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Summary

The establishment of precise synaptic connections during development is crucial 

for proper network functioning in adulthood. Interestingly, synaptic connectivity 

is shaped in part through early synaptic activity patterns. Specifically, before many 

developing networks receive sensory information they internally generate spontaneous 

network bursts (Ben Ari, 2001; Hua and Smith, 2004; Katz and Shatz, 1996). During 

this spontaneous activity large numbers of neurons become active at the same time 

(Ben-Ari et al., 1989; Galli and Maffei, 1988; Garaschuk et al., 1998; O’Donovan et 

al., 1994; Yuste et al., 1992). It has long been suspected that the synchronous nature 

of this activity is crucial in shaping synaptic connectivity through the recruitment of 

Hebbian-like plasticity mechanisms (Stellwagen and Shatz, 2002; Triplett et al., 2009). 

Spontaneous connectivity can therefore be imagined as a “test signal” that propagates 

through the network and establishes an early coarse connectivity matrix. Later, as 

spontaneous activity is replaced by sensory driven activity, connectivity becomes 

further refined by experience-driven mechanisms. While spontaneous activity has 

been studied intensively on the level of networks, it remains unclear which specific 

plasticity mechanisms are driven by spontaneous activity. We therefore decided to start 

investigating this question using an observational approach. Specifically, we focused 

on developing a method to record synaptic activity patterns on single cells during 

spontaneous network bursts. This method allowed us to make direct observations on 

how spontaneous activity shapes network connectivity. First, we found that while the 

synapses that are active during spontaneous activity vary from burst to burst, their 

activity patterns are not random: synapses that are close together are more often co-

active then synapses that are farther away. Second, this clustering of temporally related 

synapses requires the presence of spontaneous network activity during development. 

Third, during spontaneous activity, synapses that are not often co-active with their 

neighbors become depressed through a decrease in their transmission efficiency. 

Finally, we found that this ‘out-of-sync’ plasticity is dependent on proBDNF/p75NTR 

signaling. Taken together, we find that spontaneous activity drives local synaptic 

plasticity in a way that leads to the clustering of temporally related synapses on the 

dendrite.
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Discussion

Advantages of the synaptome mapping approach

Central to the research in this thesis is the ‘synaptome mapping’ approach that 
we developed to characterize functional synaptic inputs on the dendrite and to 
follow their activity over time. Previous studies have mostly relied on network-wide 
morphological markers, such as retrograde tracing dyes, to investigate the effects of 
spontaneous activity on network connectivity (Grubb et al., 2003; Shatz and Stryker, 
1988; Stellwagen and Shatz, 2002; Triplett et al., 2009). Identifying an instructive 
role of spontaneous activity from these studies is difficult since they lack subcellular 
resolution and often completely block spontaneous activity to obtain observable 
effects. The synaptome mapping technique has been crucial in this regard since it 
allowed us to study spontaneous activity on the level of individual synapses during 
natural network activity. By taking an unbiased observational approach we uncovered 
not only a novel form of synaptic organization but also found the mechanism through 
which spontaneous activity drives local synaptic plasticity. 

We feel that synaptome mapping could be a valuable tool for future studies of network 
development. For instance, many neurodevelopmental disorders are characterized by 
deficits in neuronal connectivity on the anatomical and morphological level (Gibson 
et al., 2008; Mukai et al., 2015). This technique can now be used to determine if 
early synaptic activity patterns are also disrupted in these disease models. Restoring 
spontaneous activity patterns to normal levels through pharmacological means could 
potentially prevent additional deterioration of the underlying network connectivity. 
Our technique has further implications for the way activity-dependent plasticity is 
investigated in adulthood. For decades, synaptic plasticity has been mainly studied 
using artificial stimulation paradigms such as the spike-timing dependent plasticity 
(STDP) stimulation protocol in which presynaptic inputs are stimulated in concert 
with postsynaptic action potential firing (Bliss and Lomo, 1973; Markram et al., 2011). 
However, there is still allot of uncertainty about which factors of STDP are critical for 
inducing efficient synaptic plasticity (Holscher, 1999; Lisman and Spruston, 2005). 
These factors include the exact source of postsynaptic depolarization, the frequency 
of synaptic inputs and the phase with ongoing network oscillations. In addition, it is 
difficult to interpret how these experiments relate to the in vivo situation since most 
protocols require many trains of stimulation before plasticity is induced (Holscher, 
1999). Observing synaptic activity patterns during naturally occurring activity is 
therefore critical in expanding our understanding of learning and memory formation 
on the synaptic level. Fortunately, recent technical advances could aid these efforts. 
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For instance, it is now possible to record synaptic activity from head-fixed animals 
while they navigate through a virtual reality environment (Aronov and Tank, 2014; 
Harvey et al., 2009). Combining these techniques with an unbiased observational 
approach should proof very valuable in addressing some of these question.  

Synaptic clustering and non-linear dendritic integration

Shortly after the publication of our findings (Kleindienst et al., 2011) that during 
development co-active synapses become clustered on the dendrite a similar study 
was published describing comparable results in older rat hippocampal slice cultures 
(third postnatal week; Takahashi et al., 2012). Synaptic connectivity is more mature 
at this age and, as a consequence, most synapses were located on spines in contrast to 
the higher portion of shaft synapses observed in the first postnatal week (Kleindienst 
et al., 2011). Synaptic activity could therefore be observed as spontaneous calcium 
transients confined to single spines after somatic patching with a calcium dye. When 
the activity patterns of these spines were analyzed an almost identical spatiotemporal 
clustering could be observed. Specifically, spines that were within 8 µm of each other 
were more often co-active within 100 milliseconds. Again, this clustering effect 
was found to be dependent on NMDA activity as incubation with APV completely 
abolished synaptic clustering. Similar recordings made in fast-spiking parvalbumin 
neurons showed no signs of clustering, indicating that synaptic clustering is a cell-
type specific characteristic. Taken together these findings suggest that clusters of co-
active synapses are not just present during a brief period in development but are 
maintained into more mature stages of the network (Takahashi et al., 2012). This was 
further confirmed in an additional in vivo experiment performed in layer 2/3 of the 
barrel cortex of anaesthetized young adult mice. Yet again, spontaneous co-activity 
could often be detected in the spines of these dendrites and this occurrence increased 
when spines were within a 6 µm stretch of dendrite. Comparing the spatial extent of 
synaptic clustering across the 3 different experimental conditions and developmental 
ages described here seem to hint towards a relationship between the increase of 
synaptic density with age (1,3 and 4 postnatal weeks) and a smaller cluster size (12, 
8 and 6 µm respectively; Kleindienst et al., 2011; Takahashi et al., 2012). This is most 
likely due to an increase in competition between neighboring synapses resulting in 
sharper spatially defined synaptic clusters (Govindarajan et al., 2006). 

The observed clustering of co-active synapses suggests that short stretches of 
dendrite might utilize non-linear dendritic integration to function as independent 
computational subunits. Excitingly, since our initial publication multiple studies have 
now found that active dendritic events play an important role in sensory processing 
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in vivo. For instance, dendritic spikes are crucial for the orientation tuning of L2/3 
pyramidal neurons in V1 (Smith et al., 2013). Similarly, in layer 4 of the rodent barrel 
cortex the tuning of stellate neurons to specific angles of whisker movements is also 
dependent on the presence of dendritic spikes (Lavzin et al., 2012). More recently, a 
study investigated the role of nonlinear dendritic integration in hippocampal spatial 
coding. Here, the author’s performed calcium imaging of CA1 basal dendrites while 
a head-fixed animal explored a virtual-reality environment (Sheffield and Dombeck, 
2015). They found that individual dendritic branches preferentially fired for a 
specific location in space, and that this firing strongly determined the spatial tuning 
properties of the cell. Furthermore, the stability of a cell’s place field, meaning the 
likelihood that one cell will remain tuned for a certain location over time, was highly 
correlated with the proportion of branches that spiked during place field transversal. 
These findings match previous results which showed that slight depolarization’s of 
a CA1 neuron, thereby increasing the likelihood of dendritic spiking, could turn 
a non-spatially tuned cell into a place cell (Lee et al., 2012). Taken together, the 
spatial tuning of hippocampal neurons seems largely determined by active dendritic 
properties. It is therefore highly plausible that the clustering of co-active synapses 
during development can directly prepare the network for future sensory processing. 
Interestingly, recent electrophysiology recordings made in neonatal rats (P16) showed 
that functional place cells were already present when these animals explored their 
surroundings for the first time (Langston et al., 2010; Wills et al., 2010). This would 
further suggest that early non-sensory activity patterns prepare the hippocampus 
for spatial navigation later in life. Future experiments, where spontaneous activity in 
the hippocampus is disrupted for extended periods of time, could help to determine 
what role spontaneous activity plays in establishing this early spatial coding. 

Even though there is increasing evidence for the importance of nonlinear dendritic 
integration in sensory processing, it still remains controversial whether synapses with 
matching functional properties are indeed clustered on the dendrite. For example, 
an early study that mapped the orientation tuning of ‘dendritic hotspots’ on L2/3 
pyramidal neurons in V1, found that each branch received a mix of differently tuned 
inputs (Jia et al., 2010). Another study performed in the auditory cortex from the 
same lab found no relationship between the preferred frequencies of neighboring 
synapses (Chen et al., 2011). However, synaptic clustering has since been associated 
with the learning of complex behavior. Fu et al. (2012) imaged spinogenesis on 
layer 5 pyramidal neurons in the motor cortex as mice were trained in a forelimb 
motor task. Roughly one-third of the newly formed spines that emerged during 
the acquisition phase of the training appeared next to another novel spine without 
interspersed existing spines. These findings suggest that synaptic clustering needs to 
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be considered in regards to behaviorally relevant functional properties. Conversely, 
previous studies assigned a single functional value to individual synapses (preferred 
orientation, frequency etc.) and mapped how these values were distributed on the 
dendrite (Chen et al., 2011; Jia et al., 2010). This analysis disregards the possibility 
that a single stretch of dendrite can house multiple synaptic clusters that generate 
dendritic spikes during different sensory stimuli or behavioral epochs. Furthermore, 
clusters of synapses could encode for higher-order association between often co-
occurring sensory features (Poirazi and Mel, 2001). This is especially likely in higher 
visual areas where the represented information becomes increasingly abstract. 
The conflicting results may therefore be partly explained by the analysis used to 
detect synaptic clustering. Clearer functional definitions of synaptic clusters, based 
on their spatiotemporal activity profiles, are therefore needed to better compare 
measurements between different brain regions. Using behaviorally relevant stimuli 
and observing natural synaptic activity patterns should further help to determine 
their underlying structure. In addition, recent advances in brain clearing 
techniques and retrograde labelling methods now make it possible to perform 
post-hoc identification of the presynaptic partners of imaged synapses (Chung et 
al., 2013; Wickersham et al., 2007). In this way it would for instance be possible to 
identify whether the topographic organizations of presynaptic cells are maintained 
in their synaptic distribution on the postsynaptic dendrite. Overall, research on 
dendritic integration and synaptic plasticity is likely to increasingly rely on such 
systems neuroscience approaches to identify how different information streams are 
integrated during sensory processing and learning.

Mechanisms of ‘out-of-sync’ depression and synaptic 
clustering

In this thesis I describe that synapses that are not often co-active with their 
neighbors become depressed in their activity. This decrease in activity was 
not accompanied by a change in synaptic amplitude. Modulation of synaptic 
transmission efficiency is usually thought to reflect a change in presynaptic release 
probability (Enoki et al., 2009; Holderith et al., 2012). However, a postsynaptic 
effect cannot be excluded since we determined synaptic success rate by optically 
measuring calcium influx through activated NMDA receptors. It is therefore 
possible that an observed failure of synaptic transmission is caused by an inability 
to activate NMDA receptors, for instance through the removal of AMPA receptors 
in the postsynaptic density (Busetto et al., 2008). One way to address this issue 
would be to perform similar stimulation experiments using glutamate uncaging, 
thereby isolating the postsynaptic contribution. Conversely, presynaptic release 
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could be stimulated after ‘out-of-sync’ stimulation in an attempt to rescue synaptic 
success rate. 

We found that the depression of ‘out-of-sync’ synapses was mediated through 
the proBDNF/p75NTR signalling pathway. ProBDNF is a precursor of BDNF that 
can be converted to mature BDNF after proteolytic processing (Lu, 2003). These 
two forms of BDNF bind to separate receptors: pan-neurotrophin receptor p75 
(p75NTR) and tyrosine receptor kinase B (TrkB) that seem to have opposing 
effects on synaptic connectivity. Specifically, studies in the NMJ have shown that 
proBDNF activity is related to synaptic suppression and elimination while BDNF 
triggers synaptic potentiation and maturation (Je et al., 2012, 2013). These two 
factors have therefore been proposed to function as ‘punishment’ and ‘reward’ 
signals for developing synapses. We observed that application of nc-proBDNF 
specifically affected high co-active synapses which suggests that endogenous 
levels of proBDNF are low at these synapses. We therefore hypothesize that the 
co-activation of neighboring synapses can aid the activity-dependent conversion 
of proBDNF into mature BDNF. In this way the continued lack of synchronized 
activity can lead to a relative accumulation of proBDNF causing the depression of 
‘out-of-sync’ synapses. Experiments are currently being performed in our lab to 
further elucidate this mechanism and the manner in which proBDNF conversion 
effects synaptic stabilization. 

Taking the results described in this thesis together I can now propose a model 
that describes the way spontaneous activity shapes fine-scale synaptic connectivity.  
In this model molecular guidance and recognition factors initially guide synaptic 
contacts to be formed in a (more or less) random fashion on the dendrite. 
However, as spontaneous activity drives bursts of synaptic activity, a portion of 
these synapses become destabilized through an activity-dependent sorting process 
occurring on local stretches of dendrites (Figure 1). Specifically, synapses that are 
desynchronized with their neighbors become depressed in their activity through 
a decrease in their transmission efficiency. An interesting open question in this 
model is whether the depression of out-of-sync synapses will also lead to their 
structural removal. A recent study by Wiegert and Oertner (2013) provides some 
interesting insights on this topic. In this study the authors followed the fate of a 
large number of CA1 synapses up to 7 days after LTD induction (Wiegert and 
Oertner, 2013). Unexpectedly, they found that spine sizes and synaptic amplitude 
was not a reliable predictor of synapse persistence. Instead, synaptic removal was 
highly correlated with low synaptic reliability. The authors therefore concluded 
that LTD initially leads to homogenous depression of synaptic responses and the 
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subsequent removal of unreliable 
synapses. These findings suggest 
that the ‘out-of-sync’ plasticity 
mechanism that we described in this 
chapter would make asynchronous 
synapses specifically vulnerable 
to removal after LTD induction. 
Over time, as spontaneous 
activity continues throughout the 
network, this would lead to the 
emergence of the clustered synaptic 
organization that we observe. 
Further experiments are needed 
in order to make this link between 
local co-activity and structural 
stability more apparent. We are 
currently pursuing this question by 
transfecting pyramidal neurons with 
a postsynaptic marker (Homer1C-
mCherry) and a genetically encoded 
calcium indicator (GCaMP6). This 
should allow us to both measure the 
local co-activity levels of individual 
synapses and follow their fate over 
longer time periods.

During development the 
established clustering of co-active 
synapses could function as a principal 
site of a rudimentary form of pattern 
recognition, even before sensory 
information is received. Later on, 
as spontaneous activity decreases, 
synaptic reorganization continues to 
refine synaptic connectivity through 
experience-driven activity. The 
mechanism of synaptic clustering is 
expected to change as connectivity 
stabilizes during development. For 

Stabilization

Depression

proBDNF proBDNF

A

B

C Retraction

Synchronicity

‘Out-of-sync’

Figure 1. Schematic model for mechanism of 
activity-dependent clustering of co-active 
synapses. A, Three presynaptic cells fire action po-
tentials and contact a dendrite of the postsynaptic 
cell (black). Two cells have synchronized firing pat-
terns (green) while one is asynchronously active 
(red). B, Synchronous activity of the neighboring 
synapses stabilizes their transmission efficiency. C, 
Increased levels of proBDNF at the locally asyn-
chronous synapse leads to the depression of its 
synaptic transmission efficiency over time. As a 
result, presynaptic firing fails to elicit a postsynap-
tic response. Over time this leads to the retraction 
of the axonal bouton. 
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instance, in our recordings we did not observe any clear signs of non-linear dendritic 
events. Conversely, in vivo studies performed in the adult animals have shown that 
dendritic spikes can be supportive of synaptic plasticity during behavior (Cichon and 
Gan, 2015; Gambino et al., 2014). One study performed in the motor cortex found 
that spines active during a dendritic spike were potentiated while once that were 
active several seconds before became depotentiated (Cichon and Gan, 2015). While 
the time-course and spatial profile of this plasticity mechanism is surprisingly similar 
to what we have described, it differs in that it effects synaptic strength and not synaptic 
efficacy. It is therefore interesting to speculate that plasticity during development 
might be specifically tuned to drive synaptic pruning by modulating synaptic efficacy 
(Wiegert and Oertner, 2013). In adult animals, connectivity is less dynamic and 
plasticity mechanisms might therefore fine-tune the network by modulating the 
strength of existing synapses. While further studies need to investigate how changes 
in dendritic integration effect the prevalent plasticity mechanisms, it seems clear that 
the clustering of co-active synapses is a recurring theme of synaptic organization in 
development and adulthood (Winnubst and Lohmann, 2012). 
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