
Phototransduction



Inner Life of the Cell
https://www.youtube.com/watch?v=wJyUtbn0O5Y
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 Figure 8.1 
  Mammalian rod and fly photoreceptor amplify the energy of a single photon us-
ing different protein circuits . In both transduction schemes a photon isomerizes an 
opsin to activate a G protein. Thereafter the schemes diverge: the rod closes cation 
channels to hyperpolarize sharply (~3 mV, peaking ~125 ms); the fly photorecep-
tor opens cation channels to depolarize sharply (~ 1 mV, peaking ~ 20 ms). Both 
responses can be resolved against background noise, but the fly response is faster. N, 
nucleus; G t *, activated G protein transducin; G q *, activated G q  protein; PDE*, acti-
vated enzyme phosphodiesterase; PLC*, activated enzyme, phospholipase C; [cGMP], 
concentration of the messenger molecule cyclic guanosine monophosphate; [IP 3 ], 
concentration of the messenger molecule inositol triphosphate; [H + ], concentration 
of protons. Rod recording is from mouse, reprinted from Cangiano et al. (2012); fly 
recording is from  Drosophila , adapted from Niven et al. (2007). 



Rhodopsin molecule





Activation of rhodopsin leads to decrease
in cGMP concentration

occurs via four intermediate steps



Step 1:  activated rhodopsin activates 
G-protein molecules



A single activated rhodopsin molecule activates
700 G-protein molecules within 100 ms 



Step 2:  activated G-protein molecules bind to 
phosphodiesterase (PDE), exposing catalytic site



Step 3:  activated PDE breaks bonds in cGMP, 
thus converting cGMP to GMP and lowering 

overall cGMP concentration



Step 4: decrease in cGMP concentration 
closes channels







Inward current in outer segment decreases 
by 0.7 pA in response to one photon of light

Photocurrent



Photovoltage
Charge imbalance created by photocurrent from one 

photon of light leads to 1 mV hyperpolarization



Synaptic terminal contains ‘ribbons’ that
facilitate migration of vesicles to membrane



Neurotransmitter release
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Photoreceptors generate spontaneous photonlike event 

In complete darkness, rods occasionally generate electrical events that c 

not be distinguished from the effect of a photoisomcrization produced 

an absorbed photon: 

dark 

light 
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from Baylor et aI., 

These dark events were first demonstrated in the rods of toads, where tl 

have a mean rate of about one event every 50 s. This rate increases w 

temperature in a manner that suggests that they are due to photoisomeri 

tion of the chromophore of a rhodopsin molecule as a result of thermal < 

tation. So fortuitously well placed and vigorous molecular collisi( 

apparently can occasionally flip the ll-cis isomer to the all-trans forn 

which brings home the notion that high-energy photons, thrown off by 

Sun, supply Earth not only with energy that can be used to fuel this WOI 

but with information (rare energy values) that can be used to see it. 

In primate rods, these dark events have not been directly observec 

recorded because of experimental limitations. By indirect means, they h 

been estimated to occur at an average rate of 1 event per rod every 16 

This value is close to the psychophysically determined limit of visual I 

formance, which, as discussed in N1U-rJ AND DAY, is termed the eigengral 

4 pA

Spontaneous isomerizations determine lower limit of light 
detection, or visual threshold

time (sec)



10–5R*/rod/integration time
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chromophore and binding a fresh  cis . The trans diffuses to a nearby cell in 
the pigment epithelium where it is reset metabolically to  cis  and then 
returned to the photoreceptor layer to bind an empty opsin. A rod fails in 
very bright light because its opsin binds the chromophore so tightly to 
resist thermal bumps that it cannot release fast enough to keep pace with 
high rates  5   of R*. 

 Cone opsin supports the high release rates in bright light by binding its 
chromophore weakly. This makes cone opsin more vulnerable to thermal 
bumps, which is why a cone ’ s rate of thermal events exceeds the rod ’ s by 
1,000-fold (Fu et al., 2008). Moreover, the cone ’ s faster transduction circuit 
gives more noise from spontaneous hydrolysis of cGMP. Also, the faster 
cGMP channel gives more noise due to state transitions in gating (Angueyra 
 &  Rieke, 2013). All sources together give the cone a dark noise equivalent to 

 Figure 8.6 
  Baboon in daylight . Photons arriving at far higher rates than starlight (  figure 8.2 ) 
allow far better S/N with finer localization in space and time. For example, 10,000 
photons/100 ms set an upper bound S/N ~100 by integrating over 1  ! m 2  for 100 ms. 
Because each cone in a dense array sends a private output, the brain can resolve spa-
tial images up to 60 cycles per degree and temporal differences up to 100 Hz (chapter 
11). These opportunities for high performance (S/N, acuity, and speed) are boosted 
by rods but best exploited by a different photoreceptor design: the cone. Reprinted 
with permission from Sterling (2004a). Original image from Botswana; see Tkacik 
et al. (2011). 

daylightstarlight
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 Figure 8.8 
  Chemical amplification in a mouse rod uses far less energy than electrical signaling. 
Upper : Outer segment chemical processes (activation, deactivation, and recovery) are 
cheap and increase with light level whereas restoring ions that pass through outer 
segment channels is expensive and decreases with light level, given as R* rod  – 1  s  – 1 . 
 Lower : The contribution of inner segment ion channels to total energy consump-
tion. The cost of presynaptic calcium current declines with increasing light level, 
but the cost of I h  current rises. Thus, the inner segment ’ s electrical circuits consume 
a significant proportion of the total rod ’ s total energy, particularly at higher light 
levels. Reprinted with permission from Okawa et al. (2008). 

Energy expenditure as a function of light level



concentration at mGluR6 and that does not generate
frequent false-positive events was estimated as ~100
vesicles/s (38, 45, 54). Additionally, it has been pro-
posed that vesicle release might be regular rather than
stochastic because Poisson fluctuations in the vesicle
release would overwhelm rod continuous noise, mak-
ing the release rate resulting from single-photon
absorptions indistinguishable from the dark release
rate (45). Such regularity in the vesicle release may be
partly achieved by imposing a refractory period after
vesicle release at individual release sites (61). 

Postsynaptic Thresholding and the
Elimination of Noise

Of the three known pathways for rod signals to reach
ganglion cells in the mammalian retina (rod bipolar,
rod-cone, and rod-off pathways; reviewed in Ref. 12),
only the rod bipolar pathway pools enough rods to
account for the high sensitivity of rod vision near
absolute visual threshold. It has been recognized for
more than 20 years that, to account for this high sensi-
tivity, where one can detect few photoisomerizations
in thousands of pooled rods (c.f. Ref. 5), rod outputs
cannot be pooled linearly. Early measurements of
dark noise from primate rods indicate a noise variance

that would swamp out a single-photon response in a
rod bipolar cell pooling 20–100 rods if the rod output
were simply summed (Ref. 9; see also FIGURE 3). A
threshold-like mechanism at the synapse between
rods and rod bipolar cells has been suggested as a way
of eliminating noise from rods and has been studied
analytically (16, 22, 54). 

As mentioned above, a main source of noise that
must be considered at an individual rod-to-rod bipo-
lar synapse is the continuous noise generated in the
phototransduction cascade by the spontaneous acti-
vation of cGMP phosphodiesterase (40). If a threshold
is going to be effective in distinguishing single-photon
events from the continuous noise, then it must be pre-
cisely positioned. First, the amplitude of the threshold
must be high enough to exclude as much of the con-
tinuous noise as possible. Second, the amplitude of
the threshold must not be too high to exclude single-
photon events. Such positioning becomes problemat-
ic when the amplitude distribution of the rod continu-
ous noise overlaps significantly with the amplitude
distribution of single-photon responses, requiring a
tradeoff between these two parameters. 

Field and Rieke (22) approached this issue in the
mouse retina by measuring the distributions of noise
amplitude and single-photon response amplitude in
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FIGURE 3. Convergence at the rod-to-rod bipolar synapse
A: a rod bipolar cell pools inputs from many rods, but near absolute visual threshold only one rod may absorb a photon (red), whereas the remaining
rods are generating electrical noise (blue). A nonlinear threshold (dashed) may improve photon detection at this synapse by retaining responses in
rods absorbing a photon and discarding responses of the remaining rods. It should be noted that optimal position of the threshold might be expect-
ed to increase given the gap-junctional coupling of rods (see text). B: linear vs. nonlinear signal processing can improve the fidelity of rod signals. If
rod outputs from A are simply summed, the resulting trace is noisy, but when summed after applying a threshold for each rod in A the response is
more detectable. Adapted from Ref. 22. 

Downloaded from journals.physiology.org/journal/physiologyonline (135.180.147.157) on September 6, 2020.

Rod bipolar cells sum thresholded outputs of rods (not linear)
(Sampath, Field, Rieke 2002-2004)


