the use of laboratory animals. Briefly, monkeys were anaesthetized with sufentanil citrate
(6-12 pgkg~"h™'; intravenous (i.v.) injection) and paralysed with Pavulon
(pancuronium bromide; 0.05mgkg™'h™'; i.v.). CO, and body temperature were
maintained at 4.0% and 37.5 °C, respectively. Each eye was brought into focus on the
screen of a Trinitron monitor using custom-fit contact lenses. On two animals with
apparent binocular divergence, the two eyes were brought into convergence by a prism.
The whole screen occupied a visual field of 19° X 14° that covered the visual field of the
recorded portions of V2 (2-7° along the vertical meridian). In one animal, anatomical
tracers were injected into V2. Its post-mortem occipital operculum was sectioned in the
tangential plane and stained for cytochrome oxidase and tracers. A detailed description of
these methods has been published previously’.

Optical recording

The intrinsic optical signal was recorded using a slow-scan CCD (charge-coupled device)
array camera (Photometrics, CH 250 0206) that was focused 0-300 p.m below the surface
by a tandem lens system. The cortical surface was illuminated by light at 630 = 15nm
wavelength. In each series of frames, four 103-ms-long frames taken 1.3-2.8 s after the
onset of each stimulus were used as response frames. Two background frames were taken at
0.7 and 0.2 s before stimulus onset. Each stimulus, viewed binocularly by the animal, lasted
for 3 s and was separated by 10 s of uniform grey on the screen. In each trial, 50 repetitions
of each stimulation condition were interlaced pseudo-randomly with other conditions,
and the corresponding frames were averaged. A differential image between two
stimulation conditions was calculated by subtracting the response frame of one condition
from that of the other condition, divided by the first background frame. A single-
condition image of one stimulation condition was calculated by dividing the
corresponding response frame with the first background frame. For each stimulation
condition, a control image was calculated by dividing the second background frame with
the first background one. In each trial, four control images derived from four different
stimulation conditions were used for the statistical analysis. In each functional image, a
pair of gaussian spatial filters (s.d. = 49 and 326 um, respectively) was used to remove the
high and low spatial frequency noises. The four single-condition images corresponding to
four different time points under the same stimulation condition were then averaged to
obtain the final single-condition image for each condition. For each pixel, the intensity
values in these four single-condition images were compared with those in the four control
images by the Student’s t-test, to determine the significance level of the activation. In two
animals, a series of frames was taken when the screen was kept at a constant uniform grey
(blank presentation). The blank presentations were pseudo-randomly interlaced with the
stimulus presentations. When the single-condition images during the blank presentations
were used as controls, the regions significantly activated by each stimulus were largely the
same as those derived from the above analysis, which used the second background images
as controls (Supplementary Fig. 3).

To identify the colour-preferring modules, we used isoluminant red/green gratings
(sinusoidal, 0.25 cycles degree ', drifted at 1 cycles '), high-contrast achromatic gratings
(sinusoidal, 2.0 cycles degreefl, 2.0 cycles s~ !, 100% luminance contrast) and low-
contrast achromatic gratings (sinusoidal, 0.25 cycles degree ™', 2.5 cycless ™, 7%
luminance contrast). They all had an average luminance of 10 cd m™* and four
orientations (0° 90° 45° and 135°). The two colours in the red/green gratings
corresponded to the colours of the red and green phosphors of the cathode-ray tube,
respectively (see Fig. 1a). The colour-preferring modules that we identified appeared dark
in the differential image that subtracted the responses to high-contrast achromatic
gratings from those to isoluminant gratings, but not in the differential image that
subtracted the responses to high-contrast gratings from those to low-contrast achromatic
gratings.

To study the cortical activation evoked by a single colour, we used static, colour/grey
gratings (square wave, 0.25 cycles degreeﬂ, two alternating spatial phases, 0°, 90°, 45°,
135°), or uniform colours covering the full screen (10 cd m™?). CIE-xy chromaticity
coordinates of the tested colours are: red (0.55, 0.33), orange (0.54, 0.40), yellow (0.45,
0.47), lime (0.35, 0.54), green (0.27, 0.49), aqua (0.23, 0.36), blue (0.16, 0.08), purple
(0.23, 0.11), pink (0.38, 0.27), and white and grey (0.31, 0.31). The uniform grey between
stimuli and the grey in each grating had a luminance of 10 cd m ™. In isoluminant
gratings, all colours had a luminance of 10 cd m ™2 In luminance-varying gratings, the
luminance of different colours were (in cd m™2): red, 14; orange, 18; yellow, 28; green, 19;
aqua, 22; blue, 8; purple, 11. These values are similar to those used by ref. 9 so that they
reflect the difference in luminance of the colours described by different names of a natural
language.

Electrode recording

Electrode penetrations were made vertically with the guide of functional maps. All units
were recorded between 0 and 1 mm below cortical surfaces. After the receptive field of a
single- or multi-unit was plotted, flashed colour bars or drifting colour/grey gratings (1.5
cycles degree ™', 1 cycles ') were presented in the receptive field for 1.28 s every 3.28 5. Net
neuronal responses were obtained by subtracting the spontaneous firing rate during 1s
before the presentation of each stimulus from that during the presentation. Ten repetitions
of each stimulus were interlaced pseudo-randomly with other stimuli, and their net
neuronal responses were averaged to obtain the mean response to the stimulus.
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Stimulus-induced oscillations occur in visual“?, olfactory* and
somatosensory’ systems. Several experimental>>* and theoreti-
cal®*"* studies have shown how such oscillations can be generated
by inhibitory connections between neurons. But the effects of
realistic spatiotemporal sensory input on oscillatory network
dynamics and the overall functional roles of such oscillations in
sensory processing are poorly understood. Weakly electric fish
must detect electric field modulations produced by both prey
(spatially localized)'* and communication (spatially diffuse)'
signals. Here we show, through in vivo recordings, that sensory
pyramidal neurons in these animals produce an oscillatory
response to communication-like stimuli, but not to prey-like
stimuli. On the basis of well-characterized circuitry'é, we con-
struct a network model of pyramidal neurons that predicts that
diffuse delayed inhibitory feedback is required to achieve oscil-
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latory behaviour only in response to communication-like stim-
uli. This prediction is experimentally verified by reversible
blockade of feedback inhibition that removes oscillatory beha-
viour in the presence of communication-like stimuli. Our results
show that a sensory system can use inhibitory feedback as a
mechanism to ‘toggle’ between oscillatory and non-oscillatory
firing states, each associated with a naturalistic stimulus.

Organisms must discriminate between sensory inputs with vary-
ing spatiotemporal structure. Electric fish offer a clear example
because prey and communication signals differ greatly in their
spatial extent. Sensory systems have evolved architectures to process
such signals efficiently. Feedback connections are common in neural
systems, especially at the thalamo-cortical level, where they control
sensory transmission®. Feedback is also a prominent feature of
brainstem electrosensory circuitry, and its organization parallels
that of cortico-thalamic pathways'®. We show here how inhibitory
feedback allows electrosensory lateral line lobe (ELL) pyramidal
neurons'® to switch between non-oscillatory and oscillatory states,
each associated with prey-like or communication-like stimuli,
respectively.

The electric fish Apteronotus leptorhynchus produces an electric
field through a rhythmic electric organ discharge (EOD). Electro-
receptors respond to amplitude modulations of this field produced
by conspecifics or objects. These afferents encode amplitude modu-
lations'” and synapse onto ELL pyramidal neurons'®'®. Two stimu-
lus geometries, ‘local’ and ‘global’, were used to activate receptor
afferents and pyramidal neurons (see Methods). Local geometry
applies the stimulus to a small fraction of the fish’s skin, stimulating
only a portion of the centre of the receptive field of a pyramidal
neuron from which we record (Fig. 1a, left). This produces localized
amplitude modulations of the fish’s own EOD that are spatially
similar to those produced by small aquatic invertebrate prey'.
Global geometry, however, applies a bilateral stimulus homoge-
nously to the whole fish, stimulating both the centre and surround
receptive fields of pyramidal neurons (Fig. 1b, left). This produces
amplitude modulations that are spatially similar to communication
signals'®. Large objects (obstacles, root masses) will produce
spatially extensive amplitude modulations, but these are expected
to be heterogeneous. These fish routinely give communication
responses' in response to global stimuli with gaussian temporal
structure (data not shown), showing that these effectively mimic
communication stimuli.

Figure 1 shows a typical pyramidal cell response recorded in vivo
when band-limited gaussian EOD amplitude modulations (0—
40 Hz) were applied locally or globally (n = 15). With local stimu-
lation, the spike time autocorrelation'®, A(7), was positive at small
values of the lag, 7 (after a negative correlation owing to refractori-
ness), and histograms of the interspike interval (ISI) showed a single
peak (Fig. 1a, middle and right). A(7) shows that the spikes are not
independent of each other; rather, there is a tendency to produce
high-frequency (~100-Hz) clusters of spikes®. By contrast, when
the stimulus was applied globally, a damped oscillation in A(7) and
two distinct peaks in the ISI histogram appeared, suggesting
oscillatory (and/or bursting) behaviour (Fig. 1b, middle and
right); no such structure is observed for local stimulation. It is
this transition from non-oscillatory to oscillatory behaviour con-
tingent on the switch from local to global stimulation that is the
focus of our study.

To verify the presence of oscillatory behaviour and to compare
quantitatively the discharge patterns under both stimulus geome-
tries, we computed the power spectral densities (PSDs) of the spike
train during both global and local stimulation (Fig. 1d). There was a
significant peak in the PSDs during global stimulation
(32.41 £ 3.92 Hz; n = 15) that was absent during local stimulation,
demonstrating that the spike train is oscillatory only during global
stimulation. Using the PSDs, we defined an ‘oscillation index’ (see
Methods); this index was larger under global (10.12 %
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3.68 spikes? s~!) than under local (2.28 *+ 0.62 spikes®s~!) geome-
tries (pair-wise t-test, P = 0.0034; n = 15). In addition, joint
interval histograms computed from responses to global and local
stimuli differed markedly. Under local stimulation, the joint interval
histograms showed no clear structure; however, with global stimuli,
short ISIs (<15ms) were followed preferentially by long ISIs
(>15ms) and vice versa (Fig. 1c). Oscillatory discharge was not
observed with local stimulation, even with a contrast up to six times
that of the global stimulus, although the peak firing rates were
similar to those during global stimulation. These results show that
an oscillatory discharge occurs for global but not local stimulation.
The requirement of a global stimulus for oscillatory discharge
suggests that the mechanism involves the integration of spatially
diffuse inputs. The negative component of A(7) at 7= 15ms
suggests that delayed inhibitory processes are also involved. ELL
circuitry is well described and indicates that feedforward pathways
satisfying these criteria are unlikely to exist'®. But ELL pyramidal
neurons project to an isthmic structure (n. praeminentialis dorsa-
lis), which in turn provides several feedback projections to the
ELL'. This includes a spatially diffuse delayed (~15 ms) inhibitory
pathway emanating from a small group of bipolar cells that
terminates exclusively on ELL pyramidal cells®’>’. Theoretical
analysis of models of biological and chemical systems with delayed
negative feedback have shown how delays can often support
oscillatory dynamics*; however, little is known about how the
spatial extent of a driving stimulus can regulate a feedback-
mediated oscillation. Thus, we constructed a neural network
model of the ELL to test the hypothesis that delayed inhibitory
feedback is sufficient for global stimulus-induced oscillations.
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Figure 1 ELL pyramidal neurons show differential responses to local (prey-like) and global
(communication-like) stimuli (n = 15). a, Local stimulation. Left, local stimulus model; a
dipole was placed near the skin to stimulate only a part of the pyramidal cell receptive field
centre. Middle and right, A(7) and ISI histograms of a typical pyramidal cell response to a
local stimulus. b, Global stimulation. Left, global stimuli model; two Ag*/AgCl wire
electrodes were placed transverse to the fish to produce spatially extensive stimuli. Middle
and right, A(7) and ISI histograms of pyramidal cell response to a globally applied stimulus.
The mean firing rates of the stimulated cell were 21.8 spikes s~ ' and 22.8 spikes s~ for
local and global stimulus geometries, respectively. Note that the same cell was used for
both stimuli. ¢, Joint interval histograms under local (left) and global (right) stimulation.
d, The PSDs of the spike train under local and global stimulus geometries. Broken lines
surrounding the PSDs are the 95% confidence bands (=2s.d.).
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In brief, we modelled the pyramidal neurons as a network of leaky
integrate-and-fire (LIF) neurons (ref. 19 and see Methods). All
neurons transmit their spikes to a central cell population, G. For
each spike that it receives, G feeds back an inhibitory synaptic
(a-function'®) response to all pyramidal neurons in the network
after a fixed time delay, 74. The physiological interpretation of G is
the integration of pyramidal cell output by bipolar cells of the
n. praeminentialis dorsalis and their GABA (y-aminobutyric acid)-
mediated projection back to the ELL. A diagram of the network
model connectivity is shown in the left panel of Fig. 2a.

Each LIF neuron was driven by two sources. The first was a noise
input, n;(t), with positive bias (the subscript i denotes spatial
position), with n being uncorrelated across space. This modelled
stochastic spontaneous activity is similar to that seen in vivo™. The
second input source was band-limited (0—40 Hz) gaussian noise,
S(t), mimicking the temporal nature of the electrosensory stimulus
used in the experiments. To model local geometry, S(¢) was applied
to a single neuron, whereas global geometry was modelled by
applying S(t) homogeneously to all neurons. With local stimu-
lation, A(7) and IST histograms measured from the neuron receiving
S(t) were similar to those observed experimentally, indicating a
non-oscillatory state (compare Figs la and 2a, middle and right).
With global stimulation, however, a transition to an oscillatory
response was observed, similar to that observed experimentally
(compare Figs 1b and 2b, middle and right). The oscillation index of
the model was 8.66 spikes®s™ ' during local stimulation and
15.0 spikes®s ™' during global stimulation. Joint interval histograms
constructed from model spike trains during both local and global
conditions were qualitatively similar to those constructed from the
data.

These model results were insensitive to parameter heterogeneities
in the network resulting from the known variability of pyramidal
neurons (ref. 20 and see Methods). In addition, a sixfold increase in
the contrast of a local stimulus did not induce oscillatory discharge,
similar to experimental findings. We have previously proposed a
two-compartmental model of ELL pyramidal cells® that simulates
the single-cell bursting dynamics observed during current injection
in vitro*®. We have also qualitatively reproduced the simulation
results presented above (Fig. 2) using a network of these more
realistic pyramidal cells (see Supplementary Information).

a Local o
= 800+
® . 200
§ 400+ S
< S)
a g O 1004
PCL .= @
=
Stimulus T I 400-——m— 04

MMM 0 50 100 O 50 100

b Global

2~ 800
o .. 200
2 400+ S
= 3
% 0 0100’
ttttt Fa0d—F——— oA
MMM 0 50 100 0 50 100

7 (ms) ISI (ms)

Figure 2 ELL neural network simulations involving global inhibitory feedback show
differential responses to local and global stimuli. a, Local stimulation. Left, network
showing the pyramidal cell layer (PCL) projecting spikes to a kernel, G(#), which feeds back
inhibitory responses to the PCL after a delay 7 4. For local stimuli only one cell receives the
stimulus (arrow). Middle and right, A(7) and ISI histograms of the simulated LIF neuron
during local stimulation. b, Global stimulation. Left, identical network to that in a, but all
LIF neurons receive the same stimulus. Middle and right, A(z) and ISI histograms of a LIF
neuron response to global stimulation. The mean firing rates of the cell were
17.5spikess™ ' and 16.5spikess ™' for local and global stimulus geometries,
respectively.
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During local stimulation, the only shared input among neurons is
from the global inhibitory feedback, G. In spite of this common
input, the intrinsic noise sources, 1 ;(), were of sufficient strength to
suppress significant correlations between neurons in the network.
This is demonstrated in the model network raster plots (Fig. 3a,
top), which show a lack of coincident firing between individual
neurons during local input, and by network stimulus histograms
(summed activity of all neurons) that weakly fluctuate about a
constant value (Fig. 3a, middle). The feedback response, G (Fig. 3a,
bottom), is determined by the network firing pattern, as illustrated
by the network spike histograms, and is thus also roughly constant.

During global conditions, however, S(t) was distributed homo-
geneously over the whole network, evoking stimulus-induced
correlations between neurons. This allowed for increased network
synchronization, as shown in network raster plots (Fig. 3b, top) and
network stimulus histograms (Fig. 3b, middle). As a result of this
increased correlation, G received near-coincident spikes from across
the network, yielding a significant summation of a-function
responses. This enhanced response is fed back to all neurons in
the network after a delay time, 74, causing ‘waves’ of inhibition that
suppress network firing (Fig. 3b, bottom). As an inhibitory wave
abates, subsequent stimulus-induced coincident firing across the
network develops. Thus, the interplay between stimulus-induced
correlations and an associated delayed increase of feedback inhi-
bition creates an oscillation in the network activity with period
determined by both the axonal delay, 74, and the synaptic time
constant a.

The simulation results shown in Figs 2 and 3 suggest that the
diffuse delayed inhibitory feedback is an integral component of the
pyramidal cell oscillatory response to global stimuli. To verify this
experimentally, we used local injection of xylocaine, a sodium
channel antagonist, to specifically block the inhibitory feedback
component of the tractus stratum fibrosum (StF) pathway (n = 10;
see Fig. 4 and Methods). The effect of this block was to remove
temporarily feedback inhibition to the ELL, effectively opening the
loop from the n. praeminentialis dorsalis to ELL. Xylocaine injec-
tion reversibly blocked oscillatory responses to globally applied
stimuli: A(7) showed no damped oscillations and the ISI histograms
were unimodal (Fig. 4b, ¢, black traces). However, these neurons
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Figure 3 Simulated asynchronous firing and synchronized oscillations during one
presentation of a local or global stimulus, respectively. Top, network raster plots under
local (@) and global (b) stimulus with network stimulus histograms shown underneath.
Bottom, the total value of the feedback inhibition, G(), is plotted for the same simulations
that gave the spike times.
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Figure 4 Blockade of the inhibitory component of the StF pathway. a, Pyramidal neurons
in the ELL project excitatory connections to bipolar cells (BP) of the n. praeminentialis
dorsalis through the lateral lemniscus pathway (LL). In turn, the BP cells project back to
the ELL through the StF, providing GABA-mediated feedback to the pyramidal neurons.
StF axons were blocked by application of xylocaine. b, ¢, ISI histograms (b) and A(7) (¢) are
plotted for control cells (red), during the block (black) and after recovery from xylocaine
(green). Histograms and A(r) were constructed as in Fig. 1 and smoothed (gaussian-
filtered, o = 5ms) to facilitate comparison between states.

showed clear oscillatory behaviour before and after recovery from
StF (inhibitory component) blockade (Fig. 4b, ¢, red traces, control;
green traces, recovery). The oscillation indices for control and
recovery were similar (pair-wise t-test, P = 0.353; n = 10) and
significantly different from those observed during feedback inhibi-
tory blockade (pair-wise t-test, P = 0.02; n = 10). These experiments
verify the model’s prediction that diffuse inhibitory feedback is
required for ELL pyramidal neurons to show differential responses
to local versus global stimuli.

Our network simulations predict that the synchronization of ELL
pyramidal cell firing is an aspect of the oscillatory mechanism
involved during global stimulation (Fig. 3). Field potential record-
ings from the ELL show oscillations during global stimulation (data
not shown), consistent with synchronous activity; however, inter-
neuron populations in the ELL'® and the expected stimulus-driven
increase of synchronization during global stimulation complicate
the interpretation of this observation.

Inhibition is necessary for synchronization in the olfactory
system™ and thalamocortical circuits*®. Modelling studies have
shown that synchronous oscillatory solutions exist when inhibitory
feedback gain is strong and inhibitory synaptic timescales are
long®>'""*, or when there are sufficiently long axonal delays™'*".
Other studies have shown that network oscillations can occur with
constant depolarizing input'? or with increased mean firing rate of
uncorrelated excitatory Poisson inputs®. In the latter study, oscil-
lations also occurred with increased spatial spread of uncorrelated
inputs distributed to the network. In this study, by contrast,
synchronous oscillations were produced not by varying feedback
gain, intrinsic cellular properties or mean network depolarization,
but by simply changing the spatial extent of a stimulus.

It is known that pyramidal neurons can estimate the time course
of prey-like stimuli applied under local, but not global, geome-
tries”’. But these cells do produce bursts of spikes in response to
specific features of a global stimulus®. These studies suggest that
pyramidal cell coding strategies may also depend on the spatial
extent of stimuli. We have confirmed that the stimulus encoding
abilities of pyramidal cells can be altered during the oscillatory
discharge induced by a global stimulus (see Supplementary Infor-
mation).
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We have described a mechanism whereby the spatial extent of
stimuli determines the firing behaviour of sensory neurons in the
electrosensory system. In addition, these stimuli were spatially
similar to those that the fish would encounter in either preylocation
or communication situations, giving a clear behavioural signifi-
cance to our results. We have shown that this mechanism requires
delayed inhibitory feedback—a very general feature of the nervous
system>**. To our knowledge, this is the first demonstration of how
delayed inhibitory feedback enables neurons in a sensory channel to
toggle between two distinct firing states, with each state connected
to a behaviourally relevant stimulus. O

Methods
Physiology

Extracellular single-unit recordings from ELL pyramidal neurons were identified on the
basis of recording depth and response patterns®”’. Random amplitude modulations
(RAMs) of the EOD were produced by adding an amplitude-modulated sinusoidal
waveform to the continuing discharge of the fish. The sinusoid was phase locked to the
EOD with a period roughly equal to that of the EOD. RAMs were produced by multiplying
the sinusoid by zero-mean band-limited gaussian noise (040 Hz, eighth order
Butterworth filter). For local geometry, we applied stimuli through a small dipole, tip
spacing of 2 mm, positioned at a site in the cell’s receptive field centre 2-3 mm lateral to the
skin. Global geometry stimuli were applied homogeneously through two electrodes 19 cm
lateral to either side of the fish (Fig. 1b, left). The typical global stimulus amplitude was
250wV cm ™', and the magnitude of the local stimulus was adjusted so that electroreceptor
afferent responses were equivalent for either geometry”’. Histograms and autocorrelation
bin widths were 1 ms and were computed from about 4,000 spikes in all cases. ELL
pyramidal cells occur in both basilar and non-basilar varieties'®; our results include both
subtypes. We limited recordings to pyramidal neurons from lateral and centrolateral ELL
segments with mean spontaneous firing frequencies greater than 15 Hz.

Reversible block of the tractus StF, which conveys descending excitatory and inhibitory
inputs to pyramidal neurons®', was achieved through micropressure ejection of the local
anaesthetic xylocaine. A xylocaine filled micropipette (5-10-pm tip diameter) carrying a
bipolar pair of 25-p.m stainless steel stimulation wires was positioned rostral to the ELL ata
depth where electrical stimulation (0.1 ms, 15-25 pA current pulses) evoked the
characteristic StF field potential in the ELL*”. Because the inhibitory component of the StF
lies at its ventral-most aspect just dorsal to the lateral lemniscus (ELL efferents)*, the
pipette was positioned just dorsal to a site where antidromic activation of ELL pyramidal
neurons occurred. Ejection of xylocaine (2% concentration; 100-ms pulses at 50 p.s.i.)
reduced the StF field potential, verifying blockade; the loss of pyramidal cell oscillatory
responses paralleled this reduction. Blockade of the dorsal StF, which conveys
topographical excitatory feedback'®*, eliminated the StF field potential but did not
prevent global stimulus-induced pyramidal cell oscillations (data not shown). All
procedures were in accordance with the University of Oklahoma animal care and use
guidelines. The oscillation index was defined as the difference between the maximum and
the minimum value of the PSD between 20 and 40 Hz.

Network simulations

We model the ELL pyramidal cell layer as a network of N LIF model neurons'. The
membrane potential of the ith neuron is labelled V,(t). When V(t) crosses a spike
threshold 6, it is reset to the potential (V) and a spike is emitted from neuron i. Between
spike times (V;() < 6), the dynamics are governed by the following stochastic delay-
differential system:

Vi Vi 04+ B4 S0 — Gt — ) (Vi — V) )
dt T
N M)
_8 N (t_tjm) 7(t_tjm)
G(t)—NjZl:;)ia exp(l " ) )

7 is the passive membrane time constant, and a constant depolarizing bias B; is set so
that, for zero input (y; = ¢ = S = 0), each neuron fires periodically (B; > 0/7,,). n,(t) isa
zero mean Ornstein—Uhlenbeck process®, with time constant 7,. The Ornstein—
Uhlenbeck processes are independent (n,(t) and 5(t) are not correlated if i 7 j) and the
autocorrelation of 5,(t) is given by

o _
(niCemi(t+7) = —e T/ o
TTI

RAMs were introduced through a zero mean band-limited (0-40 Hz) gaussian noise, S(t),
with variance W. Local stimulation was simulated by applying S(¢) to only one LIF neuron,
whereas for global stimulus geometry S(t) was applied to all neurons.

The direct inhibitory feedback pathway'® is modelled by the kernel G(t) in equation
(2). G(t) receives spikes from the jth neuron, t;,,, over the history of neuron j
(0 = m = M;(t), where M;(t) is the total spike count of neuron j at time t). G(t)
transforms a spike input, t;,,, into an a-function conductance' with time constant ov. G(t)
then projects the summation of all inputs uniformly to all neurons in the network after a
fixed delay, 74. The gain of the pathway is set by the constant g > 0, and G(t) multiplies a
battery term (V; — V,) with reversal potential V,. The LIF neurons do not have local
connections among themselves, as observed for ELL pyramidal cells'®.

The intrinsic model parameters were set to 7,, = 10 ms, 0 = 5.5nA, B; = 0.84 nA (we
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assumed a capacitance of 1 nF) and 7, = 15 ms. These were chosen so that for S(t) = 0,
A(7) and IST histograms were similar to those observed under spontaneous conditions
in vivo™. We set N = 100 to make local and global stimulation significantly distinct. The
RAM stimulus variance was W = 0.238 nA?, which resulted in firing statistics comparable
to those of stimulated pyramidal neurons (Fig. 2). The feedback parameters were set to
g=390SF !, =3ms, V; = Vieee =0mV, to model the feedback as GABA, shunting
inhibition, previously reported for interactions between bipolar and pyramidal cells*’. The
loop delay was set to 74 = 12 ms, allowing a fit to experimental data (Figs 1 and 2), and is
also comparable to previously estimated values®. Equation (1) was integrated by a simple
Euler-Maruyama® scheme with At = 0.025 ms. The effects of parameter heterogeneities
were tested by choosing B, and 7, from gaussian distributions with mean values as given
above. The results were qualitatively similar to the homogeneous case for distributions
with coefficient of variations of 0.82 and 1.5 for the B; and 7, distributions, respectively.
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The polarity of Drosophila wing hairs displays remarkable
fidelity. Each of the approximately 30,000 wing epithelial cells
constructs an actin-rich prehair that protrudes from its distal
vertex and points distally. The distal location and orientation of
the hairs is virtually error free, thus forming a nearly perfect
parallel array. This process is controlled by the planar cell
polarity signalling pathway'™. Here we show that interaction
between two tiers of the planar cell polarity signalling mechan-
ism results in the observed high fidelity. The first tier, mediated
by the cadherin Fat®, dictates global orientation by transducing a
directional signal to individual cells. The second tier, orche-
strated by the 7-pass transmembrane receptor Frizzled®’, aligns
each cell’s polarity with that of its neighbours through the action
of an intercellular feedback loop, enabling polarity to propagate
from cell to cell®. We show that all cells need not respond
correctly to the presumably subtle signal transmitted by Fat.
Subsequent action of the Frizzled feedback loop is sufficient to
align all the cells cooperatively. This economical system is there-
fore highly robust, and produces virtually error-free arrays.

A group of signalling molecules, including Frizzled (Fz)’, Dishev-
elled (Dsh)®, Flamingo (Fmi)'®"!, Van Gogh'>"* and Prickle (Pk)"
mediates planar cell polarity (PCP) signalling in various developing
Drosophila tissues'™. In wing cells, these proteins participate in an
intercellular feedback loop that generates subcellular asymmetry
and directs prehair location®'>'°. Frizzled on the distal side of one
cell recruits Dsh to the membrane, thus stabilizing Fz localization,
and simultaneously recruits Pk to the proximal side of the adjacent
cell, where it prevents Dsh localization (Fig. la). A competition
therefore occurs between Fz on either side of the intercellular
boundary, amplifying small differences in Fz levels to all-or-none
differences®. Coupled with the observation that cells do not
accumulate high Fz levels and construct prehairs on two sides,
this mechanism enables polarity to propagate from cell to cell
(Fig. 1b). For example, removing Fz from a clone of cells produces
a difference in Fz at the distal boundary of the clone that is reversed
from the wild type, and this reversal propagates, resulting in the
‘domineering non-autonomy’ first described by ref. 6 (Fig. 1b). The
question remains, however, of what initiates the imbalance of
Fz activity along the proximal-distal axis of each cell in a wild-
type wing. We have proposed previously that, in the eye, two
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