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The development of the complex architecture of dense neu-

ronal circuits in the mammalian cortex has been of long-

standing interest in neuroscience (1–7). Of particular interest 

is the formation of inhibitory circuits (8–11) that show a dis-

tinct pattern of synaptic target preference in the adult (12). 

While a full accounting of cortical interneuron types and 

their description by morphological and molecular markers is 

yet controversial (13, 14), three types of inhibitory synaptic 

target preference have been consistently identified in the cor-

tical circuits (15–21): the innervation of cell bodies of excita-

tory neurons by inhibitory neurons that predominantly 

express parvalbumin or cholecystokinin (17, 22–27); the in-

nervation of more distal dendrites by somatostatin-express-

ing interneurons (22, 28), and the innervation of axon initial 

segments by axo-axonic interneurons (18, 29–37). The synap-

tic target preferences of these neurons are not only identifia-

ble by molecular specification and subsequent synaptic target 

analysis (12), but can be identified in a connectomic recon-

struction by their distinct targeting properties (38). In spite 

of first insights into possible molecular mechanisms (8, 33), 

the postnatal formation of these synaptic target preferences, 

and the relative contribution of synapse addition or elimina-

tion (39–41) are still poorly understood. 

Here, we made use of recent advances in high-resolution 

three-dimensional electron microscopy and analysis methods 

(38, 42, 43) to study the inhibitory neuronal circuitry at the 

level of single axons and their synapses (40, 44, 45) sampling 

the first days up to 3 weeks after the formation of 

intracortical inhibitory synapses. We report the analysis of 

thirteen 3D EM datasets acquired at postnatal days 5 to 56 

from layers 4 and 2/3 of mouse cortex for an ontogenetic con-

nectomic mapping of the inhibitory target choice during 

postnatal circuit development. 

 

3D electron microscopy and reconstructions 

We acquired thirteen 3D electron microscopy (EM) datasets 

from layers 4 and 2/3 of mouse cortex (Fig. 1, A to C) from 

nine animals at postnatal days (P) 5, 7, 9, 14, 28 and 56 using 

serial block-face scanning electron microscopy (SBEM) (42) 

at a voxel size of 11.24 × 11.24 × 30 nm3. The datasets were 

between 45 and 200 μm in extent per dimension, totaling a 

volume of 8.78 million μm3 [see table S1 and Fig. 1C; note that 

the P28 and P56 datasets were previously published (38, 45); 

all datasets were obtained from primary somatosensory cor-

tex (S1) except P56 from posterior parietal cortex]. Samples 

were stained using an enhanced en-bloc EM protocol (46), 

and datasets were reconstructed using webKnossos (43). All 

reconstructions and synapse annotations were performed by 

an expert annotator [Fig. 1, D and E; see data S1 for illustra-

tion of the synapse detection criteria at the different develop-

mental stages; these criteria were derived from those used in 

(38, 44, 45, 47, 48) and calibrated in additional high-resolu-

tion EM datasets from P7 and P9, see supplementary materi-

als] and proofread and reannotated by a team of 6 experts 

with cross-validation (fig. S4 and supplementary text). 
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Brain circuits in the neocortex develop from diverse types of neurons that migrate and form synapses.  
Here we quantify the circuit patterns of synaptogenesis for inhibitory interneurons in the developing mouse 
somatosensory cortex. We studied synaptic innervation of cell bodies, apical dendrites and axon initial 
segments using 3D electron microscopy focusing on the first four weeks postnatally (postnatal days 5 to 
28). We found that innervation of apical dendrites occurs early and specifically: target preference is already 
almost at adult levels at the fifth postnatal day (P5). Axons innervating cell bodies, on the other hand, 
gradually acquire specificity from P5 to P9 likely via synaptic overabundance followed by antispecific 
synapse removal. Chandelier axons show first target preference by P14 but develop full target specificity 
almost completely by P28, consistent with a combination of axon outgrowth and off-target synapse 
removal. This connectomic developmental profile reveals how inhibitory axons in mouse cortex establish 
brain circuitry during development. 
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Synaptic target preference of axons in layer 4 

We first identified cell bodies and apical dendrites in the da-

tasets from P7, P9, P14, P28 (Fig. 1E), searched for synapses 

innervating these cell bodies and the shafts of these apical 

dendrites, reconstructed the presynaptic axons seeded at 

these synapses, identified all other output synapses of these 

axons, and determined the postsynaptic targets of these other 

synapses (Fig. 2, A to C, n = 10,432 synapses, n = 526 axons, 

78.79 mm path length total). Based on these data, we com-

puted the local connectomes (Fig. 2D), which indicated that 

already at P7, thus a few days after the first intracortical 

chemical synapses are formed, axonal target preference was 

present for apical dendrites and cell bodies (Fig. 2E and Table 

1). 

Axon initial segments were also identified and found to be 

innervated by P14 (no innervation at P7 and P9, Fig. 2, D and 

E). However, the axons innervating axon initial segments in 

L4 at P14 did not show preference for axon initial segment 

innervation, which was consistent with results from P28 (38). 

Rather, these axons had a preference for soma innervation 

and were indistinguishable from soma innervating axons 

(Fig. 2E). 

 

Target preference for somata and apical dendrites 

We then analyzed the time course of axonal target preference 

in more detail for the innervation of somata and apical den-

drites in L4 (Fig. 3). For this, we measured the fraction of 

synapses of an axon that had been identified by its innerva-

tion of a cell body that were again innervating cell bodies, 

and similarly for axons identified by their innervation of an 

apical dendrite (Fig. 3, A to E), yielding the conditional inner-

vation of a target B given a synapse on target A: p(B|A). 

Conditional reinnervation of apical dendrites [p(AD|AD), 

Fig. 3, A and B) occurred for 31.7 ± 10.1% of synapses per axon 

already at P5 (n = 58 synapses, n = 7 axons), and for 14.62 ± 

4.51% of synapses per axon at P7 (Fig. 3, A and B; Table 1 for 

statistics). This remained unchanged at P9, increased by 

about 60% between P9 and P14 to 25.16 ± 3.12% and remained 

constant until P28. Possible innervation of AD shafts by ex-

citatory axons, which alter their preference for spine/shaft in-

nervation over age, did not affect our conclusions (fig. S5 and 

supplementary text). 

Conditional reinnervation of somata [p(soma|soma)] was 

almost absent at P5, where synapses onto somata were very 

rare, and those axons that innervated somata had low prefer-

ence for soma innervation (2.9 ± 2.1%, n = 101 synapses, n = 

12 axons, Fig. 3E). At P7 conditional reinnervation of somata 

occurred for only 6.01 ± 1.07% of synapses per axon (Fig. 3, C 

and D, and Table 1). Between P7 and P9, this increased 2.7-

fold reaching a conditional soma reinnervation of 16.07 ± 

1.46% of synapses per axon at P9 (similar results were ob-

tained when also considering the innervation of somatic 

filopodia, fig. S1). From P9 to P14, we found an additional 1.5-

fold increase in target preference for somata to 23.38 ± 1.76%, 

with no further change at P28. Control experiments in an ad-

ditional animal at P7 and at P9 confirmed the measurements 

of target preference (fig. S4 and supplementary text). 

With this, the development of synaptic target preference 

was found to be different for the three investigated subcellu-

lar targets: essentially fully established axonal preference for 

apical dendrites already at P5 [consistent with an early im-

pact of apical-dendrite-preferring interneurons (49)], gradual 

postnatal development of preference for cell bodies from al-

most absent somatic innervation at P5 to full preference by 

P14 with steepest increase between P7 and P9 (Fig. 3E), and 

absence of conditional preference (but preference for somata) 

for those axons innervating axon initial segments in L4 (see 

below for an analysis of axon initial segment innervation in 

L2/3). 

 

Developmental establishment of synaptic target  

preference for somata 

We next wanted to understand the possible mechanisms be-

hind the almost 3-fold increase in innervation preference for 

somata between P7 and P9. Changes in the geometry of cell 

body distribution over age could not account for increased 

soma innervation from P7 to P9 (fig. S2, A and B). To distin-

guish between the case that the increased preference of an 

axon for soma innervation from P7 to P9 was based on that 

axon’s innervation of additional cell bodies each via one syn-

apse; or alternatively by adding multiple synapses onto the 

very same individual postsynaptic cell body that had already 

been innervated (corresponding to an increased multiplicity 

of innervation, Fig. 3, F and G), we calculated the average 

number of synapses an axon made on the same individual 

soma. Innervation multiplicity did not change between P7 

and P9 (Table 1, Fig. 3G, and fig. S3) but increased between 

P9 and P28. This indicated that re-innervation of the same 

individual cell body was not the cause for the 3-fold increase 

in somatic innervation preference between P7 and P9. When 

analyzing the multiplicity of innervation of apical dendrites 

(Fig. 3H and fig. S3), we again found no difference between 

P7 and P9 (but possibly a slightly higher level of initial mul-

tiplicity at P7, fig. S3), but an increase of such innervation 

multiplicity from P9 to P14. This data indicated that the en-

hancement of multiple synaptic innervations of the same in-

dividual target (individual somata, individual apical 

dendrites) occurred primarily after P9 and was thus tempo-

rally separated from the initial establishment of subcellular 

target preference. 

Postsynaptically, the total number of synapses received 

per soma (Fig. 3, I and J) increased 1.5-fold between P7 and 

P9, but 9.4-fold between P9 and P28 (Table 1 and Fig. 3I), thus 

the largest increase in total somatic input innervation 
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occurred after P9, i.e., after the establishment of target pref-

erence in the presynaptic soma-preferring axons. 

 

Specific addition versus antispecific pruning of  

synapses 

For an axon to increase the fractional innervation of a 

postsynaptic target, two mechanisms can be distinguished 

(Fig. 4A): either, “on-target” synapses could be selectively 

added (specific synapse addition; this includes the outgrowth 

of novel axonal branches with target selective synapses), or 

“off-target” synapses could be selectively removed (anti-

specific synapse pruning). Both of these mechanisms have 

particular collateral effects: for an axon to increase, for exam-

ple, its target innervation from 10% of its synapses to 25% by 

specific synapse addition, newly formed synapses would have 

to be either highly target-selective (for example, the addition 

of 20% synapses with 100% target selectivity would yield a 

2.5-fold preference increase, Fig. 4A) or yield a large increase 

in synapse number. The latter could either be implemented 

by axonal outgrowth, which would increase path length den-

sity per axon, or synapse density increase per axonal path 

length. In all of these cases, the density of synapses along the 

axon would either remain constant or increase. 

Antispecific synapse pruning, to the contrary, would yield 

a decrease in axonal synapse density: in order to increase 

fractional synaptic target innervation from 10 to 25% by re-

moval of off-target synapses, the density of synapses along 

the axonal path would have to decrease by a factor of 2.5 (Fig. 

4A). 

We therefore measured the density of synapses along ax-

ons for soma-targeting axons (Fig. 4B). Between P7 and P9, 

synapse density along axons decreased about 2-fold from 

0.168 ± 0.014 synapses per micrometer axonal path length to 

0.088 ± 0.006 synapses per micrometer (Table 1). Since this 

coincided with the about 2.7-fold increase in synaptic target 

preference for these axons, and could quantitatively account 

for a fraction of the observed effect of preference increase, we 

interpret this as support for antispecific synapse pruning as 

a mechanism contributing to target preference increases for 

soma-targeting axons during development. The sparsening of 

synapses along soma-innervating axons was also directly vis-

ible in the reconstructions (Fig. 4, C and D). During that same 

period, overall volume density of non-excitatory synapses 

stayed constant (fig. S2C), and the decrease in axonal synapse 

density was not observed for AD targeting axons (Fig. 4, E 

and F, and Table 1). 

 

Somatic versus proximal dendritic synapses 

Inhibitory axons with preference for soma innervation (50–

53) are known to target not only somata, but the proximal 

dendrites of the postsynaptic excitatory cells (17, 22), see Fig. 

2B. At P28, the fraction of synapses onto cell bodies for these 

axons was reported as 21% with a co-innervation of proximal 

dendrites of 36.8% (38). We therefore wondered whether the 

observed changes in axonal target preference and synapse 

density of soma-innervating axons were specific to axonal 

synapses made onto cell bodies or extended to those synapses 

made onto proximal postsynaptic dendrites. Proximal synap-

ses (defined as synapses proximal to the second-order den-

dritic branch points along the postsynaptic cell and less than 

20 μm from the postsynaptic cell’s soma, Fig. 4G) were in fact 

not reduced in density along the presynaptic axons between 

P7 and P9, either (Table 1 and Fig. 4H), while synapses made 

onto the more distal postsynaptic dendrites were reduced in 

density along the presynaptic axons. Together, this suggests 

that proximal dendritic as well as somatic synapses are ex-

empted from the reduction in axonal synapse density that the 

synapses placed more distally on the postsynaptic neuron are 

exposed to. 

 

Development between P9 and P28 

In AD targeting axons, the about 60% increase in target pref-

erence from P9 to P14 (Table 1 and Fig. 3B) was accompanied 

by an about 50% increase in synapse density, which could be 

consistent with addition of specific synapses (8, 54). The in-

creased multiplicity of apical dendrite innervation from P9 to 

P14 (by about 40%, Fig. 3H and Table 1) could strongly con-

tribute to this enhanced preference from P9 to P14. For soma-

targeting axons, the additional 1.45-fold increase in fractional 

innervation preference for somata between P9 and P14 (Fig. 

3D) could also be partly contributed by the increase of inner-

vation multiplicity per somatic target (by about 30%, Fig. 3G 

and Table 1), thus potentially via an additional mechanism 

different from the initial increase in target preference be-

tween P7 and P9 in these axons. 

From P14 to P28, neither for apical dendrite nor soma-

targeting axons, the overall 1.7-to 1.9-fold increase in axonal 

synapse density (Fig. 4, B and E) was accompanied by further 

increases in target preference (Fig. 3, B and D). 

 

Development of axon initial segment innervation in 

layer 2/3 

We then turned to datasets from the supragranular layers to 

study the connectomic development of axo-axonic innerva-

tions targeted to the axon initial segments of pyramidal neu-

rons in adult animals which are known to be absent in layer 

4 (35, 38) and are integrated into the supragranular layers 

comparably late during development (35). 

At P9, we observed only spurious innervation of axon ini-

tial segments (Fig. 5, A and B), these were provided by axons 

that otherwise innervated somata and dendrites (table S2). 

To characterize the axons innervating axon initial segments, 

we reconstructed all of these axons’ output synapses (Fig. 5C) 

and determined whether these showed a preference for axon 

o
n
 D

e
c
e
m

b
e
r 3

, 2
0
2
0

 
h
ttp

://s
c
ie

n
c
e
.s

c
ie

n
c
e
m

a
g
.o

rg
/

D
o
w

n
lo

a
d
e
d
 fro

m
 



First release: 3 December 2020  www.sciencemag.org  (Page numbers not final at time of first release) 4 

 

initial segment innervation (Fig. 5D). At P14, a subset of ax-

ons showed enhanced preference for innervation of axon ini-

tial segments: 9.6% (5 of 52) of axons innervating axon initial 

segments made more than 40% of their other output synap-

ses again onto axon initial segments (Fig. 5, A, C, and D, and 

Table 1). At P28, about 20% of axons innervating the axon 

initial segment had a high preference for such innervations: 

these axons made >80% of their other synapses again onto 

axon initial segments (Fig. 5D and Table 1). We identified ax-

ons with high preference for axon initial segment innervation 

as “axo-axonic” (18) and those with low target preference for 

axon initial segments as “non-AIS-preferring” (group assign-

ment via cluster analyses, see methods). The non-AIS-

preferring axons showed a preference for soma innervation 

and were indistinguishable from soma-preferring axons (ta-

ble S2). 

 

Synaptic composition of axon initial segment innerva-

tion between P14 and P28 

We then focused on the development of axon initial segment 

innervation between P14 and P28 (Fig. 5, A and E). About one-

third of the input synapses onto axon initial segments at P14 

were from axo-axonic axons (Fig. 5E and Table 1). At P28 that 

fraction had increased to about 60%. This indicates that even 

in adolescence, the innervation of axon initial segments is not 

exclusively maintained by axo-axonic axons, but at least 

about 40% of synapses onto axon initial segments are con-

tributed by other axons. Accordingly, when quantifying the 

number of axons innervating a given axon initial segment, we 

found an increase in both the number of axo-axonic input ax-

ons (from 1 at P14 to about 4 at P28) and non-axo-axonic ax-

ons (from about 5 at P14 to about 10 at P28), yielding an input 

composition of axon initial segment innervation at P28 of 

about 20 synapses from about 4 axo-axonic axons [consistent 

with (36)] and about 10 synapses from about 10 non-axo- 

axonic axons. 

Since axo-axonic innervation preference developed about 

one week later than soma- and apical dendrite-preferences, 

the non-specific innervation of axon initial segments found 

even at P28 (Fig. 5D) could correspond to a population of de-

veloping axo-axonic axons that would mature later. To esti-

mate this effect, we analyzed an additional 3D-EM sample 

from a two-month-old animal (P56) which was obtained from 

L2/3 of posterior parietal cortex [EM data previously pub-

lished in (45)]. We mapped all input synapses onto an axon 

initial segment and found that again, at least about 40% of 

the input synapses were made by non-axo-axonic input axons 

(Fig. 5, D and E). This indicates that even in the adult, a large 

fraction of input synapses of axon initial segments is estab-

lished by axons that otherwise have no preference for axo-

axonic innervation. 

 

Development of axo-axonic target preference 

We then analyzed in more detail the development of target 

preference in those axons at P14 and P28 that had high pref-

erence for axon initial segment innervation. At P14, axo-axo-

nic axons made only about 60% of their synapses onto axon 

initial segments (Fig. 5D and Table 1), the other synapses 

were primarily on dendritic shafts and spines (table S2). At 

P28, the fraction of synapses that axo-axonic axons made 

onto axon initial segments had increased to about 90%, their 

other 10% of synapses were made on shafts and spines, but 

not somata. Note that already at P14, some off-target synap-

ses were noticeably smaller and less distinct than the AIS syn-

apses of the same axons, possibly corresponding to gradual 

removal of these non-AIS synapses (Fig. 5D) (55). 

Quantitatively, which mechanism could generate this 

about 1.6-fold increase in target preference in axo-axonic ax-

ons from P14 to P28 (Fig. 6, A and B)? Overall synapse density 

along these axons was largely constant between P14 and P28 

(Table 1). The density of synapses onto axon initial segments 

increased by about 1.7-fold between P14 and P28 (Fig. 6C), 

while during the same time span, the density of off-target 

synapses decreased by a factor of 4.2. 

Vertically oriented axon branches with several synapses 

onto axon initial segments (“axonal cartridges”) are a mor-

phological signature of axo-axonic axons in the adult (18). 

Since we observed no cartridges at P14 (Fig. 6A), but a higher 

frequency at P28 (Fig. 6B), we wondered whether the increase 

of target preference for axon initial segments between P14 

and P28 could be fully explained by outgrowth of cartridges 

establishing target specific synapses (Fig. 6, D to F). To quan-

tify the relevant parameters, we measured the density of AIS 

synapses along cartridges at P28 and the relative path length 

contributed by cartridges in axo-axonic axons at P28 (Table 

1). We then computed the predicted fractional innervation of 

axon initial segments for axo-axonic axons at P28 under this 

model (Fig. 6F). In fact, this model can account for most of 

the enhanced innervation preference at P28 (Fig. 6F; model 

prediction: 76 to 81%; measured preference: 89 to 95%). In 

order to account for the remaining target preference, we 

quantified the additional pruning of off-target synapses that 

could contribute the remaining drop of off-target innervation 

from P14 to P28. With an elimination of 54 to 65% of off-tar-

get synapses, the measured innervation preference for axon 

initial segments would be explained. 

We therefore conclude that a possible scenario for estab-

lishing the high-specificity targeting of axon initial segments 

by axo-axonic axons between P14 and P28 is the growth of 

cartridges establishing exclusively synapses onto axon initial 

segments together with the pruning of at least about 50% of 

the off-target synapses. This was further supported by an ad-

ditional analysis of axo-axonic axons in a dataset from P56 

(Fig. 5D): here, essentially no off-target synapses were found 
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in the axo-axonic axons. 

We finally observed that already at P14, thus before car-

tridges are established, axo-axonic axons showed coordinated 

innervation of particular postsynaptic axon initial segments 

via their en-passant synapses (Fig. 6G). This is particularly 

noteworthy since this may indicate that the establishment of 

axonal cartridges (Fig. 6H) is only the second step in a devel-

opmental process which enables the choice and repetitive in-

nervation of particular postsynaptic neurons at their axon 

initial segments. 

 

Discussion 

We determined the connectomic postnatal development of 

synaptic target preference in three main classes of inhibitory 

axons in cortex. We found three types of connectomic devel-

opment (Fig. 7): axons with preference for apical dendrites 

showed high target preference already at the earliest meas-

ured time points (P5 and P7), which increased only moder-

ately over postnatal development concurrent with an 

increase of innervation multiplicity between P9 and P14. Ax-

ons with preference for neuronal somata, to the contrary, had 

only low target preference at P7 (and almost none at P5), 

which increased almost 3-fold by P9. This increase was ac-

companied by a drop in the density of off-target synapses spe-

cifically in these axons, making antispecific synapse pruning 

a possible mechanism for establishing target preference in 

soma-preferring axons. Finally, axo-axonic axons in supra-

granular layers developed preference for axon initial segment 

innervations from P14 onwards, and our data was consistent 

with a combination of axonal cartridge growth and anti-

specific synapse pruning as the mechanism for establishing 

the observed axon initial segment target preference at P28. 

Notably, at early time points (P9, P14), more than 60% of syn-

apses onto axon initial segments were made by axons that 

had no axo-axonic innervation preference, and this non-spe-

cific innervation decreased only moderately over develop-

ment (to about 40% at P28 and P56). 

 
Interpretation of connectomic snapshots as  
developmental trajectories 
We used connectomic experiments to study the synaptic in-

nervation patterns over postnatal development. These exper-

iments are necessarily discontinuous, since an observation of 

the very same circuit over time is incompatible with the ex-

perimental approach of using fixed brain tissue. Therefore, 

the interpretation of the quantitative development of connec-

tomic patterns as trajectories of similar axons must be 

treated with caution. In particular, it would be theoretically 

possible that the population of axons innervating somata at 

P7 is distinct from the population observed at P9, also be-

cause a fraction of interneurons has been shown to undergo 

cell death over this time range (11). Then, what we interpret 

as developmental changes of axonal synapses could be a 

change of the mixture of axons innervating a target. However, 

we do not observe any high-soma-preference axons at P7 (Fig. 

3D), and the measured distribution of preference at P9 (fig. 

S2D) showed no clear sign of bimodality. Moreover, this al-

ternative explanation would imply that a large number of ax-

ons needs to be pruned or retracted, and a large number of 

new axons grown out over the course of 2 days. Still, since a 

range of molecularly identified interneurons have been re-

ported to innervate cell bodies (17, 31), the possibility that a 

subgroup of the soma innervating axons belongs to a differ-

ent cell type cannot be excluded. The prevalence of one of 

these cell types, cholecystokinin-positive interneurons (56), is 

comparably low in primary sensory cortex (57), and therefore 

this subtype may not be identifiable as a separate connec-

tomic profile in our data. 

 
Other synaptic targets, preference versus specificity 
In a first order approximation, a large fraction of interneu-

rons in cortex have been assigned to groups with common 

innervation preference. Quantitatively, however, these pref-

erences do not constitute exclusivity of innervation. For soma 

preferring axons, about 15 to 25% of their synapses are placed 

on somata in the adult (12, 22, 38). If one includes proximal 

dendrites as target, about two third of output synapses of 

such axons are placed on these preferred targets (38). Accord-

ingly, in our developmental analysis, an increase of prefer-

ence for soma innervation from a few percent to close to 20% 

constitutes a strong enhancement of synaptic bias, and we 

could show that a possible mechanism, antispecific synapse 

removal, applies to both somatic and proximal dendritic syn-

apses (Fig. 4, B, G, and H). Similarly, preference for distal 

dendrites corresponds to an innervation of apical dendritic 

trunks with about 20 to 25% of output synapses in the adult 

(38) and up to 40 to 50% onto other non-proximal dendritic 

targets (22, 38). Therefore, our finding of already about 20% 

target preference for apical dendrite trunks as early as P5 and 

P7 constitutes comparably high synaptic specialization. 

Axo-axonic interneurons show above 80% synaptic bias in 

the adult, which is higher than in all other known interneu-

rons, but not exclusive. These interneurons have been termed 

“Chandelier” neurons (32), but may constitute an inhomoge-

neous class (58). The finding that these axons establish early 

target preference (Fig. 5D) and systematic target choice (Fig. 

6G) before the occurrence of cartridges may indicate a com-

plex developmental impact of these neurons’ activity. Since 

axon initial segments receive a significant fraction of inputs 

from non-axo-axonic axons (Fig. 5, A and E), the notion of a 

unique position of axo-axonic interneurons to control action 

potential generation in postsynaptic pyramidal cells may 

have to be interpreted with caution. While the target prefer-

ence of these other innervations was comparable to soma-
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preferring axons, they may constitute a specialized subgroup 

of interneurons (31). 

 

Outlook 

We used connectomic mapping to determine developmental 

changes in circuit properties in the cortex. With the acceler-

ation of connectomic data acquisition and analysis (38), it is 

conceivable that such approaches can be used for targeted 

interventions with the developmental machinery, and yield a 

screening approach for circuit phenotypes of developmen-

tally active molecular agents. 

 

Materials and methods 

 

Animal experiments 
All experimental procedures were performed according to the 

law of animal experimentation issued by the German Federal 

Government under the supervision of local ethics commit-

tees, approved by Regierungspräsidium Darmstadt, F 

126/1002, and according to the guidelines of the Max Planck 

Society. 

The cortical tissue processing, 3D electron microscopy 

and dataset alignment for the P28 and P56 samples were de-

scribed previously (38, 45). The ten samples at P5, 7, 9 and 14 

were processed as follows. 

 
Tissue preparation, staining, 3D-EM experiments 
Male C57BL6 mice at P5, 7, 9 and 14 were anesthetized using 

isoflurane and perfused transcardially with 0.15 M sodium 

cacodylate buffer (pH = 7.4), followed by fixative solution 

(2.5% paraformaldehyde, 1.25% glutaraldehyde, 2 mM CaCl2 

in 0.08 M cacodylate buffer) using a syringe pump (PHD Ul-

tra, Harvard Apparatus, USA). The flow rates of the buffer 

and fixative solution were 5 to 7 ml min−1 (P5, P7), 7 to 10 ml 

min−1 (P9), and 12 ml min−1 (P14), respectively. The volumes 

of the perfused cacodylate buffer and fixative solution were 3 

and 12 ml (P5, P7), 5 and 15 ml (P9), and 8 and 20 ml (P14), 

respectively. The brains were kept in the skull after incising 

a small opening at the posterior and stored overnight in the 

fixative solution at 4°C. Using a stereotaxic instrument 

(Model 902 Dual small animal stereotaxic instrument, David 

Kopf instruments, USA), samples were then extracted by 1 

mm biopsy punches (Integra, Miltex, USA). The hemispheres 

were stored in phosphate buffered saline (PBS, Sigma-Al-

drich, USA) overnight at 4°C and were subsequently pro-

cessed for Cytochrome oxidase staining to confirm the 

sample location (see supplementary methods). 

En-bloc staining was performed as (46) with minor modi-

fications; 3D-EM imaging was performed on a serial block-

face EM (SBEM) setup [microtome courtesy of W. Denk (42)] 

using discontinuous mosaic imaging; and image alignment 

was either performed using global 3D relaxation of cross-

correlational shift vectors or in-plane stitching followed by 

cross-plane alignment; see table S1 and supplementary meth-

ods for details. 

 
Identification and reconstruction of postsynaptic tar-
gets 
The aligned data was uploaded to online data annotation 

software webKnossos (43). Neurites were traced in the form 

of skeletons. The tracings were exported as NML files and 

were parsed in MATLAB (release 2018a) for analyses. 

Somata were manually annotated. Axon initial segments 

were identified based on their direction toward white matter, 

diameter (1 to 1.5 μm) and lack of branching; myelin 

ensheathment and output synapses after the end of the axon 

initial segment further supported the identification. The 

presence of a first output synapse, myelin or branching was 

considered the end of the axon initial segment. A total of 241 

AISs were annotated in the L4 datasets and 149 in L2/3 da-

tasets. 

Apical dendrites (ADs) were identified based on their cor-

tical direction, diameter (1 to 3 μm) and branching patterns 

(either no branch or only oblique branches; oblique branches 

of the ADs were identified by branching angles of less than 

15°), and high propensity to occur in bundles. Axons inner-

vating ADs were seeded from the shafts of clear ADs. Then, 

when all output synapses of the innervating axon were anno-

tated, all postsynaptic targets were evaluated whether they 

also fulfilled the AD criterion. Based on calibrations in an ad-

ditional dataset from L5, we estimate that most of the ADs 

were from L5 pyramidal cells, not L4 star pyramidal cells. 

All annotations were performed by an expert annotator, 

and a subset of synapses and targets were proofread by an-

other expert and the same annotator. Re-annotation of 1219 

synapses and synaptic targets yielded 95.9% agreement with 

the initial annotation, none of the conclusions was affected 

by the 50 mismatches out of 1219 checked annotations. 

 
Axon reconstruction 
For a given postsynaptic target class (somata, ADs or AISs), a 

target was chosen at random. The synapses made onto the 

target were identified based on the presence of a presynaptic 

vesicle cloud and postsynaptic density [as described in (44, 

45, 47), see data S1]. A skeleton node was placed in the pre-

synaptic axon’s vesicle cloud and was commented as “seed 

synapse” (first synapse). The axon was then skeleton-traced 

in the entire dataset volume. At every subsequent synapse lo-

cation, a node was placed in the vesicle cloud and commented 

with the corresponding postsynaptic target’s identity (i.e., if 

the postsynaptic target was soma, AD, AIS, dendritic shaft, 

dendritic spine, glia or somatic spines and filopodium). This 

was iterated for multiple seed synapses from multiple targets 

belonging to each target class (somata, ADs and AISs). Based 
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on the postsynaptic target of the first synapse, the axons were 

classified as soma-innervating, AD-innervating or AIS-

innervating (Fig. 2, D and E, and Table 1). In rare cases, axons 

had a majority of their output synapses onto spines, and were 

therefore classified as excitatory and not included in further 

analysis [see (38, 45) and fig. S5 for further calibration]. For 

AD innervation, only synapses onto the main AD shaft were 

considered, not those onto oblique dendrites. For somatic 

synapses, those made onto somatic spines or somatic filopo-

dia were analyzed separately [fig. S1]. 

 
Connectomes 
The output synapses of the annotated axons were displayed 

as a connectivity matrix in which each row indicated the syn-

apses formed by one axon on different postsynaptic targets 

(reported in columns, Fig. 2, D and E). The seed synapses of 

these axons were included in the display of connectomes. The 

bulk soma innervation fraction for soma-seeded axons was 

calculated by dividing the sum of synapses onto somata by 

the total number of output synapses made by these axons, 

with seed synapses excluded when computing these fractions 

(see Fig. 2, B and C, for other targets). Conditional innerva-

tion of a given target class by an axon was calculated by di-

viding the number of on-target synapses made by the axon by 

its total number of synapses (excluding the seed synapse). 

 
Analysis of innervation multiplicity 
The average number of synapses a presynaptic axon made 

onto an individual target (a particular soma or a particular 

apical dendrite, Fig. 3, F to H) was calculated by dividing the 

sum of synapses onto the target class (any soma, any apical 

dendrite) by the total number of individual targets from that 

target class that were innervated by the axon (including seed 

synapses). 

 
Synaptic input mapping of somata 
For mapping the complete set of all synaptic inputs on the 

cell bodies of excitatory cells, we identified all synapses made 

onto the somatic surface of 5 somata at each age (Fig. 3, I and 

J). For an analysis of synapses made on somatic spines and 

filopodial processes, see fig. S1. 

 
Soma size 
Soma size was determined as the equivalent diameter ob-

tained from the surface area estimate of the soma. The sur-

face area was determined by contouring the soma outline in 

all image planes using webKnossos, and fitting an isosurface 

to these isolines in MATLAB (R2018a). For each age group, 10 

to 13 somatic diameters were determined (Fig. 3J). 

 
Synapse densities 
Axonal synapse densities were calculated by dividing the total 

number of output synapses from a given axon (including the 

seed synapse) by its total skeleton path length in the dataset 

(Fig. 4, B and E). The cumulative synapse density for all axons 

seeded from the same postsynaptic target class was calcu-

lated by dividing the total number of output synapses (made 

by all axons) by the sum of all axons’ path lengths. On-target 

synapse density was calculated by dividing the total number 

of on-target synapses made by an axon (including the seed 

synapse) by its path length Bulk on-target synapse densities 

were computed by dividing the number of all on-target syn-

apses of all axons by the total path length of all axons 

 
Innervation of proximal versus distal dendrites 
We classified non-somatic synapses as proximal or distal 

based on their location on the dendrites of the postsynaptic 

cell. All synapses which were made on dendritic processes 

emanating from the soma within 20 μm from soma and onto 

a 1st or 2nd order dendritic branch were considered proxi-

mal; all other synapses were classified as distal synapses (Fig. 

4G). Next, we computed the axonal synapse density of proxi-

mal and distal off-target synapses, separately (Fig. 4H). In 

this analysis, synapses made on somatic spines and filopodial 

processes were included as proximal synapses. Note that 

proximal dendrites with a cell body adjacent to the imaged 

dataset were not identified, thus our identification of proxi-

mal synapses corresponds to a lower-bound estimate. 

 
Input mapping of axon initial segments and  
identification of axo-axonic axons in L2/3 
We identified pyramidal cells in the L2/3 datasets based on 

their somato-dendritic morphology and annotated the corre-

sponding axon initial segment and its input synapses. For 

mapping the input synapses, each of these synapses was then 

considered as a seed synapse for reconstructing the presyn-

aptic axons in the entire dataset and its other output synap-

ses. Based on the innervation pattern of these axons, they 

were classified as axo-axonic or non-axo-axonic using hierar-

chical clustering (only axons with at least 7 synapses were 

classified; function clusterdata in Matlab, Ward’s method, 

Euclidean distance, 2 clusters) on axonal synapse density and 

fraction of synapses onto axon initial segments per axon (Fig. 

5D). 

 
Axo-axonic cartridge analysis 
An axon cartridge was defined as the stretch of an axon which 

was adjacent to an axon initial segment and made at least 3 

synapses on the same axon initial segment (Fig. 6, E and H). 

We quantified the on-target synapse density of these car-

tridges by dividing the number of synapses onto axon initial 

segments from that cartridge by its path length (Fig. 6E). 
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Axonal path length density 
We measured the addition of axonal cartridges in axo-axonic 

axons at P28 by separating axonal paths that had at least 3 

synapses onto the same AIS and maximally one off-target syn-

apse. Then, those axonal paths that fulfilled these criteria and 

had an axonal ending were identified; in addition those ax-

onal stretches that fulfilled these criteria but were “en-pas-

sant”, i.e., without an axonal ending were also identified. This 

yielded a minimal (only cartridges with an axonal ending) 

and maximal (including cartridges “en-passant”) cartridge 

path length at P28; cartridge addition model predictions 

were computed for both values and are reported as ranges 

(see next section). 

 
Cartridge addition model 
We tested a simple model that the increase of target-prefer-

ence in axo-axonic axons between P14 and P28 can be fully 

explained by the addition of axonal cartridges that establish 

exclusively synapses onto axon initial segments. Then, the 

predicted fractional target preference at P28 is given as 

 
( )

( )
*

,

*

, ,

AIS Cart

syn P14 P14 synAIS

P28 AIS Cart

syn P14 P14 syn P14 P14 syn

n L L d
Frac

n L n L L d

→

→∅ →

+ ∆
=

+ +∆
  

with ,

AIS

syn P14 P14n L→
 the length density of synapses onto axon 

initial segments at P14 (see Table 1) and 
,syn P14 P14n L→∅

 the 

density of synapses onto other targets at P14 per micrometer 

axo-axonic axon path length; ΔL the relative cartridge length 

per axon length at P28: ΔL = Lcart/Lnon-cart with Lcart/Lnon-cart 

measured as described in the previous section; and dsyn
Cart the 

density of AIS output synapses per axonal cartridge length at 

P28 (see Fig. 6E and Table 1). 

For integrating additional antispecific pruning, we re-

placed ,syn P14n →∅
 in above formula by ( )* ,1 prun syn P14f n →∅−  with 

fprun the fraction of off-target synapses pruned between P14 

and P28. Then, we determined fprun such that FracAIS
P28 equals 

the measured fractional AIS preference of axo-axonic axons 

at P28. 

 
Statistics 
All statistical tests were performed using MATLAB and the 

Statistics Toolbox (Releases 2013, 2017, 2018b, 2020, The 

MathWorks, Inc.) and are reported in Table 1. For fractional 

innervation and synapse densities, bulk averages over all re-

constructed axons were computed. The variability of the av-

erage was determined by bootstrap (1000 repetitions, 

sampling by replacement) yielding an estimate of the stand-

ard error. Sample comparisons were done by bootstrapping 

each distribution and determining the fraction of cases in 

which the bootstrapped mean of one sample was smaller (or 

larger) than the other (106 bootstrap comparisons for each 

pair of datasets). For all other tests, between-group compari-

sons were done using two-sample Kolmogorov-Smirnov test 

(kstest2) for probabilities or fractions and Wilcoxon rank sum 

test otherwise. 

Analysis code is available on GitLab (59). 

 
Data availability 
All 3D-EM data, reconstructions and synapse annotations 

will be made publicly available upon publication at  

webknossos.org. For review, the datasets can be browsed via 

the following links. 

 

L4 datasets 

1.) P5: https://webknossos.brain.mpg.de/annotations/Ex-

plorational/5f097b27010000790041907c?token=PHmjUiqI-

wSF5j_3m3NewxA#3377,3798,1731,0,51.095,24 

2.) P7 (d1): https://webknossos.brain.mpg.de/annota-

tions/Explorational/5f097d9e010000684f419095?to-

ken=yLaZU9zIOpWAYpM5hIZKRw#3827,4657,2562,0,46.451

,13851 

3.) P7 (d2, control): https://webknossos.brain.mpg.de/an-

notations/Explorational/5f097ea2010000d05041909c?to-

ken=j1OMURYgwITqSpMFq3Pj-

w#3286,3914,1057,0,34.897,2446 

4.) P9 (d1): https://webknossos.brain.mpg.de/annota-

tions/Explorational/5f098052010000644f4190ae?to-

ken=gMxrKSnIXkUW-

lFZ1H9IQg#3471,3841,1499,0,31.160,16827 

5.) P9 (d2): https://webknossos.brain.mpg.de/annota-

tions/Explora-

tional/5f0982bb0100007a004190e7#4999,4207,1207,0,31.857,

4709 

6.) P9 (d3, control): https://webknossos.brain.mpg.de/an-

notations/Explora-

tional/5f09834c01000079004190f3#3561,3978,1222,0,31.716,2

069 

7.) P14 (d1): https://webknossos.brain.mpg.de/annota-

tions/Explora-

tional/5f098547010000644f41910b#2961,2596,2396,0,38.806,

31 

8.) P14 (d2): https://webknossos.brain.mpg.de/annota-

tions/Explora-

tional/5f0986e70100007a0041912f#2706,5196,1768,0,35.682,2

8717 

9.) P28: https://webknossos.brain.mpg.de/annota-

tions/Explora-

tional/5f098a230100000f00419189#2547,4286,1960,0,33.854,

23869 
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L2/3 datasets 

1.) P9: https://webknossos.brain.mpg.de/annotations/Ex-

plora-

tional/5f098af00100000f0041919d#4590,6017,2004,0,59.174,

20184 

2.) P14: https://webknossos.brain.mpg.de/annota-

tions/Explora-

tional/5f098d370100004e244191d1#6158,4347,2042,0,41.566,

17586 

3.) P28: https://webknossos.brain.mpg.de/annota-

tions/Explora-

tional/5f098e390100007a004191ed#4157,3279,3551,0,66.757,2

4650 

4.) P56 (PPC, control): https://webknos-

sos.brain.mpg.de/annotations/Explora-

tional/5f0996160100000f004192db?token=mJbnSmb9YsBHf

n8J0mEhKQ#5770,2523,2313,0,46.431,166 

 

Control reannotations by expert consensus 

1.) P5: https://webknossos.brain.mpg.de/annotations/Ex-

plorational/5f5923680100007400c81ff4?token=PHmjUiqI-

wSF5j_3m3NewxA#3640,4052,1012,0,21.664,2550 

2.) P7-d1: https://webknossos.brain.mpg.de/annota-

tions/Explorational/5f4c8b71010000b3b13f9873?to-

ken=8NxQBXju36abb1Uhl9XuZw#3371,4434,2656,0,26.205,3

7966 

3.) P7-d2: https://webknossos.brain.mpg.de/annota-

tions/Explorational/5f50a4110100000e00d34ce5?to-

ken=j1OMURYgwITqSpMFq3Pj-

w#3202,4045,1303,0,21.670,19465 

4.) P9-d1: https://webknossos.brain.mpg.de/annota-

tions/Explorational/5f3d78560100006c001af494?to-

ken=gMxrKSnIXkUW-

lFZ1H9IQg#3572,4078,1605,0,19.343,43555 

5.) P9-d3: https://webknossos.brain.mpg.de/annota-

tions/Explorational/5f50bc2d01000078002a307a?to-

ken=P8ApNtJzXur2tYlPLcr7Jg#2893,3743,1064,0,19.194,1381

7 
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Table 1. Quantification of postnatal inhibitory circuit development in L4 and L2/3. Bootstrapped means and 
standard errors of means and probabilities from bootstrapped comparison reported unless otherwise indicated,  
see methods. nsy, number of synapses; nax, number of axons. Innervation multiplicity: Number of synapses per axon 
and individual target. AIS: axon initial segment. Lax: axonal path length. 2-S. t test: two-sample Student’s t test.  
rs: Wilcoxon rank-sum test. Note that to account for the number of initial comparisons, only P values below 10−3  
were considered; all reported effects had substantially lower P values in the initial comparisons. 

 

 P7 P9 P14 P28 

Conditional reinnervation         

p(soma|soma) 6.01 ± 1.07%*, 

nsy = 1119,  

nax = 21 

16.07 ± 1.46%*,  

nsy = 1110,  

nax = 52 

23.38 ± 1.76%, 

nsy = 1440,  

nax = 67 

17.45 ± 2.05%, 

nsy = 1143,  

nax = 20 

  P = 10−6 P = 1.6 × 

10−4 

P = 0.019   

p(AD|AD) 14.62 ± 4.12%, 

nsy = 232,  

nax = 20 

15.88 ± 3.02%, 

nsy = 462, nax=59 

25.16 ± 2.94%, 

nsy = 1241,  

nax = 116 

23.28 ± 4.50%, 

nsy = 371,  

nax = 23 

   P = 0.59 P = 0.014 P = 0.61   

Innervation multiplicity†,‡         

Onto soma 1.16 ± 0.06 1.39 ± 0.06 1.83 ± 0.08 2.20 ± 0.13 

   P = 0.19 (rs) P = 3.5 × 

10−4 (rs) 

P = 0.026 

(rs) 

  

Onto AD 1.41 ± 0.18 1.40 ± 0.08 1.99 ± 0.14 2.08 ± 0.26 

   P = 0.99 (rs) P = 0.0016 

(rs) 

P = 0.47 (rs)   

Total number of input  

synapses per soma‡ 

5.2 ± 0.97, nsom 

= 5 

8 ± 0.45, 

nsom = 5 

47 ± 2.02, 

nsom = 5 

75.2 ± 3.20, 

nsom = 5 

   P = 0.04 (rs) P = 0.008 

(rs) 

P = 0.008 

(rs) 

  

Synapse density along  

axons (per micrometer path 

length) 

        

Soma-seeded axons         

All synapses 0.168 ± 0.014, 

nsy = 1119,  

nax = 21 

0.088 ± 0.009, 

nsy = 1110,  

nax = 52 

0.132 ± 0.007, 

nsy = 1437,  

nax = 67 

0.248 ± 0.014, 

nsy = 1143,  

nax = 20 

   P = 10−6 P = 3.6 × 

10−5 

P = 10−6   

Synapses onto  

proximal dendrites 

0.023 ± 0.004, 

nsy = 1119 

0.017 ± 0.003, 

nsy = 1110 

    

    P = 0.12,  

2-S. t test 

      

Synapses onto distal 

dendrites 

0.132 ± 0.012 0.053 ± 0.01     

    P = 7.8 × 

10−6,  

2-S. t test 
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Apical dendrite-seeded  

axons 

        

All synapses 0.099 ± 0.013, 

nsy = 232,  

nax = 20 

0.075 ± 0.006, 

nsy = 463,  

nax = 59 

0.11 ± 0.006, 

nsy = 1241,  

nax = 116 

0.184 ± 0.012, 

nsy = 371,  

nax = 23 

    P = 0.031 P = 2 × 10−6 P = 10−6   

AIS input synapses in L2/3         

Made by axo-axonic  

axons§ 

None 0% 32.8 ± 6.1%, 

n = 8 AIS,  

nsy = 16 of 61 

60.9 ± 4.9%,  

n = 5 AIS,  

nsy = 87 of 146 

        P = 0.016¶   

Conditional reinnervation 

p(AIS|AIS)‡ 

        

By axo-axonic axons     56.98 ± 4.98%, 

nax = 5 

89.36 ± 2.09%, 

nax = 10 

            P = 6.4 

× 10-4¶ 

  

By non-axo-axonic 

axons 

  6.52 ± 2.98%, 

nax = 7 

2.42 ± 0.76%, 

nax = 49 

2.13 ± 0.64%, 

nax = 41 

        P > 0.9¶ 

Synapse density along  

axons (per micrometer path 

length)‡ 

        

Axo-axonic axons     0.042 ± 0.002, 

Lax = 2.19 mm 

0.052 ± 0.008, 

Lax = 6.52 mm 

            P = 0.09 

(rs) 

  

Non-axo-axonic  

axons 

  0.043 ± 0.014, 

Lax = 2.31 mm 

0.102 ± 0.009, 

Lax = 8.98 mm 

0.179 ± 0.009, 

Lax = 7.31 mm 

        P = 4.7 × 10−11 

(rs) 

Synapse density along  

axo-axonic cartridges  

(per micrometer) 

      0.24 ± 0.013 

Relative cartridge length 

(micrometer cartridge per 

micrometer axonal trunk) 

      0.16–0.24# 

*When including synaptic filopodia as targets, reinnervation fraction increases to 7.74 ± 2.64% at P7 (n = 106 synapses) and 21.27 ± 2.94% at P9 

(n = 277 synapses), i.e., a 2.75-fold increase between P7 and P9, P = 0.01.  †Same number of axons analyzed as for conditional innervation.

 ‡Bulk average ± sample SEM. §Fractions from identified non-axo-axonic axons: 50%, 37% at P14, P28; difference from 100%: 

axons with less than 7 synapses. ¶Two-sample Kolmogorov-Smirnov test. #Range indicates cartridges with mandatory axonal end-

ing (lower) and with inclusion of en-passant cartridge configurations (upper), see methods. 
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Fig. 1. Connectomic analysis in mouse primary somatosensory cortex across postnatal development.  
(A and B) Sketch of mouse primary somatosensory cortex (S1) and the neuronal structures expected in 3D 
electron microscopy (3D-EM) datasets in cortical layers 4 and 2/3. (C) Thirteen 3D-EM datasets acquired 
from the cortex of nine mice (M1 to M9) at 5, 7, 9, 14, 28 and 56 postnatal days (P) of age [P28 and P56 
datasets published before (38, 45), dashed lines]. Example dataset shown on right. Numbers at lines indicate 
layer position of datasets. Datasets from M1, M3, M5, M9 were analyzed as post-hoc controls of biological 
variability and age. *: note that the control P56 dataset was from L2/3 of mouse posterior parietal cortex. 
(D) Electron micrographs from P7, P9 and P14 datasets. Examples of spine (triangle) and shaft (asterisk) 
synapses shown. (E) Reconstructions of presynaptic axons (blue), postsynaptic somata (gray), axon initial 
segments (AIS, black) and apical dendrites (green) in the P7, P9 and P14 datasets [see (C), (D), and tables 
S1 and S2]. WM: white matter. Sketch cubes indicated dataset orientation relative to cortical axis. 
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Fig. 2. Development of inhibitory connectomes. (A) Example reconstruction of a P7 soma-seeded axon 
(cyan), all of its output synapses (spheres, n = 167), and all their postsynaptic targets (soma, magenta; proximal 
dendritic shaft, orange; distal dendritic shaft, blue; dendritic spine, green). Three example postsynaptic targets 
also shown (soma, gray, distal dendrite, blue, proximal dendrite with cell body of origin, orange). (B) 
Quantification of synaptic targets for soma-seeded axons at P7. At least about 10% of output synapses were 
on identified proximal dendritic shafts [see (A)]. Seed synapse excluded for quantification of target fractions. 
(C) Similar analysis for apical dendrite-seeded axons at P7. Note scarcity or absence of proximal dendritic shaft 
and soma innervation, and substantial preference for apical dendrites and distal dendritic shafts already at P7. 
(D) Local connectomes between presynaptic axons [seeded from somata, apical dendrites (AD) or axon initial 
segments (AIS)] and their respective postsynaptic targets [other targets include dendritic spines, dendritic 
shafts, glia and somatic spines or filopodia, left to right, see (A) to (C)]. Each row in connectome corresponds 
to one axon [example in (A)], each column to one postsynaptic target; colored dots, synapses, see color bar. 
(E) Average conditional connectomes based on the data in (D). Data aggregated for types of axonal seed (rows) 
and targets (columns). Conditional probabilities p(X|Y) of axons innervating targets X given the axon was 
seeded at Y. Probabilities above 5% shown numerically (corresponding to 1 out of 20 synapses). Note signs of 
target preference already at P7. 
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Fig. 3. Differential postnatal development of synaptic target choice by apical-dendrite- and soma-
preferring axons in cortical layer 4. (A) Reconstruction of an axon (cyan) that was identified from its 
synapse (magenta) onto the shaft of an apical dendrite (AD, gray) and the other output synapses of this 
axon (onto other AD, magenta; onto other targets, blue) from L4 at P7. (B) Quantification of conditional 
re-innervation of apical dendrites for axons seeded at an apical dendrite. Note that conditional re-
innervation of apical dendrites is at almost adult level already at P5 and P7. Number of synapses per 
axon: <10 (small crosses); ≥10 (large). Boxes: 25th and 75th percentile, middle line: median; thick black 
line: bulk fraction per age, see methods. (C) Reconstruction of part of an axon seeded at a soma (at P7, 
L4) that had 4 other synapses onto somata (magenta) and 41 onto other postsynaptic targets (blue). 
Branch of same axon as shown in Fig. 4C. (D) Fraction of synapses made again onto cell bodies for 
axons seeded at a soma, reported over postnatal time points [symbols as in (B)]. Note almost more 
than 2-fold increase of fractional soma re-innervation from P7 to P9. (E) Direct comparison of 
conditional reinnervation between P5, P7 and P9 for soma-seeded and apical dendrite (AD)–seeded 
axons [data from (B) and (D)]. Note difference in re-innervation rates between AD- and soma-targeting 
axons (shaded: SEM from bootstrapped analysis, see methods). (F to H) Development of innervation 
multiplicity: examples of soma-preferring axons at P7 and P14 innervating a cell body once [(F), P7, top] 
and three times [(E), P14, bottom]. Quantification of innervation multiplicity over postnatal time points 
for axons innervating somata (G) and apical dendrites (H). (I and J) Developmental increase in total 
number of input synapses onto cell bodies from P7 to P28. Note that soma size remains largely constant 
(equivalent somatic diameters shown, see methods). For statistical data, see Table 1. 
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Fig. 4. Potential mechanism for development of somatic target-preference in L4. (A) Sketch of developmental 
processes resulting in enhanced fractional innervation of given subcellular targets over development via addition of 
target-specific synapses (from 1/10 synapses = 10% at time point t0 to 3/12 synapses = 25% at time point t1) or, 
alternatively, elimination of off-target synapses (from 1/10 synapses = 10% at t0 to 1/4 synapses = 25% at t1). Note 
the drop in axonal synapse density for the antispecific pruning model (bottom). (B to D) Quantification of axonal 
synapse densities of soma-preferring axons from P7 to P28 (see Table 1). Note about 2-fold drop of axonal synapse 
density for soma-preferring axons (B) that is clearly visible in the reconstructions [(C) and (D)]. (E and F) Axonal 
synapse density for AD-preferring axons (E) and comparison between soma- and AD-preferring axons at 7 and 9 
days of age (F) indicating that the drop in synapse density is a particular phenomenon found in soma-preferring 
axons during the developmental phase in which somatic preference increases by more than two-fold, as predicted 
by the antispecific pruning model (A). See Table 1 for numbers and statistics, and fig. S4 for controls. (G and H) 
Selective maintenance of proximally but not distally placed synapses along the postsynaptic neuron: example 
reconstruction of postsynaptic excitatory neuron (at P9, gray) with input synapses onto soma (red), proximal 
(orange) and distal (black) dendrites (see methods for definition of proximal dendrites). Quantification (H) shows 
synapse removal is specific for those synapses made onto distal dendrites; proximally placed synapses are 
maintained. 
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Fig. 5. Postnatal development of axon initial segment innervation in L2/3. (A) 
Reconstruction of L2/3 pyramidal cells from P9 to P28, their axon initial 
segments (AIS) and all synapses made onto these AIS. Presynaptic axons were 
reconstructed and identified as preferentially innervating AIS [axo-axonic axons 
(18); see (C) and (D)] or non-preferential (non-AIS preferring). (B) Development 
of input synapse density on AIS. (C) Illustration of axo-axonic and non-AIS 
preferring axons making synapses onto a given AIS. (D) Development of 
fractional preference for AIS innervation in a subset of axons that innervate AIS. 
Note that from P14 onwards, axo-axonic axons can be identified by their 
enhanced AIS preference (group assignment via cluster analysis, see methods; 
magenta: axo-axonic; blue: non-AIS preferring). Note that already from P14 
onwards, off-target synapses of axo-axonic axons were noticeably smaller than 
those onto AIS; vertical lines indicate innervation fractions when only considering 
the clearest off-target synapses for quantification. *: P56 control data was 
analyzed in a published dataset from posterior parietal cortex (45).  
(E) Composition of input synapses onto axon initial segments (AIS): fraction of 
input synapses made by axo-axonic axons increases from 33–50% to 61–63% 
from P14 to P28 (lower bound: identified axo-axonic input axons; upper bound: 1-
identified non-axo-axonic axons; difference: axons with less than 7 synapses); 
note that also at P56, only 43 to 63% of input synapses onto AIS were from axo-
axonic axons, at least 37% from non-AIS-preferring axons (Table 1). 
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Fig. 6. Establishment of target preference in axo-axonic axons. (A and B) Example reconstructions of axo-
axonic axons at P14 and P28 with all their output synapses onto axon initial segments (AIS, magenta) and other 
targets (black). Note paucity of vertically oriented axonal specializations (“cartridges”) at P14. (C) While the 
density of synapses onto AIS increases along axo-axonic axons, synapses onto other targets decrease in 
density from P14 to P28. (D and E) Model for enhanced AIS-preference of axo-axonic axons at P28 via 
outgrowth of axon cartridges with 100% AIS preference. (F) Predicted (cyan) and measured (magenta) 
fractional AIS innervation under the model of cartridge addition with 100% AIS specificity. Model accounts for 
increase to 76 to 81% AIS preference; remaining reduction of off-target innervation could be accounted for by 
an additional pruning of 54 to 65% of off-target synapses. (G and H) Innervation of particular AIS by axo-axonic 
axons at P14 (G) and P28 (H) indicating that already at P14, systematic reinnervation of AIS occurs in absence 
of cartridges, partly by several axonal branches via en-passant synapses [right panel in (G) is part of axon 
shown in (A)]. 
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Fig. 7. Connectomic profiling of axonal target preference proposes 
differential developmental mechanisms for synaptic choice of somata, 
apical dendrites and axon initial segments. Sketch illustrating the different 
possible mechanisms for enhancing synaptic target preference in different 
classes of inhibitory axons in L2/3 and L4 between postnatal days (P) 5 and 
28. *antispecific synapse pruning can account for parts but not all of 
preference increase (Table 1), so additional mechanisms may be at work. 
**Innervation multiplicity is higher for AD innervation axons than soma 
innervating axons already at P7, but more substantially increases after P9 
(fig. S3). 
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