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Various recent studies revealed that biometal dyshomeostasis plays a crucial role in the pathogenesis of neurological disorders such
asautism spectrum disorders (ASD). Substantial evidence indicates that disrupted neuronal homeostasis of different metal ions such
as Fe, Cu, Pb, Hg, Se, and Zn may mediate synaptic dysfunction and impair synapse formation and maturation. Here, we performed
in vitro studies investigating the consequences of an imbalance of transition metals on glutamatergic synapses of hippocampal
neurons. We analyzed whether an imbalance of any one metal ion alters cell health and synapse numbers. Moreover, we evaluated
whether a biometal profile characteristic for ASD patients influences synapse formation, maturation, and composition regarding
NMDA receptor subunits and Shank proteins. Our results show that an ASD like biometal profile leads to a reduction of NMDAR
(NR/Grin/GIuN) subunit1and 2a, as well as Shank gene expression along with a reduction of synapse density. Additionally, synaptic
protein levels of GluN2a and Shanks are reduced. Although Zn supplementation is able to rescue the aforementioned alterations,
Zn deficiency is not solely responsible as causative factor. Thus, we conclude that balancing Zn levels in ASD might be a prime

target to normalize synaptic alterations caused by biometal dyshomeostasis.

1. Introduction

Autism spectrum disorders (ASD) are a group of neu-
rological disorders currently considered to manifest from
a synaptic dysfunction or synaptopathy [1]. In particular
synapse formation and/or synaptic signal transduction and
plasticity might be affected based on the identified candidate
genes from large-scale genetic studies. However, most likely,
environmental factors contribute to the etiology of ASD [2].

A strong association between imbalance in trace metal
homeostasis and ASD has been reported in numerous stud-
ies [3]. Recent findings indicate that metallomic profiles
of ASD patients show numerous alterations. For example,
deficiencies for Zn, Ca, Fe, Mg, Mn, and Se as well as
increased concentrations for Al, As, Cd, Hg, and Pb were
noted in hair samples of autistic patients [4, 5] and the burden

of toxic metals in patients showed a correlation with the
severity of the autism phenotype [6]. This complex scenario
prompted us to investigate the interplay and effects of a
dyshomeostasis of different metal ions and the resultant
pathological alterations of synapses.

In the past, many studies have been carried out to
investigate the essentiality and toxicity of trace metals, using
cells in culture [7-12]. This research has identified various
trace metals considered nowadays as essential (biometals),
neutral, or toxic for vertebrates. Of course, also biometals can
be harmful in excessive concentrations. Thus, the difference
between toxic and essential elements is based on the narrow
window of concentrations, where the physiological function
of biometals is seen [13]. However, trace metals do not act
as separate entities influencing mechanisms or pathomech-
anisms in cells but exist in a careful orchestrated equilibrium
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[3]. To study this equilibrium that not only involves biometals
but also toxic metal ions an organism is exposed to, on cellular
level in vitro, we have carried out experiments on metal ions
such as aluminum (Al), cadmium (Cd), copper (Cu), iron
(Fe), mercury (Hg), magnesium (Mg), lead (Pb), selenium
(Se), and zinc (Zn), using primary hippocampal neurons.

To test for downstream effects of imbalance of any one
metal ion, which might lead to a domino effect and produces
changes in all other metal ions, the present report describes
the effects of heavy metal ions and the interaction among
Cd, Cu, Hg, Pb, Se, and Al with Zn in cultured cells. First,
we analyzed the effect of metal overload of a single trace
metal on various synaptic parameters by chronic treatment
of primary rat neuronal cultures with metal chlorides. Next,
we determined the effect of metal overload of Cd, Cu, Hg,
and Pb in combination since these metals were frequently
described elevated in ASD patients. We further analyzed
whether the absence of Zn and Fe, a common feature in
ASD patients, modifies the effect of high Cd, Cu, Hg, and Pb
levels. Finally, we investigated whether Zn supplementation is
able to overcome synaptic defects induced by the trace metal
profile characteristic for ASD patients.

2. Material and Methods

2.1. Materials. ZnCl,, CuCl,, CdCl,, FeCl,, SeCl,, AlCL,,
MgCl,, HgCl,, and PbCl, were purchased from Sigma-
Aldrich. Zinpyr-1 was purchased from Sigma-Aldrich. Pri-
mary antibodies were purchased from Sigma-Aldrich (Map2,
GluN1, and Shankl for WB), Synaptic Systems (Bas-
soon, Homerlb/c, Shank3), Merck Millipore (GluN2a and
GluN2b), and Novus Biological (Shankl for IF). Shank2
antibodies have been described previously [14]. Secondary
antibodies Alexa were purchased from Life Technologies.
Unless otherwise indicated, all other chemicals were obtained
from Sigma-Aldrich.

2.2. Hippocampal Culture from Rat Brain. The preparation of
hippocampal cultures was performed essentially as described
before [15] from rat (embryonic day 18; E18). After prepara-
tion the hippocampal neurons were seeded on poly-1-lysine
(0.1 mg/mL; Sigma-Aldrich) glass coverslips in a 24-well plate
at a density of 3 x 10* cells/well or 10 cm petri dish at a density
of 2.5-3 x 10° cells/dish. Cells were grown in Neurobasal
(NB) medium (Life Technologies), complemented with B27
supplement (Life Technologies), 0.5 mM L-Glutamine (Life
Technologies), and 100 U/mL penicillin/streptomycin (Life
Technologies) and maintained at 37°C in 5% CO,. Neurobasal
medium with each of the three complements is referred to
as NB+++. All animal experiments were performed in com-
pliance with the guidelines for the welfare of experimental
animals issued by the Federal Government of Germany and
by the local ethics committee (Ulm University), ID number:
0.103.

2.3. Immunocytochemistry. For immunofluorescence, the
primary cultures were fixed with 4% paraformaldehyde
(PFA)/1.5% sucrose/PBS at 4°C for 20 min and processed
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TaBLE L: Depletion of divalent metal ions by Chelex 100 purification
of growth media. Chelex chelating ion exchange resin has high
preference for copper, iron, zinc, and other divalent heavy metals
over monovalent cations such as sodium and potassium with a
selectivity for divalent over monovalent ions of approximately 5,000
to 1. To control the efficacy of ion chelation, the Zn concentration
of Neurobasal medium was measured by ICP-MS, before and after
application of Chelex. Additionally, the growth medium was sup-
plemented with 50 UM ZnCl, and subsequently subjected to metal
depletion. In both cases, Zn levels dropped below the detection limit
after purification of the media by Chelex treatment.

Average Zn
Medium concentration
[tmol/L]
Neurobasal 1.42
Neurobasal + Chelex100 Below detection limit
Neurobasal + 50 uM Zn 443

Neurobasal + 50 uM Zn + Chelex100 Below detection limit

for immunohistochemistry. After washing 2x 5min with Ix
PBS with 0.2% Triton X-100 at RT, blocking was performed
with 10% FBS/Ix PBS for 1h at RT, followed by the primary
antibody at RT for 2h. After a 3x 5min washing-step with
1x PBS, incubation with the second antibody coupled with
Alexa488, Alexa568, or Alexa647 followed for 1h at RT.
The cells were washed again in 1x PBS for 10 min and
counterstained with DAPI and washed for 5 min with aqua
bidest and mounted with Vecta Mount.

2.4. Treatment of Hippocampal Cells. Cells were treated for
4 days with ZnCl, (10-200 M), CuCl, (10-200 uM), CdCl,
(1-10 uM), AICI, (10-500 M), HgCl, (1-10 M), MgCl, (10-
200 uM), PbCl, (10-500 M), SeCl, (1-10 uM) and FeCl, (10-
400 uM), or ZnCl, (50 uM) and CuCl, (120 uM) combina-
tions, ZnCl, (50 uM) and CdCl, (5 uM) combinations, ZnCl,
(50 uM) and HgCl, (5 uM) combinations, ZnCl, (50 uM) and
PbCl, (5uM) combinations, or ZnCl, (50 uM) and SeCl,
(6 uM) combinations.

Metal deficient Neurobasal medium (Life Technologies)
was generated using Chelex 100 Resin, 200-400 dry mesh
size, sodium form (BioRad). Chelex 100 Resin was used
according to the manufacturer’s instructions (batch method)
and the pH of the medium readjusted using hydrochloric
acid. Additionally, in some conditions, original metal con-
centrations of some or all chelated metals were reestab-
lished according to the Neurobasal Medium (1x) liquid
media formulation using CaCl,, Fe(NO;);*9H,0, MgCl,,
and ZnSO,*7H,0. The efficacy of chelation of divalent
metals was controlled by inductively coupled plasma mass
spectrometry (ICP-MS) (Table 1).

2.5. Measurement of Trace Metal Concentrations. The trace
metal concentration of growth media was measured by ICP-
MS at the “Spurenanalytisches Laboratorium Dr. Baumann”
(Maxhiitte-Haidhof, Germany).

For fluorescent Zn-staining of cultured neurons, growth
medium was discarded and the cells were washed three times
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with PBS. Coverslips were incubated with a solution of 5 M
Zinpyrl in PBS for 1 h at RT.

2.6. Protein Biochemistry

2.6.1. Protein Fractionation. To obtain P2 fractions from
hippocampal cultures, DIV 14 cells exposed to different
compounds of interest for the indicated times were har-
vested and homogenized in homogenization buffer (320 mM
sucrose, 10 mM HEPES, pH 7.4) containing protease inhibitor
mixture (Roche). Cell debris and nuclei were removed by cen-
trifugation at 3,200 rpm for 15 min resulting in supernatant
S1 (soluble fraction) and pellet P1 (membrane associated
fraction). Supernatants (S1) were centrifuged for 20 min at
11,200 rpm, resulting in S2 (soluble fraction) and P2 (crude
synaptosomal fraction). The resulting pellet P2 was resus-
pended in homogenization buffer to perform Bradford and
analyzed by western blotting.

2.6.2. Western Blotting. Proteins were separated by SDS-
PAGE and blotted onto nitrocellulose membranes. Immuno-
reactivity was visualized using HRP-conjugated secondary
antibodies and the SuperSignal detection system (Pierce,
Upland, USA).

2.7. qRT PCR. First strand synthesis and quantitative real-
time-PCR amplification were performed in a one-step, single-
tube format using the QuantiFastTM SYBR_Green RT-PCR
kit from Qiagen according to the manufacturer’s protocol
in a total volume of 20 4L and gene specific QuantiTect
Primer Assays (Qiagen). Thermal cycling and fluorescent
detection were performed using the Rotor-Gene Q real-time
PCR machine (model 2-Plex HRM) (Qiagen). The SYBR
Green I reporter dye signal was measured. Resulting data
were analyzed using the HMBS gene as an internal standard
to normalize transcript levels. All quantitative real-time PCR
reactions were run in technical triplicates.

2.8. Statistic

2.8.1. Synapse Measurement. Acquisition and evaluation of
all images were performed under “blinded” conditions. For
cell culture experiments 10 cells of each condition were
imaged. Fluorescence images were obtained using an upright
Axioscope microscope equipped with a Zeiss CCD camera
(16 bits; 1280 x 1024 ppi) using Axiovision software (Zeiss)
and Image] 1.49i. Statistical analysis was performed using
Microsoft Excel for Macintosh and tested for significance
using ¢ tests (all values were normally distributed).

2.8.2. Western Blot Quantification. Evaluation of bands from
Western blots (WBs) was performed using Image]. Three
independent experiments were performed and blots imaged
using a MicroChemi Imaging System from Biostep. The
individual bands were selected and the integrated density
was measured. All WB bands were normalized to S-III-
tubulin or beta-actin and the ratios averaged and tested for

TABLE 2: Biometal profile seen in many ASD patients [3] derived
from measurements of hair and serum samples.

Metal Increase Decrease
Cu )

Fe !

Hg 7

Mn 1

Pb T

Se 1

Zn 1

significance with a level of significance set at 0.05 (<0.05%;
<0.01""; <0.001"*™).

2.8.3. qRT PCR Quantification. Relative quantification is
based on internal reference genes to determine virtual mRNA
levels of target genes. Cycle threshold (Ct) values were
calculated by the Rotor-Gene Q Software (version 2.0.2). Ct
values were transformed into virtual mRNA levels according
to the formula: virtual mRNA level = 10 * ((Ctyyrgery —
Ct(sandary))/slope of standard curve).

3. Results

In our previous study [3], we reported characteristic biometal
profiles in neurological disorders. In ASD, several trace
metals are known to be either depleted or to occur in excess
(Table 2). Therefore, to understand the consequences of all
these alterations in trace metals for synapses, in a first set of
experiments, we aimed to analyze first the influence of each
trace metal on cell health and synapse numbers separately
(Figures SIA and B in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/985083 and Figure 1).
To that end, we treated hippocampal neuronal cell cultures
between DIV 10 and DIV 14 with different concentrations
of the trace metals Al, Cd, Cu, Fe, Hg, Mg, Pb, Se, and
Zn. As expected, a linear correlation between metal levels
and the amount of cell death was found, especially for Cd,
Cu, and Zn (Figures 1(a) and 1(b)). However, not all metals
display this correlation. We could not detect significant cell
death over a wide spectrum of concentrations for Al, Fe,
and Pb. Additionally, for Hg and Se, an exponential increase
in cell death beyond a certain concentration was observed.
Exposure of cells to Mg increased cell survival in a low
concentration range and with higher concentrations leading
to cell death (Figures 1(a) and 1(b)). Treatment with mannitol
was used to exclude the influence of osmotic stress on cell
health (Figure S1C). Based on the correlation between cell
health and the concentration of a certain trace metal applied,
LD, concentrations were calculated for each metal (Figure
SID). Glial cells that were present to a low extent in the
neuronal cultures were much more resistant to alterations
in trace metal concentrations and showed no signs of cell
death in the toxic concentration range seen for neuronal cells
(Figure S1E).
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F1GURE 1: Continued.
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FIGURE 1: Toxicity profiles of trace elements in primary hippocampal neuronal cell culture. ((a), (b)) The amount of cell death was calculated
using various concentrations for each trace metal by assessing the number of neuronal apoptotic nuclei (identified by MAP2 and DAPI
staining) per optic field (from 5 fields of view and n = 3 cultures) normalized against the total number of neurons per optic field. The results
show no changes in cell health over a wide spectrum of concentrations for Al, Fe, and Pb, and a linear correlation between metal level and cell
death for Cd, Cu, and Zn. A linear correlation might also exist for Hg and Se although an exponential increase in cell death beyond a certain
concentration is more likely. Addition of Mg increased cell survival in a low concentration range and with higher concentrations leading to
cell death (a). (b) Using t-tests, P values were calculated to evaluate, whether changes between different concentrations compared to untreated
control cells are significant. (c) As an alternative read-out, the number of primary, secondary, and tertiary dendrites was investigated. Cells
were stained with MAP2 antibody. As signs of cell death, neurons show fragmentation (pinching off) dendrites, starting with branches more
distal from the soma. Dendrites showing signs of fragmentation were not counted. High concentrations of metals that were shown to lead
to cell death ((a), (b)) lead to a reduction in dendritic branching starting from tertiary dendrites and also affecting secondary and primary
in the most toxic cases. Although, for some metal, no significant cell death in a certain concentration was seen, and already a fragmentation
of dendrites is visible (e.g., 5 M Hg). Mg and Zn show a significant increase in dendritic branching restricted to tertiary dendrites in a
lower concentration range. (d) To assess whether some trace elements display a synaptogenic effect, synapses were labeled using Bassoon
fluorescence and the number of Bassoon positive puncta was measured per 10 ym dendrite length on primary dendrites (3 dendrites per cell,
10 cells in total per metal and concentration). While synapse number is decreased correlating with toxic effects for most metal ions, such as
Cd, Cu, and Se, an increase in synapse number can be seen for Fe and lower concentrations of Mg and Zn (seen as a trend). ((a)-(d)) All cells
were treated with metals between DIV 10 and DIV 14 before analysis.

Furthermore, the number of primary, secondary, and Since, for some metal ions, we could determine an
tertiary dendrites of neurons after treatment was investigated. ~ effect on synapses independent of a possible cellular toxicity
Given that neurons show a fragmentation of dendrites,  (Figure 2), a role of these metals in synapse formation and/or

starting with branches more distal from the soma as first  stabilization is likely. For example, Mg shows only a weak
sign of affected cell health, a decrease in dendritic branching  correlation due to its nontoxic effects on neurons over a wide
might reveal cells that did not show apoptotic nuclei yet  concentration range. Additionally, supplementation of both
already suffered from the exposure to trace metals. Similar ~ Zn and Se, in low concentrations increased synapse density,
to the results shown above, high concentrations of metals ~ which then can be found increased compared to untreated
that were shown to lead to cell death led to a reduction  control despite ongoing cell death.

in dendritic branching starting from tertiary dendrites and Based on the findings described above, it might be possi-
also affecting secondary and primary in the most toxic  ble that the absence of a synaptogenic effect of some metals
cases (Figure 1(c)). Indeed, although, for some metal, no such as Zn and the toxic effects of others act in combination
significant cell death in a certain concentrations was seen, in ASD when deficiencies and overload of certain trace
already a fragmentation of dendrites is visible. Interestingly, =~ metals occur in parallel. Therefore, we established a biometal
supplementation of Mg and Zn in a low concentration leads ~ profile resembling the assumed trace metal alterations in ASD
to a significant increase in dendritic branching restricted to  patients and evaluated the consequences on cell health and
tertiary dendrites (Figure 1(c)). especially on synapses.

The loss of synapses is an accompanying factor of neu- Hippocampal neurons were grown from DIV 10 to
rodegeneration. Therefore, a decrease in synapse number is ~ DIV 14 in cell culture media containing different sets of
expected to correlate with the toxic effects of trace metalsand ~ trace metals: control cells (Ctrl) were grown in trace metal
the resulting cell death. Indeed, the quantification of synapse ~ depleted Neurobasal medium that was reconstituted for all
density in treated neurons and compared to untreated control ~ depleted trace metals (Mg, Ca, Fe, and Zn) according to the
cells shows a correlation of toxic effects and synapse loss for =~ manufacturer’s indicated metal concentrations. In none of the
metal ions, such as Cd, Cu, and Se (Figure 1(d), Figure SIF). readouts, we could observe differences between original and
However, an increase in synapse number can be seen for Fe  reconstituted Neurobasal medium (Figure S2). Additionally,
and lower concentrations of Mg and Zn (Figure 1(d), Figure ~ cells were grown in Neurobasal medium with addition of
SIF). putative toxic metals (0.5uM Cd, Cu, Hg, and 2uM Pb)
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FIGURE 2: Effect of trace metals on synapse formation or stability. While the observed decrease in synapse number can be correlated with the
overall cell death of neurons in culture for Cd, Cu, and Hg (left panel), no correlation was found for Al, Fe, and Pb that did not significantly
alter cell health. Mg shows only a weak correlation due to its nontoxic effects on neurons over a wide concentration range. Both Zn and Se
may display even increased synapse numbers despite ongoing cell death.

found to be increased in ASD patients (ASD1). Control cells
for this condition were grown in Neurobasal medium. In
a third condition, cells were grown in trace metal depleted
Neurobasal medium that was reconstituted only for Mg and
Ca, with addition of the putative toxic metals (0.5 uM Cd, Cu,
Hg, and 2 yuM Pb) (ASD2). ASD2 growth medium, therefore,
with Fe and Zn deficiency and overload of Cd, Cu, Hg, and
Pb resembles the characteristic biometal profile found in ASD
[3].

Cells exposed to ASD2 medium indeed displayed a
significant reduction in cell health visible by an increased
number of apoptotic nuclei and increased dendritic fragmen-
tation (Figures 3(a) and 3(b)). The number of synapses per
10 ym dendrite length assessed by quantification of Bassoon
and Homerlb/c positive puncta was significantly reduced in
cells growing in medium resembling the biometal profile
found in ASD patients (ASD2) (Figure 3(c)). Along with a
reduction in the number of synapses, gene expression levels
of synaptic receptors such as NMDAR (GluN1, GluN2a, and
GluN2b) as well as the Zn dependent Shank scaffold proteins
(Shankl, Shank2, and Shank3) show significant alterations
(Figure 3(d)). While the presence of putative toxic metals
increased in ASD patients (ASD]) is sufficient to significantly
increase GluN2b expression levels, GluN1 and GluN2a and
Shankl, Shank2, and Shank3 mRNA levels are only signifi-
cantly altered in case of an additional Zn and Fe deficiency
(ASD2). Fluorescent readouts for Shank proteins show a
reduction on protein level under ASD1 conditions, while the
remaining synapses under ASD2 condition display normal
Shank levels (Figure 3(e)). However, analysis using protein
biochemistry shows that, overall, Shank protein concentra-
tions are reduced in the P2 fraction of cells growing under
ASD2 condition (Figure 3(f)). Additionally, similar to the
decrease of mRNA levels of NMDAR subunits, we detected
significantly less GluN2a protein and a trend towards a

decrease of GluN2b protein levels in cells grown in ASD2
medium. Furthermore, ZnT-1expression levels, a Zn exporter
recently described as being enriched at postsynapses [16],
reacts very sensitively to changes in trace metal concen-
trations as those induced by application of ASD2 medium
(Figure 3(f)).

Finally, in a last set of experiments, we wanted to deter-
mine, whether the addition of a single specific trace metal
might lead to a rescue in the observed phenotype after
inducing an ASD like biometal profile in cell culture or
whether all alterations need to be addressed separately. Given
that an antagonistic role of Zn and Pb or Cu was proposed
before [3, 4] and that we could verify a potentially beneficial
effect of Zn on synapses, we next wanted to elucidate whether
Zn supplementation in combination with harmful metals
(ASD2) is able to modify the toxicity of the trace metal on
neurons in vitro. To that end, we performed similar readouts
as described above (Figure 3). However, ASD2 medium (Neu-
robasal medium that was reconstituted only for Mg and Ca,
with addition of the putative toxic metals (0.5 uM Cd, Cu, Hg,
and 2 uM Pb)) was supplemented with 50 uM Zn. Addition
of Zn was unable to rescue the observed cell death detected
in cultures grown under ASD2 conditions (Figure 4(a)),
although it led to a significant reduction in dendritic frag-
mentation (Figure 4(b)). Along with this, the reduction in
the number of synapses per 10 ym dendrite length assessed
by quantification of Bassoon and Homerlb/c positive puncta
seen under ASD2 conditions was rescued after addition of Zn
(ASD2 + Zn) (Figure 4(c)). Supplementation of Zn was also
able to significantly increase the reduction in mRNA levels
of NMDA receptor subunits and Shank family members seen
in cells growing under ASD2 conditions (Figure 4(d)). Shank
mRNA expression levels were no longer significantly differ-
ent from those of cells growing under control conditions.
However, in case of NMDA receptor subunits, mRNA levels
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FIGURE 3: An ASD biometal profile affects cell health and synapse numbers in vitro. (a) Hippocampal neurons were grown from DIV 10 to
DIV 14 in cell culture media containing different sets of trace metals: control cells (Ctrl) were grown in Neurobasal medium. ASDI cells were
grown in Neurobasal medium with addition of putative toxic metals (0.5 yM Cd, Cu, Hg, and 2 uM Pb). ASD2 cells were grown in trace
metal depleted Neurobasal medium that was reconstituted only for Mg and Ca, with addition of the putative toxic metals (0.5 uM Cd, Cu,
Hg, and 2 uM Pb). The amount of cell death was calculated assessing the number of neuronal apoptotic nuclei (identified by MAP2 and DAPI
staining) per optic field (from 5 fields of view) normalized against the total number of neurons per optic field. A significant reduction in
cell health can be observed in cells deficient in Fe and Zn and subjected to toxic metals (ASD2). (b) The number of primary, secondary, and
tertiary dendrites was investigated from 10 cells per condition. Cells were stained with MAP2 antibody. As signs of cell death, neurons show
fragmentation (pinching off) dendrites, starting with branches more distal from the soma. Dendrites showing signs of fragmentation were
not counted. Corresponding to the increase in cell death, neurons growing under ASD2 conditions showed significantly increased signs of
dendritic fragmentation. (c) Synapses were labeled using Bassoon and Homerlb/c fluorescence and the number of immunoreactive puncta was
measured per 10 yum dendrite length on primary dendrites (3 dendrites per cell, 10 cells in total per group). Merged images show additional
staining of nuclei using DAPI (cyan) and MAP2 (blue). A significant reduction can be seen in cells growing in medium resembling the
biometal profile found in ASD patients (ASD2). (d) Expression levels of NMDA receptor subunits (GluN1, GluN2a, and GluN2b) and SHANK
genes (Shankl, Shank2, and Shank3) were measured by qRT-PCR. Virtual mRNA concentrations are shown averaging from three replicates
and normalized against HMBS. A significant decrease of GluN1 and GluN2a mRNA expression levels can be seen in cells grown under
ASD2 conditions. Under ASDI conditions, GIuN2b levels significantly increase. A significant reduction in gene expression levels can also be
observed in Shank family members under ASD2 conditions, which is significant for Shankl, Shank2, and Shank3. (e) Immunocytochemistry
of hippocampal neurons DIV 14 grown under control, ASD1, and ASD2 conditions. The fluorescence intensity of Shank positive puncta was
measured using antibodies specific for Shankl, Shank2, and Shank3. Exemplary images (upper panel) and quantification of average puncta
signal intensity of 10 cells per condition (lower panel). Merged images show additional DAPI staining of the nucleus. Neurons grown under
ASDI conditions show a significant decrease of synaptic Shank proteins, while neurons under ASD2 conditions did not show a reduction.
(f) Analysis of protein expression levels in synaptic (P2) fractions of NMDAR subunits, proteins of the Shank family, and ZnT-1 from three
independent experiments normalized against B-III-tubulin or actin. Neurons grown in ASD2 medium show a significant reduction of GluN2a
receptor subunits and a trend towards a decrease of GIuN2b. In contrast, synaptic ZnT-1shows a strong upregulation. The expression of Shank
family members is reduced under ASD2 conditions (lower left panel). The reduction is significant for Shankl and Shank2 and seen as a clear
trend for Shank3. Exemplary bands are shown in the lower right panel.
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FIGURE 4: Synergistic and antagonistic relationships between trace metals and Zn. Hippocampal neurons were grown from DIV 10 to DIV 14
in cell culture media containing different sets of trace metals: control cells (Ctrl) were grown in trace metal depleted Neurobasal medium that
was reconstituted for all depleted trace metals (Mg, Ca, Fe, and Zn) according to the manufacturer’s indicated metal concentrations. ASD2
cells were grown in trace metal depleted Neurobasal medium that was reconstituted only for Mg and Ca, with addition of the putative toxic
metals (0.5 M Cd, Cu, Hg, and 2 uM Pb). ASD2 + Zn cells were grown in ASD2 medium except that 50 uM Zn was added to the medium.
The amount of cell death was calculated assessing the number of neuronal apoptotic nuclei (identified by MAP2 and DAPI staining) per
optic field (from 5 fields of view) normalized against the total number of neurons per optic field. A significant reduction in cell health can
be observed in cells deficient in Fe and Zn and subjected to toxic metals (ASD2). Zn addition was unable to rescue the observed cell death
(ASD2 + Zn). (b) The number of primary, secondary, and tertiary dendrites was investigated from 10 cells per condition. Cells were stained
with MAP2 antibody. As signs of cell death, neurons show fragmentation (pinching off) dendrites, starting with branches more distal from the
soma. Dendrites showing signs of fragmentation were not counted. The significant reduction seen under ASD2 conditions could be rescued
significantly by addition of Zn. (c) Synapses were labeled using Bassoon and Homerlb/c fluorescence and the number of immunoreactive
puncta was measured per 10 ygm dendrite length on primary dendrites (3 dendrites per cell, 10 cells in total per group). A significant reduction
can be seen in cells growing in medium resembling the biometal profile found in ASD patients (ASD2). Addition of Zn rescues the effects seen
on synapse density. (d) Expression levels of NMDA receptor subunits (GluN1, GluN2a, and GluN2b) and SHANK genes (Shankl, Shank2,
and Shank3) were measured by qRT-PCR. Virtual mRNA concentrations are shown averaging from three replicates and normalized against
HMBS. Supplementation of Zn was able to significantly increase the reduction in mRNA levels seen in cells growing under ASD2 conditions.
However, in all cases, mRNA levels still remained significantly decreased compared to controls for NMDAR subunits GluNI and GluN2a.
The expression levels of Shank family members were rescued completely (Shankl and Shank3). (e) Zn supplementation on DIV 10-14 did not
significantly alter fluorescence intensities of synaptic puncta. (f) Analysis of protein expression levels in synaptic (P2) fractions of NMDAR
subunits, proteins of the Shank family, and ZnT-1 from three independent experiments normalized against 3-III-tubulin or actin. Neurons
grown in ASD2 medium show a significant reduction of GluN2a receptor subunits and a trend towards a decrease of GluN2b, which is rescued
by supplementation of Zn. Similarly, synaptic ZnT-1 levels decrease almost to control levels in ASD2 medium with Zn compared to ASD2
Zn deficient medium. The expression of Shank proteins is reduced under ASD2 conditions and the synaptic concentration of Zn-dependent
Shank2 and Shank3 family members is restored by Zn supplementation such that Shank2 levels are no longer significantly decreased under
ASD2 + Zn condition (lower left panel). Exemplary bands are shown in the lower right panel. (g) Using ICP-MS, the extracellular metal
concentrations of hippocampal cell cultures (n = 3 per metal, Mann-Whitney U test) was measured with and without the presence of Zn. A
reduction in the uptake of Cu, Hg, and Se was seen as trend upon coapplication of Zn, while an increase in uptake of Pb was visible.
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still remained significantly decreased compared to controls.
The observed changes on protein level of NMDA receptor
subunits, the Zn binding Shank2 and Shank3, and ZnT-1 in
turn were completely rescued after addition of Zn (ASD2 +
Zn) (Figure 4(f)). Inmunofluorescence readouts revealed no
changes in synaptic protein levels after supplementation of
cells growing under ASD2 conditions with Zn (Figure 4(e),
Figure S2D).

Furthermore, we used ICP-MS to measure the extracel-
lular metal concentrations of hippocampal cell cultures with
and without the presence of Zn. A reduction in the uptake
of Cu, Hg, and Se was visible upon coapplication of Zn,
while an increase in uptake of Pb was visible (Figure 4(g)).
When ZnCl, (50 uM) was combined with either CdCL,
(5uM), CuCl, (120 uM), HgCl, (5uM), PbCl, (5uM), or
SeCl, (6 uM) treatment, a slight decrease of neuronal cell
death upon exposure to ZnCl, and HgCl, compared to the
exposure to HgCl, alone was observed. Further, a significant
improvement of neuronal cell viability was identified if ZnCl,
and CdCl, were supplemented together. There, zinc could
restore neuronal cell health status close to control levels
(Figures S2E, F).

The alterations observed cannot be explained by changes
in transsynaptic Zn signaling given that presynapses in hip-
pocampal cell culture have very low to absent levels of vesic-
ular Zn (Figure S2G). Additionally, the alterations caused
under ASD2 conditions—although to high extent rescued by
Zn supplementation—are not based on Zn deficiency alone.
A comparison between ASD2 and pure Zn deficient (ZnD)
conditions reveals that Zn deficiency without additional alter-
ations in biometals does not lead to the significant reduction
in cell health (Figures S3A, B) and synapse number (Figure
S3C) such as seen under ASD2 conditions. Furthermore,
the decrease in mRNA expression levels of NMDA receptor
subunits is less pronounced and absent for SHANK family
members under pure Zn deficiency (Figure S3D). However,
as reported before [14], Zn deficiency significantly affects
the synaptic levels of the Zn binding Shank family mem-
bers Shank2 and Shank3 using immunofluorescent readouts
(Figure S3E). Protein biochemistry with P2 fractions (Figure
S3F) reveals that, on protein level, Zn deficiency alone already
affects NMDAR subunit expression, but to a lesser extent the
expression of Shanks.

4. Discussion

An increasing number of reports of imbalanced trace metal
homeostasis in children that suffer from neurodevelopmental
disorders raise the need for a better understanding of how
putative toxic metals affect neuronal cells. Therefore, we
investigated the effects of different essential and nonessential
trace metals on neurons in vitro and further examined their
relationship with zinc, one of most abundant trace metals in
the brain.

In a first set of experiments, we investigated the influence
of overload with a single trace element. Although trace metals
such as Mg, Cu, Fe, Se, and Zn are essential with a vital role
in normal brain functions, increased levels in the brain may
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lead to severe neurological symptoms. However, we found a
strong resistance of neurons against FeCl, induced toxicity
with the absence of morphological changes even at very high
concentrations (up to 400 #M) and a slight dose-dependent
synaptogenic effect. This absence of neuronal cell death is in
line with the results from Bishop et al. [17] reporting that
the exposure to 100 M of ferric ammonium citrate for 24 h
to cultured neurons increased the intracellular Fe content by
factor 30 but did not affect cell viability [17].

Similarly, only few pathologically morphological changes
of primary neurons could be seen after exposure to MgCl,
in the tested concentration range. Similar findings were
reported by Regan et al. [18] who treated primary cortical
neurons with up to 3mM MgCl, without detecting any
morphological evidence of cell injury [18]. In our study,
intermediate concentrations (100 uM) of MgCl, increased
the number of tertiary dendrites and slightly increased the
number of synapses. In contrast, exposure of neurons to
CuCl, leads to a dose-dependent cell death and a significant
reduction of synapse numbers correlated to the reduced
number of viable cells, which can be also observed in younger
neurons at DIV 6 [19].

Se is an essential trace metal with a narrow range of
concentrations between deficiency and toxicity. Also, in this
study, total neuronal cell death has been observed at 10 yM
SeCl,, whereas 8 uM SeCl, were shown to increase synapse
numbers. Little is known about the toxic effect of SeCl, on
cultured neuronal cells due to the fact that most studies
concentrated on the protective effect of Se against glutamate
induced excitotoxicity [20] or against the toxicity of inorganic
mercury [21]. Savaskan et al. [20] have reported that the
exposure to 10 uM sodium selenite decreased HT22 cell
viability about 20%. Cell death did not reach 100% until
1mM [20]. These differences are likely due to the use of
different cell culture systems and it is not surprising that an
immortalized hippocampal cell line is much more resistant
against Se induced toxicity than primary neurons.

Zn is involved in a huge variety of cellular processes but
an increased concentration of unbound Zn ions has been
reported to be especially harmful to the central nervous sys-
tem and to kill cells in vitro [22]. In this study, concentrations
above 100 uM ZnCl, induced neuronal cell death. However,
Zn supplementation led to an increase in synapse numbers.

In contrast to essential trace metals, exposure to putative
toxic metals is expected to be much more harmful. Indeed,
even low concentrations of CdCl, had severe effects on
neuronal cell health (LDs, 5uM). We observed a dose-
dependent neuronal cell death and a linear correlated reduc-
tion of synapses. Cd toxicity was shown to lead to impaired
neurogenesis, reduced neuronal differentiation, and reduced
axogenesis in vitro [23] and even lower concentrations have
been reported to repress dendritic and synaptic development
[24, 25]. Despite fatal neuronal cell death, at low Cd con-
centrations, glial cells seem to be more resistant which is in
accordance with previous reports [26].

Although Al is a well-accepted neurotoxin [27] and dis-
cussed as factor for the development of neurodegeneration,
for example, as seen in Alzheimer’s disease (AD) [28], we
did not observe adverse effects on neurons and synapses even
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at very high concentrations of AICl; (up to 500 uM) similar
to a study by Kawahara et al. [29]. However, lipophilic alu-
minum species like aluminum acetylacetonate or aluminum
maltolate might be more toxic than AICl, [29]. Additionally, a
possible precipitation of AICl; in physiological pH [27] might
prevent Al from reaching intracellular concentrations high
enough to induce toxicity. It is possible that Al does not affect
the number of synapses but rather alters synaptic plasticity
[30, 31] or may act in addition to other predisposing factors.
Intriguingly, it was proposed that the genetic component of
AD pathology might involve a susceptibility gene, yet, to be
identified, that increases Al absorption [32].

Hg causes neurocognitive deficits and neuromotor dis-
abilities [33-36]. Thus it is not unexpected that elevated Hg
levels led to severe neuronal cell death already at low concen-
trations (LDs, 5uM) accompanied with a dose-dependent
reduction of synaptic density. Hg toxicity has been reported
to increase with incubation time [37]; thus, even lower
concentrations of HgCl, (25-100 nM) can lead to significantly
reduced neuronal cell survival if exposure is expanded [38].

Pb has been known to be an environmental contaminant
associated with several neurological diseases and has been
reported to affect a child’s developing brain adversely [39, 40].
However, in this study, Pb seemed to act slightly benefi-
cially on neuronal cell health and slightly increased synaptic
number at higher concentrations. Similarly, Audesirk et al.
[41] have reported that Pb showed the least effects on hip-
pocampal neurons at intermediate concentrations (1-10 M)
[41]. It might be speculated that the toxicity of Pb is not
caused by a direct influence on neurons but by interference
with processes already outside the CNS—possibly due to
the absence of certain receptors or competition with target
proteins. A toxic interference, as reported, for example, for Cu
and Zn [42], might happen already within the gastrointestinal
system and not within the brain.

It should be mentioned that many factors such as the
use of FBS or B27 in the growth medium might influence
the toxicity of certain metals. For example, bovine serum
albumin (BSA) present in fetal bovine serum (FBS) and B27
supplement has high Zn binding capacity [43] and the actual
concentration that reaches the neuron is hard to predict.
Indeed, it was shown that a concentration of more than
100 nM “free” Zn is toxic for cells [44]. Based on this and the
calculated value for Zn in these experiments, it is likely that
a high amount of trace metals will be buffered and bound to
proteins immediately after application.

Already the manipulation of a single trace metal shows
an influence on cell viability but also synapses. However, in
patients such as those suffering from ASD, a combination of
trace metal alterations (excess and deficiencies) occurs that
might establish a whole new environment for neurons and
affect synapse number and function. Thus, in a second set of
experiments, we established a biometal profile that resembles
the one reported in individuals with ASD and assessed the
effect on cell health and synapse density and composition.

Recently, a pathway at excitatory glutamatergic synapses
was identified by large-scale genetic screens and the descrip-
tion of ASD candidate genes [45] that is centered around
proteins of the Shank family. Mutations in the three family
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members Shankl, Shank2 (ProSAP1), and Shank3 (ProSAP2)
have been described to be associated with ASD [46, 47] and
animal models with deletions of these genes displaying ASD
like phenotypes [48, 49]. However, Shank2 and Shank3 are
also proteins that are highly regulated by Zn-binding [50]
and their amount reduced in animal models for Zn deficiency
[14] or Cu overload [51]. Therefore, these proteins might be
promising candidates providing a link between trace metal
imbalances and synaptic defects in ASD. Based on this model,
here, we evaluated synaptic Shank protein levels. Indeed, we
observed a loss of synapses along with a reduction of P2
associated protein levels in Shank family members.

Given that Zn is one of the most abundant trace metals
in the brain and acts at the postsynapse influencing synaptic
proteins and plasticity [52-55], we investigated whether Zn
might be able to rescue the ASD biometal profile induced
phenotype. Chronic Zn supplementation was able to nor-
malize the alterations in Zn-binding Shank2 and Shank3
but did not further increase Shank levels as reported to
result from acute Zn supplementation [14]. Thus, feedback
mechanism might be involved that regulates Shank levels over
time limiting them to the level seen in controls.

Additionally, we were interested in levels of NMDAR
subunits since alterations such as a decrease of NMDARs
was described in Shank3 deficient cells, Shank2 knock-out
mice, and prenatal Zn deficient mice that also display a
reduction of Shank2 and Shank3 [14, 56, 57]. Indeed, similar
to the expression of Shank proteins, expression of NMDAR
subunits was sensitive to trace metal profiles such as those
seen in ASD patients, in particular increased levels of putative
toxic metals in combination with Zn and Fe deficiency
(ASD2), on mRNA and synaptic protein level. This again
argues that alterations in trace metal status as seen in ASD
patients—if present in a similar manner in the brain of
patients—might be sufficient to induce changes similar to
those seen in genetic models of ASD such as Shank knock-
out mice. In particular, a shift from NMDAR subunit 2b
(GluN2b) containing synapses to GluN2a as seen in normal
development might be affected by the reduction in GluN2a
but not GluN2b expression on mRNA and protein level that
happens only in the trace metal profile similar to that seen in
ASD patients.

After Zn supplementation, mRNA levels of NMDA
receptor subunits remained significantly decreased compared
to controls. However, compared to ASD2 conditions, the
expression levels were significantly rescued. In contrast, gene
expression of Shank family members is fully restored after
Zn supplementation. The mechanisms of how Zn might
influence NMDAR and Shank transcription are currently
not well understood. However, Myc-associated zinc finger
protein (MAZ) binds a GC box element in the regulatory
regions of GluN1, GIuN2A, GluN2B, and GluN2C [58]. Thus,
availability of Zn might affect, among many other transcrip-
tion factors with zinc finger domains, MAZ, thereby affecting
NMDAR subunit expression rates. Another transcription
factor that is sensitive to trace metal levels, especially to Zn, is
MTF1 (metal-regulatory transcription factor 1). MTF1 binds
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to metal response elements (MREs) within the promoter
region of genes in presence of Zn to increase their tran-
scription rate [59, 60]. Intriguingly, the promoter of Shank3
contains a MRE. However, whether gene regulation of Shanks
by Zn is dependent on MTF1 has not been investigated so far.

The obtained results from gene expression analyses did
not always correlate with protein expression measured by
Western blot analysis and analysis of immunofluorescence
intensity. However, for mRNA analyses, total RNA from
whole cell lysate was taken. In contrast, Western blot analyses
were performed using synaptosome enriched P2 fractions.
It is thus possible that a decrease of mRNA level might be
reflected by a decrease in extrasynaptic proteins. Additionally,
the decrease on mRNA levels might not have been present
long enough to affect the concentration of stable proteins
with slow turn-over rates. Similarly, in fluorescence readouts,
only synaptic immunoreactive puncta were measured. Here,
almost complete loss of proteins leading to very low signal
intensities below background level might not have been
detected.

Furthermore, we analyzed the synaptic expression of
ZnT-1 that was recently reported to be enriched at the PSD
and that is associated with NMDAR [16]. We found that
protein levels of ZnT-1 react sensitively to the established
trace metal profiles, again especially to ASD2. One might
speculate that export of Zn as synaptic acting signal, which
might be decreased in Zn depleted medium, is compensated
by an increased number of ZnT-1 proteins at the synapse.
However, given that ZnT-1 global expression usually is
upregulated in response to increasing Zn concentrations
[61], a novel mechanism of synaptic ZnT-1 regulation is
implied. Intriguingly, the upregulation of Zn-T1 is reduced
after replenishment of ASD2 medium with Zn.

Although the alterations observed cannot be explained by
Zn deficiency only, our data show that supplementation of
ASD2 medium with Zn alone is already sufficient to rescue
most of the effects caused by exposure to putative toxic trace
metals along with Zn and Fe deficiency. Addition of Zn
could partly restore cell health (reduced branching of tertiary
dendrites) and synaptic loss. Additionally, to an effect on
synapses, the toxicity of Pb, Cd, Cu, and Hg might be reduced
upon Zn treatment due to an antagonistic relationship
between Zn and these trace metals. In accordance with the
literature [62, 63], we could observe a strong and significant
antagonistic behavior of Zn and Cd on neuronal cell health
and synapse density. Further, a slight reduction of Cu and
Hg uptake has been seen upon coapplication of ZnCl, that
might be further increased if the Zn concentration would not
be equimolar to Cu and Hg but exceed their concentration.

Taken together, our results show that, independent of
the important but so far unsolved question, whether these
imbalances in trace elements seen in ASD patients are
cause or consequence, indeed an altered biometal status may
have an influence on synapse composition and function.
Addressing the dysregulation of trace metals might be a novel
approach in modifying the disease phenotype in patients and
should be thoroughly investigated in vivo in future studies.
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