 [
| 1 . '
slope =3.4s
30 N / slop '
= | 1.0
<é_ flash ), |
= l/ 0.9 - ‘ |
c 20 430 432 434 |
(0] it e ey
= | A
8 | o e T Figure 1. Determining dark cGMP turnover rate
) i ‘ by IBMX application. (A) Saturating flash (down-
10 ‘ o IBMX ward arrow) is applied to determine zero level of
\ it the rod current. After recovery, the cell was instan-
P \ taneously transferred to the jet of Ringer containing
‘ o 0.5 mM IBMX (upward arrow). (B, inset) Current
oo .
0 \“‘W*«MWW‘M changes after IBMX application shown on an ex-
] i j 7~ T panded time scale. Ordinate, cubic root of the cur-
0 5 10 15 42 44 46 rent normalized to the dark level before the
. jump. Straight line is fit to the central part of the
time (S) transition curve. Its slope is supposed to yield S .
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Figure 2. Testing the efficiency of the Ca*-clamping procedure.
(A) Assessing the stability of dark current in 0 Ca*, 0 Na* solution.
Zero level corresponds to the dark current in normal Ringer, and
outward ROS current is plotted upward. Thin line shows changes
in the pipette current after jumping the cell into 0 Ca®, 0 Na*
solution in darkness. After recovery of the dark current, the jump
was repeated and the cell was stimulated with three saturating
flashes (2,000 R*, marked by arrows) to determine dark current
(bold trace). The dark current rose by 15% between the first and
second flashes, and then decreased back. 15% change of the dark
current indicates the stability of [Ca®*];, within 1.9% (see Results).
Inset shows the method for drawing zero level of the response. 2-s
pre-flash stretch and 7-s stretch after the response termination
are fitted with a cubic parabola (smooth thin line). (B) Assessing
the feedback loop gain. Curve 1 is a response to a 13 R* flash
recorded in normal Ringer solution. Curve 2 is a response to the
same flash in 0 Ca*, 0 Na* solution. Ratio of time integrals of the
two curves corrected for saturation provides an estimate of g, (see
Eq. 8). (A and B) Two different cells.

Shift of the junction potential and inversion of the
dark current result in a fast current deviation that is fol-
lowed with slow changes. The current completely re-
covers in <l min after withdrawal to normal Ringer
(not depicted). Then the jump is repeated, and satu-
rating flashes are applied at various moments of time to
determine the magnitude of the dark current. In this par-
ticular cell, the dark current first increased by x15% and
then returned to its initial level. In other cells, we ob-

served slow changes of the dark current that could be of
either direction.

Admittedly, Fig. 2 A shows one of the “best” record-
ings where two sequential jumps into 0 Ca*, 0 Na* solu-
tion yielded virtually identical changes of the pipette
dark current. More commonly, a series of jumps in dark-
ness and during flash stimulation exhibited marked vari-
ability of dark pipette current among trials on the same
cell. Therefore, to determine dark current level for each
individual flash response, a 2-s stretch before the flash
and an =10-s stretch after response termination were fit-
ted by a cubic parabola, as shown in the inset in Fig. 2 A.
The fitting curve was then used as zero level of photore-
sponse (dark current). All flash responses in Ca*-clamp-
ing solution discussed further in this paper are processed
this way.

The value of the dark current is a sensitive gauge of
[Ca®*1;,. Small fractional changes of [Ca*],, translate
into much bigger changes of the dark current due to co-
operative control of guanylate cyclase by Ca® and of the
dark current channels by cGMP. Thus,

Idl _ [CdQJr]m2 NG NGC
I, \[Ca™] ’

inl

where indices 1 and 2 refer to two states of the cell,
and ng is Hill’s coefficient of guanylate cyclase regula-
tion by calcium (compare with Burns et al., 2002). The
product ngg-nge is the steady-state gain of the feedback
loop, g;. Its value can be estimated from the ratio of time
integrals (areas) of clamped/nonclamped responses,
S,/S,. (Burns et al., 2002):

gL:Sc/Sm'_lzncG.nGC' (8)

For the raw responses of the cell shown in Fig. 2 B,
S./8.=9.3 and g, = 8.3. However, this value is an under-
estimate because Eq. 8 only holds for small responses
within a linear range, which is not the case in Fig. 2 B.
Nonlinearity can be taken into account by using Egs. 1-5.
Applying Eq. 5 to the curve 2 in Fig. 2 B, one can find the
PDE waveform (3,(¢). Then a “linearizing” factor f>> 1 can
be introduced, and (imaginary) linear photoresponse to
Bu(t)/f computed using Eqs. 2-5. Further, a corrected S,
can be found as the time integral of the linear response
multiplied by f. Similarly, normalized responses r(¢) in
normal Ringer, although close to the linear range, can
approximately be corrected for saturation and corrected
S, found by using the formula 7(t) ~ r(t)/(1-r(t)), where
7(t) is the “linearized” response. Here, Michaelis-like in-
stantaneous saturation is assumed.

Such a correction yields g, = 12.7 for the responses
shown in Fig. 2 B. The average of 53 pairs of clamped/
nonclamped responses from 11 rods in a dark-adapted
state gave g7 = 7.5 + 2.6 (mean + SD, range 3.9-12.7).
Background light that blocked 50-70% of dark current
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reduced the loop gain to g; = 5.2 + 1.6 (mean + SD, range
2.0-8.3; 32 pairs of responses from eight cells).

Thus, our data suggest that the average n, ngc="7.5in
frog rods. Therefore, the 15% increase of the dark cur-
rent during 25 s elapsed between the first and second
flash in Fig. 2 A is caused by just 1.9% decrease in
[Ca®*];,. This yields the rate constant of [Ca®*];, de-
crease under Ca clamp of 7.5 - 10™* s™'. Maximum de-
crease rate constant obtained in one of 23 trials on
10 cells tested was 3.3 - 107 s™!, whereas the average was
(1.2 +0.3) - 107 s7! (mean = SEM). In six trials, the
average [Ca®'];, increase of (6.7 +2.7) - 107*s™! rate was
observed. Test of the clamp quality on steady back-
grounds that closed 50-70% channels yielded the average
(7.5 £7.2) - 107* s [Ca®*],, increase rate (four cells).
Because the rate of [Ca®];, turnover in amphibian rods
bathed with normal Ringer is approximately 1 5™, Ca
clamping in our experiments retarded Ca feedback by at
least 300-fold. Obviously, such a slow feedback cannot
significantly affect sub-second flash responses consid-
ered further in this paper.

Determining the Time Course of PDE Activity

Along-time stay in the Ca-clamping solution was deteri-
orating to the cell. Therefore, we used the protocol that
minimized cell exposure to the 0 Na*, 0 Ca* jet. It was
as follows: recording rod saturated response (normal
solution) »recording averaged nonsaturated response
(four to six trials, normal solution)—recording single re-
sponse to the same nonsaturating flash intensity (clamp-
ing solution) —»recording saturated response (clamping
solution) »return to normal solution. With this proce-
dure, the time between the jump to the clamping solu-
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tion and termination of the nonsaturated response did
not exceed 15 s, and the total time in the clamping solu-
tion was not longer than 30 s per trial.

Fig. 3 A shows normalized nonsaturated current re-
sponses of a rod in a normal bath solution (curve 1)
and after the jump into the jet of 0 Na*, 0 Ca* solution
(curve 2). As expected, the trace in the Ca-clamping
solution initially follows a normal response, but then
reaches higher amplitude and lasts longer. After correct-
ing for saturation, g = 4.8 in this cell. Noisy line in Fig. 3B
shows the time course of the lightinduced PDE activity,
Bu(1), as derived from the curve 2 Fig. 3 A using Egs. 3
and 5, and assuming n.; = 3.

The ground for choosing this particular value for 7.
is explained in Fig. 4. Here, solid lines show a series of
PDE responses to flashes of different intensities. The
curves are calculated using 7. = 3.0 for the cooperativ-
ity of channel gating (see Egs. 2, 3, and 5). Dashed lines
show responses to two weaker flashes scaled up propor-
tionally to the difference in intensity between them and
the brightest flash. It is seen that the derived PDE re-
sponses scale linearly with the light intensity, as should
be expected for the cascade that is far from saturation
(see also Fig. 4 B, solid line). On the other hand, assum-
ing n, = 2 does not allow linear scaling (Fig. 4 B, dot-
dashed line). In most cells, the test was not sensitive and
only detected 7, changes >0.5. Computations on five
cells yielded the average n, = 3.2 + 0.3. Therefore, in
Fig. 3 and for further analysis we accept the whole num-
ber n, = 3.

The simplest model of the PDE activation and inacti-
vation predicts that the B,(2) curve is described with a
difference of two exponentials:

Figure 3. Finding flash-induced PDE
activity from photoresponse recorded
in Ca**-clamping solution. (A) Current
responses of a rod to the same 10-ms,
13 R* flash applied in normal Ringer
(curve 1, average of four responses)
and in 0 Na*, 0 Ca* solution (curve 2,
single response). Responses are nor-
malized to the dark current level pre-
sent before the flash. (B) The wave
of flash-induced PDE activity (noisy
curve) calculated from the curve 2 in
A using Eqgs. 3-5 in the text. Assumed:
Buiwk = 3.4 57, ng = 3. Smooth curve
shows an exponential approximation of
the recovery phase, starting from 60%
maximum downward. Circle marks the
half-height of the rising phase.
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Figure 4. Intensity dependence of the PDE activ-
ity. (A) Series of PDE responses of the same cell to
flashes of various intensities computed assuming 7.
=3 (solid lines). Numbers near the curves show rela-

B, ")

time (s)

Bﬂ(t) = B'(CXP(—(t—to)/Tl)—eXP(—(t—to)/TQ)),
(9)

where B is a proportionality factor, ¢, is a delay, and 7,
T, are time constants of rhodopsin and transducin turn-
off (e.g., Pugh and Lamb, 2000, Eq. 30). Formal two-ex-
ponential least-square fit to B,(¢) in Fig. 2 B yielded 7; =
1.41 s, 7, = 1.28 (fit not depicted). However, this sort of
fitting to noisy experimental curves is not robust, espe-
cially if the two time constants lie close to each other.
Therefore, we chose a more robust way to characterize
the time courses of rising and falling phases of the PDE
response. The decaying tail of the response, starting from
0.6 max downward, was fitted with a single exponential
to determine its time constant 7, (Fig. 3 B, thin solid line).
In most cases, this provided good quality fit with the coef-
ficient of determination r> 0.95. The speed of the front
was characterized by {5 time at which the response
reaches half of its peak value (Fig. 3 B, circle). Average
values obtained on seven cells in dark adaptation are 7,=
1.8 £ 0.2's (mean + SEM, range 1.25-2.6) and #;5=0.48 =
0.06 s (range 0.33-0.72).

It should be noticed that 7, and ;5 do not allow a sim-
ple mechanistic interpretation. The entire time course
of PDE activity is shaped by a combination of at least
three quenching processes. Each of them affects, to a
certain degree, the values of these parameters. There-
fore, we use 7, and {5 just to characterize overall shape
of the response and its changes during light adapta-
tion (see below).

Effect of Background lllumination on the Kinetics

of Cascade Shut-off

To study the effect of light adaptation on the PDE time
course, we first registered Ca-clamped responses in the
dark-adapted state following the protocol described above.

tive intensities of the flashes. Relative intensity 1 =
10 R*. Dashed lines are responses to weaker flashes
scaled up to the brightest flash proportional to the
intensity ratio. Trace I = 2.5 is average of three record-
ings; other traces, single recordings. (B, inset) Response
versus intensity curves of the cell shown in A, plotted
under assumption 7, = 3 (solid line through dots)
or n. = 2 (interrupted line through empty circles).
n,; = 3 yields linear R versus I function, whereas that
for n.; = 2 is nonlinear. Thus, the value n.= 3 is ac-
cepted in all calculations.

After returning the rod back to the normal Ringer, a
steady background light was applied and the response
was allowed to reach a steady level. Then, a saturating
flash was delivered to probe the fraction of open chan-
nels. After recovery, the rod jumped into the Ca-clamp-
ing jet. A Ca-clamped response to a nonsaturating flash
on steady background was recorded, and the saturating
flash was repeated to determine the dark current value
in this condition.

To calculate flash-induced (t) on light background,
steady pre-flash PDE activity 8, = 8,+ 3, should be substi-
tuted for B,in Eq. 5. In principle, it could be possible to
estimate 3, by jumps to IBMX, as described for 8, We
tested this approach and found that the effect of 0.5 mM
IBMX on the cell was poorly reversible, which precluded
further analysis of flash PDE responses on the same cell.
Therefore, we relied on computational approach to esti-
mate S,.

Obviously, B, depends on B(t), and v.v. Assuming lin-
earity of the PDE activation,

7 o
_=_5' tdl, (10)

where I;is the intensity of the test flash (photons - pm™?),
and /, is the background intensity (photons - pm s ').
Therefore, we started with a guess value of 8,, computed
Bu(t) using Eq. 5, and then computed B, from Eq. 10.
Then, a new guess was made and the procedure was re-
peated until the two values for B,, the guessed one and
the one found from Eq. 10, coincided with sufficient
accuracy, normally to three decimal digits.

Background light significantly accelerated the time
course of the flash-induced PDE activity (Fig. 5 A). Re-
markably, when flash responses in dark adaptation and
on a steady background were normalized to flash inten-
sity, light-adapted response returned to the pre-flash level
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earlier, yet rising phases of the two responses coincided
(Fig. 5 B). This means that light adaptation accelerated
the turn-off process(es) but had no effect on cascade
amplification. The conclusion is robust for the back-
ground intensities that blocked not more than =50% of
the dark current. At stronger backgrounds, irregular varia-
tions of the circulating current in Ca clamp conditions
resulted in large scatter of deduced B,(#) amplitudes
among trials. However, the shape of the 3,(t) curve at a
given background was well-reproducible, so further con-
clusions regarding the effect of light adaptation on the
turn-off kinetics are reliable.

It appeared that in many rods normalized light-
adapted PDE responses could be made to virtually co-
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Figure 5. Effect of light adaptation on the time course and
amplification of PDE activation. Same cell as in Fig. 3. (A) Flash-
induced PDE response in dark adaptation (curve 1) and on
the steady backgrounds that was applied before the jump into
0 Na*, 0 Ca®* solution and resulted in 27% (curve 2) and 42%
(curve 3) suppression of the dark current. Responses are scaled
to unity with respect to their peaks to more clearly show kinetic
changes. Flash intensity 13 R* (dark), 159 R* (on background
170 R¥#s™!), and 82 R* (on background 490 R*s™!). Background-
induced steady PDE activity (8,) is 2.7 s~' on weaker and 3.6 s~
on brighter background. (B) Same responses as in A, but the
responses on background, instead of normalization to unity,
are scaled down inversely proportional to the ratio of flash inten-
sities. Fronts of the three curves virtually coincide, showing that
the rate of activation of the cascade (amplification) is not affected
by light adaptation.
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incide with the dark response by a simple expansion along
the time axis (Fig. 6 A). This suggests that both shut-off
processes shaping the response are under light-adapta-
tion control and are accelerated by background light to
approximately the same extent. In the rod shown in Fig. 6,
the background that reduced circulating current by 27%
resulted in a 2.5-fold acceleration of the entire 3 ,(t) curve.
The background light that closed 42% of the channels
produced an =4.6-fold acceleration.

However, in half of rods time scaling did not work,
that is, the time courses of the front and the tail were
differently affected by light adaptation. Therefore, to
quantitatively characterize the background-induced
acceleration, we used the analysis depicted in Fig. 3 B. It
confirmed the results obtained with plain time scaling
like in Fig. 6 A. Plotting B,(t) on log scale transforms the
exponential tail of the response into a long linear stretch

A Bckg % Expansion
1.0 - I fold
— dark 1.0

- 25

Normalized PDE activity 09

O

time (s)

Figure 6. Light adaptation shortens both the rising and falling
phases of flash PDE response. Same cell as in Figs. 3 and 5. (A) In
this and many other cells, responses on backgrounds of varying
intensity can be made to coincide with the dark-adapted response
by proper expansion along the time axis. Legend near the curves
shows the fraction of dark current blocked by the background,
and corresponding expansion factor. (B) Curves from A plotted
on log scale against common time axis. Solid straight lines show
exponential approximation of the recovery phase. (C) Fronts of
the curves from A, with circles marking half-rising time ¢;5.
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whose slope increases with increasing background in-
tensity (Fig. 6 B). The front of the response, as charac-
terized by {5, also gets faster (Fig. 6 C). Acceleration of
the tail by backgrounds closing 27 and 42% channels of
the dark current was 2.2- and 4.7-fold, respectively. Fronts
were shortened by 2.2-and 4.2-fold, in reasonable agree-
ment with the values obtained with the time scaling of
the responses (Fig. 6 A).

There was a big scatter among cells with respect to
steepness and magnitude of background-induced accel-
eration of turn-offs (Fig. 7, A and B). Acceleration is
plotted versus fold dark current suppression 1,/1,, which
is supposed to reflect the decline in the intracellular
free Ca* level (Gray-Keller and Detwiler, 1994, 1996;
Younger et al., 1996). Maximum acceleration of the tail
was b.5-fold at 58% (2.4-fold) dark current suppression
(Fig. 7 A, the cell labeled by open diamonds). Maxi-
mum shortening of the front was 7.6-fold at 69% (3.2-

A 6 =
5 f} 4 ]
4 / 7t
3 | ) -
———— F;r:.%_ﬁ-' e e 4 -©
2 — . -
1 T T T T
1 2 3 4

() fold acceleration vs. dark TJ

)

t0.5
4

Average +/- SEM
4

Figure 7. Dependence of the acceleration of the cascade shut-off
on the dark current suppression by background. Data for individual
cells are shown by different symbols/line styles. (A) Time constant
of the recovery phase 7, (B) Halfrising time ¢,s. (C) Average +
SEM obtained by interpolation between experimental points.
Filled circles, 7; empty circles, 5. Smooth curves show Hill-like
approximations (Eq. 11) with the parameters given in the text.

fold) dark currentsuppression (Fig. 7B, the cell labeled
by filled triangles). By linear interpolation between data
points for individual cells, we calculated an average
acceleration versus dark current suppression functions
(Fig. 7 C, filled and empty circles). To approximate
front and tail acceleration data, we used a Hill-type
equation:

_ G (RF)" (11)
D=y

where a(f) is the acceleration factor, f= 1,/I), kis a scal-
ing constant, & is the Hill coefficient, and a,,, = I1+1 /K"
The function is forced to pass through (1, 1) point. The
least-square fit yields @, = 3.6, h=5.2, k= 0.83 for 7,
and a,,,, =5, h="5.8, k=0.79 for ;5. However, the steep-
est initial part of the curves can be fitted by a(f) = f”,
with A = 2.5-3.

Dominant Shut-off Time Constant Is Independent of Light
Adaptation

The dominant shut-off time constant 7, has previously
been tentatively identified with transducin/PDE shut-off
time constant 75 in salamander (Lyubarsky et al., 1996;
Nikonov et al., 2000). The conclusion was based on in-
dependence of 7 from background light that would ac-
celerate rhodopsin phosphorylation via Ca** feedback
and thus reduce 7z We confirm background invariance
of 7p in R. ridibunda rods (Fig. 8). For example, in the
cell shown in Fig. 8, the background illumination that
closed 72% light-sensitive channels and accelerated the
recovery from saturation by =7 s had no significant im-
pact on the slope of the Pepperberg line. The same
result was obtained in all rods tested (six cells) at back-
ground intensities blocking from 30 to 75% of the
dark current.

On average, 7 in the same group of cells that was used
to obtain 7,and ¢, in the dark-adapted state (see above)
did not differ significantly from the time constant of the
tail of the PDE response (1.74 + 0.21 s vs. 1.8 £ 0.2 s, re-
spectively). Yet, as shown earlier, background illumina-
tion shortened both the tail and the front of the PDE
response by over fivefold (compare with Fig. 7) without
having any effect on 7, This suggests that 7, does not
characterize the main phase of either rhodopsin or
transducin shut-offs in the frog, at least in the light-
adapted state.

Desensitization Revealed by the Saturation Time Analysis
Is Not Due To Reduced Amplification

The horizontal shift of the Pepperberg line induced by
steady backgrounds characterizes desensitization due to
light adaptation. On average, the background light that
resulted in closure of 50% of the light-sensitive chan-
nels produced 41 + 17-fold desensitization (four cells,
mean + SEM). Maximum desensitization observed was
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Figure 8. Independence of the domi-
nant time constant of the cascade
quenching from light adaptation. Satu-
ration time versus flash intensity func-

/V tions are shown for a dark-adapted rod

and at two backgrounds of different
intensities. Each point in dark-adapted
state and at 45% background is the av-
erage of two recordings. Four record-
ings are averaged at brighter (72%)
background. Recovery from saturation
is taken as the moment of regaining 1.5
PA ROS current, which is equal to 10%
dark current. Straight lines are least-
square fits to data with Eq. 7; three initial
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85-fold at the background that closed 55% dark current
channels. To test whether the decrease of amplification
within the cascade contributes to desensitization, we de-
termined the amplification by fitting the rising phases
of normalized saturated responses by

r(t)/ Ty = 1—exp(= % A-R*(1—1,)%), 12
where ¢ is time, ¢, is the transduction delay, R* is the

flash intensity expressed in the number of activated rho-
dopsins, and Ais the amplification (Pugh and Lamb, 2000).

106 points on the shallow part of the back-
ground curves are excluded from fitting.
Numbers near the lines show 7, values
derived from the fit (mean + SEM).

An example of the fitis given in the inset in Fig. 9. Sym-
bols show the front of the response to =3,000 R* in dark
adaptation (solid dots) and on 50% background (circles),
of the cell whose 7;, versus [ functions are plotted in
Fig. 8. Smooth lines are fits to each set of data with Eq. 12.
No change in the cascade amplification is seen.

The (apparent) cascade amplification extracted from
this analysis is intensity dependent because the slope of
the response (1/2A - R* in Eq. 12) is not strictly propor-
tional to R*but rather tends to saturate at bright flashes.
Similar saturation of the slope has been observed in

[0 ~

2 1.0 R i
0.3 5 R

a y

8 s

E 0.5 { eR*=3400

T . % OR*=2900

£ Ed
0.2 2 0.0%s

0.00 0.10 0.20

0.1

Apparent amplification (s)

o 45%
v 70%

Figure 9. Light adaptation does not affect the
cascade amplification. Inset shows fronts of two
current responses to saturating flashes of nearly
identical intensities (filled circles, dark adapta-
tion; open circles, background blocking 45% of
the dark current). Smooth lines are fits to the
data with Eq. 12. No reduction of amplification
by light adaptation is seen. Main panel shows the
apparent amplification constant (A in Eq. 12) as
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a function of the flash strength and adaptation
state. Smooth exponential line is drawn to visu-
ally connect the points and bears no mechanistic
meaning. Same cell as in Fig. 8.
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salamander (Lamb and Pugh, 1992) and human rods
(Smith and Lamb, 1997). The saturation in frog is in-
cipient at flash intensities an order of magnitude lower
than in salamander. This is in a general agreement with
higher sensitivity of frog rods (amplification constant of
~0.3 s~ compared with 0.07 s™! in salamander). An ad-
ditional factor contributing to the difference may be
that Lamb and Pugh (1992) made recordings in voltage-
clamp condition that eliminates the low-pass filter effect
of the cell’s electrical time constant. Suction pipette
and ERG recordings are influenced by the filtering (Smith
and Lamb, 1997).

Our unpublished data suggest that the electrical filter-
ing is not a complete explanation in our experiments.
However, the analysis of the cause(s) of the saturation is
beyond the scope of the present work. Therefore, we
measured the amplification with flashes of various inten-
sities applied in dark and on adapting backgrounds, and
found no evidence of amplification reduction during
light adaptation, at background lights that shut up to
75% of the dark current (Fig. 9, main panel).

DISCUSSION

The approach to extracting the time course of the light-
induced PDE activity from the Ca*-clamped response
was suggested by Rieke and Baylor (1998). We used it to
characterize flash-induced PDE activity and to study the
effect of light adaptation on the kinetics of turn-oft of
phototransduction cascade in frog rods.

Amplification in the Ca Feedback Loop and the Efficiency
of [Ca®*];, Clamping

Because the constancy of @, is a prerequisite to our anal-
ysis, the stability of [Ca%];, under clamp conditions had
to be tested. Efficiency of the Ca-clamping procedure was
assessed from its effect on the time integral of flash re-
sponses and from the stability of the dark current in 0
Ca*, 0 Na' solution. It appeared that the average rate of
[Ca*T;, changes in 0 Ca?, 0 Na* solution is more than
two orders of magnitude slower than changes that shape
photoresponses in normal Ringer. Possible uncertainty
of the procedure of correction for response saturation
cannot invalidate this estimate.

One can argue that the stability of dark [Ca?];, in the
clamping solution does not guarantee its constancy dur-
ing flash responses. However, free Ca* level in the clamp-
ing solution is in nanomolar range, so both passive Ca*"
fluxes through the light-sensitive channels and active ef-
flux via the exchanger are greatly diminished compared
with their values in normal Ringer. Therefore, possible
misbalance of the fluxes due to the transient closure of
the channels cannot substantially affect [Ca®];,. The fluo-
rescence data of Matthews and Fain (2001) support this
notion. The authors show that instantaneous complete
closure of the light-sensitive channels in a salamander

rod bathed in Ca-clamping solution results in the [Ca®T;,
decline with the time constant of =100 s. This is over two
orders of magnitude slower than characteristic times of
light-adapted responses that lie in a sub-second range
(our Figs. 5, 6, and 10).

We conclude that greatly retarded residual calcium
feedback cannot noticeably affect the deduced PDE
waveform and account for its acceleration by light
adaptation.

Both Rhodopsin and Transducin Shut-offs Are under

Light Control

Perhaps the most unexpected result of this study is that
a nonsaturating background illumination significantly
accelerates both the shut-off processes that shape the
main phase of flash-induced PDE activity (Figs. 5 and 6).
It is worth noting that neither of the two characteristic
times of B,(t) extracted by our analysis can be unambig-
uously attributed to rhodopsin or transducin shut-offs.
Itis always the slower process that mainly shapes the fall-
ing tail of the response, and the faster one that shapes
the front.

Furthermore, reduction of ¢, partly results from the
acceleration of 7, This is because an acceleration of the
decay phase reduces the amplitude of the response, so it
takes less time to reach the half-peak value. Bigger range
of regulation of #, s as compared with 7, (Fig. 7 C, open vs.
filled circles) should, at least partly, be attributed to this
fact. However, shortened 7, (and decreased response am-
plitude caused by it) is not the sole factor responsible for
abbreviated front. Because the tail of the response is sig-
nificantly slower than its front (compare average 7, and
ly5 values), reduction of 7,as such would have a relatively
small effect on the response amplitude and hence on ;5.
For instance, the modeling described in Discussion and
Appendix suggests that a 4.2-fold shortening of #, 5 by the
brighter background seen in Figs. 5, 6, and 10 is caused
by a 3.3-fold acceleration of the faster turn-off process.

We conclude that both processes, the faster one that
mostly shapes the front of the flash PDE response and
the slower one mainly responsible for its decay phase,
are under light-adaptation control.

It is generally believed that the slower phase is con-
trolled by transducin quenching. Thus, Lyubarsky et al.
(1996) found in salamander that the time constant
of the tail of the current response, roughly 2 s, is back-
ground independent and equal to 75 Because rhodopsin
quenching by phosphorylation is under calcium/light-
adaptation control via recoverin, the authors concluded
that it is transducin turn-off that is the slower process.
Further, by modeling the entire flash response in Ca**-
clamping solution, Lyubarsky et al. (1996) found that
the time constant of the faster process (that is, of rho-
dopsin phosphorylation) is approximately 0.4 s in the
dark-adapted state. Sagoo and Lagnado (1997) reached
a similar conclusion. The identity of 7, with 7 in mouse
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has been definitely shown by Krispel et al. (2006) who
found that varying the expression level of the RGS9
complex changes in a concerted way both 7, and the de-
cay phase of the response. Overexpression of the GAP
complex can reduce both the time constants to ~80 ms
(compared with =200 ms in wild-type mice), which sets
the upper limit for 7. Finally, various mathematical mod-
els of phototransduction can satisfactorily reproduce
photoresponses under the assumption that 7, = 7, > 7
(Nikonov et al., 2000; Hamer, 2000a, 2000b; Hamer et al.,
2003, 2005). This also holds for R. ridibunda rods used in
the present study (Kuzmin et al., 2004).

If one assumes that transducin turns off slower than
rhodopsin in frog rods, our results directly show that the
transducin quenching can be substantially accelerated
by light adaptation (Figs. 6 B and 7 A). If, to the con-
trary, 7p < T in R. ridibunda (that is, transducin turn-off
is mainly responsible for the front of the PDE response),
one can see that the light adaptation accelerates the
process that shapes the rising phase of B(t) as well (Figs.
6 A and 7 C). Thus, regardless of what is which, light ad-
aptation has a profound effect on both turn-off processes
that shape the main phase of the PDE response.

One could argue that there is the third process that
also contributes substantially to shaping the waveform of
the PDE activity, namely arrestin binding to phosphor-
ylated rhodopsin. Then, an accelerated (by whatever
mechanism) arrestin binding could possibly explain
faster recovery of the light-adapted response. A priori
this does not seem probable because arrestin binding is

>

PDE activity/R*, arb. units

only responsible for a slow quenching of a low-amplitude
tail of rhodopsin catalytic activity, as follows from all bio-
chemical data and is supported by the results on arrestin
knockout mice (Xu et al., 1997; see also the model by
Hamer et al., 2003, their Fig. 5). However, to test this
possibility, we created a simple mathematical model of
the cascade turn-off that explicitly considers two-step
quenching of photoactivated rhodopsin. The model is
described in the Appendix. It does notinclude a detailed
treatment of sequential phosphorylation of rhodopsin,
like in elaborated models by Hamer et al. (2003, 2005).
Because a dozen of parameters that are necessary for a
detailed model are not known, we assume for simplicity
a single-exponential partial quenching of rhodopsin by
phosphorylation that is followed by a single-exponential
binding to arrestin. Rhodopsin phosphorylation is char-
acterized by the time constant 7, and arrestin binding is
characterized by the time constant 7,. Two other param-
eters that shape the PDE response are 7, time constant
of transducin turn-off, and a < 1, fractional (with respect
to fully active metarhodopsin II) activity of phosphory-
lated yet arrestin-unbound rhodopsin. The magnitude
of the PDE wave is proportional to R*- A, the product of
flash intensity and cascade amplification.

Fig. 10 shows the result of modeling of the PDE re-
sponses of the cell used to plot Figs. 3, 5, and 6. To re-
strict the freedom of parameters, we chose a = 0.09 and
74 = 1.6 s, as follows from our further analysis and the
Pepperberg plot for this cell (see two next sections and
Fig. 10). Three remaining parameters, namely 7g, 75, and

Figure 10. Modeling PDL(t)
waveform with the three-stage
quenching model described in
the Appendix. Experimental re-
sponses from Fig. 5 B are fitted
with Egs. 3a—6a. Smooth solid
lines show least-square fits ob-
tained with the MathCad genfit
procedure. Fractional activity
of phosphorylated yet arrestin-
unbound rhodopsin is fixed at
a=0.09. 7, = 1.6 s follows from
Pepperberg-type analysis on this
cell. Free parameters are g, 7p,
and the product of R* - vy - By,
that determines the response
amplitude. The fits yield 7 =
0.96 s and 7= 1.44 s in the dark-
adapted state (A). Correspond-
ing values in light adaptation
are 0.47, 0.39 s (background
blocking 27% dark current, B),
and 0.29, 0.18 s (42% blockade,
C). Dashed lines show the fits
obtained by manually varying 7
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and 7, while keeping 7, = 1.44 s
at its dark-adapted level. The ris-
ing phase of the light-adapted
response can only be fitted.
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magnitude of the response, were found by leastsquare
fit of experimental PDE(t) curves with Egs. 3a—6a using
the genfit procedure in MathCad. Fit was robust in the
sense that varying initial guessed values within an order
of magnitude range yielded the fits that converged to vir-
tually the same parameters. The model provides a good
description of the PDE response in the dark-adapted state
(Fig. 10 A, bold smooth line). Automatic fits to the light-
adapted responses result in the shortening of 7z and 75
while keeping aand 7, constant (Fig. 10, B and C, smooth
solid lines; parameters of the fits are given in the figure
legend). Notably, the amplification A obtained from the
fit also remained unchanged within <15%.

On the other hand, it appeared impossible to mimic
the effect of light adaptation by allowing 7, 74 accelera-
tion and keeping 7 at its dark-adapted value. Formal
least-square fits generated the curves that grossly devi-
ated from the experiment (fits not depicted). It was pos-
sible to obtain a good fit of the rising phase by manually
adjusting Tpand 7,, but the recovery phases of the model
and experimental responses were in strong disagree-
ment (Fig. 10, B and C, heavy dashed lines).

Thus, modeling shows that speeded arrestin binding
cannot explain the acceleration of the PDE recovery
phase. On the other hand, accelerating both 7 and 7
reproduces all salient features of the effect of light ad-
aptation on the PDE response. This supports the idea
that not only rhodopsin but also transducin quenching
is under light-adaptation control.

An important result of modeling is that the formal
analysis of the decaying phase of the response depicted
in Figs. 6 and 7 may underestimate the extent of regula-
tion of the underlying shut-off process(es). Thus, =4.5-
fold acceleration of the recovery phase in the cell shown
in Fig. 6 is reproduced in the model by an approximately
eightfold acceleration of 7;; (see legend to Fig. 10).

To our knowledge, there are two works in which an ef-
fect of light adaptation on transducin shut-off was de-
tected. Krispel et al. (2003) found in mouse rods that
the saturation time and 7, (which in mouse represents 75)
decreased after 3 min of bright saturating illumination,
without noticeable change in the amplification constant.
The effect was seen after complete recovery of the dark
current and disappeared in darkness in a couple of min-
utes. Reduction of 7,and 7, during steady light adaptation
in mice rods was also described by Woodruff et al. (2008),
although the magnitude of the effect was substantially
smaller than that found by Krispel et al. (2003).

There is a notable difference between the effects dis-
covered in mice and the acceleration of transducin
shut-off found by us in the frog. In mice, the biggest ac-
celeration observed as an after effect of bright flashes is
approximately twofold (Krispel et al., 2003). The reduc-
tion of 74 in our experiments on frog rods occurs on
steady nonsaturating backgrounds and is substantially
larger, more than eightfold.

Apparently, there is no firmly established mech-
anism (s) by which light adaptation could regulate the life-
time of activated transducin. A possible target for the
regulation might be RGS9-1. It is known that RGS9-1 is
phosphorylated in vivo in dark-adapted rods with a pho-
toreceptor-specific protein kinase C, and that the phos-
phorylation level reduces in light (Hu et al., 2001; Wensel,
2002; Sokal et al., 2003). cAMP-dependent protein ki-
nase A may also contribute to light-dependent phosphory-
lation (Balasubramanian et al., 2001). Yet functional
effects of changing phosphorylation level are unclear.
Balasubramanian et al. (2001) found that in vitro the
GAP activity of RGS9 is reduced by its phosphorylation.
Thus, high Ca® and cAMP levels characteristic of the
dark-adapted state may keep RGS9 phosphorylated and
transducin turn-off rather slow. Decrease in [Ca*];, or
[cAMP] by background light would then accelerate the
shut-off. However, magnitude of the regulatory effect
in vitro is quite modest compared with the acceleration
revealed in our experiments. Besides, it is reported that
cAMP has no effect on the photoresponse of truncated
gecko “rod” outer segments (Jindrova and Detwiler, 2000).
So it remains to be seen whether the adaptation-
dependent phosphorylation of RGS9 can explain the
acceleration of transducin quenching observed in physi-
ological experiments.

Dominant Turn-off Time Constant 1p Is Not That of Either
Rhodopsin Phosphorylation or Transducin Quenching

in the Frog Rods

Originally, 7 has been attributed to 7, the time constant
of rhodopsin quenching (Pepperberg et al., 1992). Later
it was identified with 75, the time constant of transducin
turn-off (Lyubarsky et al., 1996; Nikonov et al., 2000;
Krispel etal., 2006). However, the idea that the PDE time
course is shaped by two first-order reactions, those of rho-
dopsin phosphorylation and GTP hydrolysis by transdu-
cin, is a clear oversimplification. A controversy about the
source of reproducibility of the single-photon response
(Rieke and Baylor, 1998; Whitlock and Lamb, 1999) led
finally to the conclusion that rhodopsin turn-off depends
on multiple serial phosphorylation events (Field and
Rieke, 2002; Hamer et al., 2003, 2005; Doan et al., 2006).
This only approximately results in a single-exponential
decay of activity (Hamer et al., 2003). Besides, quenching
by phosphorylation is incomplete, and further turn-off
relies on capping phosphorylated rhodopsin with arres-
tin (Wilden et al., 1986; Bennett and Sitaramayya, 1988;
Palczewski et al., 1992; Xu et al., 1997; Vishnivetskiy et al.,
2007). Then, quenching proceeds during the decay of
phosphorylated and arrestin-bound metarhodopsins to
retinal and opsin, and is only complete after regenera-
tion of dark visual pigment. Thus, the Pepperberg plot is
not straight at all, and can only be approximated by a se-
ries of (roughly) straight stretches, each controlled by
a different dominant process (Firsov et al., 2005).
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The Pepperberg analysis is usually applied to the ini-
tial part of the 7, versus in(Intensity) plot, for saturation
times roughly between 2 and 20 s in amphibian rods
(compare with Fig. 8). Then the question is, What pro-
cess underlies this phase of recovery from saturation? It
is clearly not the main phase of either rhodopsin or
transducin shut-offs that result in quenching of nonsat-
urating responses in the frog rod. First, we show that
both rising and decaying phases of the response are un-
der light-adaptation control (Fig. 6), whereas 7, is adap-
tation independent (Fig. 8). Second, the characteristic
times of PDE response in light-adapted conditions are
markedly faster than 7, and the difference may be al-
most 10-fold (Fig. 6).

One may tentatively attribute 7, to the time constant of
arrestin binding to rhodopsin partially quenched by
phosphorylation. This means that the main phase of the
cascade inactivation is controlled by rhodopsin phos-
phorylation and transducin/PDE shut-off. The two main
processes shape the waveform of the photoresponse to
nonsaturating stimuli. Arrestin binding is then responsi-
ble for a low-amplitude slow tail of the response that
hardly can be revealed by routine curve fitting of noisy
experimental recordings, as clearly seen from detailed
mathematical modeling (Hamer etal., 2003, 2005). How-
ever, at bright flashes the main phase of quenching is
complete while the cell still stays in saturation, so it is ar-
restin binding that now controls the recovery time. The
process is believed to be Ca** independent, which would
explain the constant slope of the T, versus {n(Intensity)
plot regardless of the adaptation state (Fig. 8). A mathe-

matical model based on this assumption provides a good
description of the Pepperberg plot in dark adaptation
and on light backgrounds (Fig. 11; see Appendix and the
next section).

The conclusion about the process responsible for the
initial part of the T;, versus In(Intensity) function may be
species and adaptation specific. For example, in sala-
mander it may be transducin quenching, as suggested
by Lyubarsky et al. (1996), Sagoo and Lagnado (1997),
and Nikonov et al. (1998). It may also be true of mouse
rods (Krispel et al., 2003, 2006). This depends on which
of the three main quenching processes, namely rhodop-
sin phosphorylation, arrestin binding, and transducin
GTP-ase, is the slowest in a given animal in the given ad-
aptation state.

The Accelerated Shut-offs Can Account for Desensitization
by Light Adaptation

The rightward shift of the 7, versus In(Intensity) plot dur-
ing light adaptation can be interpreted as a sensitivity
reduction (Fig. 8). Noticeably, in the frog the desensiti-
zation may reach 85-fold. This is significantly larger than
that found with a similar paradigm in the salamander
(approximately fourfold, Pepperberg etal., 1992; approx-
imately 10-fold, Nikonov et al., 2000), toad (11-fold,
Murnick and Lamb, 1996), or mouse (approximately
fourfold; Krispel et al., 2006). The desensitization deter-
mined this way is usually interpreted in terms of Eq. 7.
Within this framework, rightward shift of the 7, versus
in(I) function during light adaptation can be attributed to
either an increase of C or a reduction of gain g In their

Figure 11. Modeling the sensi-
tivity reduction by light adapta-
tion with accelerated cascade
shut-offs. Experimental data
from the same cell as in Figs.
8 and 9. Fold sensitivity reduc-
tion is defined as the shift of
the Pepperberg plot along the
intensity axis. Smooth lines are
predictions of the three-stage
quenching model described in
the Appendix, with parameters
given in the main text. Concur-
rent acceleration of rhodopsin
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phosphorylation and transducin
108 shut-offis sufficient to reproduce
experimental data fairy well. Ac-
celeration factors are given near
the curves.
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first paper, Pepperberg et al. (1992) apparently favored
the former explanation. Later, they postulated the gain
decrease. 7 was identified with 75, the time constant of
rhodopsin turn-oft by phosphorylation, and the site of
the gain decrease was placed either at the stage of trans-
ducin activation by rhodopsin or at transducin inactiva-
tion (Pepperberg et al., 1994; Pepperberg, 2001).

However, if the recovery-controlling substance (say,
T*/PDE*) is produced by light via an intermediate (say,
R¥), the apparent gain becomes dependent on the life-
time of the intermediate. For instance, in case of a sin-
gle-exponential quenching of R* and T*#, the flash-evoked
hydrolytic activity of PDE* is given by

(13)
P(1)= w(exp(—t/m —exp(~1/1,)),

T —Tr

where 74 is the time constant of rhodopsin phosphoryla-
tion, 7 is the time constant of transducin quenching,
Vg is the rate of transducin activation by fully active R¥,
and S, 1s the catalytic activity of the PDE subunit (Appen-
dix, Eq. 3a; compare with Pugh and Lamb, 2000, Eq. 30).
Itis evident that the magnitude of P*(t) depends not only
on Vg * By (amplification), but also on 7z and 75

Thus, the gain changes revealed by the analysis of the
T versus In(Intensity) function may include two compo-
nents. One represents true biochemical amplification
Ve * Bsa, which characterizes the initial rate of activation
of the cascade. The other one is a function of lifetimes of
active intermediates (see discussion between Pepperberg
[2001] and Nikonov et al. [2001]). In accordance with
earlier data (Nikonov et al., 2000; Krispel et al., 2003), we
show here that the light adaptation has no effect on the
rate of activation of the cascade (Vg -8B, = amplification
in Pugh and Lamb, 2000 sense; Figs. 5 and 9). However,
it results in a drastic decrease of the gain measured in
Pepperberg-type experiments. This should be attributed
to a corresponding reduction of 7z and/or 7

As argued above, neither 7 nor 7, represents 7, the
adaptation-invariant rate of the process that controls re-
covery from saturating flashes. We tentatively identified
it with the time constant of arrestin binding to R* par-
tially inactivated by phosphorylation (Ry). Hence, the ki-
netic model that would account for our experimental
findings should include three active components, namely
R¥, Rp, and T*/PDE*. Derivation of corresponding equa-
tions that describe the time courses of concentrations of
R¥, Rp, and T*/PDE*is given in the Appendix.

The results of modeling of T, versus I curves for the
cell shown in Fig. 8 are illustrated in Fig. 11. For the
dark-adapted state, values of 7, = 1.25 s and 7, = 0.9 s
were chosen within the range obtained experimentally
on an independent group of cells. The value of 7, =1.6 s
corresponds to 7, found in this cell. Fractional activity

of phosphorylated yet arrestin-unbound rhodopsin « =
0.09 was chosen to obtain a good fit to experimental
data. The amplification and criterion level C were ad-
justed to ensure the right position of the model curve
with respect to the intensity axis (Fig. 11, solid line
through filled circles).

To mimic the effect of light adaptation, 7z and 7, were
concurrently reduced to achieve a good fit to the T,
versus (n(I) relationships in two light-adapted states. It
appeared that the 13-fold desensitization induced by the
background that closed 45% dark channels could be re-
produced by a 2.5-fold acceleration of both rhodopsin
phosphorylation and transducin shut-off (Fig. 11, dashed
line through empty circles). The 32-fold desensitization
at 72% background is produced by a 4.1-fold accel-
eration of both the processes (Fig. 11, dot-dashed line
through triangles). Notably, keeping 7, = 7 provides an
excellent fit to all three sets of data, thus supporting the
idea that the slope of the Pepperberg plot is determined
by arrestin binding. Because the maximum reduction of
7pand 7 by light adaptation could reach eightfold (Figs.
7 and 10), the effect of the turn-off acceleration seems
sufficient to account for the maximum 85-fold desensiti-
zation observed experimentally.

As already said, the desensitization by steady back-
ground observed in frog rods significantly exceeds the
desensitization obtained in salamander in a similar sort of
experiments. It seems that salamander (and perhaps
mouse) rods lack some mechanism(s) that allow frog rods
to adapt to a wide range of light intensities. This is in line
with findings in the bullfrog where 3,000-fold sensitivity
reduction to steady illumination during light adaptation
was observed and also partly attributed to the reduced
lifetimes of active intermediates (Calvert et al., 2002).

In summary, we show here that light adaptation accel-
erates both turn-off processes that shape the main phase
of the PDE response. This suggests that not only rho-
dopsin but also transducin quenching is under light ad-
aptation control in frog rods. The acceleration may
reach eightfold and is sufficient to account for an =80-
fold sensitivity reduction observed in Pepperberg-type
experiments. No regulation of the phototransduction gain
(in Lamb and Pugh, 1992 sense) is involved. The process
that controls recovery from saturating flashes and sets the
so-called dominant time constant is adaptation indepen-
dent and is not that of either rhodopsin phosphorylation
or transducin shut-off that shapes responses to nonsaturat-
ing stimuli. It is tentatively identified with arresting bind-
ing to rhodopsin partially inactivated by phosphorylation.
The biochemical mechanisms that underlie the regulation
of the lifetime of active transducin by light adaptation re-
main to be elucidated.

APPENDIX
The goal of the Appendix is to derive the equations that
describe the time course of flash-induced PDE activity
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under the assumption that the cascade shutoffis a three-
stage process. The kinetic scheme that we consider here
is a truncated version of a more complete scheme by
Firsov et al. (2005).

Fully activated rhodopsin generated by a flash (R,*) is
capable of producing an active transducin—-GTP—phos-
phodiesterase complex (T - GTP - PDE¥) at the rate of
Ve Simultaneously, R* is inactivated by phosphoryla-
tion to Rp, with the time constant of 7. Phosphorylation
reduces its activity toward transducin to a - v where
a< 1. Rpis completely quenched by arrestin binding that
proceeds with the time constant of 74. Active T'- GTP - PDE*
is quenched by transducin GTP-ase with the time constant
of 1p.

Obviously,

R'(t)= Ry -exp(~t/1y). (1a)
Concentration of Rpis given by

= T
Ry(t) = RO—A
Tp—T

R A

(exp(~t/T) —exp(~t/T,)). (22

Concentration of active PDE* originating from R* is
given by the convolution of Eq. la with exp(-t/7;), multi-
plied by vp:

(3a)
" T,-T
B(t)= Ry - vy —E—L-(exp (=t /1) —exp(~t/T})).
Tr —Tg
In the special case of Tp=T=T,
B(t)= Ry Vg -1-exp(~1 /7). (4a)

Similarly, PDE* originating from Rpis the convolution
of Eq. 2a with exp(-t/7;;), multiplied by a -vp:

R (exp(—t /7,) - exp(—t /1)) | PP
@ VpeTy | T~ Tg
BWO=Ry——"— | '
RTFA N - ZACE (exp(—t/T,)—exp(~L/Tg))
T, —Tp
Total PDE* coming via the two pathways is
PDE* (1) = P(t) + Py(t). (6a)

Assuming that the recovery from saturation occurs
when PDE*(t) drops to a certain criterion level C, T,
can be found by solving PDE*(t) = C with respect to .
This cannot be done analytically. However, a series of
Ry* values corresponding to various ¢ = 715, can be com-
puted, and then x and y axes swapped to obtain 7, ver-

sus R,* plot similar to Fig. 11.
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