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Summary

Specifying synaptic partners and regulating synaptic

numbers are at least partly activity-dependent pro-
cesses during visual map formation in all systems

investigated to date [1–5]. In Drosophila, six photo-
receptors that view the same point in visual space

have to be sorted into synaptic modules called car-
tridges in order to form a visuotopically correct map

[6, 7]. Synapse numbers per photoreceptor terminal
and cartridge are both precisely regulated [8–10]. How-

ever, it is unknown whether an activity-dependent
mechanism or a genetically encoded developmental

program regulates synapse numbers. We performed
a large-scale quantitative ultrastructural analysis of

photoreceptor synapses in mutants affecting the gen-
eration of electrical potentials (norpA, trp;trpl ), neuro-

transmitter release (hdc, syt), vesicle endocytosis
(synj), the trafficking of specific guidance molecules

during photoreceptor targeting (sec15), a specific
guidance receptor required for visual map formation

(Dlar), and 57 other novel synaptic mutants affecting
43 genes. Remarkably, in all these mutants, individual

photoreceptors formthecorrect numberof synapsesper
presynaptic terminal independently of cartridge compo-

sition. Hence, our data show that each photoreceptor
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forms a precise and constant number of afferent syn-

apses independently of neuronal activity and partner
accuracy. Our data suggest cell-autonomous control

of synapse numbers as part of a developmental pro-
gram of activity-independent steps that lead to a ‘‘hard-

wired’’ visual map in the fly brain.

Results and Discussion

To understand the cellular mechanisms that ensure syn-
apse formation between visuotopically correct partners
in the visual map of the fly brain, we performed a com-
prehensive quantitative ultrastructural analysis of mu-
tants affecting different aspects of synapse formation
and function. The fly’s compound eye is an assembly
of w750 modules or ommatidia. Each ommatidium con-
tains six outer photoreceptors (R1–R6) that terminate
in the first optic neuropil, the lamina, to form a primary
visual map [9]. The lamina is arguably one of the best-
characterized synaptic regions of any brain: all cell types
and synapses, including their precise number and distri-
bution, are well known from serial electron microscopy
(EM) reconstructions [8–10]. Neighboring points in visual
space are mapped onto neighboring synaptic modules,
or cartridges. Each cartridge contains six photoreceptor
terminals that receive input from a single point in space
but originate from six different ommatidia according to
the principle of neural superposition [6, 7]. A disruption
of this precise arrangement leads to a loss of the visuo-
topic map and optomotor behavior [6, 11]. The axons of
the central photoreceptors of each ommatidium, R7 and
R8, traverse the lamina and establish a regular retino-
topic array of terminals in two separate layers of the sec-
ond optic neuropil, the medulla. In this study we focus
on the specification and formation of the synapses
formed by R1–R6 in the lamina.

Neuronal Activity Is Not Required for Synaptic

Partner Selection, Synapse Formation, or
Refinement of Synapse Numbers in Photoreceptors

First, we investigated the developmental requirement
for neuronal activity. Electrical activity in developing fly
photoreceptors has been shown to occur in mid-pupal
[12] and late-pupal [13] stages. We analyzed a panel
of mutants (Figure 1A) that disrupt (1) the generation
of electrical potentials: norpAp24 (phospholipase C, re-
quired for phototransduction [14]) and trp343;trpl302

(Ca2+ channels, required for evoked [15] as well as spon-
taneous [16] generation of electrical potentials); (2) the
conduction of electrical potentials: parats1 (Na+ channel,
required to propagate graded potentials) as well as
tetrodotoxin (TTX) injection during development (see
Supplemental Data available online); and (3) the release
of neurotransmitter: hdcjk910 (histidine decarboxylase,
required to synthesize histamine, the neurotransmitter
in photoreceptor required for vision [17, 18]) and synap-
totagmin (sytAD4; a Ca2+-sensor required for neurotrans-
mitter release [19]).
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Figure 1. Reverse Genetics: Neuronal Activity Mutants Display No Defects in Photoreceptor Synapse Specification

(A) Selection of mutants that affect the generation or conduction of electrical potentials or neurotransmitter release. The tetrodotoxin (TTX)

injection experiment is described in Supplemental Data.

(B) 3D visualization of photoreceptor axon projections in the fly brain based on an antibody staining with the photoreceptor-specific antibody

mAb 24B10 against Chaoptin [31]. Note the regular pattern of the R7 terminal field viewed from inside the brain.

(C) Quantification of R7 terminal overlaps in all mutants including TTX injection flies reveals no fine-structural alterations (cf. Figure S1).

(D and E) Quantification of the cartridge organization in lamina cross-sections (cf. [B]) reveals normal R1–R6 sorting in those mutants affecting

the generation of electrical potentials or neurotransmitter release (cf. Figure S2). The antibody combination used in (D) labels R1–R6 (green),

postsynaptic lamina-monopolar cells (red), and cartridge-enwrapping epithelial glia (blue) as previously described [20].

(F and G) Ultrastructural investigation reveals no alteration of the number of synapses formed in the same mutants (cf. Figure S4). Error bars

are SEM.
We first assessed axon targeting in all mutants and
found no obvious defects in the ability of R1–R6 to target
the lamina or R7/R8 to target separate layers in the
medulla (Figure S1). To examine fine-structural alter-
ations more closely, we analyzed R7 terminals, because
the normal regularity of R7 projections facilitates the
identification of even very subtle defects in the pattern
of the terminals and their filopodial interactions (Fig-
ure 1B; Figure S1) [20]. We found no obvious defects
in any mutant or in TTX-treated animals (Figure 1C;
Figure S1). We previously reported that mutations in
neuronal synaptobrevin (n-syb) affect R7 filopodial fine
structure either because of a developmental role of neu-
rotransmitter release or an unknown early developmen-
tal role of n-syb [21]. Our data now indicate that this
developmental requirement for n-syb is independent of
evoked or spontaneous activity, Ca2+-dependent re-
lease, as well as the neurotransmitter required for vision.
Consistent with these findings, we and others found a
developmental function of n-Syb in fly photoreceptors
that is independent of neurotransmitter release ([22],
P.R.H. and H.J.B., unpublished observations).

We next investigated the axon projection patterns of
the outer photoreceptors R1–R6 in the lamina by visual-
izing the cartridge organization via both 3D deconvolu-
tion of confocal image stacks and EM for norpA, trp;trpl,
hdc, and synaptotagmin mutant eyes (see Supplemental
Data). Again, we observed no morphological differences
between the wild-type and any of the mutants (Figures
1D and 1E and Figure S2). For these analyses, we utilized
the crystalline array of photoreceptor terminals and car-
tridges to detect pattern alterations. However, it is con-
ceivable that a mutant could harbor always six photo-
receptors per cartridge, yet with incorrect subtype
complements. To test this possibility, we utilized a
marker for only one of the six subtypes, R4, during visual
map formation [23]. We chose the trp;trpl double mutant
for this analysis, because the trp and trpl channels are
the final output components of the phototransduction
cascade and are not only required for evoked activity
[15] but also exhibit a lack of spontaneous activity in ex-
cised patch recordings from adult double mutant rhab-
domere membranes [16]. As shown in Figure S3, the
mutant exhibits a highly regular R4 projection pattern
during visual map formation with a single, correctly
positioned process per developing cartridge that is in-
distinguishable from wild-type. Finally, it is yet conceiv-
able that every cartridge contains the correct comple-
ment of exactly one R1–R6 per cartidge, but that those
are visuotopically incorrect. This would, for example,
be the case if always precisely the R1–R6 from a single
ommatidium were sorted into the same cartridge and
thus were not sorted according to the principal of neural
superposition. To test this possibility, we performed
single-ommatidium DiI labelings [24]. We injected fluo-
rescent dye into single ommatidia of wild-type and
trp;trpl mutants and traced extending axons from the
eye into the brain. In wild-type animals, R1–R6 axons
from a single ommatidium extend into the brain in a sin-
gle axon fascicle, and when they reach the developing
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lamina, select targets arranged in an invariant relative
pattern. This stereotyped pattern of innervation is pre-
served in axons from injected ommatidia in trp;trpl
double mutant animals (Figures S3C and S3F; n = 8). Al-
though we have not tested the possibility that trp;trpl
mutant photoreceptors might choose wrong cartridges
in competition with wild-type photoreceptors, we show
that trp;trpl-dependent activity in R1–R6 is not required
to form a morphologically normal visual map. For exam-
ple, activity between photoreceptors during sorting may
serve as a corrective mechanism of minor targeting
errors and thereby increase the plasticity of the develop-
ing visual map. This possibility would be consistent with
our finding that a complete lack of activity does not
cause obvious defects. However, it would predict that in
an experiment where certain aspects of neuronal activity
were increased or decreased in individual photorecep-
tors, competition may lead to sorting defects. We do not
think that this scenario is likely but want to stress that it
is not formally tested in this study. In summary, we find
no evidence for a requirement of evoked or spontaneous
neuronal activity in axon targeting and terminal sorting
according to the principal of neural superposition.

If neuronal activity were required to refine synapse
numbers after axon targeting, we would expect quanti-
tative and/or qualitative ultrastructural changes among
the synapses. Each R1–R6 photoreceptor forms w50
evenly spaced synapses with postsynaptic lamina neu-
rons [8, 10]. In the wild-type lamina of a newly emerged
fly, we find on average w0.8 synaptic profiles per termi-
nal in any given ultrathin section (Figure 1F). If synapse
numbers were refined or ‘‘sculpted’’ in an activity-
dependent fashion, we would expect some deviation
from this number, or in the size of synaptic profiles, in
the mutants. However, although we observed ultrastruc-
tural alterations in some mutants (e.g., the loss of synap-
tic vesicles in synaptotagmin and an increase in glial
invaginations in trp;trpl), the number and composition
of synaptic profiles proved to be highly constant (Fig-
ures 1F and 1G; Figure S4 and data not shown). Thus,
in addition to axon targeting, terminal sorting, and filo-
podial fine structure, we find no evidence that photore-
ceptor terminals require evoked or spontaneous electri-
cal activity or neurotransmitter release to form a precise
number of morphologically normal synapses.

Cartridge Formation Is Sensitive to Mutational
Perturbation and Predetermines Synaptic Partners

The activity-dependent sculpting of synapse numbers in
the vertebrate visual system exemplifies how a neuronal
circuit can be shaped after an initial phase of exuberant
synaptogenesis. If such ‘‘postspecification’’ does not
occur in Drosophila visual map formation, we have to
postulate the existence of an intrinsic developmental
program that ensures correct partner selection prior to
(or during) synaptogenesis. The results of our activity
disruption experiments are not consistent with activity-
dependent postspecification, yet how can we provide
positive evidence that synapses are prespecified in the
fly’s visual map? We know that each fly R1–R6 terminal
forms a precisely regulated number of w50 synapses, or
w300 per cartridge. However, it is not known whether
this precise number is controlled cell autonomously by
the photoreceptors themselves or in concert with the
postsynaptic cells in the cartridge. Activity-dependent
regulation of synapse numbers in cartridges that faith-
fully represent neighboring points in visual space would
require communication between pre- and postsynaptic
cells. In contrast, the simplest activity-independent
developmental program assuming correct partner se-
lection prior to synaptogenesis would be the cell-auto-
nomous determination of synapse numbers: the pre-
sorting of synaptic partners into cartridges could allow
photoreceptors simply to form w50 synapses with any
available postsynaptic partner in the cartridge. If this
hypothesis is correct, any mutant causing R1–R6 to mis-
sort into cartridges, independent of the particular muta-
tion or gene, should display an unaltered number of syn-
apses per photoreceptor.

A precedent for counts of synapse numbers as a func-
tion of cartridge composition has been established for
wild-type house flies [25]. To test the hypothesis of syn-
apse constancy, we made use of a collection of mutants
isolated in a large screen based on the eyFLP method
[20, 26, 27] (Figure S5A). Among the mutants that affect
cartridge composition isolated in this screen are the
exocyst component sec15 [20] as well as the receptor
phosphatase Dlar [28, 29]. In addition to these two, we
reasoned that if we can identify more mutants that cause
R1–R6 to missort into cartridges, we can use these
mutants to analyze synapse number as a function of car-
tridge composition independent of the genes affected
by the mutations. In summary, we seek to uncover the
developmental principles of how the visual map regu-
lates synapse numbers by assessing how synapse for-
mation depends on cartridge composition independent
of the cause of cartridge missorting.

To understand the selection of mutants for this analy-
sis, we first briefly provide relevant background informa-
tion on their isolation. We first analyzed the 450 mutants
of our collection with 3D confocal microscopy and sub-
sequently carried out EM on 60 mutants. All mutants
were selected based on a failure of photoreceptors to
evoke a postsynaptic response [30], as monitored by
electroretinograms (ERGs), without obviously affecting
cell viability or phototransduction [20]. The failure to
evoke a postsynaptic response could result from a de-
fect either in neurotransmission, synapse formation, or
synapse specification. Hence, the screen is designed to
be sufficiently broad to target almost every aspect of
synapse development. To analyze whether the mutants
can indeed be utilized to identify critical developmental
steps underlying visual map formation, we investigated
the precise projection pattern of all mutants by 3D visu-
alizations of photoreceptor-specific antibody labeling
[31] (Figure S6). We first analyzed R1–R6 and R7/R8 tar-
geting as well as R7 terminal pattern formation. In con-
trast to the neuronal activity mutants described above,
approximately half of the mutants exhibited obvious
patterning defects (Figure 2A). We defined three classes
of morphological disruptions, in ascending order of their
severity (Figure S6): class I mutants exhibit a disturbance
of R7 terminals caused by filopodia overlapping be-
tween adjacent terminals, but no targeting defects with
respect to neuropil layers; class II mutants are disrupted
in R7/R8 target layer selection; and class III comprises
mutants with pathfinding defects. Notably, our screen
isolated mostly mutants with normal targeting but
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Figure 2. Forward Genetics: Novel Mutants Isolated in a Screen for Defects in Synapse Formation and Function Display Several Classes of Pho-

toreceptor Projection Defects

(A) Distribution of mutants in different morphological classes as defined by 3D visualizations of photoreceptor projection patterns (cf. Figure S6).

Class 0-I are mutants with possible subtle patterning defects that were not further analyzed.

(B) Quantification of R7 terminal fusions in 3D visualizations of the R7 terminal field reveal fusions between more than 50% of R7 terminals in class

I mutants and more than 85% in class II and class III mutants. In contrast, the control as well as activity mutants display less than 20% R7 terminal

fusions (cf. Figure 1C).

(C) In a functional visual map, six R terminals are clearly recognizable in 70%–80% of all cartridges. In contrast to control and activity mutants,

class I–III mutants exhibit the correct number of R terminals per cartridge in less than 35% of all cartridges.

(D and E) Examples of class 0 and class I 3D visualization of photoreceptor projections and the R7 terminal field (cf. Figure 1B and Figure S6).

(F and G) Examples of electron micrographs of lamina cross-sections showing the normal organization of cartridges in a class 0 mutant (F) and

cartridge missorting in a class I mutant (G). Photoreceptors are indicated in green, cartridge-insulating epithelial glia in blue. Error bars are SEM.

Scale bars represent 20 mm in (D) for (D) and (E); 2 mm in (F) for (F) and (G).
obvious defects in terminal pattern formation (class I;
Figures 2A, 2B, 2D, and 2E). The distribution of morpho-
logical classes is similar for all screened chromosome
arms (Figure S5B), and the severity of morphological
disruption correlates with the severity of the ERG phe-
notypes selected for in the screen (Figure S5C). Given
the broad criterion of the primary screen, namely the fail-
ure to evoke a postsynaptic response, these data sug-
gest that mutations in a surprisingly large number of
genes specifically cause fine-structural disruptions,
possibly at the level of synaptic partner selection or syn-
apse formation, and that our screen strongly enriched
for such mutants.
For an unbiased selection of mutants for our EM
screen, we performed complementation analysis of all
mutants and found a total of 64 complementation groups
each with two or more alleles. We selected 60 mutants
in 40 of these complementation groups that faithfully rep-
resent the distribution of morphological classes. Newly
eclosed flies were fixed for EM to compare visual maps
after development and before experience-dependent
changes. Investigation of lamina cross-sections re-
vealed that a surprising 75% (30 out of 40) of these com-
plementation groups had defects in the sorting of R1–R6
terminals into cartridges, including sec15 and Dlar, for
which photoreceptor-targeting defects have been
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Figure 3. Cartridge Sorting Is Highly Susceptible to Genetic Disruption, but Missorting Does Not Affect the Average Number of Synapses

(A) Quantitative ultratructural investigation of the average number of synapses per photoreceptor terminal in 60 mutants with normal (green) and

missorted (red) cartridges. Control is shown in blue. Alleles of the same complementation groups are marked by connecting lines under the

x axis. Mutants with synapse numbers that are significantly different from control are on yellow background (p < 0.01, two-tailed pairwise

Student’s t test of every mutant with control). Numbers above graphs show the exact number of synapses/terminals.

(B) Time series of developmental steps leading to the formation of visuotopically correct synapses. Neighboring cartridges are the synaptic units

representing neighboring points in the visual world and form during the first half of brain development. The second half of brain development is

characterized by synapse formation between synaptic partners that were prespecified during cartridge formation. A normal average number of

synapses form in photoreceptor terminals independent of normal or missorted cartridge composition. Green, photoreceptor terminals; red,

postsynaptic lamina monopolar cells.

Error bars represent SEM.
described previously [20, 28] (threshold criterion: <50%
of cartridges contain six terminals; Figures 2C, 2F, and
2G; Figure S7). These findings indicate that the assembly
of cartridges is highly susceptible to genetic disruption.

We next used the collection of 43 missorting mutants
(corresponding to 30 complementation groups, includ-
ing Dlar and sec15) to ask whether synapses form nor-
mally in such aberrant cartridges. In stark contrast to
the large number of mutants with sorting defects, we
found very few that affected either synapse number or
composition, and none that lacked synapses (Figure 3A;
Figure S7). As shown in Figure 3A, 52 out of 60 mutants,
including 39 out of 43 missorting mutants, exhibit a nor-
mal average number of synapses per photoreceptor ter-
minal (two-tailed pairwise Student’s t tests of mutants
with control). These findings are consistent with findings
in mutants of the protocadherin flamingo [32], the exo-
cyst component sec15 [20], and manipulations that per-
turb cartridge sorting in house flies [33]. If the eight
mutants with significantly more or fewer synapses than
control (two-tailed pairwise Student’s t test of every
mutant with control; yellow boxes in Figure 3A mark mu-
tants with p < 0.01) were cases of reduced or increased
synapse formation resulting from missorting, we should
observe mostly mutants with missorting defects (red
in Figure 3A) among them. We did not observe this.
Importantly, our findings highlight the low variability of
synapse numbers across the full range of mutants; how-
ever, this variability is likely to be even far lower because
our analysis of only a single specimen per genotype in
the EM screen should rather lead to an overestimation
of the variability in synapse numbers. Additionally, for
single specimens we make no claim about the statistical
significance of synapse numbers in any particular mu-
tant, but rather use the total distribution as an estimate of
variation in synapse number in the presence of cartridge
missorting. Finally, we checked synaptic sizes to ensure
that these did not offset and thus hide possible changes
in the numbers of synapses. Our measurement of syn-
aptic profile size revealed significant differences only
for mutants of two complementation groups (p < 0.01
in two-tailed pairwise Student’s t test of every mutant
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Figure 4. Synapse Constancy in Photoreceptors Suggests a Cell-Autonomous Intrinsic Developmental Program that Regulates Synapse Numbers

(A) Two models of synapse specification: in the case of presynaptic specification (model A), the number of synapses is constant per photorecep-

tor terminal, and therefore cartridges with more terminals contain more synapses; in the case of postsynaptic (or cartridge) specification (model

B), the number of synapses per photoreceptor is variable and depends on the number of R terminals present in the cartridge.

(B) Synapse counts in a total of 4037 terminals in 783 cartridges with 1–9 terminals per cartridge reveals a fixed number of synapses per terminal

independent of cartridge composition in agreement with model A. The number of synapses per terminal is shown in orange and is not significantly

different for any cartridge composition (one-way ANOVA test; sample size is the number above each histogram bar [n = number of terminals]).

(C) The same plot as in (B) for mutants with significantly fewer synapses than control (cf. Figure 3A).

(D and E) Two mutants previously reported to display aberrant cartridge sorting and that we isolated in the screen: sec15 (D) and Dlar (E). Both are

in agreement with model A, although in the case of Dlar the total number of terminals per cartridge is strongly reduced. For further plots of different

electroretinogram mutant see Figure S9. Error bars are SEM.
with control), validating that our counts of synaptic pro-
files do indeed reflect numbers of actual synapses
(Figure S8). These data therefore indicate that the forma-
tion of a correct average number of morphologically nor-
mal synapses in photoreceptors is independent of both
correct cartridge composition and the specific muta-
tions causing cartridge missorting (Figure 3B).

Precise Synapse Numbers Are Determined
by Photoreceptors Independent of Cartridge

Composition, Suggesting a Cell-Autonomous
Developmental Program

Our analysis shows that a normal number of synapses
can form between functionally inappropriate synaptic
partners (i.e., R1–R6 signaling divergent fields of view
in missorted cartridges). However, we have not yet ad-
dressed which cells, pre- or postsynaptic, control the
formation of such precise synapse numbers. Our collec-
tion of missorting mutants now allows us to test directly
the hypothesis of synapse constancy. The observation
of a normal average number of synapses per cartridge
is compatible with both models (Figure 4A): either syn-
apse numbers are controlled by the R1–R6 terminal
independent of cartridge composition (model A, corre-
sponding to the hypothesis of synapse constancy); or
synapse numbers are controlled by the postsynaptic
cells or the functional unit, the cartridge (model B, Fig-
ure 4A). Model A predicts the constancy of synapse
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numbers per photoreceptor, resulting in varying num-
bers of synapses per cartridge in missorted cartridges;
model B predicts the constancy of synapse numbers in
cartridges, resulting in variable synapse numbers per
photoreceptor terminal in missorted cartridges (Fig-
ure 4A). We tested these models by comparing numbers
of synaptic profiles per R1–R6 terminal (n = 4038) and per
cartridge (n = 783) in missorted cartridges. Hence, we
counted the number of synapses as a function of car-
tridge composition in a total of 4038 terminals in 783
cartridges. Our counts for all 43 mutants with missorted
cartridges reveal that the average number of synaptic
profiles per cartridge positively correlates with the num-
ber of photoreceptor terminals in the cartridge (correla-
tion coefficient = 0.995). Hence, in agreement with the hy-
pothesis of synapse constancy (model A), the average
number of synapses per R1–R6 is indeed constant, and
missorting does not affect the regulation of synapse
numbers in an individual photoreceptor terminal (Fig-
ure 4B). We further investigated whether this correlation
fails when the mutants are compared in different sub-
groups: (1) mutants with reduced overall numbers of syn-
apses (Figure 4C); (2) mutants affecting genes with
known defects in cartridge formation: the receptor phos-
phatase Dlar [28, 29] (Figure 4E) and the exocyst compo-
nent sec15 [20] (Figure 4D); and finally (3) mutants that
exhibit different classes of ERG defects (Figure S9). In
all cases, the number of synaptic profiles per terminal is
constant and independent of cartridge composition (all
correlation coefficients > 0.99). We therefore conclude
that each R1–R6 terminal forms synapses without regard
to the number or identity of its neighboring terminals.

Our data show not only the normal numbers and
structural composition of synapses between incorrect
partners but further suggest that the precise number
of synapses might be controlled by the photoreceptors
and not by the postsynaptic neurons. To test this hy-
pothesis unequivocally would require the identification
of the precise complement of lamina cell types and num-
bers, as a function of photoreceptor terminal numbers in
missorted cartridges. Such an analysis would require
the analysis of serial EM reconstructions for a large num-
ber of missorted cartridges, a nearly impossible task.
However, we identified two approaches to assess the
lamina neuron complement in missorted cartridges
based on our large mutant collection.

In the first approach we assumed that doubling the
number of photoreceptor terminals or lamina neurons
in a cartridge should on average result in a doubling of
the corresponding areas in cartridge cross-sections.
To quantify the pre- and postsynaptic areas in missorted
cartridges, we first identified all mutants with identifiable
cartridges, i.e., mutants where cartridge boundaries are
not completely lost, and that revealed a pair of clearly
discernible L1/L2 axon profiles in the center of the car-
tridge cross-section. These missorting mutants include
photoreceptor terminal variability ranging from 2 to
more than 8 terminals per cartridge and exhibit synapse
constancy for photoreceptors just like all other missort-
ing mutants. An example of such a missorting mutant is
shown in Figure S10A. We then measured the complete
areas of individual cartridges and subtracted from each
one the area of all recognizable photoreceptor terminal
profiles and obvious glial processes (black areas in
Figure S10B for the lamina region shown in Figure S10A).
This analysis was performed for cartridges containing 2
to 8 terminals per cartridge. As shown in Figure S10C,
while the total photoreceptor profile area per cartridge
indeed doubles when the number of terminals doubles
as predicted by our assumption (e.g., >5 mm2 for car-
tridges with 2 terminals [2 T/C]; >10 mm2 for 4 T/C; >20
mm2 for 8 T/C [linear regression coefficient m = 3.17]),
the nonphotoreceptor, nonglia profile area increases
much less (e.g., 10 mm2 for 2 T/C; 13 mm2 for 4 T/C; 16
mm2 for 8 T/C [linear regression coefficient m = 1.17).
This finding suggests that the number of postsynaptic
lamina neurons does not change proportionally with
the altered numbers of photoreceptor terminals in mis-
sorted cartridges. Instead, the much smaller increase
in postsynaptic area in cartridges with more photore-
ceptor terminals likely results from the presence of
a larger number of postsynaptic spines required to ser-
vice the additional synaptic sites contributed by the in-
creased number of presynaptic terminals. Indeed, the
presence of split postsynaptic spine profiles was a crite-
rion for our synapse counts.

To assess whether the postsynaptic area increase is
indeed caused by spines, we demarcated only the
clearly discernible central L1/L2 axons (depicted in red
in Figure S10B). Indeed, these areas do not increase in
size when the numbers of R1–R6 terminals per cartridge
increase (Figure S10D; one-way ANOVA test). Postsyn-
aptic profiles in control animals consistently occupy a
smaller area than observed in missorting mutants. We
speculate that in missorting mutants, more filopodial in-
teractions are established or less are pruned after the
complicated cartridge-sorting process. However, the
comparisons of postsynaptic area profiles among mis-
sorting mutants with altered photoreceptor terminal
complements are not affected by this observation. Our
data suggest that photoreceptor terminal numbers can
change in missorted cartridges independent of the main
postsynaptic target cells. The observation that such
photoreceptors still obey the rule of synapse constancy
per photoreceptor terminal is most straightforwardly ex-
plained with a model in which synapse numbers are pre-
synaptically specified. However, we have not ruled out
that postsynaptic cells could still influence synapse
numbers. A complementary experiment to the one pre-
sented here would be the assessment of synapse num-
bers in mutants with altered postsynaptic cell numbers
but unaltered photoreceptor terminal numbers. How-
ever, in our collection of mutants, none recognizably ex-
hibit such a phenotype. Hence, although the data pro-
vide support for our conclusion, we cannot fully rule
out a role of the postsynaptic cells in influencing syn-
apse numbers as long as the result of that influence is
synapse constancy per photoreceptor.

Our proposed interpretation that the constancy of
synapse numbers is controlled exclusively by the photo-
receptor precludes the involvement of a postsynaptic
feedback mechanism and the homeostatic regulation
of synapse numbers. Homeostasis at the level of synap-
tic strength, i.e., a physiological compensation for the
variability of synapse number per cartridge, is not ex-
cluded by our data. However, if such a mechanism ex-
ists, it could not compensate for the missorted input
from different points in space and thus not correct the
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visual map. Importantly, constancy of synapse numbers
in spite of incorrect synaptic partner pairing is not con-
sistent with either an activity-dependent or -indepen-
dent refinement mechanism of synapse numbers and
therefore corroborate our finding of normal synapse
numbers in activity mutants. The model of synapse con-
stancy provides positive evidence for the prespecifica-
tion of synaptic partners in the fly’s visual map.

Overall we interpret our results to indicate that synap-
tic specification is subdivided into three autonomous
and genetically separable developmental steps. First,
axonal pathfinding ends with the recognition of the cor-
rect neuropil layer. Second, sorting of R1–R6 between
cartridges prespecifies synaptic partners. Third, after
cartridge formation, each individual R1–R6 terminal
forms a precise number of synapses within its cartridge
independent of cartridge composition. Hence, the
seemingly complex task of synapse specification in
the Drosophila visual map is broken down into a series
of simpler developmental steps. Our model thus reflects
important differences from developmental events in
forming vertebrate visual maps. First, axons from six
photoreceptors that view a single point in visual space
have to be sorted into a synaptic module in the fly lamina
that represents that same point. In contrast, there is no
corresponding prespecification step for the mapping
of the much larger number of neighboring points in
space by retinal ganglion cells in the vertebrate visual
map; furthermore, the rough outline of that map is activ-
ity independent [1–3]. Hence, it is the fine-tuning or post-
specification step that requires activity and distin-
guishes the tasks of forming vertebrate from fly visual
maps. Second, the fly visual map must develop within
a 4 day period of pupation, because the fly needs correct
optomotor behavior almost immediately after eclosion.
In contrast, activity-dependent fine-tuning typically
extends postnatally in vertebrates. Furthermore, our
model of a step-wise developmental program does not
preclude posteclosion activity-dependent synaptic
plasticity, which does not affect the wiring diagram of
the visual map. Indeed, adult plasticity after the visual
map is fixed has indeed been documented in the fly’s vi-
sual system [34–36]. In contrast to the hard-wired visual
map of the fly, activity-dependent refinement allows
flexibility and plasticity of the visual map in vertebrates
[2]. By contrast, to our knowledge, a role for neuronal ac-
tivity in the formation of sensory maps or neural circuits
has yet to be documented in the fly brain. In the olfactory
system, Luo and colleagues have found prespecification
of target neurons, leading them to conclude that the
olfactory map is hard-wired [37]. Our data further sup-
port the notion that the Drosophila brain may to a large
extent be hard-wired prior to eclosion. However, the ex-
tent to which precise synapse numbers are determined
by activity-independent programs remains to be deter-
mined for other classes of synaptic contact, for other
regions of the fly brain, and for more complex brains.

Experimental Procedures

Drosophila Strains, Mutagenesis, and Screen

Mutagenesis was performed as described [20, 27]. Of the 209,780

male flies screened for chromosome arm 2L, 2R, and 3R, 14,878 flies

at least partly failed to phototax and were retained. In total, we
established 457 stocks with an ERG defect; 374 are homozygous

lethal. Complementation tests revealed 64 complementation groups

with two or more alleles. Based on the consistency of phenotypes,

40 groups were selected for EM screen. For genotypes of activity

mutants and experimental details on parats1 heat shock and TTX

injection experiments, see Supplemental Data.

Transmission Electron Microscopy and Quantification

EM was performed as described previously [27] on the laminas from

y w eyFLP;FRT40D mutation (2L), y w eyFLP;FRT42B mutation (2R),

or y w eyFLP;FRT82B mutation (3R). Flies carrying the unmutagen-

ized isogenized chromosomes are used as control genotypes. For

photoreceptor terminal and synapse quantification, photoreceptor

terminals were identified by the presence of capitate projections,

and synapses were identified by the presence of presynaptic dense

bodies (T-bar ribbons) and a split postsynaptic side (at least two

postsynaptic spine profiles) [9]. Standard errors for EM on single

flies were calculated for n = the number of terminals counted for

that genotype.

Immunocytochemistry, Image Acquisition, 3D Deconvolution,

and Quantification

Adult brains were fixed in PBS with 3.5% formaldehyde for 15 min

and washed in PBS with 0.4% Triton X-100. Antibody dilutions

used [20]: anti-Chaoptin mAb24B10 1:50; anti-Sec6 1:2000; anti-

Sec8 1:2000; anti-Ebony 1:200; secondary antibodies conjugated

to Cy3, Cy5, or Alexa 488 (Jackson ImmunoResearch, West Grove,

PA; Molecular Probes, Eugene, OR) were used at 1:250. All antibody

incubations were performed at 4�C overnight in the presence of 5%

normal goat serum. All fluorescent images were captured on a Zeiss

LSM510 confocal microscope and processed with Amira 3.0 (TGS,

Inc.) and Adobe Photoshop 7.0. 3D visualizations were generated

with voltex visualization with Amira. Deconvolution was performed

on 3D data sets with voxel sizes of 100 3 100 3 300 nm via a con-

strained blind deconvolution technique as described previously[38].

Only single confocal sections from 3D-deconvolved data sets are

shown. R7 terminal overlaps were scored by quantifying the size

of individual R7 terminals and the percentage of the overlapping

area with neighboring terminals. Dye injections were performed as

described previously [24].

Supplemental Data

Supplemental Data include ten figures and Supplemental Experimen-

tal Procedures and can be found with this article online at http://

www.current-biology.com/cgi/content/full/16/18/1835/DC1/.
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