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Synaptic activity and strength
are reflected by changes

in the post-synaptic secretory
pathway

Clara-Marie Girth%%, Tal M. Dankovich3, Silvio O. Rizzoli* & Elisa D’Este***

Neurons are highly asymmetric cells that span long distances and need to react promptly to local
demands. Consequently, neuronal secretory pathway elements are distributed throughout neurites,
specifically in post-synaptic compartments, to enable local protein synthesis and delivery. Whether
and how changes in local synaptic activity correlate to post-synaptic secretory elements is still unclear.
To assess this, we used STED nanoscopy and automated quantitative image analysis of post-synaptic
markers of the endoplasmic reticulum, ER-Golgi intermediate compartment, trans-Golgi network,
and spine apparatus. We found that the distribution of these proteins was dependent on pre-synaptic
activity, measured as the amount of recycling vesicles. Moreover, their abundance correlated to

both pre- and post-synaptic markers of synaptic strength. Overall, the results suggest that in small,
low-activity synapses the secretory pathway components are tightly clustered in the synaptic area,
presumably to enable rapid local responses, while bigger synapses utilise secretory machinery
components from larger, more diffuse areas.

The secretory pathway elements support cellular functions by ensuring local delivery and post-translational
modifications of secreted and transmembrane proteins. These proteins are translated directly into the endoplas-
mic reticulum (ER) lumen, and transported to the Golgi apparatus via the ER-Golgi intermediate compartment
(ERGIC)'. Then, cargoes exit the Golgi apparatus via the trans-Golgi network (TGN), where the proteins are
sorted and transported to their respective sites of action®. Due to their highly asymmetrical shape, size and
subcellular specialisation, neurons need to organise protein synthesis along their entire volume (for reviews*®).
Protein processing through a secretory pathway organised exclusively in the soma would not allow a prompt
supply of newly synthesised proteins to distal regions, and would not meet the specific needs of each subcellular
compartment’. To compensate for this limitation, the protein synthesis machinery (mRNAs and ribosomes) has
been reported in both pre- and post-synaptic areas'®, and other secretory pathway elements are also widespread
or asymmetrically distributed, to ensure an adequate protein supply at specific subcellular locations''.

The neuronal ER forms a branched network, stretching from the soma to dendrites and axonal pre-synaptic
terminals, albeit it is far more abundant in dendrites than in axons'"'2. Although it spans over long distances,
the ER still remains one single membrane organelle, with a continuous lumen'?. The ER has been found within
dendritic spines, where it shows high turnover, contributes to long-term potentiation (LTP), and a specialised,
smooth ER variant forms the spine apparatus (SA)'*!. The SA has been documented in a subset of spines and
is involved in calcium storage, synaptic strength, and robust potentiation'®-*. The SA is bound to the actin
cytoskeleton of the spine by the marker and essential component synaptopodin?'-?*. This protein is required for
calcium regulation and actin remodelling'®-2*?*. However, synaptopodin has also been shown to be a potential
marker of SA-unrelated dynamics'>?.

Similar to the ER, the neuronal ERGIC is also found in the cell body and dendritic shafts, but is rarely present
in spines'*%-2%, Within the spine, ERGIC is often located in close proximity to recycling endosomes, which are
similar in shape. Thus, discriminating between them unambiguously by electron microscopy is difficult?*?’.
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Trafficking of ERGIC vesicles along dendrites is restricted by increased neuronal activity, indicating that this
post-ER compartment can be subjected to synaptic activity-dependent regulation®.

Unlike the other organelles of the secretory pathway, the neuronal Golgi apparatus localises mainly around
the nucleus and along the first portion of the apical or longer dendrite***!. However, smaller Golgi outposts can
be found in a subset of dendrites and small Golgi satellite structures have been observed throughout the entire
dendritic tree, often in close association to the ERGIC*"*2. In addition, a marker of the trans-Golgi network,
TGN38, has been observed along the whole dendritic tree, including small dendrites and spines>**~*°. TGN38,
whose synthesis can be modulated by neuronal activity, is present in vesicles that cycle between the plasma
membrane and intracellular membranes, probably facilitating rapid changes in the protein composition of post-
synaptic membranes®**¢.

Synapses are plastic and functionally diverse compartments where information is passed from the pre- to the
post-synaptic cell. The amplitude of the post-synaptic response, commonly referred to as the synaptic strength,
can be modulated by changes at both the pre- and post-synaptic levels (for reviews see’’~*?). At the post-synapse,
larger post-synaptic densities (PSD) reflect a higher number of functional receptors, and hence a stronger and
more potentiated synapse*>*!. At the pre-synaptic level, synaptic strength can be modulated, among others, by
the availability of vesicles and release machinery proteins®. In glutamatergic neurons, pre-synaptic strength
can be approximated by labelling the vesicular glutamate transporter vGLUT1*, which reveals the entire vesicle
pool. At the same time, synaptic activity can be approximated for the pre-synaptic compartment by measuring
the size of the recycling pool of vesicles, using a live labelling of the vesicular protein synaptotagmin-1 (SYT1),
which specifically reveals these vesicles*’~*. The recycling vesicles compose about 20 to 50% of all vesicles®.
Their number is variable, and depends not only on the size of the total pool of vesicles, but also on many other
parameters, as the metabolic age of the vesicles*’. Therefore, although the last two measurements are related,
they are not identical, with the vGLUT1 amounts providing only a measurement of the vesicle numbers, while
the live SYT1 labelling also provides an indication of local activity.

The brief overview provided in this introduction indicates that the neuronal distribution of the secretory
organelles is well studied, and that several lines of evidence connect them to synaptic dynamics. However, it is
still unclear whether and how the characteristics of the synapses impact the abundance and localisation of the
secretory pathway elements. Here, we used STED nanoscopy and quantitative image analysis to investigate the
relationship between several secretory elements and synaptic activity. By using calreticulin, ERGIC53, TGN38
and synaptopodin as markers for the ER, ERGIC, TGN and SA, respectively, we found a positive correlation
between indicators of synaptic strength and the abundance of these markers in close proximity of the synaptic
area. Furthermore, a read-out of pre-synaptic activity correlated strongly with the distribution of secretory
pathway elements. Therefore, these results indicate that both the quantity and position of the secretory elements
is dependent on synaptic strength and activity, presumably in order to enable an optimal synaptic response.

Results

Secretory pathway elements are present in proximity to post-synaptic sites. To determine
whether the features of a synapse influence the local distribution and abundance of the elements of the secretory
pathway, or their proximity to the synapse, we designed a high throughput experiment that enabled simulta-
neous super-resolution imaging of multiple proteins and parameters in cultured hippocampal neurons. The
parameters selected to define synapses were the fluorescence signal intensities of the following: homer, a post-
synaptic structural marker*; vVGLUT1, a marker of the entire pre-synaptic vesicle population of excitatory nerve
terminals in these cultures*; and live labelling of SYT1 for identifying only the actively recycling synaptic vesi-
cles in pre-synaptic boutons*®. While the first two markers provide indications on the strength of the synapse, the
latter is a proxy for synaptic activity (Fig. 1a,b). Next, we chose calreticulin, ERGIC53, TGN38 and synaptopodin
as markers for the ER, ERGIC, TGN and SA, respectively. Lastly, dendritic spines were identified by phalloidin
labelling of actin. Four-colour images were acquired on proximal dendrites (within ~80 um from the soma) of
primary hippocampal neurons (17-20 days in vitro), co-labelled with a component of the secretory pathway,
homer, either vVGLUT1 or SYT1, and phalloidin. All channels, with the exception of phalloidin, were acquired in
STED mode, to allow an accurate localisation of the structures within the confined post-synaptic space. Using
this approach, we could identify all components of the secretory pathway in proximity to the post-synaptic site in
the dendritic compartment, and observed that none was present at substantial levels in the pre-synaptic boutons
(Fig. 1c,d, Supplementary Fig. 1). The brightness of their signals was significantly higher than the background
due to non-specific binding of the secondary antibody (Supplementary Fig. 2). While the synaptopodin signal
was clearly concentrated in the spine head, calreticulin, ERGIC53 and TGN38 appeared as sparse, but distinct,
spots in both the dendritic shaft and spines. On average, the number of spots per spine head was three or four,
with synaptopodin being the most abundant, while calreticulin and TGN38 were the least abundant (Supple-
mentary Fig. 3).

Post-synaptic structure correlates with the abundance of secretory pathway elements. Hav-
ing identified several components of the secretory pathway in proximity to post-synaptic sites, we set out to
investigate whether the post-synaptic strength influences the distribution of the dendritic secretory machinery.
To this aim, we used an approach already applied for similar tasks® and described in Supplementary Fig. 4.
Briefly, a 3x 3 um area centred on the synaptic sites, regardless of its position with respect to the post-synaptic
compartment, was cropped, and the homer signal intensity within this crop was evaluated. The area dimension
was chosen to include the whole post-synaptic site (considering an average spine length of ~1.5 pm) and to
minimise the contribution from neighbouring synapses or structures. Crops were then sorted into five bins of
equal size, based on homer signal intensity, and an average image of the protein of interest (POI) was generated
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Figure 1. Experimental design and presence of secretory elements at post-synaptic sites. (a) Cells were either
directly fixed and stained when visualising vGLUT1 or (b) incubated with an Atto647N-tagged anti-SYT1
antibody directed towards the extracellular domain of SYT1 prior to fixation. When a vesicle fuses with the
pre-synaptic site, the SYT1 epitope becomes accessible to the antibody, which is incorporated by endocytosis
within the recycling synaptic vesicle. Thereby, this label provides an estimate of activity at the respective synaptic
boutons. (c,d) Representative STED images of individual synaptic sites in mature hippocampal neuron cultures.
Samples were stained for several proteins of interest (POI: calreticulin, ERGIC53, TGN38, synaptopodin),

with pre- and post-synaptic sites markers (vGLUT1 or SYT1, and homer, respectively), and phalloidin (actin,
confocal). Secretory elements were found in the proximity of post-synaptic sites. Dashed lines represent the
spine outline as labelled by phalloidin. Scale bars: 1 um.

for each bin. The average images represent the protein distribution around the synaptic sites, sorted by their
respective homer intensity: a strong signal at the centre indicates a higher relative protein level in proximity
of the synaptic site, while a more diffuse signal indicates that the protein is probably present in compartments
more distant to the synaptic site, such as the dendritic shaft (Fig. 2a). Interestingly, while only a minor increase
in the spread was noticed for calreticulin, ERGIC53 and synaptopodin at increasing homer intensities, TGN38
appeared vastly affected by low and intermediate post-synaptic strengths. To quantify this redistribution, a radial
analysis was performed on the average images, and the ratio between the signal in the periphery and at the centre
was calculated (Fig. 2b, Supplementary Fig. 5a). Low ratio values indicate a higher concentration of the POI at
the synaptic site, while values close to 1 indicate a spread-out distribution. Such analyses revealed that calreticu-
lin, ERGIC53, and synaptopodin exhibit a slight linear increase in their distribution in the area surrounding the
synaptic site (the radial intensity profile ratio increased by 0.18, 0.15 and 0.13, respectively). On the other hand,
TGN?38 spread appeared to be modulated already by small increases in the post-synaptic strength (0.3 increase of
radial intensity profile ratio between bin 1 and bin 3), but this modulation rapidly reached a plateau. From these
results it could be concluded that the strength of the post-synapse has a minor influence on the distribution of
the elements of the secretory pathway in the synaptic site.
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Figure 2. Correlation between post-synaptic strength and secretory pathway elements. (a) Average images
for the different POIs based on five homer intensity bins displayed in 3 x 3 um crops around the synaptic site.
Bin 1 has the lowest homer intensity and bin 5 the highest. (b) Ratio between signal intensity at the periphery
and at the centre of the average images, calculated by radial analysis. (c) Correlation of homer intensities and
the average intensities of the POIs. Dashed lines are linear fits. All data were collected from four independent
experiments. *=p<0.05, **=p<0.01, ***=p <0.001, ****=p <0.0001, and ns. =non-significant. Whiskers
represent S.E.M. Number of synapses per bin and Spearman’ rho are listed in Supplementary Table 1.
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To further investigate whether the observed effects on protein distribution are also connected to an increase
in the protein abundance, the intensity of each POI within a bin was plotted against the intensity of the homer
signal (Fig. 2¢). A strong correlation was observed for all elements, suggesting that the abundance of these
proteins is increased in the proximity of bigger post-synaptic sites. Altogether, these data indicate that homer
intensity, as a proxy of the post-synaptic strength, differentially correlates with the distribution and abundance
of elements of the secretory pathway.

The abundance of post-synaptic secretory pathway elements also correlates with pre-synaptic
strength. After having investigated the relationship between secretory pathway elements and post-synaptic
site size, we wondered whether the same influence could be observed for the pre-synaptic site traits. The ques-
tion is highly relevant, since in our experimental setup there is no significant correlation between pre- and post-
synaptic site strength (Supplementary Fig. 6). Therefore, we performed the same analysis as conducted above,
but we analysed the vGLUT1 intensity instead of that of homer, thereby estimating the size of the synaptic vesicle
pool in the pre-synapse. Labelling of vGLUT1 was achieved using a primary nanobody, which provided a well-
defined number of fluorophores per labelled structure®. The resulting averaged images for the different secretory
elements showed a mixed pattern of responses (Fig. 3a,b, Supplementary Fig. 5b). Calreticulin and synaptopodin
exhibit a linear redistribution at increasing vGLUT1 intensities, visible from both the average images and the
radial analysis (the radial intensity profile ratios increased by 0.36 and 0.25, respectively). This increase was less
pronounced, and was also non-linear, in the case of ERGIC53 (0.15 increase in radial intensity profile ratio), and
was abolished for TGN38 (0.05 decrease in radial intensity profile ratio), whose distribution fluctuated between
the different bins. Therefore, the influence of vGLUT1 abundance, as representation of pre-synaptic strength, on
the distribution of post-synaptic elements of the secretory pathways appears heterogeneous.

When analysing the intensities of the POIs with respect to vGLUT1 intensity, all elements exhibited a clear
linear correlation, which was particularly strong for calreticulin, TGN38, and synaptopodin (Fig. 3c). These data
indicate that larger quantities of secretory pathway proteins are recruited into the post-synapses opposing strong
pre-synapses. With the exception of TGN38, the higher quantity of POIs seems also to be reflected by their more
dispersed distribution in the dendritic regions neighbouring the post-synaptic site.

The distribution of post-synaptic secretory pathway elements is highly dependent on pre-syn-
aptic activity. After having assessed the relationship between post- and pre-synaptic strength and secretory
pathway components, we proceeded to address the existence of a functional correlation to synaptic activity. To
this aim, we replaced vGLUT1 labelling by live-SYT1 staining in our experimental setup (Fig. 1b,d), which pro-
vided an estimate of synaptic activity based on the level of actively recycled vesicles. To our surprise, all POIs,
including TGN38, showed a linear redistribution at increasing SYT1 intensities, as demonstrated by both aver-
age images and radial analysis (Fig. 4a,b, Supplementary Fig. 5¢). For all POIs, the differences between the radial
intensity profile ratios of bins 5 and 1 was higher than those observed for homer and vGLUT1 (Figs. 2b, 3b). This
difference was least prominent for synaptopodin (0.3 increase in radial intensity ratio), and most prominent for
calreticulin (0.45 increase in radial intensity ratio). Therefore, one can conclude that the localisation of all of the
analysed post-synaptic elements of the secretory pathway is intimately linked to the amount of recycling vesicles
and hence to pre-synaptic activity.

When correlating the POIs levels to SYT1 intensities, we found only a small correlation with calreticulin
abundance in the region neighbouring the synaptic sites (Fig. 4c). On the contrary, the amounts of ERGIC53,
TGN38, and synaptopodin were strongly correlated with SYT1 intensity. Taken together, these data indicate that
the secretory organelles at the synapse are increasingly dispersed with increasing amounts of recycling vesicles,
though the effect of activity on their abundance varies depending on the organelle.

Post-synaptic strength strongly modulates the secretory machinery in mushroomspines. The
analyses conducted so far assessed how synaptic strength and activity relate to the abundance of secretory path-
way elements in the synapse and the extent of their dispersion, without considering the actual size of the spines
containing them. Furthermore, it did not discriminate between different spine morphologies. To account for
this, a manual classification and segmentation of spines was performed based on the actin (phalloidin) staining.
In this way, spines that had a clear mushroom or stubby morphology were selected from the 3 x 3 um crops, and
their axes were aligned. The corresponding average images confirmed the results obtained with the automatic
analysis in the previous figures, and demonstrated that the signal of the POIs derives predominantly from the
dendritic, rather than the axonal compartment (Fig. 5a and Supplementary Fig. 7). The POIs were enriched
in proximity to the synaptic site, with TGN38 having the most dispersed distribution, and synaptopodin the
most confined distribution in both spine types. Furthermore, the average intensity for most of the POIs was
comparable between both mushroom and stubby spines, and only synaptopodin showed a slight enrichment in
mushroom spines, as expected from the literature (Supplementary Fig. 8)'7%.

The analysis of the manually segmented images indicated that the levels of all POIs strongly correlated with
homer levels, regardless of the spine type. Moreover, in mushroom spines most POIs correlated with vGLUT1
intensity (Fig. 5b,c and Supplementary Fig. 9). This positive correlation is most likely due to the fact that the
number of POI spots in the spine head grows with the size of the post-synaptic site. However, the size of the spots
decreased with increasing post-synaptic density size (Supplementary Fig. 10), suggesting the presence of more
but smaller organelles. These results confirmed the previously observed correlations between the abundance of
secretory pathway elements and markers of pre- and post-synaptic strength, as was assessed with the automatic
analysis presented above (Figs. 2, 3).
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Figure 3. Correlation between pre-synaptic strength and secretory pathway elements. (a) Average images for
the different POIs based on five vGLUT1 intensity bins displayed in 3 x 3 pm crops around the synaptic site. Bin
1 has the lowest vGLUT1 intensity and bin 5 the highest. (b) Ratio between signal intensity at the periphery and
at the centre of the average images calculated based on radial analysis. (c) Correlation of vGLUT1 intensities and
the average intensities of the POIs. Dashed lines are linear fits. All data were collected from four independent
experiments. *=p<0.05, **=p<0.01, ***=p <0.001, ****=p <0.0001, and ns. =non-significant. Whiskers
represent S.E.M. Numbers of synapses per bin and Spearman’s rho are listed in Supplementary Table 1.
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Figure 4. Correlation between pre-synaptic activity and secretory pathway elements. (a) Average images for
the different POIs based on five SYT1 intensity bins displayed in 3 x 3 um crops around the synaptic site. Bin
1 has the lowest SYT1 intensity and bin 5 the highest. (b) Ratio between signal intensity at the periphery and
at the centre of the average images calculated based on radial analysis. (c) Correlation of SYT1 intensities and
the average intensities of the POIs. Dashed lines are linear fits. All data were collected from four independent
experiments. *=p<0.05, **=p<0.01, ***=p <0.001, ****=p <0.0001, and ns. =non-significant. Whiskers
represent S.E.M. Numbers of synapses per bin and Spearman’s rho are listed in Supplementary Table 1.
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Figure 5. Correlations of secretory elements in mushroom spines. (a) Average 3 x 3 pm images of POIs in
mushroom spines as defined by manual segmentation. Images were vertically aligned with the spine head at
the centre and the dendritic shaft at the bottom. All data were collected from three independent experiments.
(b-d) Average intensity correlations after manual spine segmentation and classification as mushroom type
spines. Correlation of the average intensities of calreticulin, ERGIC53, TGN38, and synaptopodin with
average intensities of homer (b), vGLUT1 (c), and SYT1 (d). Where *=p<0.05, **=p<0.01, ***=p <0.001,
**#%=p <0.0001, and ns. =non-significant. Whiskers represent S.E.M. Number of synapses per bin and
Spearman’s rho are listed in Supplementary Table 1.

When analysing the synaptic activity in the manually segmented images, however, a correlation was observed
exclusively in mushroom spines, and only for ERGIC53, TGN38, and synaptopodin (Fig. 5d). The previously
observed correlation for calreticulin was lost in both spine types. Therefore, these results suggest that the structure
of the pre- and post-synaptic site has a high impact in regulating the amount of secretory pathway elements pre-
sent in the neighbouring post-synaptic regions, and that pre-synaptic activity has differential effects, depending
on the post-synaptic morphology.

Discussion

Neurons have a highly elaborated network of secretory elements that allows for locally-independent production
and processing of proteins®>*!>>53, However, the extent to which synaptic activity, size and morphology steer
local protein synthesis machinery is not fully understood'"**. Here we systematically analysed the abundance and
distribution of several secretory elements at synaptic sites by means of STED optical nanoscopy, in dependence
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of proxies of synaptic strength and activity. With quantitative image analysis, we investigated the correlations
between the abundance and distribution of calreticulin (endoplasmic reticulum marker), ERGIC53 (ER-Golgi
intermediate compartment marker), TGN38 (trans-Golgi network marker), and synaptopodin (spine apparatus
marker), and the pre-synaptic markers vVGLUT1 or SYT], as well as the post-synaptic marker homer.

The use of optical nanoscopy has the advantage of providing molecular specificity and allowing the unam-
biguous discrimination of organelles, which can be difficult in electron microscopy®’. Furthermore, a higher
throughput required for extensive analyses, and the visualisation of the entire three-dimensional synaptic site
are both more easily achievable with optical microscopy. However, in case of overlapping structure, signal com-
ing from superimposed compartments or synaptic sites could be misinterpreted, since the axial resolution in
two-dimensional STED is limited to 500-700 nm. Moreover, the results are influenced by the specificity of the
markers for the structures of interest and by the precision of the related antibodies, which were validated by
western blot and STED imaging in cell lines (Supplementary Fig. 11). In the context of this study, this is relevant
for synaptopodin, since it is not uniquely a spine apparatus marker, and it can be found in spines prior to the
formation of the spine apparatus, as well as in the axon initial segment'>>. Lastly, the presence of non-specific
binding of the primary antibody cannot be completely ruled out and could only be verified on cultures derived
from knock-out animals.

Our data analysis was largely automated, thus limiting biases in the image quantification and evaluation.
With this approach, thousands of synaptic sites could be analysed to gain information on the behaviour of the
“average” synaptic site. However, rare events are not represented, as they would require the manual inspection of
each individual site in order to be identified. One bias of our analysis is that larger post-synaptic sites, particularly
when considering the manually selected mushroom or stubby spines, will intrinsically lead to a higher occupancy
of the image space and thus to higher protein levels (assuming that the proteins are homogeneously distributed
in the spine head). However, none of the proteins we analysed exhibits a volume labelling-like staining, limiting
this drawback. The manual identification of post-synaptic sites might also intrinsically predispose to the selec-
tion of bigger synaptic sites, whose behaviour may not be representative of all synapses. This influence might
explain, to some extent, the differences observed between automated and manually selected synapse. Lastly, it
should be mentioned that in our experimental setup no correlation between the levels of vGLUT1 and homer
was observed (Supplementary Fig. 6). Therefore, the responses of the POIs to pre- and post- synaptic strength
can be considered independently from each other.

STED imaging showed a higher concentration of some of the chosen markers in the soma or along the apical
dendrite. Nevertheless, in our experimental setup all POIs could be identified unambiguously in the dendritic
shafts and at post-synaptic compartments. According to previous studies, the ERGIC was proposed to be rarely
present in dendritic spines®. However, it should be noted that in electron microscopy the ERGIC resembles
endosomes, which are often found in spines, and therefore this similarity might lead to misinterpretation of the
images”. Furthermore, fine ERGIC53 puncta could be easily overseen or mislocalised when using diffraction-
limited light microscopy. Regarding TGN38, a detailed description of its presence at synaptic sites has so far
been reported only in overexpression experiments, and was not investigated in detail at endogenous levels®>*>*>.

Opverall, we found strong correlations of the expression levels of the components of the secretory pathway to
synaptic strength and activity, and in particular to the post-synaptic size (Fig. 6a). However, several details should
be discussed for each of the individual markers. Calreticulin distribution was dependent on post-synaptic size,
and even stronger effects were observed for pre-synaptic strength and activity. The amounts of the protein were
dependent on the strength of the synapse, but correlated less with synaptic activity. The correlation with pre-
synaptic markers was heavily abolished when analysing mushroom and stubby spines specifically. These effects
are in line with a model in which synaptic activity recruits the local ER resources to the synaptic site, thereby
explaining the correlation between activity and calreticulin distribution. Later on, persistent activity results in the
recruitment of the ER from more distant areas, thereby leading to an increase in ER abundance and explaining
the correlation between calreticulin levels and synaptic strength. This model is in agreement with the evidence
that the ER has a high turnover and that it primes new spines for future plasticity, contributing to LTP!%1>56,

ERGIC53 levels directly correlated with the levels of all three synaptic markers, also in mushroom spines,
and its distribution was mainly affected by pre-synaptic activity. These results suggest that ERGIC-mediated
protein trafficking is required for the maintenance of synaptic strength (and presumably for plasticity), and that
it responds readily to synaptic activity, in agreement with previous investigations®.

The TGN38 behaviour was to some extent similar to that of ERGIC53. The TGN38 distribution in connection
to post-synaptic strength appears highly sensitive to changes for low homer intensities, and becomes saturated
for high values. The pre-synaptic strength appears to have no effect on the TGN38 localisation. Pre-synaptic
activity correlated strongly with both TGN38 distribution and levels, but this correlation was strongly reduced
when manually segmenting spines. This difference might be ascribed to the analysis itself: (1) mushroom and
stubby spines that can be identified unambiguously may already be relatively mature, and therefore maintenance
mechanisms will predominate over plasticity; (2) both spine types generally have the synaptic contact in the
head region, and hence to some distance from the dendritic shaft, whose contribution in the analysis is therefore
reduced. Therefore, a potential recruitment of TGN38 in the shaft region would be quantified in the automatic
analysis, but would not be measured in the analysis of the individual spine types. We therefore propose that
TGN38 is mobilised in the proximity of the post-synapse, in relation to activity, but not necessarily in the spine
head. Some of the TGN38 molecules may have been synthesised in response to activity®®, albeit this is only
speculative, since the age of the compartments was not analysed in our experiments.

In principle, one would expect a strong similarity between the ERGIC and TGN compartments. However,
neurons also have unconventional secretion pathways that bypass the TGN®’, thereby explaining why these
compartments do not behave in an identical fashion.
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Figure 6. Summary of effects and proposed model. (a) Summary of the correlation between the elements

of the secretory pathway (in terms of distribution and levels), and post-synaptic strength (homer), pre-
synaptic strength (vGLUT1), or pre-synaptic activity (SYT1) for the different analysis performed (automatic
analysis of all synapses, or manual analyses of mushroom spines and stubby spines). The different shades of
grey correspond to high correlation/influence (darker grey), or less (light grey) to no (white) correlation/
influence. (b) Model for the effect of synaptic strength and activity on the elements of the secretory pathway.
Increased activity initially mobilizes the locally available resources, whose availability increases to support spine
enlargement and maintenance.

Synaptopodin showed a strong correlation to all synaptic markers and in both automatically and manually
selected mushroom spines. On the other hand, synaptopodin distribution seemed to be less influenced by post-
synaptic strength but more by pre-synaptic modulations. Because of its functions, synaptopodin is specifically
accumulated in the spine head and neck in mushroom spines!”'®%. Therefore, it is not surprising that all tested
synaptic characteristic proxies showed a good correlation with synaptopodin abundance, and that even at increas-
ing post-synaptic strength, synaptopodin stayed in close synaptic proximity. However, it is important to consider
that the presence of synaptopodin in the spines is not necessarily related to the presence of the SA, and therefore
the results might be partially connected to the ability of synaptopodin to bind the actin cytoskeleton'’-2°.

Altogether, our data suggest that the pre-synaptic activity has the highest influence on the distribution of
secretory pathway elements in the proximity of post-synaptic sites, while the post-synaptic architecture has the
highest influence on their abundance. Therefore, we propose a model in which increased synaptic activity initially
mobilises the locally available resources to the synaptic area. Sustained activity then leads to increases in synapse
strength, and promotes the recruitment of more secretory organelles that are important for the maintenance of
the large synapses (Fig. 6b). However, it should be noted that the observed effects are not homogenous for all the
components of the secretory pathway, further proving the presence of unconventional pathways in neurons*.

A basic conclusion of our study is that both pre- and post-synaptic features correlate in multiple ways to the
post-synaptic secretory pathway. Further work will be required to understand the exact synaptic mechanisms
modulating protein secretion in the context of synaptic plasticity and activity. Finally, the behaviour of other
organelles, such as the Golgi outposts and the recycling endosomes, should also be considered in the future.

Methods

Sample preparation. Cultures of dissociated rat hippocampal primary neurons were prepared from post-
natal PO-P2 Wistar rats of either sex and as described in*. Procedures were performed in accordance with the
Animal Welfare Act of the Federal Republic of Germany (Tierschutzgesetz der Bundesrepublik Deutschland,
TierSchG) and the Animal Welfare Laboratory Animal Regulations (Tierschutzversuchsverordnung). Accord-
ing to the TierSchG and the Tierschutzversuchsverordnung no ethical approval from the ethics committee is
required for the procedure of sacrificing rodents for subsequent extraction of tissues, as performed in this study.
The procedure for sacrificing PO-P2 rats performed in this study was supervised by animal welfare officers of the
Max Planck Institute for Medical Research (MPImF) and conducted and documented according to the guide-
lines of the TierSchG (permit number assigned by the MPImF: MPI/T-35/18).
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For the labelling of the actively recycled vesicle pool, mature cultures (17-20 days in vitro) were incubated
for 1 h with a Atto647N-labelled mouse antibody against the luminal domain of synaptotagmin 1 (Synaptic Sys-
tems, cat. 105 311AT1, 1:500 in culture medium). Afterwards cultures were washed three times in warm ACSF
(126 mM NaCl, 2.5 mM KCl, 2.5 mMCaCl,, 1.3 mM MgCl,, with 30 mM Glucose, 27 mM Hepes). Labelled and
unlabelled samples were fixed for 30 min in 4% PFA in PBS, pH 7.4, and quenched for 5 min in quenching buffer
(PBS, 100 mM glycine, 100 mM ammonium chloride). Cells were permeabilised for 5 min in 0.1% Triton X-100
and blocked with 1% BSA for 1 h. Samples were incubated with primary antibody dilutions in PBS for 1 h at
room temperature. Primary antibodies used were: homerl (Synaptic Systems, cat. 160 004, 1:500 dilution),
calreticulin (Cell Signaling, cat. 122388, 1:100 dilution), ERGIC-53/p58 (Sigma E1031, 1:200 dilution), TGN38
(Sigma, cat. T9826, 1:100 dilution), synaptopodin (Synaptic Systems, cat. 163,002, 1:200 dilution). Samples were
washed and incubated with secondary antibody dilutions (Alexa Fluor 488 anti-guinea pig, Thermo Fisher, cat.
A-11073 and Alexa Fluor 594 anti-rabbit, Thermo Fisher, cat. A-21207), Phalloidin (Alexa Fluor 405 Thermo
Fisher, cat. A30104; all at 1:100 dilution) and single domain antibody against vGLUT1 (Synaptic Systems, cat.
N1602-Ab635P-S, 1:200 dilution), for 1 h at room temperature. After washing, samples were embedded in Mowiol
supplemented with DABCO.

Imaging. Samples were imaged on an Abberior expert line (Abberior Instruments GmbH, Germany) with
pulsed STED lines at 775 nm and 595 nm, excitation lasers at 355 nm, 405 nm, 485 nm, 580 nm, and 640 nm, and
spectral detection. Detection windows were set to 650-725 nm, 600-630 nm, 505-540 nm, and 420-475 nm to
detect Atto647N, Alexa Fluor 594, Alexa Fluor 488 and Alexa Fluor 405, respectively. Images were acquired with
a 100x/1.4 NA magnification oil immersion lens. Pixel size was set to 30 nm, pinhole to 100 pm (1 AU). Laser
powers, line accumulations and dwell times were kept consistent throughout the entire study. Alexa Fluor 594
and Atto647N were imaged semi-simultaneously during a first acquisition with STED at 775 nm, while Alexa
Fluor 488 was imaged afterwards using STED at 595 nm. Confocal acquisition of the Alexa Fluor 488 channel
was performed in all the image sequences to monitor lateral drift. Axial drift was minimized by the Z-focus drift
compensation unit.

Image processing. Images were visualised and processed with Imspector (Abberior Instruments GmbH,
Gottingen Germany) and ImageJ 1.52p (imagej.nih.gov/ij/). In the figures, images are shown as smoothed data
with a low pass Gaussian filter and 5% background subtraction. Brightness was adjusted uniformly throughout
the images. For analysis of the radial intensity in average images, the Image]J plugin radial profile plot was used.
The ratio was calculated by dividing the average intensity of peripheral 35-45 radial pixels by the average inten-
sity of the centre 10 pixels.

Data analysis. Analyses were performed in Matlab (MathWorks, Natick, MA, USA) and Python (Python
Software Foundation) (Supplementary Fig. 4). For the automatic spine analysis, the homer, vGLUT1 or SYT1
channels were manually thresholded and used to locate the coordinates of the synapses within the image. Square
regions of 3 x 3 um, centered on the homer, vGLUT1 or SYT1 puncta were excised in order to obtain the aver-
age images shown in Figs. 2, 3, 4. The radial intensity values were then measured in the average images, and a
ratio was calculated between a 10 pixel-wide ring in the periphery and in the center of the image. The individual
image segments were binned in five ordinal groups based on the mean fluorescence intensity of the pre- or
post-synapse markers, to include a similar number of synapses. For each experiment, the mean fluorescence was
calculated in each bin, and was normalized to the median intensity of the experiment.

For the manual segmentation of spines (Fig. 5 and Supplementary Fig. 7), spines were selected based on the
homer signal, which indicates the post-synaptic site, and on the actin signal, which provides the overall organiza-
tion of the spine and of the dendritic shaft. A smaller selection area, of 3 x 3 um, centred on the homer puncta,
was then processed further. The identity of the synapse was assigned (mushroom or stubby), and then the main
landmarks of the spine were marked manually. These included the top, bottom, right and left borders of the head
of the spine, the top and bottom points of the neck (in mushroom spines), as well as the position of the junction
between the shaft and the spine neck. The spines were then aligned, relying on these landmarks, and they were
overlaid, resulting in the images shown in Fig. 5 and Supplementary Fig. 7. The fluorescence intensity for the
POIs and the synaptic markers was calculated as above. For the calculation of protein spot size, the images were
automatically segmented into spots using a wavelet transformation with a Spot Detection plugin for icy>>*°. The
scale 2 and an 80% threshold were used. All images were thresholded to remove background signal; regions above
an empirically defined threshold were treated to contain real signals for further analysis. Outliers exceeding the
range of mean + 3 standard deviations were excluded from the analyses.

Received: 25 May 2020; Accepted: 9 November 2020
Published online: 25 November 2020

References
1. Aebi, M., Bernasconi, R., Clerc, S. & Molinari, M. N-glycan structures: recognition and processing in the ER. Trends Biochem. Sci.
35, 74-82. https://doi.org/10.1016/j.tibs.2009.10.001 (2010).
2. Gardiol, A., Racca, C. & Triller, A. Dendritic and postsynaptic protein synthetic machinery. J. Neurosci. 19, 168-179. https://doi.
org/10.1523/JNEUROSCI.19-01-00168.1999 (1999).
3. Griffiths, G. & Simons, K. The trans Golgi network: sorting at the exit site of the Golgi complex. Science 234, 438-443. https://doi.
org/10.1126/science.2945253 (1986).

Scientific Reports |

(2020) 10:20576 | https://doi.org/10.1038/s41598-020-77260-2 nature research


https://doi.org/10.1016/j.tibs.2009.10.001
https://doi.org/10.1523/JNEUROSCI.19-01-00168.1999
https://doi.org/10.1523/JNEUROSCI.19-01-00168.1999
https://doi.org/10.1126/science.2945253
https://doi.org/10.1126/science.2945253

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Glock, C., Heumiiller, M. & Schuman, E. M. mRNA transport & local translation in neurons. Curr. Opin. Neurobiol. 45, 169-177.

https://doi.org/10.1016/j.conb.2017.05.005 (2017).

. Rangaraju, V., Tom Dieck, S. & Schuman, E. Local translation in neuronal compartments: how local is local?. EMBO 18, 693-711.

https://doi.org/10.15252/embr.201744045 (2017).

. Terenzio, M., Schiavo, G. & Fainzilber, M. Compartmentalized signaling in neurons: from cell biology to neuroscience. Neuron

96, 667-679. https://doi.org/10.1016/j.neuron.2017.10.015 (2017).

. Biever, A. et al. Monosomes actively translate synaptic mRNAs in neuronal processes. Science https://doi.org/10.1126/science.aay49

91 (2020).

. Holt, C. E., Martin, K. C. & Schuman, E. M. Local translation in neurons: visualization and function. Nat. Struct. Mol. Biol. 26,

557-566. https://doi.org/10.1038/s41594-019-0263-5 (2019).

. Williams, A. H., O'Donnell, C., Sejnowski, T. J. & O’Leary, T. Dendritic trafficking faces physiologically critical speed-precision

tradeoffs. eLife https://doi.org/10.7554/eLife.20556 (2016).

Hafner, A.-S., Donlin-Asp, P. G., Leitch, B., Herzog, E. & Schuman, E. M. Local protein synthesis is a ubiquitous feature of neuronal
pre- and postsynaptic compartments. Science https://doi.org/10.1126/science.aau3644 (2019).

Kennedy, M. J. & Hanus, C. Architecture and dynamics of the neuronal secretory network. Ann. Rev. Cell Dev. Biol. 35, 543-566.
https://doi.org/10.1146/annurev-cellbio-100818-125418 (2019).

Ramirez, O. A. & Couve, A. The endoplasmic reticulum and protein trafficking in dendrites and axons. Trends Cell Biol. 21,
219-227. https://doi.org/10.1016/j.tcb.2010.12.003 (2011).

Spacek, J. & Harris, K. M. Three-dimensional organization of smooth endoplasmic reticulum in hippocampal CA1 dendrites and
dendritic spines of the immature and mature rat. J. Neurosci. 17, 190-203. https://doi.org/10.1523/JNEUROSCI.17-01-00190.1997
(1997).

Toresson, H. & Grant, S. G. N. Dynamic distribution of endoplasmic reticulum in hippocampal neuron dendritic spines. Eur. J.
Neurosci. 22, 1793-1798. https://doi.org/10.1111/j.1460-9568.2005.04342.x (2005).

Chirillo, M. A., Waters, M. S., Lindsey, L. E,, Bourne, J. N. & Harris, K. M. Local resources of polyribosomes and SER promote
synapse enlargement and spine clustering after long-term potentiation in adult rat hippocampus. Sci. Rep. 9, 3861. https://doi.
0rg/10.1038/s41598-019-40520-x (2019).

Vlachos, A. et al. Synaptopodin regulates plasticity of dendritic spines in hippocampal neurons. J. Neurosci. 29, 1017-1033. https
://doi.org/10.1523/JNEUROSCI.5528-08.2009 (2009).

Jedlicka, P. & Deller, T. Understanding the role of synaptopodin and the spine apparatus in Hebbian synaptic plasticity—new
perspectives and the need for computational modeling. Neurobiol. Learn. Memory 138, 21-30. https://doi.org/10.1016/j.
nlm.2016.07.023 (2017).

Deller, T. et al. A role for synaptopodin and the spine apparatus in hippocampal synaptic plasticity. Ann. Anat. 189, 5-16. https://
doi.org/10.1016/j.aanat.2006.06.013 (2007).

Segal, M., Vlachos, A. & Korkotian, E. The spine apparatus, synaptopodin, and dendritic spine plasticity. Neuroscientist 16, 125-131.
https://doi.org/10.1177/1073858409355829 (2010).

Vlachos, A. Synaptopodin and the spine apparatus organelle-regulators of different forms of synaptic plasticity?. Ann. Anat. 194,
317-320. https://doi.org/10.1016/j.aanat.2011.10.014 (2012).

Mundel, P. et al. Synaptopodin: an actin-associated protein in telencephalic dendrites and renal podocytes. J. Cell Biol. 139, 193-204.
https://doi.org/10.1083/jcb.139.1.193 (1997).

Deller, T., Merten, T., Roth, S. U., Mundel, P. & Frotscher, M. Actin-associated protein synaptopodin in the rat hippocampal for-
mation: localization in the spine neck and close association with the spine apparatus of principal neurons. J. Comp. Neurol. 418,
164-181. https://doi.org/10.1002/(sici)1096-9861(20000306)418:2%3c164::aid-cne4%3e3.0.c0;2-0 (2000).

Deller, T. et al. Synaptopodin-deficient mice lack a spine apparatus and show deficits in synaptic plasticity. Proc. Natl. Acad. Sci.
USA 100, 10494-10499. https://doi.org/10.1073/pnas.1832384100 (2003).

Deller, T., Mundel, P. & Frotscher, M. Potential role of synaptopodin in spine motility by coupling actin to the spine apparatus.
Hippocampus 10, 569-581. https://doi.org/10.1002/1098-1063(2000)10:5%3c569:: AID-HIPO7%3e3.0.CO;2-M (2000).

Bas Orth, C. et al. Lamina-specific distribution of Synaptopodin, an actin-associated molecule essential for the spine apparatus, in
identified principal cell dendrites of the mouse hippocampus. J. Comp. Neurol. 487, 227-239. https://doi.org/10.1002/cne.20539
(2005).

Bowen, A. B, Bourke, A. M., Hiester, B. G., Hanus, C. & Kennedy, M. J. Golgi-independent secretory trafficking through recycling
endosomes in neuronal dendrites and spines. elife 6, €27362 (2017).

Wu, Y. et al. Contacts between the endoplasmic reticulum and other membranes in neurons. Proc. Natl. Acad. Sci. USA 114,
E4859-E4867. https://doi.org/10.1073/pnas.1701078114 (2017).

Saraste, ]. & Marie, M. Intermediate compartment (IC): from pre-Golgi vacuoles to a semi-autonomous membrane system. His-
tochem. Cell Biol. 150, 407-430. https://doi.org/10.1007/s00418-018-1717-2 (2018).

Hanus, C. et al. Synaptic control of secretory trafficking in dendrites. Cell Rep. 7, 1771-1778. https://doi.org/10.1016/j.celre
p-2014.05.028 (2014).

Lowenstein, P. R. et al. Polarized distribution of the trans-Golgi network marker TGN38 during the in vitro development of neo-
cortical neurons: effects of nocodazole and brefeldin A. Eur. J. Neurosci. 6, 1453-1465. https://doi.org/10.1111/j.1460-9568.1994.
tb01007.x (1994).

Horton, A. C. et al. Polarized secretory trafficking directs cargo for asymmetric dendrite growth and morphogenesis. Neuron 48,
757-771. https://doi.org/10.1016/j.neuron.2005.11.005 (2005).

Mikhaylova, M., Bera, S., Kobler, O., Frischknecht, R. & Kreutz, M. R. A Dendritic Golgi Satellite between ERGIC and Retromer.
Cell Rep. 14, 189-199. https://doi.org/10.1016/j.celrep.2015.12.024 (2016).

McNamara, J. O., Grigston, J. C., VanDongen, H. M. A. & VanDongen, A. M. J. Rapid dendritic transport of TGN38, a putative
cargo receptor. Brain Res. Mol. Brain Res. 127, 68-78. https://doi.org/10.1016/j.molbrainres.2004.05.013 (2004).

Chen, A. et al. Regional and subcellular distribution of the receptor-targeting protein PIST in the rat central nervous system. J.
Comp. Neurol. 520, 889-913. https://doi.org/10.1002/cne.22774 (2012).

Cox, D. J. & Racca, C. Differential dendritic targeting of AMPA receptor subunit mRNAs in adult rat hippocampal principal
neurons and interneurons. J. Comp. Neurol. 521, 1954-2007. https://doi.org/10.1002/cne.23292 (2013).

Grigston, J. C., VanDongen, H. M. A, McNamara, J. O. & VanDongen, A. M. J. Translation of an integral membrane protein in
distal dendrites of hippocampal neurons. Eur. J. Neurosci. 21, 1457-1468. https://doi.org/10.1111/j.1460-9568.2005.03999.x (2005).
Murthy, V. N. Synaptic plasticity: step-wise strengthening. Curr. Biol. 8, R650-R653. https://doi.org/10.1016/S0960-9822(07)00414
-9 (1998).

Atwood, H. L. & Karunanithi, S. Diversification of synaptic strength: presynaptic elements. Nat. Rev. Neurosci. 3, 497-516. https
://doi.org/10.1038/nrn876 (2002).

Branco, T. & Staras, K. The probability of neurotransmitter release: variability and feedback control at single synapses. Nat. Rev.
Neurosci. 10, 373-383. https://doi.org/10.1038/nrn2634 (2009).

Tonnesen, J. & Négerl, U. V. Dendritic spines as tunable regulators of synaptic signals. Front. Psychiatry 7, 101. https://doi.
org/10.3389/fpsyt.2016.00101 (2016).

Choquet, D. & Triller, A. The dynamic synapse. Neuron 80, 691-703. https://doi.org/10.1016/j.neuron.2013.10.013 (2013).

Scientific Reports |

(2020) 10:20576 | https://doi.org/10.1038/s41598-020-77260-2 nature research


https://doi.org/10.1016/j.conb.2017.05.005
https://doi.org/10.15252/embr.201744045
https://doi.org/10.1016/j.neuron.2017.10.015
https://doi.org/10.1126/science.aay4991
https://doi.org/10.1126/science.aay4991
https://doi.org/10.1038/s41594-019-0263-5
https://doi.org/10.7554/eLife.20556
https://doi.org/10.1126/science.aau3644
https://doi.org/10.1146/annurev-cellbio-100818-125418
https://doi.org/10.1016/j.tcb.2010.12.003
https://doi.org/10.1523/JNEUROSCI.17-01-00190.1997
https://doi.org/10.1111/j.1460-9568.2005.04342.x
https://doi.org/10.1038/s41598-019-40520-x
https://doi.org/10.1038/s41598-019-40520-x
https://doi.org/10.1523/JNEUROSCI.5528-08.2009
https://doi.org/10.1523/JNEUROSCI.5528-08.2009
https://doi.org/10.1016/j.nlm.2016.07.023
https://doi.org/10.1016/j.nlm.2016.07.023
https://doi.org/10.1016/j.aanat.2006.06.013
https://doi.org/10.1016/j.aanat.2006.06.013
https://doi.org/10.1177/1073858409355829
https://doi.org/10.1016/j.aanat.2011.10.014
https://doi.org/10.1083/jcb.139.1.193
https://doi.org/10.1002/(sici)1096-9861(20000306)418:2%3c164::aid-cne4%3e3.0.co;2-0
https://doi.org/10.1073/pnas.1832384100
https://doi.org/10.1002/1098-1063(2000)10:5%3c569::AID-HIPO7%3e3.0.CO;2-M
https://doi.org/10.1002/cne.20539
https://doi.org/10.1073/pnas.1701078114
https://doi.org/10.1007/s00418-018-1717-2
https://doi.org/10.1016/j.celrep.2014.05.028
https://doi.org/10.1016/j.celrep.2014.05.028
https://doi.org/10.1111/j.1460-9568.1994.tb01007.x
https://doi.org/10.1111/j.1460-9568.1994.tb01007.x
https://doi.org/10.1016/j.neuron.2005.11.005
https://doi.org/10.1016/j.celrep.2015.12.024
https://doi.org/10.1016/j.molbrainres.2004.05.013
https://doi.org/10.1002/cne.22774
https://doi.org/10.1002/cne.23292
https://doi.org/10.1111/j.1460-9568.2005.03999.x
https://doi.org/10.1016/S0960-9822(07)00414-9
https://doi.org/10.1016/S0960-9822(07)00414-9
https://doi.org/10.1038/nrn876
https://doi.org/10.1038/nrn876
https://doi.org/10.1038/nrn2634
https://doi.org/10.3389/fpsyt.2016.00101
https://doi.org/10.3389/fpsyt.2016.00101
https://doi.org/10.1016/j.neuron.2013.10.013

www.nature.com/scientificreports/

42. Humeau, Y. & Choquet, D. The next generation of approaches to investigate the link between synaptic plasticity and learning. Nat.
Neurosci. 22, 1536-1543 (2019).

43. Meyer, D., Bonhoefter, T. & Scheuss, V. Balance and stability of synaptic structures during synaptic plasticity. Neuron 82, 430-443.
https://doi.org/10.1016/j.neuron.2014.02.031 (2014).

44. Clifton, N. E., Trent, S., Thomas, K. L. & Hall, J. Regulation and function of activity-dependent homer in synaptic plasticity. Mol.
Neuropsychiatry 5, 147-161. https://doi.org/10.1159/000500267 (2019).

45. deJong, A. P. H., Schmitz, S. K., Toonen, R. E. G. & Verhage, M. Dendritic position is a major determinant of presynaptic strength.
J. Cell Biol. 197, 327-337. https://doi.org/10.1083/jcb.201112135 (2012).

46. Gronborg, M. et al. Quantitative comparison of glutamatergic and GABAergic synaptic vesicles unveils selectivity for few proteins
including MAL2, a novel synaptic vesicle protein. J. Neurosci. 30, 2-12. https://doi.org/10.1523/J]NEUROSCI.4074-09.2010 (2010).

47. Willig, K. L, Rizzoli, S. O., Westphal, V., Jahn, R. & Hell, S. W. STED microscopy reveals that synaptotagmin remains clustered
after synaptic vesicle exocytosis. Nature 440, 935-939. https://doi.org/10.1038/nature04592 (2006).

48. Westphal, V. et al. Video-rate far-field optical nanoscopy dissects synaptic vesicle movement. Science 320, 246-249. https://doi.
org/10.1126/science.1154228 (2008).

49. Truckenbrodt, S. et al. Newly produced synaptic vesicle proteins are preferentially used in synaptic transmission. EMBO . https
://doi.org/10.15252/embj.201798044 (2018).

50. Wilhelm, B. G. et al. Composition of isolated synaptic boutons reveals the amounts of vesicle trafficking proteins. Science 344,
1023-1028. https://doi.org/10.1126/science.1252884 (2014).

51. Sograte-Idrissi, S. et al. Circumvention of common labelling artefacts using secondary nanobodies. Nanoscale https://doi.
0rg/10.1039/d0nr00227e (2020).

52. Nakahata, Y. & Yasuda, R. Plasticity of spine structure: local signaling, translation and cytoskeletal reorganization. Front. Synaptic
Neurosci. 10, 29. https://doi.org/10.3389/fnsyn.2018.00029 (2018).

53. Biever, A, Donlin-Asp, P. G. & Schuman, E. M. Local translation in neuronal processes. Curr. Opin. Neurobiol. 57, 141-148. https
://doi.org/10.1016/j.conb.2019.02.008 (2019).

54. Bailey, C. H., Kandel, E. R. & Harris, K. M. Structural components of synaptic plasticity and memory consolidation. Cold Spring
Harb. Perspect. Biol. 7,2021758. https://doi.org/10.1101/cshperspect.a021758 (2015).

55. Schliiter, A. et al. Structural plasticity of synaptopodin in the axon initial segment during visual cortex development. Cereb. Cortex
27, 4662-4675. https://doi.org/10.1093/cercor/bhx208 (2017).

56. Kulik, Y. D., Watson, D. J., Cao, G., Kuwajima, M. & Harris, K. M. Structural plasticity of dendritic secretory compartments during
LTP-induced synaptogenesis. eLife 8, 46356 (2019).

57. Hanus, C. et al. Unconventional secretory processing diversifies neuronal ion channel properties. eLife https://doi.org/10.7554/
eLife.20609 (2016).

58. D’Este, E., Kamin, D., Gottfert, E, El-Hady, A. & Hell, S. W. STED nanoscopy reveals the ubiquity of subcortical cytoskeleton
periodicity in living neurons. Cell Rep. 10, 1246-1251. https://doi.org/10.1016/j.celrep.2015.02.007 (2015).

59. de Chaumont, E. et al. Icy: an open bioimage informatics platform for extended reproducible research. Nat. Methods 9, 690-696.
https://doi.org/10.1038/nmeth.2075 (2012).

60. Olivo-Marin, J.-C. Extraction of spots in biological images using multiscale products. Pattern Recognit. 35, 1989-1996. https://
doi.org/10.1016/50031-3203(01)00127-3 (2002).

Acknowledgements
The work has been supported by the Deutsche Forschungsgemeinschaft (DFG) (SFB1286/Z03 to S.O.R. and
SFB1286/A07 to E.D.). We thank Jasmine Hubrich for the support with experimental work. We thank Dr. Jade
Cottam Jones, Dr. Richard Lincoln, Angel Cereceda Delgado, and Victor Macarron Palacios for the critical
reading of the manuscript.

Author contributions
C.M.G and T.M.D. acquired and analysed data. S.O.R. and E.D. designed research. C.M.G., T.M.D., S.O.R. and
E.D. wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
S.OR. is funder shareholder of NanoTag Biotechnologies. S.O.R. received compensation as consultant of NanoTag
Biotechnologies. All the other authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77260-2.

Correspondence and requests for materials should be addressed to E.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20576 | https://doi.org/10.1038/s41598-020-77260-2 nature research


https://doi.org/10.1016/j.neuron.2014.02.031
https://doi.org/10.1159/000500267
https://doi.org/10.1083/jcb.201112135
https://doi.org/10.1523/JNEUROSCI.4074-09.2010
https://doi.org/10.1038/nature04592
https://doi.org/10.1126/science.1154228
https://doi.org/10.1126/science.1154228
https://doi.org/10.15252/embj.201798044
https://doi.org/10.15252/embj.201798044
https://doi.org/10.1126/science.1252884
https://doi.org/10.1039/d0nr00227e
https://doi.org/10.1039/d0nr00227e
https://doi.org/10.3389/fnsyn.2018.00029
https://doi.org/10.1016/j.conb.2019.02.008
https://doi.org/10.1016/j.conb.2019.02.008
https://doi.org/10.1101/cshperspect.a021758
https://doi.org/10.1093/cercor/bhx208
https://doi.org/10.7554/eLife.20609
https://doi.org/10.7554/eLife.20609
https://doi.org/10.1016/j.celrep.2015.02.007
https://doi.org/10.1038/nmeth.2075
https://doi.org/10.1016/S0031-3203(01)00127-3
https://doi.org/10.1016/S0031-3203(01)00127-3
https://doi.org/10.1038/s41598-020-77260-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synaptic activity and strength are reflected by changes in the post-synaptic secretory pathway
	Results
	Secretory pathway elements are present in proximity to post-synaptic sites. 
	Post-synaptic structure correlates with the abundance of secretory pathway elements. 
	The abundance of post-synaptic secretory pathway elements also correlates with pre-synaptic strength. 
	The distribution of post-synaptic secretory pathway elements is highly dependent on pre-synaptic activity. 
	Post-synaptic strength strongly modulates the secretory machinery in mushroom spines. 

	Discussion
	Methods
	Sample preparation. 
	Imaging. 
	Image processing. 
	Data analysis. 

	References
	Acknowledgements


