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Transient increases in cholinergic
activity in the mPFC were seen when
the animal detected cues; data indi-
cated that such transients were medi-
ating a cognitive operation instead of
simply indicating sensory processing
of the cue. In sessions in which phasic
cholinergic activity was not observed,
the animal’s behavior indicated that it
missed the cue. The response was
specific to the cue because the phasic
increases were not observed during
port approach, delivery, or consump-
tion of the reward. The authors con-
clude that “cholinergic transients
mediate cue-evoked cognitive opera-
tions, but not port approach and re-
ward retrieval.” Cue-evoked, transient
cholinergic activity was not evident in
the motor cortex; this was further vali-
dated by lesion experiments.

In addition to the cholinergic tran-
sients, longer-term changes in con-
centration were found. These tonic
changes occurred over tens of sec-
onds or minutes in both the mPFC
and the motor cortex. As precue tonic
levels declined, there was greater inci-
dence of cue detection, showing that

as ongoing behavior raises tonic levels
precue in mPFC and motor cortex, the
animal becomes less responsive to
subsequent cues. These results were
validated by microdialysis.

From this evidence, we can fur-
ther our understanding of behavioral
circuitry; it is clear that cholinergic
changes reflect mediation of cognitive
operations in the mPFC that operate
on different timescales. This informa-
tion should be invaluable in advancing
the pharmacology of cognitive and
behavioral disorders such as Alz-
heimer’s disease, schizophrenia, and
addiction. Future work with this type
of sensing technology will allow us to
piece together the other pieces of the
jigsaw puzzle, such as, importantly,
glutamate and GABA neurotransmis-
sion.
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The First Steps in Drosophila Motion Detection
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The visual system, with its ability to perceive motion, is crucial for most animals to walk or fly steadily.
Theoretical models of motion detection exist, but the underlying cellular mechanisms are still poorly
understood. In this issue of Neuron, Rister and colleagues dissect the function of neuronal subtypes
in the optic lobe of Drosophila to reveal their role in motion detection.

The visual system of animals discrimi-
nates different aspects of the visual
world, including color, form, and
depth. Perhaps the most important
feature of the visual system is its ability
to detect movement. Motion percep-
tion is an important prerequisite for
flight control in flies and thus for their

ability to search for food, to pursue
mates, or even to escape from preda-
tors or a fly swatter. Large flies such as
Calliphora and Musca, and more
recently the fruit fly Drosophila, have
been excellent model systems with
which to study the principles of motion
detection, although the cellular basis

of this behavior remains unclear (Borst
and Haag, 2002).

Visual information is first received in
the retina. In the Drosophila compound
eye, the retina contains about 800
ommatidia, each of which consists of
six outer photoreceptors, R1-R6, and
two inner photoreceptors, R7 and R8
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Figure 1. Proposed Neural Pathways and Theoretical Model for Motion Detection

(A) Proposed neural pathways (Bausenwein et al., 1992) originating from outer photoreceptors
R1-R6. Neurons are color coded according to the location of their cell bodies within the optic lobes
(photoreceptors in orange, lamina neurons in green, medulla neurons in yellow, T4/5 neurons and

lobula complex neurons in blue).

(B) Model of the correlation-type motion detector (after Borst and Egelhaaf, 1989).

(Hardie, 1985). While the inner photo-
receptors are specialized for color
vision, the outer photoreceptors are
involved in a variety of tasks, including
brightness detection, orientation be-
havior, and motion detection. R1-R6
project their axons to the lamina region
of the optic lobe, where they each syn-
apse onto the monopolar neurons L1,
L2, and L3, as well as the amacrine
cell amc (Figure 1A) (Meinertzhagen
and Sorra, 2001). The terminations of
photoreceptors and their target neu-
rons in the lamina form so-called “car-
tridges” that parallel the organization
of ommatidia in the retina (Braitenberg,
1967; Trujillo-Cenoz, 1965). These ana-
tomical structures do not exactly rep-
resent individual ommatidia but are
the “visual sampling units” of motion
detection. L1-L3 project to a deeper
region of the optic lobe, the medulla,
whereas amc contacts the lamina pro-
cesses of the medulla cell T1 (Fisch-
bach and Dittrich, 1989).

Despite the detailed description of
the lamina neural network (Meinertz-
hagen and Sorra, 2001), the function
of individual cell types is not well
understood. Theoretically, motion de-
tection requires two inputs that are

compared to provide information about
the direction and speed of motion
(Borst and Egelhaaf, 1989). These re-
quirements are met by a correlation-
type elementary motion detector (EMD)
(Figure 1B). In its most basic form, the
signal from one ommatidium (or more
precisely a visual sampling unit) is
delayed and then compared with the
nondelayed signal from a neighboring
unit. The introduced delay introduces
asymmetry to the system and can
thus inform about the direction of the
motion.

Neural correlates for the EMD have
not yet been identified, but experimen-
tal evidence shows that the so-called
lobula plate tangential cells (LPTCs)
in a deeper region of the optic lobe
respond to visual motion in a direc-
tion-sensitive manner (Hausen, 1982;
Hengstenberg, 1982), suggesting that
the EMD directly provides input into
LPTCs. Two different pathways have
been proposed to instruct these cells
(Figure 1A) (Bausenwein et al., 1992;
Strausfeld, 1984). In the first pathway,
the signal from R1-R6 appears to
propagate from L1 through Mi1 and
T4 to LPTC (Figure 1A). In the other
pathway, R1-R6 are thought to acti-
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vate L2, which subsequently relays
the information through Tm1 and T5
to LPTC. Thus, L1 and L2 could repre-
sent the two offset inputs into the EMD
(Braitenberg and Hauser-Holschuh,
1972). Alternatively, L1 and L2 might
each be part of distinct EMDs that
act redundantly or have specialized
functions such as different velocity
optima, directional sensitivities, or con-
trast sensitivities. Experimental evi-
dence for or against any of these
hypotheses is still lacking. Further-
more, none of these models propose
where and how the delay is introdu-
ced. In this issue, Rister et al. (2007)
investigate the function of the lamina
neurons L1 and L2 and suggest a pos-
sible contribution of the amc/T1 path-
way in motion detection and other
related tasks.

To study the role of various lam-
ina neurons and address possible
parameters of the EMD, Rister and col-
leagues used a variety of sophisticated
motion-detection assays as well as
genetic manipulations. They evaluated
the response to patterns of stripes
rotating around individual flies in flying
or walking flies. To be able to manipu-
late different lamina cell types, the au-
thors identified GAL4 driver lines that
show expression in both L1 and L2
neurons, as well as lines that specifi-
cally label L1, L2, or T1 neurons in
the lamina. With these lines, synaptic
transmission could be blocked in any
combination of these neurons. Fur-
thermore, the authors also used flies
mutant in the ort gene, which encodes
a histamine receptor subunit. As hista-
mine is the exclusive neurotransmit-
ter of photoreceptors, these flies are
defective in neural transmission from
photoreceptors to secondary neurons.
By driving expression of wild-type ort
with the specific GAL4 lines, Rister
and colleagues could restore function
only in selected secondary neurons
and thus test for sufficiency of these
neurons.

Using these tools, Rister and col-
leagues show that both L1 and L2 are
involved in the response to moving
striped patterns in stationary and
walking flies, as well as the landing
response in flight. Do these cells func-
tion redundantly, or are they both
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necessary? The answer depends on
the context. When the patterns have
a high contrast, L1 and L2 appear to
be redundant and to support motion
detection individually, as rescuing
only L1 or only L2 function in ort mu-
tant flies is sufficient to support motion
detection. Interestingly though, at low
contrast, both L1 and L2 pathways
are required simultaneously, suggest-
ing an interaction between them.

At intermediate contrast, which is
prevalent in the environment, L1 and
L2 appear to be more specialized.
They have different sensitivities to
pattern contrast or background light
intensity: L2 can function at intermedi-
ate contrast or low light intensity,
whereas L1 requires slightly higher
pattern contrast and higher light inten-
sity. Does this mean that L1 plays an
accessory role to L2? This does not
seem to be the case. When Rister
and colleagues tested directional mo-
tion stimuli, they found that L1 medi-
ates the detection of back-to-front
motion (i.e., detecting objects catch-
ing up on the fly) at intermediate
pattern contrast, whereas L2 is spe-
cialized in front-to-back motion (i.e.,
optic flow when the fly is moving) in
the same conditions. Thus, for inter-
mediate pattern contrast, the two path-
ways are differentially sensitive to the
direction of motion.

Interestingly, the connectivity pat-
tern of another lamina monopolar neu-
ron, L4, suggests a mechanism for
how input from neighboring ommatidia
could be computed in the L2 pathway.
L4 contacts the L2 neuron within
the same cartridge as well as the L2
neurons in the adjacent postero-
dorsal and postero-ventral cartridges
(Meinertzhagen and O’Neil, 1991);
thus, L4 is ideally positioned to partic-
ipate in the EMD, maybe introducing
the required delay. Clearly, this is
speculative, but it should be possible
to address this issue through a better
understanding of the connectivity of
these cells.

Motion detection appears in fact
even more complex, as the amc-T1

pathway is also involved in this process.
Although inhibiting T1 alone does not
affect motion detection at any pattern
contrast, T1 apparently contributes to
L1 function at intermediate pattern con-
trast, as interfering with synaptic trans-
mission in both L2 and T1 significantly
reduces the response to motion as
compared to blocking L2 alone. How
could the T1 pathway support L1 func-
tion? T1 does not constitute an inde-
pendent pathway for motion detection,
as it cannot support motion vision in
the absence of L1 and L2 function.
Therefore, it is likely to modulate the
L1 pathway. However, T1 and L1 do
not synapse in the lamina (Meinertzha-
gen and Sorra, 2001) and do not arbor-
ize in the same layers in the medulla
(Fischbach and Dittrich, 1989). Thus,
the T1 pathway might feed into the L1
pathway downstream of L1.

This study took advantage of the
power of Drosophila molecular genet-
ics to provide a uniquely detailed anal-
ysis of the first level of motion process-
ing in Drosophila, shedding light onto
the underlying neural mechanisms
and identifying the cells involved in
early stages of motion detection. Until
now, conflicting models attempted to
explain how motion is processed, but
experimental data were missing. Al-
though the problem is still not fully
understood, this work provides the first
steps toward a detailed description.
Importantly, the previously suggested
model wherein L1 and L2 form the
two input channels into the motion
detector is not correct for most of the
conditions analyzed. Instead, L1 and
L2 are part of specialized systems, at
least at intermediate conditions.

Most importantly, Rister and col-
leagues provide a thorough framework
for further analysis of the motion-de-
tection pathway. It will be interesting
to conduct similar analyses for the
other lamina cell types and their me-
dulla targets. The synaptic connec-
tions in the lamina are not as simple
as described above, as many of the
cells have multiple postsynaptic con-
tacts, a prominent example being the

photoreceptor-L2-L4 synapse (Mei-
nertzhagen and Sorra, 2001). The func-
tion of L4 has not been addressed, but
it will be important to test its function,
especially as L4 interacts closely with
L2. In addition, there are many feed-
back synapses from L2 and amacrine
cells onto the photoreceptors as well
as from “back-propagating” cells
from the medulla. Finally, it will be im-
portant to unravel whether L1 and L2
signal through the proposed pathways
involving T4 and T5, respectively (Bau-
senwein et al., 1992; Strausfeld, 1984).

In conclusion, this work offers an el-
egant paradigm for how the power of
fly genetics allows for in-depth analy-
sis of neural circuits. It may also inspire
similar studies in other animal models.
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