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The human brain is a complex network of billions of neurons accompanied by astrocytes and
microglia among others [1]. Neurons communicate via specialized sites of cell-cell contacts called
synapses, where information is transmitted via the presynaptic release of neurotransmitter from
synaptic vesicles (SVs) [2]. Through the integration of information transmitted via large networks
of neurons, complex tasks, such as learning, memory and various behaviors, are regulated. Hence
synapses are very important functional units, operating largely autonomously, with the capacity to
not only mediate neurotransmission but also undergo stable changes in synaptic strength whilst
maintaining their own integrity.

A fundamental open question in the field is how synapses implement and coordinate these
various tasks. One emerging concept is that structural scaffold proteins of the pre- (Muncl3, Rim,
Piccolo Bassoon) [3] and post-synapse (PSD95, Shank3, Homer) [4] act locally to regulate these
different cellular functions both in time and space.

In this commentary, we will focus on the emerging role of one large (560 kDa) scaffold protein
named Piccolo, which is located at the presynaptic active zone [5]. Piccolo consists of 10 Piccolo/
Bassoon homology domains (PBH), two N-terminal zinc finger (ZF) domains, three coiled-coil
(CC) domains, a single PDZ domain and two C-terminal C2 domains (C2A/C2B) [6]. It is highly
expressed in neuronal growth cones and is one of the first proteins recruited to nascent synapses [7,8].
Within the brain, Piccolo is present at all synaptic subtypes [5,6,9] and the neuromuscular junction
[10,11]. Strong immunoreactivity can be observed in the cerebrum, cerebellum, hippocampus
and olfactory bulb [5,12]. The majority of literature focuses on Piccolo’s role at synapses. There,
functions range from its involvement in presynaptic actin dynamics and regulation of SV release/
recycling to the maintenance of synapse integrity and regulation of degradation [3,13]. Intriguingly,
recent studies show that Piccolo is also expressed in numerous cell types outside the brain including
photoreceptor cells in the retina, hair cells in the cochlea, hormone releasing cells in the pituitary
and insulin secreting islet cells of the pancreas [12]. Although less is known about its functions
outside the brain, its broad distribution indicates that Piccolo might have wider, more pleiotropic,
cellular roles than initially anticipated. This has become especially apparent through studies which
link single point mutations (SNPs) within the PCLO gene with several symptomatic diseases such
as major depressive disorder and Pontocerebellar Hypoplasia type 3 (PCH3) [14,15].

Of particular interest is PCH3, which is a rare but devastating disease wherein patients display
severe developmental delay, progressive microcephaly with brachycephaly, seizures, hypertonia with
hyperreflexia and short stature [16,17]. This particular link strongly suggests that Piccolo might
have thus far unknown and underestimated functions in the brain, which might be independent of
its previously documented synaptic functions. To explore these concepts further, we characterized
the brains of a recently generated Piccolo knockout rat model (Pclo#?*?) [18,19] that carries many
of the core phenotypes seen in patients with PCH3 [18].

Odur initial anatomical studies revealed striking changes in brain morphology at 3 months of age
including thinner cerebral cortex, reduced volume of the cerebellum and of the pons. Behavioral
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and functional studies revealed that Pclo# rats had impaired motor
control and the presence of seizures [18,19], in common with

features of PCH3.

One hallmark of PCH3 is a smaller cerebellum [20], which we
also observed in Pclo#”® brains [18]. A detailed analysis of this brain
region revealed a dramatic reduction in the number of cerebellar
granule cells, which could account for its reduced size in patients
with PCH3. Intriguingly, we also observed a dramatic alteration in
the morphology of mossy fiber (MF) terminals, the primary afferent
fiber from the pons and brainstem. These smaller and disorganized
MF- rosettes are predicted to lead to reduced synaptic input into the
cerebellum, which could account for motor deficits seen in Pclo#”
¢ rats and patients with PCH3 [18]. Of note, we also observed a
hyperinnervation of climbing fibers onto dendrites of Purkinje
cells and reduced expression of GABAergic receptors on cerebellar
granule cells [18]. Consequently, these observed perturbations of the
cerebellar microcircuit could explain how the loss of Piccolo leads to
impaired motor control as well as related phenotypes [18].

Although this initial study provides some hints to potential
mechanisms underlying PCH3, it remains unclear how the loss
of Piccolo contributes to each of the observed changes. Given the
general role of Piccolo in the regulated release/secretion of hormones
(such as FSH and insulin) and neurotransmitters [3,19,21], it is
possible that some observed phenotypes relate to abnormalities
associated with the release and detection of such factors; known to
regulate cell number, cell migration and the maturation of synaptic
contacts, among others. Of note, Wnt signaling is known to play an
important role in the maturation of cerebellar MF synapses [22,23].
Intriguingly, Wnt-7a KO mice have smaller cerebellar MF rosettes
- comparable to the phenotype we observe in Pclo#”® rats [18,22].
Given the changes in the maturation of MF terminals and the link
between Piccolo and the Wnt signaling pathway [13], it seems
reasonable to speculate that altered MF-rosettes are associated with
impaired Wnt signaling.

Consistently, RNAseq data from whole-brain tissue of Pclo!
¢ rats revealed changes in Wnt signaling pathways [19]. Together
these data lead to the hypothesis that the formation of smaller, more
disorganized cerebellar MF synapses in animals lacking Piccolo is
due to impaired Wnt signaling between cerebellar granule cells and
axons/growth-cones from pontine or brainstem neurons.

As an initial test of this concept, we established primary cultures
of pontine explants. This in vitro system has the advantage that
one can easily manipulate growth conditions, for example, by the
addition of growth factors [24]. Importantly, previous studies have
shown that Wnt-7a, which is released from cerebellar granule cells,
can act on axons and growth cones of pontine neurons and promote
their size [22,23]. Given that Piccolo is concentrated in axonal
growth cones [8], we speculated that loss of Piccolo could disrupt
the reception of this signal. We thus grew pontine explants from
Pclo*** and Pclo#’#* animals either with or without Wnt-7a added
to the medium. The extent of axonal growth was evaluated after 3
days in vitro (DIV3) (Figure 1A). Cells were fixed and stained for
tau as an axonal marker and GAP43 as a marker for growth cones
[25]. Representative images reveal that axons and growth cones are
readily formed by neurons from both genotypes (Figure 1A). A more
detailed analysis of the growth cones at DIV revealed that, whilst

wt/

there were no differences in the size of growth cones between Pclo

" and Pclos’# explants, Pclo#’® growth cones failed to increase their

wt/wt,

area upon treatment with Wnt-7a (mean area normalized to Pclo
Pclo¥™=1; Pclo*™+Wnt-7a=1.548; Pclo#’s=0.932, Pclog’s'+Wnt-
7a=0.866) (Figures 1B, 1C). In terms of growth cone complexity,
calculated by the perimeter’/area of growth cones, no significant
differences were found between conditions (Pclo***'=1 a.u.+0.0689,
n=48 growth cones; Pclo™'+Wnt-7a=1.52+£0.0967, n=53 growth
cones; Pclo#”#=0.9210.113, n=49 growth cones; Pclo#/s+Wnt-
7a=0.801+0.0942, n=51 growth cones) (Figures 1B, 1D). These
data indicate that pontine axons lacking Piccolo are less responsive to
Wnt-7a, a feature that may contribute to the defects in maturation
of cerebella MF synapses. They also suggest a close relationship
between Piccolo and Wnt signaling within axonal growth cones [8].
At present, it is unclear how loss of Piccolo impairs Wnt signaling.
One possibility is that it affects the surface expression of the Wnt
receptor Frizzled. Alternatively, its loss affects downstream signaling
events linked to changes in growth cone size via actin. The latter
is compatible with data showing that Piccolo is a key regulator of
F-actin assembly via its direct association with Profilin and Daam1
[13], which are activated via the Wnt/Frizzled/Disheveled signaling
complex [26]. Future studies are needed to resolve this mechanism
further and to ascertain whether impaired Wnt signaling is the
underlying mechanism causing smaller cerebellar MF synapses.

Although the most prominent phenotype of the Pclo#”® rat is a
smaller cerebellum and pons [18], Piccolo is not exclusively expressed
in the cerebellum, it is expressed throughout the brain [5,12].
Considering its ubiquitous expression, one would assume that
brains of Pclo¢”® rats manifest additional phenotypes alongside those
reported in the cerebellum. Indeed, comparable to PCH3 patients,
Pclos’s rats have a thinner cerebral cortex and an overall loss of
brain volume [14,18]. Intriguingly, we found additional phenotypes
which have not been observed in PCH3 patients. For example, we
saw a dramatically increased number of adult neural stem cells in the
subgranular zone (SGZ) of the hippocampal dentate gyrus (Figure
2A). This was detected by staining brain sections of 3-month-old
Pclo™™* and Pclo#”® animals with an antibody for Doublecortin
(DCX), a marker for adult neuronal stem cells [27], and DAPI as
a general cell marker. DCX-DAPI double positive cells in the SGZ
were manually counted. Here, significantly more neuronal stem
cells were present in the SGZ of Pclo’¢ brains compared to Pclo™*™
brains (Pclo™*: 91+/-14.35, n=4 independent experiments; Pclo#’
&: 175,7+/-18,46, n=3 independent experiments, p<0.014,) (Figures
2A, 2B). These data indicate that adult stem cell proliferation is
enhanced due to the lack of Piccolo. Interestingly a recent study
could show that increased neuronal stem cell proliferation in the
hippocampus can compensate for the age dependent decline in
neurogenesis, having a positive impact on learning and memory
[28]. Therefore, it would be interesting to analyze learning and
memory in old Pclo#”® compared to Pclo™™* rats in future studies.

The observed changes in hippocampal stem-cell number is
surprising as it opens the question of how the loss of a presynaptic
active zone protein could impact neuronal stem cell proliferation.
Interestingly, the aforementioned RNAseq data also show a
deregulation of the cholecystokinin (CCK) signaling pathway [19].
Furthermore, a recent study finds that the neuropeptide CCK
supports proliferation of neural stem cells [29]. Altered CCK release
in the dentate gyrus of Pclo#”® hippocampi could in part explain
the observed increased number of neuronal stem cells. Conceptually,
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Figure 1: Growth cones lacking Piccolo are less receptive to Wnt-7a.

(A) Pontine explants were fixed at DIV 3 and stained for Tau as an axonal marker and for GAP-43 as a marker for developing growth cones. Scale
bar=50 um. Axons grow from both explants, Pclo**tas well as Pclo¥¢". No differences are detectable considering axon length and density.

(B) Example images of MF growth cones from pontine explants treated or untreated with Wnt-7a and stained with antibodies against GAP-43 to label
growth cones and Beta-tubulin to label microtubules. Pclo** growth cones become more complex and larger upon treatment with Wnt-7a. Pclo%vst
growth cones do not respond to Wnt-7a treatment.

(C) Quantification of growth cone area of Pclo*"*tand Pclo%/st pontine explants untreated or treated with Wnt-7a. Pclo*¥*t growth cones increase in
size upon treated with Wnt-7a but Pclo®¥et do not show a change (Pclo*¥*t = 1 £0.0534, n = 48 growth cones; Pclo""*+Wnt-7a=1.548 + 0.169, n=53
growth cones; Pclos¥st = 0.932 + 0.0711, n=49 growth cones; Pclo%¥et + Wnt-7a=0.866 + 0.0511, n=51 growth cones; 3 independent experiments,
2-way ANOVA, Pclo*¥* treated vs. untreated, p*** =0.0004; Pclo%st treated vs. untreated , p=0.877).

(D) Quantification of normalized growth cone complexity of Pclo*¥*t and Pclo%¥st pontine explants untreated or treated with Wnt-7a. No significant
changes were observed across conditions (Pclo*¥*=1 a.u. + 0.0689, n=48 growth cones; Pclo*¥*t + Wnt-7a=1.52 + 0.0967, n=53 growth cones; Pclo%’
9=0.921 + 0.113, n=49 growth cones; Pclo®’9'+Wnt-7a=0.801 + 0.0942, n=51 growth cones; 3 independent experiments, 2-way ANOVA, Pclow?*
treated vs. untreated, p=0.449; Pclo%¢ treated vs. untreated, p=0.615). Scale bar=20. Error bars represent SEM. Data points represent individual
growth cones.
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Figure 2: L oss of Piccolo leads to increased neuronal stem cell proliferation.
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(A) Immunobhistological stainings were performed on 20 um thick cryosections of 3-month-old Pclo*¥*t and Pclo%¥¢t brains. Espedially the region of
the dentate gyrus of the hippocampus was analyzed. Antibodies against doublecortin were used as marker for adult neuronal stem cells [27]. DAPI
was used to tag all cells present in the dentate gyrus area. Interestingly Pclo®¥st hippocampi display an increased number of doubelcortin/DAPI

positive cells compared to Pclo***t hippocampi.

(B) Quantification of DCX/DAPI positive cells in sections of the dentate gyrus. Pclos’s sections exhibit significantly more DCX/DAPI positive cells
compared to Pclo*v*t (Pclo*¥*: 91+/-14.35, n=4 independent experiments; Pclos¥9%: 175,7+/-18,46, n=3 independent experiments, students-t-test,

p<0.014,).

as an active zone protein, Piccolo could play a role in the regulated
release of neuropeptides from dense core vesicles in CCK-positive
interncurons. Further studies are neceded to test this hypothesis.
Intriguingly, CCK-positive cell bodies are also present throughout
the cerebellar granule cell layer and in brainstem areas which project
both mossy and climbing fiber afferents [30]. This localization is
concurrent with the core changes that we observe in Pclos’® cerebella,
indicating an exciting avenue for future investigation into the role of
neuropeptide secretion as a possible underlying mechanism.

Signaling pathways such as Wnt or CCK rely on two main
mechanisms: effective secretion of signaling factors from vesicles such
as dense core vesicles and localization and trafficking of receptors.
Both principles require molecular processes such as membrane/
vesicle or receptor trafficking. Indeed, we recently demonstrated
that Piccolo contributes to efficient synaptic vesicle traficking [31].
Specifically, we observed that loss of Piccolo disrupts the formation of
carly endosomes via the impaired recruitment of Pral to presynaptic
active zones [31]. Morcover, Zhang and colleagues revealed that
Piccolo is involved in membrane trafficking events in non-neuronal
cells, where it interacts with the EGFR pathway [32]. Both studies
indicate that Piccolo can indeed regulate membrane trafficking
events. Thus, Piccolo may well play an in/direct role in a number
of other signaling pathways; an activity that likely depends on its
tissue and subcellular distribution. During development, Piccolo
is highly expressed in lamellipodia and growth cones of migrating

and differentiating neurons, where it is thought to regulate the actin
cytoskeleton in response to Wnt signaling (Figure 1). Alternatively,
in mature neurons, it may affect the secretion of hormone and/or
neurotransmitter substances such as CCK influencing other cellular
signaling programs such as adult neurogenesis (Figure 2).

Importantly, Piccolo expression is not restricted to the brain,
but can be observed in other tissues of the body such as the gut,
liver, pancreas and the male and female reproductive system [12].
Piccolo’s function outside of the brain has not been extensively
studied; however, it has been described as having a role in the
secretion of insulin from pancreatic B-cells [21]. Again, Piccolo is
proposed to be involved in regulating membrane trafficking events
and thus the exocytosis/secretion of insulin from insulin-containing
granules [21]. Medrano et al. [19] found genes involved in hormonal
secretion pathways and in particular the GnRH signaling pathway
to be significantly altered in the Piccolo knockout model. Again,
membrane trafficking and or vesicle secretion secems a possible
underlying mechanism for the observed phenotypes.

To summarize, Piccolo is a large multi-domain scaffold protein
that can exist as alternatively spliced isoforms, some of which
are highly concentrated at sites of neurotransmitter release and
peptide secretion as well as structures that depend on the dynamic
assembly of the actin cytoskeleton and the recycling of receptors,
integral membrane proteins and the extracellular matrix. It is
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thus not surprising that its inactivation could cause a wide range
of phenotypes, as seen both in Pclot”® rats and individuals with
PCHB3. As yet, there is still a depth of knowledge to be gleaned in
this field, particularly with regard to Piccolo’s function outside of
the presynaptic active zone. There are interesting open questions to
answer: Firstly, is there a common cellular mechanism underlying
the different phenotypes such as fewer granule cells, altered mossy
fiber synapses, and increased neuronal stem cell numbers that we
observe? Secondly, how is Piccolo involved in other diseases such as
major depressive disorder or cancer?

Further elucidation of these questions could lead to effective
treatments for a number of psychiatric and peripheral diseases.
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