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ABSTRACT: The establishment and maintenance
of synaptic contacts as well as synaptic plasticity are cru-
cial factors for normal brain function. The functional
properties of a synapse are largely dependent on the mo-
lecular setup of synaptic proteins. Multidomain proteins
of the ProSAP/Shank family act as major organizing
scaffolding elements of the postsynaptic density (PSD).
Interestingly, ProSAP/Shank proteins at glutamatergic
synapses have been linked to a variety of Autism Spec-
trum Disorders (ASDs) including Phelan McDermid Syn-
drome, and deregulation of ProSAP/Shank has been
reported in Alzheimer’s disease. Although the precise
molecular mechanism of the dysfunction of these proteins
remains unclear, an emerging model is that mutations or
deletions impair neuronal circuitry by disrupting the for-
mation, plasticity and maturation of glutamatergic syn-
apses. Several PSD proteins associated with ASDs are
part of a complex centered around ProSAP/Shank

proteins and many ProSAP/Shank interaction partners
play a role in signaling within dendritic spines. Interfer-
ing with any one of the members of this signaling com-
plex might change the output and drive the system
towards synaptic dysfunction. Based on recent data, it is
possible that the concerted action of ProSAP/Shank and
Zn’* is essential for the structural integrity of the PSD.
This interplay might regulate postsynaptic receptor com-
position, but also transsynaptic signaling. It might be pos-
sible that environmental factors like nutritional Zn**
status or metal ion homeostasis in general intersect with
this distinct pathway centered around ProSAP/Shank
proteins and the deregulation of any of these two factors
may lead to ASDs. © 2013 The Authors. Developmental Neurobiol-
ogy Published by Wiley Periodicals, Inc. Develop Neurobiol 74: 136-146,
2014
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PROSAP/SHANK AND ASDS

The loss of one copy of ProSAP2/Shank3 in humans
contributes significantly to autistic behavior in Phelan
McDermid Syndrome (22q13 deletion syndrome)
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(Bonaglia et al., 2001 ; Phelan et al., 2001; Wilson
et al., 2003; Manning et al., 2004). Most cases of
Phelan McDermid Syndrome are due to de novo
breaks in the long arm of chromosome 22 causing a
microdeletion of chromosome 22 in which a portion
of the distal long arm (q) of the chromosome is miss-
ing (Wong et al., 1995). The syndrome is character-
ized by moderate to profound mental retardation,
neonatal hypotonia, global developmental delay, nor-
mal to accelerated growth, absent to severely delayed
speech (Manning et al., 2004), and minor dysmorphic
features (Phelan, 2008). The behavior is described as
“autistic-like” with tactile defensiveness, anxiety in
social situations, avoidance of eye contact, and self-
stimulatory behavior. Based on limited statistical



ProSAP/Shank PSD Scaffold Malformation: Role of Zinc 137

analysis, the occurrence rate has been estimated to
fall in the range 2.5-10 per million births (Trabacca
et al., 2011). This rate will likely increase with the
improvement of genetic tools, since so far, many
individuals with this deletion have required two or
more chromosome studies before the deletion was
detected (Phelan et al., 2001). At present, the treat-
ment for Phelan McDermid Syndrome is sympto-
matic and supportive and addresses the individual
symptoms of each patient. The haploinsufficiency of
the ProSAP2/Shank3 gene seems to provide the most
direct link of a ProSAP/Shank protein family member
to an ASD. Additionally, mutations associated with
autism have recently been reported in ProSAP1/
Shank2, ProSAP2/Shank3, and Shankl (Durand
et al., 2007; Moessner et al., 2007; Gauthier et al.,
2009; Berkel et al., 2010; Pinto et al., 2010; Sato
et al., 2012).

Mutations in ProSAP2/Shank3 linked to ASD were
the first to be found in a ProSAP/Shank family mem-
ber and included deletions, duplications, and point
mutations (Durand et al., 2007; Moessner et al.,
2007; Gauthier et al., 2009). Subsequently, mutations
associated with ASD were identified in ProSAP1/
Shank2 (Berkel et al., 2010; Pinto et al., 2010) and
more recently in Shankl (Sato et al., 2012). Intrigu-
ingly, mutations in ProSAP1/Shank2 (C1384T), as
well as ProSAP2/Shank3 (InsG3680) were found that
both might affect its ability to localize synaptically
due to the disruption of the ProSAP/Shank C-termi-
nal Zn*>*-binding SAM domain. However, ProSAP/
Shank proteins are not the sole genes to be directly
associated with ASD. Genomic mutations, deletions
or duplications associated with ASDs have been
found in multiple genes. A surprising number of
these mutations can be placed in a hypothetical path-
way at excitatory glutamatergic synapses, where
scaffold proteins like ProSAP1/Shank2, ProSAP2/
Shank3, Shank1, GKAP, or LASP1 can be found at
the postsynaptic density (PSD) (Grabrucker et al.,
2011a). Moreover, ProSAP/Shank proteins bind
trans-synaptic complexes of Neuroligins and Neurex-
ins (Meyer et al., 2004) that are cell adhesion mole-
cules which coordinate post- and pre-synaptic
structural plasticity (Arons et al., 2012). They also
cluster receptors at the PSD such as group I mGluRs
(Verpelli et al., 2011), which are influenced by
FMRP (fragile X mental retardation protein) (Hager-
man et al., 2010). Mutations/deletions in every pro-
tein mentioned above have already been associated
with ASDs. Nevertheless, it is possible that most of
the identified genes associated with ASDs are part of
a common mechanism that is not only influenced by
mutations or deletions of the genes, but also by the

environment (e.g. metal ion homeostasis) in which
the encoded proteins function.

PROSAP/SHANK AND ZINC

Chemical synapses serve as highly advanced cell
junctions in the body, which retain a remarkable plas-
ticity throughout their lifetime. This synaptic plastic-
ity determines the strength of synaptic transmission
based on the past activity of a synapse. This strength
can be modulated by either presynaptic or postsynap-
tic mechanisms and can last from a few hundred
milliseconds to weeks or even longer. Short-term
plasticity mechanisms are predominantly mediated
through local modifications of proteins, while long-
term plasticity leads to structural changes in synaptic
contacts and is dependent on de novo protein synthe-
sis (Lynch, 2004). Synaptic plasticity is considered as
the basis for all key functions of the brain, including
the processes of learning and memory.

Excitatory glutamatergic synapses are characterized
by a particularly complex postsynaptic cytomatrix, the
PSD. The PSD is a network of proteins that together
detect, transduce and integrate synaptic signals. Given
that ProSAP/Shank proteins occupy a central position
in the PSD and have a large variety of binding part-
ners, they can be considered to be master scaffolding
proteins of the PSD (Boeckers et al., 2002). Previous
studies demonstrated that the concerted action of Pro-
SAP/Shank and zinc ions is essential for the structural
integrity of the PSD (Grabrucker et al., 2011b).

Within the brain Zn>" plays a role in synaptic
transmission, serves as an endogenous neuromodula-
tor and is important for nucleic acid metabolism and
brain microtubule growth (Pfeiffer and Braverman,
1982). Zinc ions are enriched in presynaptic vesicles
of glutamatergic terminals (Frederickson et al., 2005)
and Zn*" that is released from the nerve terminal
binds to Zn®" receptors and glutamate-receptors
and/or enters the postsynaptic compartment (Assaf
et al., 1984; Howell et al., 1984; Li et al., 2001; Fred-
ericksen et al., 2005; Huang et al., 2008; Besser
et al.,, 2009). Intracellularly, Zn?" is found almost
exclusively bound to proteins. Jan et al. (2002) have
shown that the Zn*>* content of purified PSDs is rela-
tively high with 4.1 nmoles/mg protein and that in
vitro disassembled PSDs can be reassembled follow-
ing Zn** binding to certain Zn?"-binding proteins
(Jan et al., 2002) possibly including ProSAPs/Shanks
that are a critical part of the PSD.

ProSAP/Shank proteins (ProSAP1/Shank2 and
ProSAP2/Shank3) possess a C-terminal sterile-alpha-
motif (SAM) domain that is able to bind a Zn*".
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Currently, more than 100 different SAM domains
have been identified in mammalian genomes (Gun-
delfinger et al., 2006). However, not every SAM do-
main is able to bind Zn>* (Qiao and Bowie, 2005)
and SAM domains have multiple functions. One fea-
ture for instance is the ability to self-associate, form-
ing either oligomers or homo- or hetero-polymers or
in some instances binding to RNA and DNA (Qiao
etal., 2004; De Rycker and Price, 2004; Song et al.,
2005; Aviv et al., 2006; Oberstrass et al., 2006; Qiao
et al., 2006). In line with this, the ProSAP2/Shank3
SAM domain is able to self-associate (Naisbitt et al.,
1999) and may engender structural and functional
heterogeneity by the incorporation of different Pro-
SAPs/Shanks into heteropolymers. The ProSAP2/
Shank3 SAM domain and the ProSAP1/Shank2 SAM
domain are necessary for synaptic localization of the
protein (Boeckers et al., 2005), however, the role of
the Shankl SAM domain is less clear. The sequence
similarity among the SAM domains of the ProSAP/
Shank family members is very high with ProSAP2/
Shank3 sharing 72% and 68% identity with Shank1
and ProSAP1/Shank2, respectively (Gundelfinger
et al., 2006). However, a leucine residue in ProSAP2/
Shank3 (Leul742) is changed to a phenylalanine in
Shank1. This amino acid is critical for the formation
of sheets since mutation of Leul742 to alanine in
ProSAP2/Shank3 interferes with ProSAP2/Shank3
sheet formation. In contrast to ProSAP2/Shank3 and
ProSAP1/Shank2, the Shankl SAM domain is not
required for localization of Shankl to synapses
(Boeckers et al., 2005) and it is probably only suffi-
ciently targeted to PSDs with a preformed ProSAP2/
Shank3 and ProSAP1/Shank2 scaffold (Grabrucker
et al., 2011b).

The ProSAP2/Shank3 SAM domain forms a heli-
cal polymer and, with the ability of ProSAP2/Shank3
SAM domain polymers to align side by side, can
form a sheet-like structure (Baron et al., 2006). The
ProSAP2/Shank3 sheet therefore can be found as a
plane of helical fibers that leave the remaining
domains of ProSAP2/Shank3 unaffected. In this man-
ner, assembled sheets of ProSAP2/Shank3 are able to
interact with both PSD proteins and cytoskeletal
components.

Zn** binding regulates the packing density of the
ProSAP/Shank within sheets (Baron et al., 2006)
with Zn>" ions being recruited into large macromo-
lecular platforms assembled by the SAM domains
(Qiao and Bowie, 2005) of ProSAP2/Shank3 and
potentially ProSAP1/Shank2 (Baron et al., 2006;
Gundelfinger et al., 2006). The Zn>*-binding site in
the ProSAP/Shank SAM domain is located in a way
that assists sheet formation. In particular, Zn’>" seems
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to stabilize salt bridges across two SAM domain
interfaces by directly binding one amino acid in each
pair (Baron et al., 2006). Two of the three ProSAP/
Shank family members are able to effectively bind
Zn** via their SAM domains. Shank1 seems to stabi-
lize synapses in a Zn>" insensitive mechanism. Since
nascent PSDs appear to initially possess only Pro-
SAP1/Shank2 and ProSAP2/Shank3 (Boeckers et al.,
1999; Grabrucker et al., 2011b), it is possible that ini-
tial contacts can only be maintained in the presence
of a sufficient local Zn>* concentration. Furthermore
the artificial addition of Zn>" leads to increased clus-
tering and targeting of ProSAP1/Shank2 and Pro-
SAP2/Shank3, which suggests a possible mechanism
to alter local ProSAP/Shank protein levels
(Grabrucker et al., 2013). Keeping in mind that Zn**
is released with synaptic transmission, it is intriguing
that the ProSAP2/Shank3 sheets may quickly change
shape by assembly or disassembly of the sheet from
smaller units as a result of adding or removing SAM
domain interactions (Gundelfinger et al., 2006)
driven by the local Zn>" concentration. In line with
this, previous experiments have shown that cells
growing in Zn>* — depleted medium have less syn-
aptic ProSAP1/Shank2 and ProSAP2/Shank3 immu-
noreactive puncta per 10 pum dendrite length at
DIV10 using immunocytochemistry. CaEDTA and
TPEN [N,N,N',N'-tetrakis-(2-Pyridylmethyl)ethyle-
nediamine], two potent Zn>" chelators, trigger redis-
tribution of ProSAP2/Shank3 and ProSAP1/Shank2
from the synapse to a more diffuse and dendritic
localization in hippocampal neurons in culture (Grab-
rucker et al., 2011b).

ProSAP/Shank sheets within the PSD function as
docking sites for a large number of interacting pro-
teins. Thus it is reasonable that additional ProSAP/
Shank proteins may provide new docking sites and
influence the overall structure of the PSD. We previ-
ously proposed a model in which ProSAP/Shank pro-
tein expression as well as the amount of ProSAP/
Shank protein targeting to excitatory postsynapses
has an impact on proper synapse establishment and
maturation (Grabrucker et al., 2011a). This, in turn,
may lead to further downstream effects influencing
the number of interaction partners including Neuroli-
gin/Neurexins (Arons et al., 2012). Since Neurexin
and Neuroligin interact across the synaptic cleft this
has the potential to transmit changes in the PSD to
the presynaptic site. On the other hand, a down-regu-
lation of ProSAP/Shank, as found in Phelan McDer-
mid Syndrome, or Alzheimer’s disease patients,
might lead to a loss of sufficient scaffold molecules,
affecting the overall number and stability of the PSD.
The pathways through which these effects might
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unfold are still not well understood, but the connec-
tion to Neuroligin/Neurexin transsynaptic signaling
might, again, be an important factor. A Neurexin/
Neuroligin/Shank signaling pathway (Bourgeron,
2009) could not only be important to stabilize synap-
tic contacts, but also to mediate synaptic plasticity
and maturation.

The availability for additional binding sites for
exocytosed AMPAR might thus be dependent on ac-
tivity- and Zn?"-dependent increases in ProSAP2/
Shank3 scaffold proteins at the PSD. Conversely, a
decrease in AMPA receptor levels was shown in Pro-
SAP2/Shank3afi—/— mice (Bozdagi et al., 2011).
Additionally, the upregulation of ProSAP2/Shank3
protein levels at the PSD via Zn>" causes a transsy-
naptic signal. Recent data shows that an increase in
ProSAP2/Shank3 leads to an increase in presynaptic
protein levels and that this signal can be uncoupled
blocking Neuroligin—Neurexin complex formation
(Arons et al., 2012). Moreover, the increase in post-
synaptic ProSAP2/Shank3 also increased the vesicle
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pool in the terminal (Arons et al., 2012). Thus, taken
together, the regulation of ProSAP2/Shank3 via Zn?*
is at the center of two crucial features of synaptic ac-
tivity dependent plasticity—the increase in postsy-
naptic receptor density as basis for LTP, and the
coordination of presynaptic plasticity along with
postsynaptic changes.

Based on this, a model can be proposed (Fig. 1),
wherein synaptic activity releases Zn>" into the syn-
aptic cleft, as well as activating NMDA and AMPA
receptors. Zn>" may then translocate into the postsy-
napse and bind ProSAP2/Shank3 proteins, that are
part of a soluble pool, shifting some molecules to the
PSD bound pool and thus stabilizing or remodeling
the ProSAP2/Shank3 PSD scaffold. Alternatively, it
is possible that synaptic activity releases Zn>* from
postsynaptic stores such as mitochondria or from me-
tallothioneins (MTs) to which it is bound. Mice lack-
ing the vesicular Zn®>" transporter have reduced
presynaptic stores of Zn>". Initial observations
revealed no synaptic or behavioral deficits (Cole
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Figure 1 A model for postsynaptic Zn>" signaling via ProSAP2/Shank3 at glutamatergic synap-
ses. (Left) Synaptic activity leads to glutamate and Zn?" release from the presynaptic terminal fol-
lowed by activation of postsynaptic NMDA and AMPA receptors. Along with this, free Zn?*
enters into the postsynaptic compartment via channels such as NMDAR or AMPAR. However, syn-
aptic activity might also release Zn>* from MTs or other Zn>" stores. This Zn>" is able to bind
ProSAP2/Shank3 proteins that are part of a soluble pool shifting some molecules to the PSD bound
pool and thus stabilizing the ProSAP2/Shank3 PSD scaffold. In parallel, as a mechanism of LTP af-
ter synaptic activity and for instance mediated by the increase in postsynaptic Ca>* and the activa-
tion of CamKII, additional AMPARs might be trafficked to the postsynaptic membrane and
anchored to the PSD via newly attached ProSAP2/Shank3 PSD scaffold proteins. (Right) An
increase in postsynaptic size must be coordinated with presynaptic changes. Intriguingly, the upreg-
ulation of ProSAP2/Shank3 protein levels at the PSD leads to an increase in presynaptic protein
and vesicle levels mediated by Neuroligin—Neurexin complexes.
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et al,, 1999) in these mice but several subsequent
studies have shown that they have deficits in contex-
tual discrimination and spatial working memory
(Adlard et al., 2010; Martel et al., 2010; Sindreu
et al., 2011). Mice lacking the neuronally expressed
MT-3 in contrast show a reduction in brain Zn*" con-
centrations due to the absence of Zn*" bound to MT-
3 leaving the presynaptic stores unaffected (Erickson
et al., 1995, 1997). They display diminished social
interactions, mimicking aspects of ASDs, (Koumura
et al., 2009) as well as defects in synaptic transmis-
sion. Thus, presynaptically released Zn** (Fig. 1),
but more likely postsynaptically released Zn’>* or
both may contribute to ProSAP/Shank regulation of
glutamatergic synapses and the circuits in which
these synapses are critical.

However, each ProSAP/Shank family member
might contribute to makeup and plasticity of the syn-
apse in its own specific way. For example, the over-
expression of Shank! induces maturation of dendritic
spines without increasing synapse density, whereas
overexpression of ProSAP2/Shank3 induces the for-
mation of new synapses and even dendritic spines
(Roussignol et al., 2005; Grabrucker et al., 2011b).
Moreover, Shank1, that does not bind 7Zn>" and that
depends on its PDZ domain rather than its SAM do-
main for synaptic localization, forms a complex with
Homer in the PSD (Hayashi et al., 2009). Although
both ProSAP1/Shank2 and ProSAP2/Shank3 may
localize to synapses in a Zn>* dependent manner,
they might play different roles within the PSD. For
example, within the striatum, ProSAP1/Shank2
knockout mice partially compensate for the absence
of ProSAP1/Shank2 with ProSAP2/Shank3, and Pro-
SAP2/Shank3af knockout mice show a compensa-
tion for the loss of ProSAP2/Shank3 by ProSAP1/
Shank2 (Schmeisser et al., 2012). However, these
animals still show specific deficits in the glutamate
receptor composition with an increase in NMDA and
AMPA receptor levels in ProSAP1/Shank2—/— and a
decrease in AMPA receptor levels in ProSAP2/
Shank3o/—~/— mice (Schmeisser et al., 2012).
Although it may not be the sole factor for this com-
pensation, one might speculate that ProSAP1/Shank2
and ProSAP2/Shank3 proteins form heteropolymers
upon binding to Zn*>" at the PSD in widtype animals.
In knockout animals however, homopolymers will be
favored assuming equal Zn®>" concentrations in
knockout and wildtype animals. Thus a net increase
of the remaining family member is expected. How-
ever, the persistent alterations in receptor composi-
tion might indicate that homopolymeric ProSAP2/
Shank3 scaffolds have a higher capacity to cluster
glutamate receptors compared to homopolymeric
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ProSAP1/Shank?2 scaffolds. Given the importance of
the regulation of ProSAP2/Shank3 by Zn*", its defi-
ciency might impact ProSAP/Shank scaffolds leading
to synaptic defects.

ZINC AND ASDS

Previous studies have revealed a significantly
increased incidence of Zn®" deficiency in autistic
patients compared to controls (Walsh et al., 2001,
2002; Jen and Yan, 2010; Yasuda et al., 2011) as
well as an elevation of Cu?" in samples of subjects
with autism (Lakshmi Priya and Geetha, 2011).
Moreover, further studies underlined that the cu*ty
Zn*" ratio is increased in subjects with autism (Faber
et al., 2009). Cu®" and Zn>" have competing roles
within the body with Cu®*" overload causing Zn*>*
deficiency (Hall et al., 1979; Huster 2010) and the
Cu®"/Zn*" ratio has been proposed as a biomarker
for children with autism (Faber et al., 2009). How-
ever, based on recent data, Zn>" deficiency—espe-
cially maternal Zn*>" deficiency during pregnancy -
might not only be a biomarker for autism, but a risk
factor. In a recent study, hair Zn’>" concentrations
from 1967 children with autism were investigated
and an incidence of Zn>" deficiency in the infant-
group aged 0-3 year-old was found with 43.5 % in
males and 52.5 % in females (Yasuda et al., 2011):
dramatically higher than the <1 % in the normal pop-
ulation. Taken together, these findings suggest that
infantile Zn®>* deficiency may contribute to the
pathogenesis of autism (Yasuda et al., 2011). Intrigu-
ingly, much evidence has accumulated that Zn’>*
deficiency causes neuropsychological symptoms,
learning and memory impairments (Golub et al.,
1995), and behavioral and emotional problems in ani-
mal models and human subjects (Shankar and Prasad,
1998). Moreover, Zn>"t deficiency leads to an
enhancement of glutamate excitotoxicity and is there-
fore associated with the occurrence of seizures. Inter-
estingly, many patients with autism suffer from
epilepsy (Tuchman and Cuccaro, 2011). It remains to
be seen to what extent ProSAP/Shank function is a
target of Zn>" deficiency, although the affects on glu-
tamatergic synapses are consistent with this notion.
In the telencephalon, all presynaptic boutons
containing vesicular Zn>* establish glutamatergic
synapses that typically involve dendritic spines
(Pérez-Clausell and Danscher, 1985). However, not
every brain region contains “zincergic” synapses.
Interestingly, neuronal projections from or to subcort-
ical structures are largely devoid of presynaptic
Zn**. Instead, zincergic projections selectively link
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Figure 2 Candidate genes influenced by Zn** or involved in Zn>" signaling and metal ion home-
ostasis associated with the development of ASDs. In the extracellular space, receptors like NMDAR
and TrkB bind Zn>". Intracellular Zn>" is mostly bound to metal-binding proteins of which the me-
tallothionein family (MTs) is the most abundant. MTs are cysteine-containing proteins with high af-
finity for Zn>*. Additionally, Zn>* can associate with the SAM domains of ProSAP1/Shank2 and
ProSAP2/Shank3. Downstream signals, including the Erk1/2 MAP kinase pathway, are activated
by Zn** and Zn>" is an essential co-factor for MTF-1, a transcription factor binding to metal
response elements in the promoter region of genes. COMMDI1 and ZnT5 might have a role in the
general regulation of Zn>" levels, given that ZnT5 is a Zn>" transporter expressed in enterocytes
and COMMDI influences the intracellular Cu®* which, in turn, affects 7Zn>" homeostasis.

cortical and limbic structures (Sindreu and Storm,
2011). This suggests that zincergic neurons may be
part of a subnetwork of projections found within the
cortical system. Moreover, not every synapse within
brain areas containing zincergic synapses has vesicu-
lar Zn**. Measurements in the CA1 region of the hip-
pocampus indicate that about 50 % of Schaffer-
collateral synapses may be zincergic (Sindreu et al.,
2003). However, the hippocampal mossy fibers are
an exception, since all mature dentate gyrus granule
cells appear to establish zincergic terminals. Within
the developing striatum, Zn”>" appears in striatal
patches innervated by so called dopamine island

fibers (Vincent and Semba, 1988). This rather selec-
tive distribution of zincergic synapses when corre-
lated with behavioral deficits in mouse models may
reveal interesting information about putative patho-
mechanisms of ASDs.

Intriguingly, several candidate genes that are asso-
ciated with the development of ASDs, such as metal-
lothioneins (MTs), ZnT5, ERK1, COMMDI1, MTF1
(metal responsive transcription factor-1), TrkB, Pro-
SAP1/Shank2, and ProSAP2/Shank3 (Serajee et al.,
2004; Huang et al., 2008; Levy et al., 2011; O’Roak
et al.,, 2011; Grabrucker et al., 2011a; Nuttall and
Oteiza, 2012; Sanders et al., 2012) are influenced by

Developmental Neurobiology
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Figure 3 Transsynaptic signaling is determined by the amount of ProSAP2/Shank3 at the postsy-
naptic spine (ProSAP2/Shank3 in a soluble pool and PSD bound pool, here defined as concentration
(C) of ProSAP2/Shank3 (Pr2/SH3): Cp,,;sn3) and by the releasable pool of Zn>" (concentration (C)
of Zn**-ions (Zn): Cg,) determining the increase of ProSAP2/Shank3 after synaptic activity.
Assigning values of 1 to 20 to Cp,o/sp3 and Cz, with 10 being the “normal” state of a synapse, with
transsynaptic signaling = (Cz, + Cp;y/sn3)/2 one can calculate the resulting signal. Shown are two
examples, one of synaptic activity = Cz, +3 and one with Zn*>* deficiency = Cg, -3. Phelan
McDermid Syndrome in turn decreases Cp,o/sh3-

Zn** or involved in Zn®>* signaling and metal ion ho-
meostasis (Grabrucker, 2012), and might play a role
at zincergic synapses (Fig. 2). For instance, Zn>" is
an essential co-factor for MTF-1, a transcription fac-
tor that binds to metal response elements in the pro-
moter region of MT genes mediating their response
to Zn>" (Andrews, 2001; Wimmer et al., 2005). MTs
are cysteine-containing, intracellular proteins with
high affinity for Zn?* and other metals (Andrews,
2000). However, Zn>" is a highly efficient cofactor
regulating MT expression (Park et al., 2001) enhanc-
ing MT-3 production in the hippocampus, amygdala
and pyriform cortex (Faber et al., 2009) and increas-
ing levels of vesicular Zn?". The transmission of a
single nucleotide polymorphism (SNP) of the MTF1
gene was found to be associated with autism (Serajee
et al., 2004). Given the importance of MTF1 for the
regulation of MTs, mutations in MTF1 may adversely
affect the utilization of Zn*>" stores within synapses.
Moreover, Zn>" activates TrkB by an activity-regu-
lated mechanism at the PSD of excitatory synapses
(Huang et al., 2008). Molecules downstream of TrkB,
including the Erk1/2 MAP kinase pathway, are simi-
larly activated by Zn>" in cultures.

Zn*" gets absorbed in the gastrointestinal tract.
However, how circulating 7Zn>t crosses the blood—
brain barrier and enters the brain or CSF is not well
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understood, although active transport is likely. Also
uptake of Zn>" into the blood is important and might
be compromised in some cases. ZnT5 (Wang and
Zhou, 2010) is one of several Zn>t transporters in
enterocytes and other tissues (Jackson et al., 2008).
ZnTS5 has been associated with autism. The transporter
might be involved in both, uptake and efflux of Zn>*
where mutations might contribute to a general deregu-
lation of Zn*" homeostasis affecting brain function.
Zn*" deficiency may occur in utero from maternal mal-
nutrition or from increased exposure to heavy metals
such as copper. In utero, mammals that have decreased
levels of MTs may use up Zn>" reserves faster com-
pared to fetuses with normal MT function (Faber et al.,
2009). Thus, taken together, a transient Zn>* deficiency
in a critical time window of development might be able
to modify a synaptic pathway associated with autism
and influenced by Zn**. Indeed, Zn*" deficiency in
pregnant rhesus monkeys has effects on the social
behavior of infants (Sandstead et al., 1978).

CONCLUSIONS

Despite shared characteristics like abnormal social
behavior, communication deficits, and repetitive or
stereotyped behaviors, a great deal of heterogeneity
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exists among ASD patients suggesting a complex eti-
ology. Recent studies point to a strong genetic contri-
bution to ASDs and mutations/deletion/duplications
associated with ASD have been found in multiple
genes (Li et al., 2012). Unfortunately, our informa-
tion on how these genes function on a molecular level
is incomplete and leaves open how their disturbance
causes ASDs. On the other hand, environmental fac-
tors have been long discussed to play a role in ASD,
either as cause or modifiers. For example, Zn>" defi-
ciency has been discussed extensively as risk factor
for ASDs (Curtis and Patel, 2008; Grabrucker, 2012).
Thus, it is increasingly likely that there are well
defined pathways associated with the development of
ASD and that these pathways can be influenced by
the environment. ProSAP2/Shank3 might be at the
nexus between environmental and genetic makeup.
ProSAP2/Shank3 is heavily influenced by the local
Zn** concentration which is regulated by abundance
of metal ion homeostasis proteins and environmental
factors like nutritional metal ion uptake. Intriguingly,
aZn>" deficiency is found in many ASD patients.

In view of the data linking ProSAP2/Shank3, Zn>"
and synaptic transmission, one might postulate a sim-
ple model, where the transsynaptic signaling is deter-
mined (1) by the amount of ProSAP2/Shank3 at the
postsynapse. While ProSAP2/Shank3 in a soluble
pool contributes to the potential of the postsynapse to
undergo activity-dependent changes, the PSD bound
pool determines the actual transsynaptic signal. How-
ever, given a constant turnover between the two pools
and a shift from the soluble to the PSD bound pool
upon activity, the amount of ProSAP2/Shank3 in
both pools contributes to the signaling output. Thus,
the concentration (C) of ProSAP2/Shank3 (Pr2/SH3):
Cpiosus 1s comprised of the total amount of
ProSAP2/Shank3 at the postsynapse in this model
(Fig. 3), (2) by the releasable pool of Zn>". The
releasable pool of Zn>" might be determined for
instance by the amount of MTs in the postsynapse or
by the rate of influx of Zn>" released from the presy-
napse. Unknowing the contribution of the putative
sources for Zn’>", the amount of Zn>" available for
ProSAP2/Shank3 proteins is defined as concentration
(C) of Zn*" (Zn): Cy, in this model and determines
the increase of ProSAP2/Shank3 after synaptic activ-
ity (Fig. 3). From this model, it can be concluded that
for a glutamatergic synapse, to mediate pre- and post-
synaptic activity-dependent changes, the presence of
both, functional ProSAP2/Shank3 proteins and Zn>"
is important. On an ultra-structural level, Zn** sup-
plementation or depletion causes alterations in PSD
thickness and area in vitro (Grabrucker et al., 2011b).
However, not all components of the PSD are linked

to ProSAP2/Shank3. While much evidence indicates
an interaction with GKAP, PSD95, and NMDAR,
other PSD anchored receptors may have a weaker
association with the ProSAP/Shank scaffold. Thus,
the local Zn>" concentration may affect the degree of
higher order structure within the PSD in a way that
certain “modules” will be selectively enriched. It is
possible that this lack of synaptic “fine tuning” when
Zn** levels are low during development results in a
pathology on the synaptic level, but also on the cir-
cuit level. Thus, Zn** might provide a mechanism of
gene/environment interaction via ProSAP2/Shank3
regulation and (maternal) Zn*>* deficiency might be a
major risk factor for the development of ASDs.

In the coming years, studies of treatment to
enhance glutamatergic synaptic signaling will reveal
its potential in treatment of neuropsychiatric disor-
ders such as ASDs. Therapies attempting to influence
brain Zn"-levels by preventing release, blocking ion
channels, supplementing Zn>* and buffering Zn>*
concentration have become increasingly important in
the treatment of neurological and neuropsychiatric
diseases (Bitanihirwe and Cunningham, 2009). Espe-
cially in Phelan McDermid Syndrome, assessment of
the Zn?>" status will be interesting and Zn>* supple-
mentation, influencing the ProSAP2/Shank3 levels
provided by the intact copy of the gene may be a
promising approach. However, Zn®" is taken up
actively into the CNS via the blood brain barrier and
targeted Zn>" delivery into the CNS may require
novel tools to tackle this task (Grabrucker et al.,
2011c,d).

AMG is supported by Baustein 3.2 (L.SBN.0083) and
the DAAD.
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