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FIGURE 5 | Scene analysis in electroreception. The “electric image” of
the external environment is determined by the conductive properties of
surrounding objects. The electric field emanates from the electric organ in
the tail region (gray rectangle) and is sensed by the electroreceptive skin
areas, using two electric “foveas” to actively search and inspect objects.
Shown are the field distortions created by two different types of objects: a
plant that conducts better than water, above (green) and a non-conducting
stone, below (gray). (Redrawn from Heiligenberg, 1977).

copy of the EOD signal is sent to electrosensory areas of the
brain. Thus, it is possible for the animal to directly compare the
sensed signal with that which was actually generated. An object
with low or no capacitance, such as a non-living object, will
leave the waveform shape unaffected. Most living objects how-
ever, such as insect larvae, other fish, and plants possess complex
impedances, and so they will significantly alter the waveform
shape, which behavioral studies show is detectable by the animal
(von der Emde, 2006).

Due to the high conductivity of water, the range over which
the electric fish can sense objects is only a few centimeters.
Nevertheless, electroreception mediates a wide range of scene
analysis behaviors important to the animal’s survival, which we
describe here.

Object recognition in electric scenes
The mormyrid’s object recognition and discrimination abilities
have been explored through behavioral studies (von der Emde
and Schwarz, 2002; von der Emde, 2004; von der Emde et al.,
2010). By assessing performance on simple association tasks, it
has been shown that electric fish are capable of discriminating
the shape of objects (e.g., cube vs. pyramid), even against com-
plex and variable backgrounds. Doing so is non-trivial because
the electric fields from multiple objects will superimpose and
create a seemingly complex electric image on the electrorecep-
tor array. Thus, the animal must solve a figure-ground problem
similar to that in vision or audition, in which the sensory contri-
butions of background or clutter must be discounted in order to
properly discern an object. Perhaps even more impressive is the
fact that the animal can generalize to recognize different shapes
independent of their material properties (metal or plastic) or dis-
tance. It can discriminate small from large objects, irrespective of
distance. Thus, the animal is capable of extracting invariances in
the environment from the complex electroreceptor activities – i.e.,
despite variations due to material properties or distance, it can
nevertheless make correct judgments about the shape and size of
objects.

Active perception during foraging
When foraging for food, mormyrids utilize their two electric
“foveas” in an active manner to search and inspect objects. The
two foveas are composed of a high density region of electrore-
ceptors, one on the nasal region, and the other on the so-called
Schnauzenorgan (Bacelo et al., 2008). Unknown objects are first
approached and inspected by the ventral nasal organ, and then
more finely inspected by the Schnauzenorgan (von der Emde,
2006). When foraging, the animal engages in a stereotypical
behavior in which it bends its head down at 28◦ such that
the nasal fovea is pointing forward or slightly upward, and it
scans the Schnauzenorgan from side to side across the surface
to search for prey. When a prey item is detected (presumably from
its capacitive properties) it is inspected by the Schnauzenorgan
before the fish sucks in its prey. Thus, the animal must cor-
rectly interpret the highly dynamic patterns of activity on the
sensory surface in accordance with this scanning movement in
order to properly detect and localize prey. This is an example of
an active process demanding the coordination of perception and
action.

Spatial navigation
Mormyrids are frequently seen swimming backward, and they
avoid obstacles with ease, finding their way through crevices in
rocks (Lissmann, 1958). Presumably these abilities are mediated
by the electric sense, since the eyes, which are poorly developed,
are at the front of the animal. They are also known to navi-
gate at night in complete darkness (von der Emde, 2004). Thus,
it would appear that electric fish can obtain a sufficient repre-
sentation of 3D scene layout from the electric field in order to
plan and execute maneuvers around objects. How accurate and
what form this representation takes is not known, but it has been
shown through behavioral studies that they can judge the distance
to an object from the spatial pattern across the electroreceptor
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 In effect, the lactose receptor  predicts  for the organism what it will need 
to exploit this new resource. By encoding the permease and the digestive 
enzyme together, one sensory signal can evoke all necessary components in 
the correct ratios. Thus, a given level of lactose in the soup calls for the 
proper amount of permease which is matched by the proper amount of 
galactosidase. This design principle — matching capacities within a coupled 
system — is a key to the organization of multicellular animals where it is 
called  “ symmorphosis ”  (Weibel, 2000). We see here that symmorphosis 
begins in the single cell. 
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  Three organisms of increasing size: bacterium, protozoan, and a nematode worm . 
Note the different scales: micrometers to millimeters. Body lengths are drawn to the 
same scale at the bottom of the diagram.  Paramecium   caudatum  and  C. elegans  photos 
are light micrographs of live specimens. Diagram of worm indicates the positions 
of neurons that form the brain. Light micrographs from Wiki commons.  C. elegans  
from Wikimedia Commons, CC BY-SA 3.0 / Bob Goldstein, UNC Chapel Hill,  http://
bio.unc.edu/people/faculty/goldstein/ .  Paramecium  by Alfred Kahl, public domain, 
from Wikimedia Commons. 
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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). 
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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: 
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which brings home the notion that high-energy photons, thrown off by 
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recorded because of experimental limitations. By indirect means, they h 
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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  μ 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). 
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  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). 
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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)


