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The stability and dynamics of synapses rely on tight regulation of the synaptic proteome. Shank proteins, encoded by the three genes Shank1, Shank2
and Shank3 are scaffold molecules in the postsynaptic density of excitatory
neurons that contribute to activity-dependent neuronal signalling. Mutations
in the Shank genes are associated with neurological diseases. Using stateof-the-art technologies, we investigated the levels of expression of the Shank
family messenger RNAs (mRNAs) within the synaptic neuropil of the rat hippocampus. We detected all three Shank transcripts in the neuropil of CA1
pyramidal neurons. We found Shank1 to be the most abundantly expressed
among the three Shank mRNA homologues. We also examined the turnover
of Shank mRNAs and predict the half-lives of Shank1, Shank2 and Shank3
mRNAs to be 18–28 h. Using 30 -end sequencing, we identified novel 30 ends
for the Shank1 and Shank2 30 untranslated regions (30 UTRs) that may contribute to the diversity of alternative polyadenylation (APA) for the Shank
transcripts. Our findings consolidate the view that the Shank molecules play
a central role at the postsynaptic density. This study may shed light on synaptopathologies associated with disruption of local protein synthesis, perhaps
linked to mutations in mRNA 30 UTRs or inappropriate 30 end processing.

1. Introduction
In the central nervous system, neuronal activity induces local changes modifying the composition, form and strength of synapses. These processes are
thought to be essential for learning and memory. It is now well established
that some forms of neuronal plasticity are based on dynamic modifications of
the synaptic proteome through local delivery of messenger RNA (mRNA) to
synapses and local protein synthesis [1–3]. Recently, more than 2500 mRNA
species were shown to populate the dendritic compartment of hippocampal
neurons [4]. Among these, previously identified mRNAs coding for the
Shank family of scaffolding proteins (alternative names: ProSAP, CortBP,
Spank, Synamon and SSTRIP) were detected. Shank proteins are a major component of the postsynaptic density of excitatory neurons [5,6]. Via multiple
protein –protein binding domains, the Shank proteins interact with other
scaffold molecules and cross-link glutamatergic receptor complexes and the
actin-based cytoskeleton [6–8]. Members of the Shank family are involved in
the recruitment and clustering of neurotransmitter receptors at postsynaptic
densities and further regulate synaptic activity by promoting the maturation
and enlargement of dendritic spines [9].
Recent studies of several neurodevelopmental disorders point to a potential disruption of molecular pathways controlling synaptic signalling [10,11]. The central
role of Shank scaffolds at postsynaptic densities targets them as candidate genes
to study synaptic plasticity [12]. Studies of Shank mouse knockout models have
revealed altered synaptic signalling, such as reduced AMPA-mediated basal synaptic transmission in the hippocampus [13], altered NMDA-receptor signalling [14,15]
and reduced hippocampal long-term potentiation (LTP) [16]. Deficiencies in the
Shank genes have been implicated in diseases [17]. Indeed, mutations in all three
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(a) High-resolution in situ hybridization and
immunostaining
Dissociated hippocampal neurons were prepared and maintained as previously described [30]. We performed in situ
hybridization using the QuantiGene (QG) ViewRNA kit from
Panomics as previously described [4,31]. In brief, cultured neurons (DIV 19) were fixed for 30 min at room temperature using a
4% paraformaldehyde solution (4% paraformaldehyde, 5.4%
glucose, 0.01 M sodium metaperiodate in lysine-phosphate
buffer). After completion of in situ hybridization protocol, cells
were incubated in blocking buffer (4% goat serum in 1 PBS)
for 1 h. Thereafter, neurons were immunostained using standard
methods [30]. Dendrites were stained using an anti-MAP2 antibody (Millipore M9942, 1 : 1000) and nuclei were stained for
2 min with DAPI. Subsequently, z-stack images were acquired
using a Zeiss LSM780 confocal microscope with 1024  1024
pixel resolution. Dendrites were straightened using IMAGEJ.
For in situ hybridization in sections, 500 mm hippocampal
slices from four week old rat were processed as previously
described [4]. Slices were cryosectioned at 7 mm thickness. In situ
hybridization was performed as described above for hippocampal neurons with an additional washing step after adding in situ
probes. Slices were incubated with the primary antibody antiMAP2 (Millipore M9942, 1 : 1000) for 3 h at room temperature.
The CA1 region was imaged by obtaining a z-stack spanning the
entire thickness of the slice. For visualization purposes, in all presented images, the channels representing mRNA signal were
converted to binary images and puncta were dilated once. The

(b) Tissue microdissection and RNA isolation
Hippocampal slices (500 mm) from male adult rat (four weeks) were
prepared as previously described [30]. From 25 slices, CA1 cell
bodies and the neuropil were microdissected manually as described
by Cajigas et al. [4]. Total RNA and protein were extracted using
Trizol (Invitrogen) following the manufacturer’s recommendations.

(c) Immunoblotting
Protein pellets from microdissected somata and neuropil samples
were lysed in LDS sample buffer and NuPAGE detergent solution
(Invitrogen). Twenty microlitres of each sample were run on an
SDS PAGE (4–12% Bis-Tris gel) for 80 min at 130 V. Samples
were blotted on a PVDF membrane. The membrane was blocked
for 1 h at room temperature using an Odyssey blocking buffer.
Subsequently, the membrane was incubated with primary antibodies against Neuronal Nuclei (NeuN) (Millipore MAB377,
1 : 500) and b-actin (Sigma A5316, 1 : 5000) overnight at 48C in
Odyssey blocking buffer/PBS– Tween 0.1% (1 : 1). After washing,
secondary antibodies were incubated for 1 h at room temperature.
The image was acquired by an ODYSSEY INFRARED imager (Licor).

(d) Quantitative real-time PCR
RNA was treated with DNaseI and cleaned using RNeasy MinElute clean-up kit (Qiagen). Five hundred nanograms of RNA
was reverse-transcribed using the QuantiTect Reverse Transcription kit (Qiagen). qRT-PCR was performed using SYBR Green
(Applied Biosystems). Reaction set-up and cycling parameters
were those recommended by the QuantiTect primer assays.
The following QuantiTect primer assays were used: Shank1
(QT00183351), Shank2 (QT02350509), Shank3 (QT01568812),
Arc (QT00373086) and Gapdh (QT00199633). The qRT-PCR
was run on a StepOnePlus real-time PCR system (Applied Biosystems). mRNA half-lives were calculated from an exponential
curve that was fitted to the time points obtained.

(e) Treatment of cells with transcription inhibitors
Hippocampal neurons were plated at density of 400 000 cells
in a 60 mm Petri dish and treated with a cocktail of actinomycin D (8 mM), 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole
(DRB; 100 mM) and Triptolede (1 mM) in DMSO for 0, 1, 2, 4
and 20 h. Cells were harvested at each time point and RNA was
isolated using Trizol (Invitrogen) following the manufacturer’s
recommendations.

(f ) Digital analysis of gene expression using
nCounter nanostring
Each mRNA was detected by two probes of 50 nucleotide length:
a target-specific capture probe and a reporter probe linked to a
fluorescent barcode [32]. Probe sequences are listed in the
electronic supplementary material, table S2. All probes were
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2. Material and methods

genomic locations of in situ probes are listed in the electronic
supplementary material, table S1.
Quantification of mRNA signal in hippocampal slices was
done using METAMORPH software. The channels corresponding to
mRNA and MAP2 signal were separated and processed with a
low-pass filter. The double average intensity of the MAP2 channel
was thresholded (exclusively) to obtain a mask around the MAP2
signal. The image was converted to a binary image and the signal
was eroded once by two pixels. This mask was subtracted from the
RNA channel to obtain only those mRNA puncta localized within
dendrites. The integrated intensity of the RNA channel was calculated over all stacks and divided by the sum of the MAP2
integrated intensity (using an inclusive threshold).

rstb.royalsocietypublishing.org

Shank genes have been associated with neurodevelopmental and neuropsychiatric disorders, such as autism spectrum
disorders (ASD) and schizophrenia [18–21]. Shank knockout mice also exhibit impairments in social behaviour and
communication [14–16,22,23].
Previous studies have revealed that the mRNAs coding
for the Shank proteins are widely expressed near synapses
in the mammalian brain. Using in situ hybridization with
radioactive or digoxigenin-labelled probes, Shank1 as well as
Shank3 mRNA (but not Shank2) were detected in the molecular layers of rat hippocampus [24,25]. Dendritic localization of
mRNAs is dependent on trans-acting factors that usually bind
distinct sites within the UTRs of transcripts [26]. While the 50
UTR is generally involved in modulating translation initiation
[27], the 30 UTR is often associated with the regulation of
mRNA trafficking, stability and translational regulation [28].
30 UTRs sometimes contain ‘zip-codes’ that are targeted by
mRNA-binding proteins or microRNAs (miRNAs) to finetune gene expression. In addition, alternative polyadenylation
(APA) can dramatically change the landscape of regulatory
motifs within an mRNA 30 UTR. By creating 30 UTRs of different length, APA can influence mRNA stability, translocation
and translation efficiency [29].
Despite the prominent role of Shank scaffolds at postsynaptic densities and their contribution to neuronal activity,
little is known about the biology and diversity of Shank
mRNAs. Thus, we examined the localization, expression
levels and the stability of the three Shank mRNA isoforms in
CA1 pyramidal neurons using high-resolution imaging and
quantitative real-time PCR. Further, we performed 30 -end
sequencing to investigate APA and expression levels of
Shank mRNA 30 UTRs in two distinct neuronal compartments.
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Figure 1. Shank mRNA isoforms are expressed in the synaptic neuropil. In situ hybridization was performed on rat hippocampal slices. The nuclei were stained with
DAPI (blue) and the dendrites were immunostained with an anti-MAP2 antibody (red). Shown is the CA1 region. (a) Overlay of the DAPI and mRNA channels.
(b) Merge of all three channels. In situ hybridization was done using antisense probes directed against Shank1, Shank2 and Shank3 and a sense control probe
against Shank1 (from left to right). For visualization purposes, the mRNA signal was dilated once. Slice thickness, 7 mm. Scale bar, 50 mm. sp, Stratum pyramidale;
sr, stratum radiatum.

designed against the coding region. One hundred nanograms of
total RNA (DnaseI treated and cleaned using RNeasy MinElute
kit (Qiagen)) was used for probe hybridization. Data were
processed by the nCounter Digital Analyzer as described in [4].

(g) 30 -end sequencing
A 30 fragment cDNA library was prepared by GATC Biotech AG
and deep RNA-sequencing was performed using an Illumina
HiSeq 2000. Total RNA was fragmented by sonication. Poly dT
primers were used to extract polyA-containing fragments. After
gel separation, fragments with of size 300– 500 nt were used for
ligation of sequencing adapters. Single reads were of length
101 nt and were aligned to the rat genome (assembly March
2012/rn5) using Bowtie [33]. Consecutive A or T mismatches
on the genome during alignment were interpreted as a sign for
polyA-containing reads and further used for identification of
cleavage sites. Identification of polyA signal hexamers (PSHs)
and prediction of 30 UTR isoforms was done using customwritten Perl scripts. For visualization, the UCSC Genome
Browser was used [34].

3. Results
(a) Shank mRNA isoforms are differentially expressed in
the synaptic neuropil
To visualize dendritic localization of Shank mRNA isoforms
in pyramidal neurons, we applied high-resolution fluorescence in situ hybridization in combination with confocal
microscopy. We used probe sets that were directed against
the coding sequences of Shank1, Shank2 and Shank3
mRNAs (see electronic supplementary material, figure S1b).
We were able to detect all three Shank mRNAs in the neuropil layer of the CA1 region of hippocampal slices. Control
experiments, using a sense probe, showed a substantially
reduced signal (figure 1). Quantification of in situ hybridization signal indicated highest dendritic expression
of Shank1 mRNA followed by Shank3 mRNA and a
weaker, though clearly detectable level of Shank2 mRNA
(see electronic supplementary material, figure S1a).

(b) Quantification of Shank mRNA isoform expression
within different cellular compartments
To test the abundance of the different Shank mRNA isoforms
in distinct cellular compartments, we microdissected hippocampal slices to separate cell bodies of principal neurons
from the synaptic neuropil which is enriched with dendrites
and axons ([35]; figure 2a). To confirm the quality of our
microdissections, we quantified the amount of a neuronspecific transcription factor in microdissected slices. While
the somatic layer contained the transcription factor ‘NeuN’,
the neuropil was de-enriched for NeuN (figure 2b). We
then used qRT-PCR to analyse the relative expression levels
of the Shank mRNA isoforms. In both the somatic and neuropil compartments, Shank1 mRNA showed the highest
relative expression followed by Shank3 and an even weaker
expression level of Shank2 mRNA. All transcripts showed
higher expression levels in the neuropil compared with
somata (figure 2c). To further validate this result, we performed digital quantification of Shank mRNAs using the
nCounter Nanostring technology that allows highly sensitive
and precise profiling of individual mRNA molecules without
amplification [32]. Consistent with our qRT-PCR data, we
observed the most counts for Shank1 mRNA, followed by
Shank3 (approx. threefold less) and the fewest counts for
Shank2 mRNA. Again, the three Shank mRNA isoforms
showed higher expression in the dendritic compartment
compared with the somatic layer (figure 2d).

(c) Stability of Shank mRNA isoforms in
hippocampal neurons
To assess whether the differential expression levels of the three
Shank transcripts observed above may be the result of major
differences in mRNA stability/turnover, we examined the
mRNA half-lives of the Shank mRNA isoforms. Dissociated
hippocampal neurons were treated with a transcription inhibitor cocktail (see §2e) and RNA was harvested at different
time points (0–20 h post treatment). As a read-out, we used
qRT-PCR, and then calculated the mRNA levels at different
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Figure 2. Differential expression within cellular compartments and stability of Shank mRNAs. (a) Photograph of a representative hippocampal slice (thickness
500 mm) used for microdissection to obtain RNA and protein from somata (red dashed box) and the neuropil (blue dashed box). Scale bar, 1 mm. (b) Western
blot on somata and neuropil samples using an antibody against the neuron-specific transcription factor NeuN. b-Actin was used as a loading control. (c) Bar graph
showing the relative expression values for Shank transcripts determined by qRT-PCR. Values are normalized to Gapdh. Values are the mean of three technical
replicates. (d ) Bar graph showing the number of Shank mRNA counts in 100 ng of RNA using nCounter Nanostring technology. Values are the mean of two
biological replicates. (e) Bar graph of mRNA stability. Expression values for the Shank mRNAs and Arc mRNA are calculated relative to Gapdh determined by
qRT-PCR (after treatment with transcription inhibitors). The control sample (time point 0) was normalized to unity and treated samples are shown as proportion
of control. Values are the mean of three technical replicates. (f ) Table showing estimated half-lives of mRNAs. Error bars in all panels (c,d,e) indicate the standard
error of the mean.

times following the onset of transcription inhibition. We compared the mRNA levels of the three Shank family members
to each other and to the Arc mRNA, an established shortlived neuronal mRNA [36]. While Arc mRNA levels declined
quickly (t 1/2 ¼ 0.7 h), as expected, we did not observe
major differences in mRNA stability between the Shank
family members. We estimated their half-lives to be in the
range 18–28 h.

(d) Novel Shank family 30 UTR isoforms revealed by
30 -end sequencing
We next performed 30 -end sequencing to investigate the
potential diversity and expression of Shank mRNA 30 UTRs
within the somata and neuropil compartments. Fragments
with lengths of 300 –500 bases near a polyA tail were deep
sequenced. Peaks of base coverage were used to represent
the position and expression of 30 ends in 30 UTRs and to predict Shank family 30 UTR isoforms (figure 3). Based on the

total read distribution, Shank1 and Shank3 30 UTRs showed
similar high expression levels while Shank2 expression was
nearly 10-fold decreased. We identified two types of canonical polyadenylation hexamer signals (PHSs) within the 30
UTRs of Shank mRNAs. For Shank1, we found a previously
non-annotated 30 end that terminates 176 base pairs (bp) downstream of the non-RefSeq-annotated mRNA AY461452 (not
displayed) [24]. Further, we identified two previously nonannotated 30 ends for Shank2 containing the canonical PHS
AAUAAA and its most common variant AUUAAA. One
novel isoform is 360 bp shorter than the RefSeq-annotated
isoforms NM_133441/NM_133440, whereas the second new
isoform is 1553 bp longer than the longest annotated Shank2
30 UTR. In addition, we confirmed the Shank2 RefSeqannotated 30 UTR isoforms (NM_133441/NM_133440) as
well as the annotated Shank3 isoform (NM_021670). A
summary of predicted 30 ends is displayed in the electronic
supplementary material, table S3. To further compare
Shank mRNA 30 UTR expression between the subcellular
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Figure 3. 30 -End sequencing of Shank 30 UTR isoforms. Genome browser view of 30 -end sequencing coverage mapped to Shank mRNAs. Sequencing conducted on somata
(dark grey) and neuropil (light grey) layers of hippocampal CA1 region is shown. Horizontal axes represent the genomic coordinates and the vertical axes show the number
of reads. Peaks of base coverage represent the position and expression of 30 ends in 30 UTR isoforms and determine the prediction of isoforms. PSHs were identified and
labelled. For comparison, RefSeq annotation is displayed. Total sequencing reads are shown in the top tracks (black). Middle and bottom tracks display normalized sequencing coverage within the two compartments. Note the differences in the vertical axis scale showing a 10-fold lower Shank2 30 UTR expression.
compartments, we applied a normalization procedure to our
dataset as described in [37]. The normalized peak distribution
displayed a nearly twofold higher expression of all detected
Shank 30 UTRs in the dendritic compartment compared with
that in somata, pointing to an enrichment of Shank family
molecules in the synaptic neuropil (figure 3 and electronic
supplementary material, tables S4–S6).

fluorescence high-resolution in situ hybridization in cultured
hippocampal neurons with in situ probes against Shank1
coding sequence or the 30 UTR (figure 4a). We observed a
fraction of co-localized puncta in the somata as well as the
dendrites (figure 4b). However, especially in dendrites, we
also detected CDS- and UTR-unique particles.

(e) Dendritic localization of the long Shank1 30 UTR

4. Discussion

To validate the expression and dendritic localization of the
long Shank1 30 UTR detected by 30 -end sequencing, we
used a custom-made in situ hybridization probe designed
to target the 30 end of Shank1 30 UTR. We performed

The establishment and maintenance of synaptic networks
is essential for normal brain function. Shank family members modulate activity of excitatory synapses by organizing
postsynaptic signalling complexes [24,38]. Here, we used
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MAP2

merge

MAP2

Figure 4. Co-localization of Shank1 CDS and the long 30 UTR in cultured hippocampal neurons. (a) Diagram showing a simplified structure of Shank1 mRNA and the
position of in situ hybridization probes against Shank1 CDS (green) and the 30 UTR (magenta). (b) Upper panels, in situ hybridization was performed on DIV19 hippocampal neurons using antisense probes targeting the Shank1 CDS (green) and the 30 end of the Shank1 30 UTR (magenta). The dendrites were immunostained using an
anti-MAP2 antibody (red). Channels were separated and images were merged in the upper right panel. White puncta indicate co-localization. Scale bar, 50 mm. Bottom
left panels, a magnification of the somatic RNA signal (white box). Bottom right panels, a representative dendrite (white box) was straightened and presented at higher
magnification. White arrowheads point to co-localization events. Scale bars, 10 mm. For visualization purposes, the mRNA signal was dilated once.

state-of-the-art technologies to investigate the localization,
expression and APA of Shank mRNA isoforms. We focused
on the CA1 region as synapses in this area are known to
express several forms of synaptic plasticity, including LTP
[39 –42]. While the somatic layer of CA1 (stratum pyramidale)
consist mainly of principal cell bodies, the neuropil layer
(stratum radiatum) contains dendrites and axons of principal
cells as well as glia and interneurons [4,35]. Taking into consideration the cell heterogeneity of the neuropil, we used both
tissue microdissection and high-resolution imaging to show
distinct dendritic localization of Shank family mRNAs.
The dendritic localization of Shank mRNAs was previously studied using detection tools, for example radio- and
digoxigenin-labelled probes [24,25,43]. For instance, Boeckers
et al. [24,44] have described the age-dependent differential
distribution of Shank mRNAs at various stages of developing
rat brain with the presence of all three Shank mRNAs in the
hippocampus detected postnatally. In this study, we used
high-resolution fluorescence in situ hybridization to image
and quantify the expression of the three Shank family
mRNAs in the neuropil of rat hippocampal slices at the age
of four weeks when mature synapses have formed. We found
Shank1 mRNA to be the most abundant transcript followed
by expression of Shank3 mRNA, confirming previous studies
[6,24]. However, in contrast to these studies that did not
detect Shank2 mRNA in the molecular layers of the hippocampus, we found Shank2 mRNA was indeed present. To
validate these findings and to assess the expression of Shank
transcripts within different cellular compartments, we applied
qRT-PCR and nCounterNanostring on the same amount of

rstb.royalsocietypublishing.org

5' UTR

total RNA from somata and neuropil. We confirmed our previous observation showing the following mRNA expression
trend: Shank1 . Shank3 . Shank2. Additionally, we found
all three transcripts enriched in the neuropil compared with
somata (when each compartment was normalized to total
RNA content), implicating local translation as an important
source of Shank protein at the synapse.
Although in situ hybridization and Nanostring are direct
methods to measure gene expression, these techniques only
measure Shank mRNA levels at steady state, not accounting
for potential mRNA turnover through mRNA degradation.
We thus examined the stability of Shank mRNAs by treating
primary hippocampal neurons with a cocktail of three transcription inhibitors (actinomycin D, DRB and Triptolede). We
compared the half-lives of the three Shank mRNAs to those of
Arc, an immediate-early gene. While Arc mRNA showed a
fast turnover rate, we estimated the half-lives of three Shank
mRNAs to be 18–28 h in our experimental conditions.
The stability, translation and subcellular translocation of
neuronal mRNAs can be affected by APA producing diverse
mRNA isoforms [45]. When APA occurs downstream of a
stop codon, it results in 30 UTRs with different lengths [46].
Recently, extensive lengthening of 30 UTRs has been reported
in the brain of mouse and human [47]. Fast advancing technology, for instance deep sequencing, has enabled the study of
APA by overcoming the limitations of microarrays or cDNA/
expressed sequence tag (EST) library preparations [29]. Thus,
we examined APA of Shank mRNAs in different neuronal
compartments of the rat hippocampus using 30 -end sequencing. We detected previously non-annotated PAS for Shank1
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