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Abstract

The Lamina is a neuropil that resides in the optic lobe of the early visual system of
the fruit fly. Its neural circuit consists of some 700 ∼ 800 cartridges. A cartridge is
an atomic neural circuit abstraction whose I/O behavior can be studied in isolation.
The anatomy of the neurons, neurotransmitter types and connectivity patterns of
the neurons in the cartridge are briefly reviewed. A circuit-level model of a cartridge
suitable for implementation on a GPU platform is presented in detail. Cartridge
interconnects create neural circuits with different I/O characteristics. A number of
cartridge composition rules for building neural circuits with different spatial I/O
characteristics are discussed. We present a model neural circuit for initial functional
evaluations and scaling of the Lamina and its interconnection with the Medulla.
Implementation considerations of the Lamina neural circuit are discussed.

∗Names are listed in alphabetical order.
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1 Introduction

Studies of Drosophila melanogaster have revealed that each side of its brain consists
of some 50 neuropils [1]. Each neuropil is characterized by spatially restricted lo-
cal neurons and projection neurons connecting to other neuropils in the fly brain
[1]. Called local processing units (LPUs), these modules can be regarded as the
key building blocks of the fly brain. Subsystems in the fly brain comprise multiple
neuropils interconnected through neural tracts.

The development of the Neurokernel project (http://neurokernel.github.io) fo-
cuses on modeling and emulating the entire fly brain by identifying LPUs and their
interconnects as the fundamental computational building blocks of the brain. The
project investigates models of neural computation for the fly brain by (i) constructing
models of LPUs arising in sensory systems and motor control of the fly brain, and
by (ii) interconnecting constituent LPUs with models of synaptic tracts [2].

Vision is critical for the fly for avoiding predators, flight control, mating, etc.. In
order to gain insights into the general principles of neural processing of the fruit fly
visual system, we model here the first optic neuropil, the Lamina. Our working hy-
pothesis is that, since the Lamina only contains a very small number of neuron types
and has spatially structured neural circuits, by characterizing its I/O behavior it
may become possible to uncover some of the information processing transformations
that take place in the first stage of visual processing.

The anatomical structure of the Lamina has been studied extensively and most of
the cell types have been identified [3]. A recent study mapped out most of the
synaptic connections [4] (i.e., chemical synapses). In addition, genetic techniques
have helped to identify some of the neurotransmitters in the optic lobe [5, 6, 7, 8].
Moreover, imaging and recordings paired with genetic manipulation has led to the
understanding of some of the functional properties of the cells in the Lamina [9].

The objective of this RFC is to combine all the currently available information re-
garding the Lamina LPU to construct a model that can be used in the Neurokernel
environment. Towards this goal, we identify the key components in modeling the
neural circuits of the Lamina including (i) cartridges as a canonical neural circuit
abstraction, and (ii) composition rules among cartridges [10].

The RFC is organized as follows. In Section 2, we briefly describe the anatomy of
the early visual system of the fruit fly. Next, in Section 3, we describe the neu-
ronal components of the Lamina including the neuron types, neurotransmitters and
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connectivity among neurons. We then propose in section 4 a model for construct-
ing the Lamina for functional evaluations. In section 5, we present details of the
implementation of the proposed Lamina model.

2 Anatomy of the Fly’s Early Vision System

The early visual system of the fruit fly resides in the optic lobe. It consists of the
Retina and 4 neuropils, namely, the Lamina, the Medulla, the Lobula and the Lobula
plate (see Fig. 1). The optic lobe is estimated to comprise more than half of the total
numbers of neurons in the fruit fly. The total cell count of the optic lobe on each
side of the brain is approximately 66, 000, of which about 5, 000 are in the retina,
6, 000 are in the Lamina, 40, 000 are in the Medulla and 15, 000 are in the Lobula
complex [11].

The Lamina sits behind the retina, and is the first of the optic neuropils in the
Drosophila’s compound eye. The relative position of the Lamina in the optic lobe
is shown in Fig. 1. For more details, see [3, 12, 13, 14] and the references therein.

The Lamina receives inputs from six photoreceptors (R1-R6) located in the Retina.
Most of the inputs to the next neuropil, the Medulla, are provided by neurons in
the Lamina, exceptions being the two color sensitive photoreceptors (R7-R8) that
bypass the Lamina. Thus, the first stage of visual processing is performed in the
Lamina.

3 Neurons and Neurotransmitters in the Lamina

3.1 Neurons

The Lamina consists of some 6, 000 neurons. They can be categorized into two types
of neurons: projection (or output) neurons whose axons project to the Medulla and
Local Neurons (LNs) whose interconnects do not project outside of the neuropil. In
addition, some of the axons of the photoreceptor cells in the Retina innervate the
Lamina. They represent the inputs to this neuropil. We list all the input neurons
and the Lamina neurons in the following.
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3.1 Neurons 5

Figure 1: Structure of the optic lobe. The Lamina is the first neuropil behind the
Retina and in front of the Medulla. (From [14], Copyright c©Elsevier 2009).
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3.1 Neurons 6

Inputs The inputs to the Lamina consist of some 4, 500 axons of the photoreceptors
R1-R6.

Output Neurons Neuron types/classes in the Lamina are typically categorized by
their morphology. There are a total of 10 types/classes of output neurons in the
Lamina.

The first class of neurons are the Large Monopolar Cells (LMCs). Their cell body
resides between the Retina and the Lamina neuropil. Unlike many other neurons
that have the dendritic tree and axon on separate branches, each of the LMCs only
extends a single branch of neurite from their cell body and both dendrites and axon
terminals reside on this branch (see Figure 1). The latter configuration is the basis
of their names (see also Figure 3 in [3]). The LMCs can be subdivided into 5 types,
L1-L5. L1 and L2 have the largest axon diameter while L3 has a medium sized axon
while L4 and L5 have relatively much thinner axons. LMCs amount to about 4, 000
neurons in the Lamina. They all terminate in the Medulla [3, 5].

Some 750 T1 cells make up a class on their own. They have bushy arborization in
the Medulla and extends thin processes into the Lamina. T1 neurons terminate in
the Medulla [3].

The Centrifugal neurons C2 and C3 have their cell bodies between the Medulla
and the Lobula complex. Their neurites extend backwards into the Lamina. The
Centrifugal neurons amount to 1, 500 cells and they all terminate in the Medulla
[3, 5].

The Lamina wide-field (Lawf) neurons are another type of output neurons of the
Lamina. Lawf neurons innervate widely in the distal part of the Lamina and termi-
nate in the distal parts of the Medulla (see Figure 3 in [3]).

Lamina Tangential (Lat) neurons arborize widely in the Lamina. However, it is
unclear which neuropil they project their axon to [3]. They are presumably only a
few in numbers.

Local Neurons Amacrine cells (Am) are the only local neurons. They cover a large
spatial field, and send thin processes through adjacent photoreceptor axons. The
number of amacrine cells in the Lamina isn’t clear yet but it is estimated to be
around 200 ∼ 400.
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3.2 Neurotransmitters

Neurons in the lamina utilize diverse types of neurotransmitters and receptors. Neu-
rotransmitter released by the pre-synaptic neuron and the receptor expressed by the
post-synaptic neuron pair together to define the function of a chemical synapse.

We summarize the neurotransmitter types of neurons in the Lamina in Table 1.
The neurotransmitter receptor expressed in each type of neurons are summarized in
Table 2.

Table 1: Summary of neurotransmitter release by each neuron type.

Neuron Neurotransmitter references Note

R1-R6 histamine [15, 13]
L1 glutamate [16]
L2 acetylcholine [16]
L3 glutamate [17] identified for other fly species
L4 acetylcholine [16]
L5 glutamate hypothetical due to close relation with L1
T1 no data
C2 GABA [5]
C3 GABA [5]
Am glutamate [5]
Lawf no data
Lat serotonin [3]

Substantial amount of information about neurotransmitters is still missing. The
missing information cannot be revealed by the typical EM reconstruction techniques
used in connectomics [20]. We have made educated guesses to complete the tables in
order to establish a full configuration for the Lamina. As such information becomes
available, more precise synaptic models can be adopted and implemented.
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Table 2: Summary of neurotransmitter receptors expressed by each neuron type.

Neuron Identified Receptors references Note

R1-R6
AChR Consistent with the presynaptic neuron

ionotropic glutamate receptor [18, 4]

L1 HCLA [19]
additional glutamate and GABA

receptors possible

L2 HCLA, AChR [19, 16]
additional GABA
receptors possible

L3 HCLA [19]
additional glutamate and GABA

receptors possible
L4 AChR [16]

L5
ionotropic glutamate receptor Consistent with the extensive # of

GABA receptor synapses with L1, C2 and C3
T1 NMDA [17] identified for other fly species

C2 GABAB [5]
additional glutamate

receptors possible

C3 GABAB [5]
additional glutamate

receptor possible

Am HCLA [19]
additional GABA
receptor possible

Lawf GABAA, GABAB [5]
Lat no data

Neurokernel RFC #2 - v1.0



9

4 Neural Circuit Level Modeling of the Lamina

Modeling the Lamina neural circuit can be decomposed into modeling its some 700 ∼
800 cartridges and the interconnects between them. As such, the cartridge can be
considered as an atomic neural circuit abstraction that can be studied in isolation.
A set of simple interconnects with well defined rules of cartridge composition enables
the construction of more complex circuits including the Lamina itself.

4.1 Cartridges as Canonical Neural Circuit Abstractions

Columnar Structure Similar to the spatially regular structure of the Retina pro-
vided by the ommatidia, the Lamina exhibits a columnar structure that preserves
the retinotopy. Called cartridges, these columnar units have a one-to-one association
with the ommatidia. Retinotopy is preserved since the adjacent ommatidia are as-
sociated with adjacent cartridges. In addition, cell types, number of cells and their
connections are stereotypic in each cartridge. Thus, a cartridge, can be seen as an
instance of a canonical neural circuit abstraction (cNCA) and the function of the
Lamina can be largely understood by investigating the neural circuit underlying the
cartridge and the composition rules among multiple cartridges [10].

Decomposing the Lamina circuit into cartridges and defining a set of composition
rules among them has the following advantages:

• the cartridge as an atomic unit of computation naturally reflects the structural
complexity of the anatomy of the Lamina.

• as a single unit, each cartridge performs the processing of a localized retinal
input, i.e., a univariate signal.

• the I/O functionality of the cartridge can be studied in isolation. Since the
cartridge is a fundamental computational unit, the insights gained about its
I/O behavior may have a broader applicability towards understanding brain
function.

• cartridge composition rules can be studied using components that are well
understood. The processing of multivariate signals can then be achieved by
certain composition rules. The modularity of such rules may have been evolu-
tionarily advantageous for spatial scaling of the compound eye.
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4.1 Cartridges as Canonical Neural Circuit Abstractions 10

In light of this discussion, we first model the cartridge as a cNCA and describe its
circuit components and their connectivity.

Input The inputs to the Lamina are from the retina photoreceptors. The 6 pho-
toreceptors, R1-R6, that are not color sensitive, terminate in a cartridge. However,
none of the 6 photoreceptors belongs to the ommatidium directly associated with the
cartridge located immediately “above”. In fact, each connection belongs to a differ-
ent ommatidium adjacent to the associated ommatidium and innervates a cartridge
according to the neural superposition rule illustrated Fig. 2 [21, 14]. Fig. 2 shows
an overlaid hexagonal grid resembling the organizational structure of the ommatidia
(solid circles) and cartridges (dashed circles). The target cartridge A receives inputs
from one of the photoreceptors in each of the six ommatidia that are highlighted with
individual photoreceptors R1-R6 (black dots) and R7/R8 (green dots). In addition,
the right side of Fig. 2 indicates the cartridge that each of the six photoreceptors
from a single ommatidium projects to. It is easy to verify that this projection pattern
tiles the visual space. That is, each cartridge exactly receives only 6 photoreceptor
inputs, each from a different ommatidium. More importantly, all photoreceptors that
project to one cartridge share the same optical axis [21]. Therefore, the brightness
signal relayed by photoreceptors to a single cartridge comes from parallel rays at a
certain angle.

Output The outputs of each cartridge comprise five L1-L5 neurons (LMCs), one
T1 neuron and two centrifugal neurons C2 and C3. All of these output neurons
innervate and terminate in the Medulla. L1-L3 receive direct photoreceptor inputs,
but L4 and L5 requires a second synapse in the Lamina for signals originating in the
Retina to reach them. Moreover, L1 is postsynaptic to C3 and L2 is postsynaptic to
both C2 and C3 neurons. The majority of the synaptic interactions of the centrifugal
neurons C2 and C3 occur in the medulla but they do receive some input from R5
and R3, respectively, in the Lamina. The T1 neurons receive input mainly from
the Amacrine cells in addition to some inputs from photoreceptors R2-R4 [4]. In
addition, some output neurons, for example, L2 and L4, also feed back their state
into the photoreceptor axons [18].

Local Neurons In addition to the 8 output cartridge neurons and 6 input lines,
another repetitive element in a cartridge are the α-profiles. These are thin processes
(neurites) generated by the tangentially oriented Amacrine cells. The anatomical
structure of the Amacrine cell is shown in Fig. 3. On the one hand, each cartridge
typically has 6 α-profiles that may come from 1 − 6 Amacrine cells [3]. On the
other hand, each Amacrine cell may innervate 6− 12 cartridges. Each α-profile goes
through the gap between two adjacent photoreceptor axons. They are post-synaptic
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Figure 2: Neural superposition rule of the fruit fly’s eye. A hexagonal grid of omma-
tidia/cartridges is shown with circles. Dashed circles indicate cartridges and solid
circles indicate ommatidia. Note that ommatidia and cartridges are shown on the
same plane only for compactness of illustration. Individual photoreceptors R1-R6 are
numbered and their relative position highlighted in some of the ommatidia. Cartridge
A receives 6 photoreceptor inputs, each from a different ommatidium. The arrows
indicate the 6 photoreceptors that project to the target cartridge A. On the right,
6 photoreceptors from a single ommatidium each projects to a different cartridge.
It is clear from the color code that the relative position between the ommatidia is
always the same. For example, the location where the R3 cell (blue) resides and
the cartridge where R3 projects to is locally always the same. Therefore, such a
projection pattern tiles the visual space. (Adapted from [21].)
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4.1 Cartridges as Canonical Neural Circuit Abstractions 12

to the photoreceptors and have many inputs to the β-profiles generated by the T1
neurons [13] (see also Fig. 4). We assign 6 elements α1-α6 as the α-profiles in a
cartridge. Note that these are not real neurons but serve as a link between Amacrine
cells and the columnar neurons in the cartridge. α-profiles of the Am cells also
feedback onto the photoreceptor input axons [18, 22].

Figure 3: Anatomical structure of Amacrine cells. Cell 1 (indicated with number
in the cell body) shows a partial reconstruction of an Amacrine cell that supplies
one or two α-profiles to each of five cartridges (under bracket 1, each cartridge is
numbered with a circle.). Cells 2 − 6 are identical copies of cell 1. They provide
the cartridge (indicated by arrowed bracket 2 − 6) 6 α-profiles. Modified from [23],
Copyright c©Cambridge University Press 2011.

The neurons/elements described above appear once in every cartridge; they are called
columnar neurons/elements. Not all the neurons in the Lamina are columnar neu-
rons, however. For example, the Lawf and Lat neurons are not associated with
individual cartridges. Neurons in the Lamina that are not part of the repetitive
structure of cartridges are referred to as non-columnar neurons. The overall cellular
organization of columnar elements of a single cartridge is shown in Fig. 4. This figure
illustrates a cross-section of the cartridge.

Connectivity The overall connectivity between neurons/elements in a single car-
tridge has been identified and can be summarized by the connectivity matrix in
Table 3 [4].
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4.1 Cartridges as Canonical Neural Circuit Abstractions 13

Figure 4: The position of elements in the cross section of a single cartridge. α-profiles
from Amacrine cells and β-profiles from a T1 neuron can be seen in between each
pair of adjacent photoreceptor axons. (From [13], Copyright c©1991 Wiley-Liss, Inc.)
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4.2 Cartridge Composition Rules 15

Fig. 5 shows the circuit diagram of a cartridge and summarizes the neurons and their
connectivity.
Remark 1. Cartridge neurons are non-spiking. They very likely extensively com-
municate via electrical synapses. Similar to gap junctions in the C. elegans and in
the vertebrate retina, these electrical synapses may play an important role in the car-
tridge circuit. However, the data about them is scarce. We will ignore gap junctions
in our Lamina model but they can be added as soon as data about them becomes
available.
Remark 2. Recent connectome data reveals that more types of Medulla neurons may
be presynaptic to the Lamina cartridge neurons [24]. For example, L1 may receive
inputs from Mi1 and Tm3 cells, and those inputs are received in the Medulla rather
than in the Lamina. How such inputs affect the L1 neuron, such as the direction
of propagation of membrane potential, is not clear. A better understanding of these
effects is needed before considering them as possibly part of the Lamina model.

4.2 Cartridge Composition Rules

Composition Rule I The majority of the local neurons in the lamina are the
Amacrine (Am) cells, characterized by their tangential structure and thin processes
(α-profiles) generated by them. Cartridges do not possess local neurons. However,
as we have discussed above, 6 α-profiles innervate each cartridge. They may come
from 1 to 6 Amacrine cells. Each Amacrine cell also innervates multiple cartridges.
Therefore, they can both pool information from many cartridges as well as broadcast
information back to them.

Composition Rule II The majority of the connectivity amongst cartridges is me-
diated by non-columnar neurons, but synapses directly between output neurons are
also common. Most of such connections are mediated by the L4 neurons. Each
L4 neuron sends collaterals to two adjacent cartridges, whose relative positions to
the cartridge containing the L4 neuron are fixed [13, 4]. The collaterals have a few
contacts, pre-synaptic or post-synaptic, with other output neurons. A geometric
view of these connections is shown in Fig. 6. Arrows of different colors indicate the
connection mediated by the collaterals of different neurons.

Composition Rule III Other non-columnar neurons include Lawf neurons and
Lat neurons. Both are output neurons that may pool information from multiple
cartridges. A few types of Lawf neurons were identified based either on their mor-
phology, that is the number of cartridges they innervate, or on their immunoreactivity
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(a)

Figure 5: Block diagram of a cartridge (DT: Dendritic Tree). (a) Showing only intra-
cartridge connections. Type of neurotransmitter is indicated by the color of the lines.
Excitatory synapses are indicated by solid circles attached to DTs, and inhibitory
synapses are indicated by empty circles. Smaller circles that are attached to larger
circles indicate that the synapses act on axon terminals and therefore modulate the
synaptic outputs of the other synapses. Lat neurons are omitted due to lack of data.
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Figure 5: (Continued) Block diagram of a cartridge (DT: Dendritic Tree). (b) Show-
ing both intra-cartridge connections (solid lines) and inputs from adjacent cartridges
and non-columnar elements (dashed lines, see also Fig. 7). Lat neurons are omitted
due to lack of data.
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[3, 25].
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Figure 6: Inter-cartridge connectivity between cartridge output neurons. These con-
nections are mediated by L4 collaterals from two adjacent cartridges. For example,
the red arrows show the connections among the cartridge neurons in the very middle,
and the cartridge neurons in the first column. The connections are each mediated by
the two L4 neurons of the left cartridges that send collaterals to some of the neurons
of the middle cartridge. The tiling of the visual space is extrapolated from data in
a single cartridge. That is, for example, the blue and green arrows show the same
pattern as the red arrows.

The composition of cartridges is summarized in Fig. 7. It shows that 3 adjacent
cartridges are interconnected through the local neurons (green), L4 neurons (blue)
as well as non-columnar output neurons (red), each representing one of the three
composition rules.
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Figure 7: Overall structure of connections among cartridges. Connections in compo-
sition rule I are shown with green lines. Connections in composition rule II are shown
with blue lines (The three cartridges here can be associated to the two cartridges
in the first column and the middle cartridge in Fig. 6). Connections in composition
rule III are shown with red lines. See also Fig. 5b.
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5 Circuit Components and

Implementation Considerations

5.1 Neuron Model

Since the Lamina consists of non-spiking neurons that only communicate through
graded potential values, we decided to use a conductance based neuron model. For
simplicity, we used a two-dimensional system that resembles the Morris-Lecar neuron
model and picked parameters such that the model will not generate spikes. The
description of the model is given by the systems of differential equations

dV

dt
= b− Isyn − gL(V − EL) − 0.5gCa

(
1 + tanh

(
V − V1
V2

))
(V − ECa) − gKn(V − EK)

dn

dt
=

(
0.5

(
1 + tanh

(
V − V3
V4

))
− n

)(
φ · cosh

(
V − V3

2V4

))
(1)

where b is a preset constant bias current, Isyn = Isyn(t) is the input synaptic current,
EL = −50mV, ECa = 100mV and EK = −70mV are reverse potential values, and
gL = 0.5, gCa = 2.0 and gK = 1.1 are maximum conductance values. Finally,
V1, V2, V3, V4 and φ are the parameters to be tuned. In a more general setup, all the
above parameters can be used to tune the neuron’s response.

The tuning of the neuron’s parameters can be performed in the phase space by
altering the nullclines of the two variables, which can be expressed in closed form as
(assuming input is zero)

V nullcline: n =
b− gL(V − EL) − 0.5gCa

(
1 + tanh

(
V−V1

V2

))
(V − ECa)

gK(V − EK)

n nullcline: n = 0.5

(
1 + tanh

(
V − V3
V4

)) (2)

An example of the nullclines is shown in Figure 8a and the corresponding neuron
response to step pulses is shown in Figure 8b.

A more elaborate conductance model that may be useful in the future appears in
[26].
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Figure 8: (a) Example of nullclines in phase space, where blue curve is the V-nullcline and
the green curve is the n-nullcline. (b) Step pulse response of the neuron whose nullclines
are shown in (a). (green) input current (blue) membrane potential.

5.2 Synapse Model

For the chemical synapses that are activated by the graded potentials of non-spiking
neurons, we used a simple model to capture the tonic release of neurotransmitter
and its effect on the postsynaptic conductance. We defined a function that maps
the presynaptic membrane potential to the postsynaptic conductance. The simplest
form of such a function is described in Figure 9 and can be expressed as

g(t) = min(gsat, k(max((Vpre(t− tdelay) − Vth)n, 0)), (3)

where Vpre is the membrane potential of the presynaptic neuron and gsat, Vth, k, n are
tunable parameters representing the saturation of conductance, threshold, scale and
power, repsectively. A configurable synaptic delay tdelay is added to each synapse.
The role of this parameter is to approximate the disparate time scales involved in
the synaptic release of various neurotransmitters.

The synaptic current can then be determined by

Isyn(t) = g(t)(Vpost(t) − Vrev), (4)

where Vpost and Vrev are the membrane potential of the postsynaptic neuron and
the reverse potential associated with the neurotransmitter. Whether the synapse
is excitatory or inhibitory can be determined by the difference between Vpost and
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delayed presynaptic voltage

postsynaptic

conductance

0

Figure 9: Model of synaptic transmission from a chemical synapse of a non-spiking neuron.
The model takes the delayed membrane potential of the presynaptic neuron and maps it
to a postsynaptic conductance. The function can be characterized based on the threshold,
saturation, a scale variable, the power and the time delay.

Vrev. Since the synaptic current will affect the first equation of the neuron, if Vpost is
smaller than Vrev, the synapse is excitatory, and vice versa.

The reversal potential is set according to

a) The available data regarding the identified or hypothesized neurotransmit-
ter/receptor pair,

b) The polarity of synapse should match recorded responses of cell types, if avail-
able. For example, LMCs should hyperpolarize to light increments.

5.3 Configuration of the Lamina Neural Circuit Model

The neuron and synapse models were implemented as part of a Neurokernel LPU
class; these were initially designed and verified for the Lamina circuit realization.
The Neurokernel LPU class implements GPU-level execution of the LPU models.
Consequently, we only provide here a configuration of the Lamina LPU to instantiate
it in Neurokernel. The Lamina LPU configuration is based on the cartridge model
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defined in Section 4.

Cartridges are defined on a hexagonal grid on a 2D plane, as shown on Fig. 10. Each
cartridge then has a coordinate associated with it. Adjacent cartridges can be easily
located with their unique coordinates.
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Figure 10: Hexagonal grid organization of a cross section of the Lamina cartridges
on a 2D plane (right eye). Each circle represents a cartridge. Anterior and Dorsal
direction are indicated, and distal direction is into the paper sheet. See also the
coordinate system in Fig. 6 and 7.

All the neural elements in the Lamina LPU are listed in a CSV file [27], as shown
in Table 4. This includes: output neurons L1-L5, T1, C2 and C3 neurons and local
neuron Am. Due to lack of data, we did not include in the current implementation
the Lawf and Lat neurons. We expect to include them as soon as more data on these
becomes available. In addition, 6 α-profiles are included in each cartridge, named
α1-α6 (see also Section 4.1, Local Neurons).
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Synapses are listed in a separate CSV file that includes connections between columnar
elements and interconnections between cartridges. Connections between columnar
elements in a cartridge are set according to Table 3. If one neuron has more than
one synaptic contact with another, it is registered as a single synapse, but the weight
of the synapse is multiplied by the number of actual synaptic contacts. This is a
first modeling approximation of multiple synapses between a pair of neurons. An
example CSV file is tabulated in Table 5.
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The interconnection of cartridges is based on the composition rules. They are dis-
cussed next.

First, composition Rule I calls for the interconnection of cartridges with a total of
300 Amacrine cells. These cells have α-profiles innervating multiple cartridges in
a certain area. Each Amacrine cell is assigned a coordinate in the 2D plane; this
coordinate is chosen from a uniform distribution inside the span of all the cartridges.
Then, each α-profile in a cartridge is assigned to an Amacrine cell. The assignment is
chosen at random from all the Amacrine cells that are within a certain distance from
the cartridge where the α-profile resides. Finally, since α-profiles are now part of
assigned Amacrine cells, the synapses defined previously between α1 to α6 and other
neurons are transferred to become synapses between the corresponding Amacrine
cells and other neurons. For example, the last row in Table 5 now describes the
synapse between an Am cell and an L3 neuron, where the Am is the assigned neuron
to α5.

Second, interconnections mediated by L4 neurons are setup between adjacent car-
tridges. Such interconnections are configured based on the composition Rule II. Since
this composition rule applies to every cartridge, all connections can be defined using
the CSV file again. An example is given by Table 6.
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Due to lack of data for the Lawf and Lat neurons, the composition Rule III was
omitted from the current implementation. We expect to include these neurons in a
future implementation as soon as more data becomes available.

The configuration of the entire Lamina LPU with N cartridges is then populated
from the single cartridge configuration and the composition rules employed. We
used N = 768 cartridges in total. The Lamina LPU currently consists of 6, 444
neurons, the axon of 4, 608 input neurons and some 70, 000 synapses.
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