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Abstract

N-methyl-D-aspartate receptor (NMDAR) ontogeny and subunit expression are altered during
developmental lead (Pb2*) exposure. However, it is unknown whether these changes occur at the
synaptic or cellular level. Synaptic and extra-synaptic NMDARs have distinct cellular roles, thus,
the effects of Pb2* on NMDAR synaptic targeting may affect neuronal function. In this
communication, we show that Pb2* exposure during synaptogenesis in hippocampal neurons
altered synaptic NMDAR composition, resulting in a decrease in NR2A-containing NMDARs at
established synapses. Conversely, we observed increased targeting of the obligatory NR1 subunit
of the NMDAR to the postsynaptic density (PSD) based on the increased colocalization with the
postsynaptic protein PSD-95. This finding together with increased binding of the NR2B-subunit
specific ligand [3H]-ifenprodil, suggests increased targeting of NR2B-NMDARs to dendritic
spines as a result of Ph2* exposure. During brain development, there is a shift of NR2B- to NR2A-
containing NMDARs. Our findings suggest that Pb2* exposure impairs or delays this
developmental switch at the level of the synapse. Finally, we show that alter expression of
NMDAR complexes in the dendritic spine is most likely due to NMDAR inhibition, as exposure
to the NMDAR antagonist aminophosphonovaleric acid (APV) had similar effects as Pb*
exposure. These data suggest that NMDAR inhibition by Pb2* during synaptogensis alters
NMDAR synapse development, which may have lasting consequences on downstream signaling.
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1. Introduction

Brain development, as well as learning and memory, is the result of modifications in
synapses as defined by patterns of neuronal activity and alterations in the function and
trafficking of the NMDA receptor (NMDAR) subtype of excitatory amino acid receptors
(Chen and Tonegawa, 1997; Pérez-Otafio and Ehlers, 2005; Tsien et al., 1996). A variety of
studies have demonstrated that Pb2* is a potent non-competitive antagonist of the NMDAR
(Alkondon et al., 1990; Gavazzo et al., 2008; Guilarte and Miceli, 1994; Omelchenko et al.,
1997; Ujihara and Albuquerque, 1992). Studies in animal models of developmental Pb2*
exposure show altered ontogeny of NMDAR subunits and downstream signaling (Guilarte
and McGlothan, 1998; Nihei et al., 2000; Toscano and Guilarte, 2005; Zhang et al., 2002)
which are associated with deficits in long-term potentiation in the hippocampus and
impairment of spatial learning (Gilbert et al., 1996; Guilarte and McGlothan, 2003; Nihei et
al., 2000; Ruan et al., 1998).

The NMDAR is one of three main types of glutamatergic receptors in the mammalian brain
(Monaghan et al., 1983) and is composed of an obligatory NR1 subunit and accessory
subunits from the NR2 and NR3 family. Specific splice variants of NR1 impart different
pharmacological characteristics of the NMDAR (Durand et al., 1992) and are expressed
differentially during development (Zukin and Bennett, 1995) and on the basis of synaptic
activity (Pauly et al., 2005). The NR2 family consists of NR2A, NR2B, NR2C, and NR2D
family members (Ishii et al., 1993; Monyer et al., 1992; Monyer et al., 1994). In the
hippocampus, NR2A and NR2B are the most abundant NR2 family members. These two
subunits exhibit differential developmental expression, with NR2B subunit expression levels
high during fetal development and early postnatal life while NR2A subunit expression
increases with postnatal maturation (Monyer et al., 1994). Besides exhibiting differential
developmental expression, NR2A and NR2B subunits also have distinct intracellular protein
associations and signaling pathways, believed to be mediated through protein interactions
with the C-terminus. NR2A- and NR2B-containing NMDARs have differential MAPK
signaling (Kim et al., 2005), pro-death or pro-life signaling (Soriano et al., 2008), and
differential induction of nuclear gene expression (Hardingham et al., 2002). These
differential effects on cell signaling and gene expression may also be mediated by NMDAR
localization; NR2A-containing receptors are predominately located synaptically, while
NR2B-containing receptors are expressed both synaptically and extrasynaptically (Tovar
and Westbrook, 1999).

The combination of NMDAR splice variants and subunit composition create a diverse array
of receptors with different biological functions. Developmental Pb2* exposure has been
shown to disrupt this delicate balance, causing alterations in NR1 splice variant expression,
NR2 subunit ontogeny, and NMDAR-dependent signaling. Specifically, developmental Pb2*
exposure in animals resulted in altered expression of NR1 splice variants (Guilarte and
McGlothan, 2003), and decreased expression of the NR2A subunit with no change or a
small increase in NR2B subunit expression (Nihei et al., 2000; Nihei and Guilarte, 1999;
Zhang et al., 2002). Developmental Pb2* exposure resulted in increased levels of NR2B-
containing receptors (Toscano et al., 2002), suggesting that Pb2* exposure may delay or
prevent the essential developmental switch from predominately NR2B-containing NMDARS
(NR2B-NMDARs) to NR2A-containing NMDARs (NR2A-NMDARs) (Toscano and
Guilarte, 2005). Finally, developmental Pb2* exposure was shown to disrupt downstream
signaling including the binding ability, phosphorylation status, and transcriptional activity of
the cyclic-AMP response element binding protein (CREB) (Toscano et al., 2002; Toscano et
al., 2003). Alterations in calcium (Ca2*)/calmodulin-dependent kinase activity (Toscano et
al., 2005) and MAPK signaling (Cordova et al., 2004) have also been observed in animal
models of Pb2* exposure. Together, these studies demonstrate that chronic Pb?* exposure
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during brain development negatively affects the developmental expression and function of
NMDARSs, which may have lasting consequences on intracellular signaling and synaptic
plasticity. However, these studies were limited to detection of changes on the cellular level,
and were unable to determine the effects of Ph2* at the level of the synapse.

The current study was undertaken to determine if Pb2* exposure altered the synaptic
expression of NMDARs during synaptogenesis in hippocampal neurons. Since NMDARS
can exhibit distinct cellular signaling properties based on their synaptic targeting it is
important to determine whether Ph2* exposure alters NMDAR localization. We used a
primary hippocampal culture model to obtain high-resolution images of neurons after
exposure to Pb2* (10 nM to 1 uM) during the critical window for synaptogenesis in these
cultures (day in vitro, DIV7-DIV12). We show that Pb2* exposure during synaptogenesis
resulted in altered expression of NMDARs at established synapses, with a specific reduction
of NR2A-NMDARSs juxtaposed to presynaptic contact sites. Exposure to Pb2* during this
critical window also increased the levels of NR2B-NMDARs found in dendritic spines. The
increased targeting of the NR1 subunit to the PSD is likely a compensatory response of the
neuron to prolonged NMDAR inhibition, as exposure to the NMDAR antagonist
aminophosphonovaleric acid (APV) resulted in similar effects as Pb2* exposure.

2. Methods

2.1 Animal Care and Use Statement

All animal studies were reviewed and approved by the Johns Hopkins University Animal
Care and Use Committee and have been conducted in accordance with the Guide for Care
and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes
of Health.

2.2 Cell culture

Primary hippocampal cultures were obtained from E18 Sprague-Dawley rat pups (Harlan,
Frederick, MD). Low density cultures (14,000 cells/cm?) were seeded and maintained as
described elsewhere (Neal et al., 2010). Feeding medium was composed of fetal bovine
serum (FBS, 1% v/v, Hyclone-Thermo Scientific, Waltham, MA), 2 mM glutamax
(Invitrogen, Carlsbad, CA), and penicillin/streptomycin (100 units each, Invitrogen) in
neurobasal medium (Invitrogen). Pb-acetate (95% pure, Sigma Aldrich, St. Louis, MQO) and/
or APV (=98% pure; Sigma) were added to the feeding medium on DIV7 while vehicle
(feeding media without Pb-acetate) was added to control cultures. Neurons were harvested 5
days after dosing (DI1V12), without media exchange between DIV7 and DIV12.

2.3 Pb2* analysis

Samples of the stock solutions of Pb2* (100 uM and 10 uM) used to treat cells were sent
periodically to ESA Laboratories, Inc. (Magellan Biosciences, Chelmsford, MA) for atomic
absorption spectroscopy. Reports from ESA labs showed that our 100 uM and 10 pM Pb?*
stock solutions were within the intended range (91.4 £ 4.9 uM, n=9 samples; and 9.6 + 0.4
uM, n=4 samples, respectively).

2.4 Immunocytochemistry

On DIV12, immunocytochemistry was performed as described elsewhere (Neal et al., 2010).
Briefly, On DIV12, neurons grown on glass coverslips were initially fixed in 4%
paraformaldehyde (v/v), 4% sucrose (w/v) in phosphate buffered saline (PBS) followed by
secondary fixation in ice cold methanol. Cells were permeablized in 0.2% Triton in PBS (v/
v) and blocked in 10% normal goat serum in PBS (v/v). Samples were incubated in primary
antibodies diluted in blocking solution overnight at 4° C using the following dilutions: 1 pg/
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mL NR2A (Upstate 07-632, Billerica, MA); 1:100 NR2B (Chemicon AB1557P); 1:500
Synaptophysin (mouse, Sigma S5768); 1:100 Synaptophysin (rabbit, Santa Cruz sc9112,
Santa Cruz, CA); 11 pg/mL PSD-95 (Chemicon MAB1596). Synaptophysin (Syn) was used
as a colabel in juxtaposition studies with NMDAR subunits and based on the species of
NMDAR antibody (rabbit or mouse) the appropriate Syn antibody (rabbit or mouse) was
selected. After incubation in primary antibodies the neurons were washed in PBS and
incubated in the appropriate secondary antibodies (10 pg/mL Alexafluor488 or
Alexafluor594; Invitrogen-Molecular Probes, Carlsbad, CA) diluted in blocking solution
(10% v/v normal goat serum in phosphate-buffered saline) at room temperature. Following
another series of washes in PBS the coverslips were mounted onto slides in ProLong Gold
mounting media (Molecular Probes). Slides were coded to ensure that imaging and analyses
were conducted in a blinded fashion.

2.5 Imaging and Image Analysis of Fixed Coverslips

Immunofluorescently-labeled neurons were imaged at 63x magnification using a single-
point, laser scanning confocal microscope (LSM510-Meta, Zeiss, Thornwood, NY) utilizing
LSM image software at the Johns Hopkins University School of Medicine Microscope
Facility. All coverslips stained under the same conditions were imaged using the same
scanning parameters on the same day. Four to 7 confocal stacks of single neurons were
obtained for each experimental condition. Confocal stacks were projected into single images
using the maximum fluorescence. Images were analyzed using Metamorph Offline
(Molecular Devices, Downingtown, PA). Images obtained from the same experiment were
thresholded at the same level for analysis. Several parameters of synaptic protein expression
were measured using integrated morphometry analysis. They include immunofluorescent
puncta density (number of puncta per um dendrite), area (average area of puncta), intensity
(average grey value of puncta), and total grey value (integration of puncta intensity relative
to area). Puncta intensity thus measures the average intensity of the fluorescent puncta while
puncta total grey value gives a semi-quantitative measurement of protein quantity. For
colocalization (or juxtaposition) analysis, gray scale images at each wavelength for the same
neuron were used to select 3 — 6 dendritic regions. Selected dendritic regions were at least
10 um from the cell body, were clearly identifiable as single processes, and could be traced
back to the imaged neuron. All dendrites which fit these criteria in a single image were
sampled. Using the tool “Measure Colocalization”, the area of colocalized pixels of both
wavelengths in these regions was used to calculate the percent colocalization of the cell.
Percent colocalization was calculated as follows:

=Area, /Total Area

Colocalization A with B)

{AB) (A)?

where A and B are individual wavelengths for the same image.

2.6 Protein harvesting and western blotting

For whole cell protein levels cells were harvested on DIV12 as described in Neal et al.
(2010). Western blot membranes were incubated in the appropriate primary antibodies
(1:200 NR1, JH4456: kind gift of Dr. Richard Huganir; 1:1000 MAP2 Santa Cruz sc74421;
1:200 NR2B BD 610416, Franklin Lakes, New Jersey; 1:1000 Actin, Santa Cruz sc1616)
diluted in blocking solution overnight at 4°C. The membranes were visualized using the
Odyssey imaging system (LiCor, Lincoln, NE). The integrated intensity of the protein of
interest was normalized to actin levels from the same blot.
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2.7 [3H]-ifenprodil Binding Assays

[3H]-ifenprodil binding assays were performed as described previously (Toscano et al.,
2002), but modified for cell culture samples. Hippocampal neurons were scraped into ice
cold Tris-HCI buffer (50 mM, pH 7.4). Harvests from 2 separate dissections were pooled to
provide adequate protein quantity for detection. Cells were homogenized using a dounce
homogenizer. Protein quantification using the BCA protein assay (BioRad, Hercules, CA)
was run in parallel to radioligand binding assays, and the disintegrations per minute (dpm)
of each sample were converted to pmol [3H]-ifenprodil and normalized to protein content
using Microsoft Excel (Microsoft, Redmond, WA). Assays were performed in the presence
of 375 uM 1-(2-[bis(4-Fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine
dihydrochloride (GBR) to prevent binding of [3H]-ifenprodil to sigma receptors.

2.8 Statistical Analyses

3. Results

For immunocytochemistry experiments, data from 3 or more independent trials were
internally normalized to the average control value and the normalized data were pooled.
Data were then analyzed using one-way ANOVA (Superanova, Abacus Concepts,
Piscataway, NJ). Significance was set at p<0.05 and post hoc analysis utilized Fisher’s
Protected LSD test. Data comparing a single treatment condition to control were subjected
to Student’s two-tailed t-tests. Western blots were performed with duplicate sample loading.
The average of the duplicates was used as the single datum point for an independent trial.
Three or more independent trials were pooled and subjected to one-way ANOVA. 3[H]-
ifenprodil binding assay data were analyzed by one-way ANOVA followed by Fisher’s
Protected LSD analysis at the p < 0.05 level of significance.

3.1 Exposure to Pb2* during synaptogenesis reduces the levels of NR2A-containing NMDA
receptors juxtaposed to the presynaptic protein Synaptophysin (Syn)

Exposure to Pb2* (0.01, 0.1, and 1.0 uM) was initiated at 7 days in vitro (DIV7) and
terminated at DIV12. This time period corresponds to the critical window for synaptogenesis
in these cultures (Fletcher et al., 1994), and allowed us to assess the effects of PbZ* on
developing synapses. We have shown that these concentrations of PbZ* are non-cytotoxic
and correlate to the levels of Pb2* found in the brain of developmentally-exposed rats (Neal
et al., 2010; Guilarte et al., 2003).

We examined the effects of Pb2* exposure on NMDAR targeting at established synapses
defined by the juxtaposition of the presynaptic vesicular protein synaptophysin (Syn) with
the postsynaptic NMDAR subunits NR1, NR2A or NR2B in the PSD. Figure 1A-F depicts
representative images of the juxtaposition of NMDAR subunits with Syn. Juxtaposition can
be visualized as orange or yellow, indicating the apparent overlap of the NMDAR subunit
(green) with Syn (red). Juxtaposition of Syn with the NR1 and NR2A but not with the NR2B
subunit was reduced as a function of Pb2* concentration (Figure 1G; n=16-18 neurons from
3 trials). Furthermore, the juxtaposition of the NR2A subunit with Syn was significantly
decreased even at the lowest level of PbZ* tested, 0.01 uM. These findings suggest that
synapses with NR1/NR2A-NMDAR:s are significantly decreased after the Pb2* exposure
period. On the other hand, no significant effect was observed with synapses containing the
NR2B subunit after exposure to any of the concentrations of Pb2*. In parallel studies
published elsewhere (Neal et al, 2010), we observed that the levels of Syn decreased in a
concentration-dependent manner during the same period of Pb2* exposure.
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3.2 Exposure to Pb2* increases NR2B-NMDARs without affecting NMDAR subunit protein

levels

One potential explanation for the data in the previous section is that Ph2* exposure results in
altered protein expression of NMDAR subunits. However, we did not detect any effect on
the immunofluorescent staining of NR1, NR2A, or NR2B after Ph2* exposure (Figure 2A-
). Furthermore, whole cell Western blots showed that although the levels of NR1 protein
appeared to decrease with Pb2* exposure, the trend did not reach statistical significance
(Figure 2J-K). This may be due to the fact that approximately 50% of total NR1 protein is
located intracellularly (Hall and Soderling, 1997; Huh and Wenthold, 1999). Thus, we may
not be able to detect changes related to synaptic NR1 expression using whole cell
preparations. Consistent with other studies (Neal et al., 2010), we did not observe any
evidence of neuron-specific cytotoxicity since the levels of microtubule associated protein
(MAP2) remained constant after Pb2* exposure. Westerns for NR2A were not feasible in our
hands due to the low abundance of this protein at this stage of development in primary
cultures. Together, the western data indicate that neuronal viability and postsynaptic protein
expression is unaffected by Pb2* exposure. Therefore, as previously shown by us, the
decreased juxtaposition of NR1 and NR2A with Syn is mediated by loss of Syn protein
(Neal et al., 2010).

Our immunofluorescence confocal imaging data on the juxtaposition of NMDAR subunits
with Syn suggests a Pb2*-induced decrease in synapses containing NR1/NR2A-NMDARSs.
This effect may produce a proportional increase in synapses containing NR1/NR2B-
NMDARs. To test this hypothesis, we performed whole-cell radioligand binding studies
using the NR2B subunit-specific radioligand [3H]-ifenprodil. Figure 3 shows that Pb2*
exposure at 1 uM caused a significant increase of [3H]-ifenprodil binding to neuronal
membranes, which is indicative of an increase in NR2B-containing NMDARs.

3.3 Lead exposure increases NR1 subunit targeting to the PSD

The increased level of [3H]-ifenprodil binding as a result of Pb2* exposure could be due to
alterations in the targeting of NMDAR subunits to the PSD. To test this hypothesis, we
examined the colocalization of the NR1, NR2A and NR2B subunits with PSD-95, a protein
integral to the PSD. Figure 4 demonstrates a significant increase in the colocalization of the
NR1, but neither the NR2A nor NR2B subunit, with PSD-95 after Pb2* exposure (Figure 4;
n=25 neurons from 4 trials). The increase in NR1 subunit targeting to the PSD was
significant at the 1 uM Pb2* concentration, which is the same Pb2* concentration in which
increased [3H]-ifenprodil binding was observed (see above and Figure 3).

The increase in NR1 colocalization with PSD-95 produced by Pb2* exposure was not due to
an increase in spine density, since PSD-95 puncta density did not change (Figure 5; n=15
neurons from 3 trials). However, we did observe a small but significant increase in PSD-95
puncta area of 122 + 12% of control at the lowest level of Pb2* tested. The implication of
this effect has not been determined. As the obligatory subunit of the NMDAR, increased
targeting of NR1 to the PSD suggests elevated NMDAR levels in dendritic spines. This
observation, combined with the Ph2*-induced increase in [3H]-ifenprodil binding suggests
that the increase in receptor levels likely correspond to NR2B-containing receptors.

3.4 NMDAR inhibition by the NMDAR-specific atagonist APV has similar effects as Pb2*

exposure

Changes in NMDAR activity can alter NMDAR subunit targeting to the PSD (Lee et al.,
2010; Pérez-Otafio and Ehlers, 2005). Since Pb?* is a potent NMDAR antagonist, Ph2*
exposure could alter NMDAR targeting via NMDAR inhibition. If this is the case, then
exposure of hippocampal neurons to the selective NMDAR antagonist
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aminophosphonovaleric acid (APV) should mimic the effects of Pb2* on NR1 targeting to
the PSD.

We found that, similar to Pb2*, APV treatment (100 uM) increased the targeting of the NR1
subunit to the postsynaptic density (Figure 6). After exposure to APV, NR1 colocalization
with PSD-95 increased to 216 + 20% (n=14 neurons from 3 independent trials) of control
values. By comparison, 1 M Pb?* increased NR1 colocalization with PSD-95 to 150 + 17%
(n=13 neurons from 3 independent trials) and co-exposure to both antagonists increased
colocalization to 148 + 19% (n=14 neurons from 3 independent trials) relative to controls
(F3 48=6.37, p<0.01). Examination of the parameters of the colocalization calculation

(Comcahzation(x}z1_Psms):Area(:\'kl with PSD—()S]/ Area(Toml I\‘Rl])’ revealed that the higher magnitUde
of colocalization after exposure to APV was driven by decreased dendritic (or total) NR1
area. APV reduced NR1 area by 58.8 £+ 7.0% (n=14 neurons from 3 independent trials). This
was further supported by decreased NR1 immunofluorescent parameters (Figure 6F) and
NR1 protein levels (Figure 6H-I) in APV-treated neurons. APV exposure reduced NR1
protein expression by 57.5 + 12.8% relative to control conditions measured by Western blot
(n=3 independent experiments). In contrast, Ph2* alone or in combination with APV did not
significantly reduce NR1 expression. No effect was observed on PSD-95 puncta parameters
(Figure 6G), except that neurons exposed simultaneously to both antagonists exhibited a
small but significant decrease in PSD-95 puncta intensity (decrease to 89.9 + 3.8% of
control; n=14 neurons from 3 independent trials). The functional significance of this effect
on PSD-95 has yet to be determined.

4. Discussion

In this communication we show that Pb2* exposure during synaptogenesis alters NMDAR
expression at developing synapses with a specific decrease of synapses containing NR1/
NR2A-NMDARs and an increase in NR1/NR2B-NMDAR containing synapses. During
early development, NR2B-containing NMDARs predominate until a developmental switch
occurs, resulting in the incorporation of the NR2A subunit (Monyer et al., 1994). However,
the present study, as well as previous work (Toscano et al., 2002), suggests that this
developmental switch is delayed or impaired during Pb2* exposure. We show here that this
effect is NMDAR activity-dependent, since exposure to APV resulted in similar effects as
we observed with Pb2* exposure.

It is important to note that these effects were observed at concentrations of Ph2* consistent
with those in the hippocampus of animals exposed to Pb?* during development (Guilarte
and McGlothan, 2003; Guilarte et al., 2003; Nihei et al., 2000). The blood Pb%*
concentration in these animals is in the same range as that measured in Pb?*-intoxicated
inner city children. Thus, the concentrations of PbZ* used in the present study are relevant to
contemporary exposures in pediatric populations. Furthermore, it is particularly noteworthy
that many of the findings reported here are consistent with what has previously been shown
in animal models of developmental Pb2* exposure. Rats exposed to Pb2* during
development exhibit altered NR1 and NR2A subunit gene and protein expression in the
hippocampus either without changes or a with small increase in NR2B subunit expression
(Toscano and Guilarte, 2005). In addition, rats developmentally exposed to Pb%* have
elevated levels of NR2B-containing receptors in the hippocampus, as detected by [3H]-
ifenprodil binding (Toscano et al., 2002) results that are similar to those presented in this in
vitro study. Thus, cultured hippocampal neurons accurately represent Ph2*-mediated effects
on NMDARs observed in vivo.

What are potential mechanism(s) by which Pb2* exposure differentially alters NMDAR
subunit expression? It is well-established that Pb2* is a potent non-competitive antagonist of
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the NMDAR (Alkondon et al., 1990; Guilarte et al., 1994; Ujihara and Albuquerque 1992).
We have suggested that the putative binding site of Pb2* on the NMDAR is at a zinc (Zn?*)
regulatory (inhibitory) site (Guilarte et al., 1995; Guilarte et al., 1994). Consistent with our
findings, recent studies by Gavazzo et al. (2008) have shown that indeed Pb2* interacts at
the Zn2* regulatory site of NMDAR complexes containing the NR2A but not the NR2B
subunit. Thus, PbZ* inhibition of NMDAR complexes containing the NR2B subunit is
mediated by an alternative mechanism that has yet to be identified.

The N-terminal domain of the NR2 subunits contains the Zn2* binding site. NR2A-
containing complexes express high affinity (ICsp= 20 nM) for Zn?* while NR2B complexes
have a low affinity (ICsp= 2 uM) (Paoletti et al., 2000; Rachline et al., 2005). Since Pb2*
and Zn2* have similar potencies in inhibiting the NMDAR (Guilarte et al., 1994; Guilarte et
al., 1995), it is likely that Pb2* concentrations (~ 1 uM) achieved in the brain of intoxicated
children and in our primary hippocampal neuron culture system inhibit NR2A-containing
NMDAR complexes. This explanation is consistent with the observation that recombinant
NR1/NR2A complexes are more sensitive to Pb2* inhibition than NR1/NR2B complexes
(Omelchenko et al., 1996). This suggests that changes observed with NR2A-NMDARs but
not NR2B-NMDARs may be a result of preferential inhibition of Pb2* for NR2A-NMDARSs.

An alternative explanation to our findings is that a reduction in overall network activity
induced by Pb2* inhibition of the NMDAR prevents incorporation of the NR2A subunit in
synaptic receptors (Barria and Malinow, 2002; Pérez-Otafio and Ehlers, 2005; Quinlan et al.,
2004). Consistent with this idea, a recent study has shown that synapses that experience high
activity levels express higher NR2A content while synapses with lower activity exhibit
higher NR2B content (Lee et al., 2010).

Our observation that NMDAR inhibition by Pb2* results in increased levels of NR2B-
containing NMDARs is supported by similar studies in which hippocampal synaptic activity
is dampened by pharmacological agents (Pérez-Otafio and Ehlers, 2005). Exposure to APV
increased NR2B-NMDAR surface expression and APV withdrawal from the same cultures
decreased NR2B-NMDAR surface expression (Chung et al., 2004). Interestingly, these
changes in NR2B surface expression can occur without a change in whole-cell NR2B
expression (Chung et al., 2004). This is consistent with our observations that Pb2* exposure
can increase NR2B-NMDAR synapses (Figure 3) without affecting whole-cell NR2B
expression (Figure 2). Furthermore, a recent study by Lee et al. (2010) indicates that there is
increased NR1 targeting and NR2B surface expression at single synapses which have been
silenced by synapse-specific expression of tetanus toxin light chain, preventing vesicular
release. These effects were shown to be specifically due to decreased NMDAR activity, as
APV exposure increased NR1 and NR2B content while TTX exposure did not. This study
strongly supports our hypothesis that prolonged exposure to Pb2*, which reduces NMDAR
activity, can increase the amount of NR2B-NMDARs. Thus, the increase in NR2B-
containing NMDARs (Figure 3) and the increased NR1 subunit targeting to the PSD (Figure
4) during Pb2* exposure is likely a homeostatic response to decreased synaptic activity.

Altered NMDAR targeting by Pb?* may have significant effects on cellular signaling
pathways. NR2A-containing receptors localize to synapses while NR2B-containing
complexes may be located both extra-synaptically and synaptically (Tovar and Westbrook,
1999). The latter is important, since synaptic localization can modulate the biological
responses of NMDAR-mediated Ca?* signaling. Specifically, synaptic NMDARs mediate
CREB activation, synaptic plasticity and survival programs. On the other hand, extra-
synaptic receptors are associated with a CREB-shut off pathway, and induce cellular death
pathways (Hardingham et al., 2002; VVanhoutte and Bading, 2003). Extracellular signal-
regulated kinases (ERK) activation is also differentially regulated by synaptic versus
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extrasynaptic NMDARs: it has been shown that only synaptic NMDARs have the ability to
activate ERK and that extrasynaptic receptors likely mediate ERK inactivation (Ivanov et
al., 2006). Thus, the alterations in NMDAR targeting due to Pb2* described above may have
significant downstream signaling consequences in exposed neurons and modify synaptic
plasticity.

The present work extends our other observations regarding the effects of Pb2* exposure
during synaptogenesis (Neal et al., 2010). In that study, we observed that Pb%* exposure
during the same time period resulted in changes in presynaptic protein expression and
impaired vesicular release in hippocampal neurons (Neal et al., 2010). In particular, we
observed that there was a concentration-dependent decrease in Syn levels by Pb2*, such that
many synapses in Pb2*-exposed neurons lacked Syn as well as the v-SNARE synaptobrevin
(also called VAMP-2). Additionally, the overall number of synaptic release sites decreased
with Pb2* exposure (Neal et al., 2010). Since our current data showed a decrease in NR2A-
Syn juxtaposition, we can conclude that the reduction of synaptic sites in Pb2*-exposed
neurons likely corresponds to synapses which contained NR2A-NMDARs.

In conclusion, exposure to Pb2* during synaptogenesis alters NMDAR targeting to the PSD
in an NMDAR activity-dependent manner. This reduces the levels of synaptic NR2A-
NMDARs and results in a specific increase in NR2B-NMDARs in dendritic spines. Pb2* did
not alter cellular expression of NMDAR subunits, indicating that these effects were due to
targeting and not altered protein levels. Furthermore, the increased levels of NR2B-
NMDARs were not due to changes in spine density, since PSD-95 puncta density did not
change during Pb2* exposure. These findings suggest that inhibition of the NMDAR by Pb2*
during development may arrest or impair the critical developmental switch from
predominantly NR2B- NMDARs to NR2A-NMDARs, which may have lasting
consequences on neuronal function and synaptic plasticity.
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Figure 1. Pb2* exposure decreases the juxtaposition of NR1 and NR2A with synaptophysin
(Syn)-containing presynaptic active zones

Representative images of control (A, C, E) and 1 uM Pb2*-treated (B, D, F) neurons stained
for NR1 (A, B), NR2A (C, D), and NR2B (E, F) in green and Syn in red. Juxtaposition is
visualized as yellow or orange color. Highlighted regions for each cell are shown magnified
to the right. (G) Quantification of the juxtaposition of NR1, NR2A, and NR2B with Syn. A
concentration-dependent decrease in juxtaposition of NR1 and NR2A is observed after
exposure to Pb2* but NR2B juxtaposition with Syn does not change significantly. Data are
mean + SEM and are the result of 3 independent trials with 16—18 neurons per condition.
Scale bar = 20 um, * = significance from control, # = significance from 0.01 uM Pb%*, and
@ = significance from 0.1 pM Pb2* (Fisher’s Protected LSD).
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Figure 2. Pb2* exposure does not affect NMDAR subunit protein expression

(A-C) Representative image of control (A) and 1.0 uM Pb?*-treated (B) neurons stained for
NR1. Quantification shown in C.

(D-F) Representative image of control (D) and 1.0 uM Pb2*-treated (D) neurons stained for
NR2A. Quantification in F.

(G-1) Representative image of control (G) and 1.0 uM Pb2*-treated (H) neurons stained for
NR2B. Quantification in I.

(J) Representative immunoblots of NR1, NR2B, and MAP2 protein from whole cells.

(K) Quantification of (J). Data are shown as mean = SEM and are the result of 3—4
independent trials

Image data are the mean + SEM and are the results of at least 3 independent trials with 4—6
neurons per condition per trial. Scale = 20 um
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Figure 3. Pb2* exposure increases the levels of NR2B-containing receptors

[3H]-ifenprodil radioligand binding assays revealed a ~30% increase in specific binding
after exposure to 1 uM Pb2*. Assays were performed in the presence of GBR to prevent
binding of radioligand to sigma receptors. Data are shown as the mean + SEM and are the
result of 3 independent assays. * = significance from all other treatments (Fisher’s Protected
LSD).
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Figure 4. Pb2* exposure increases NR1 targeting to the PSD

(A-C) Representative images of control (A) and 1 uM Pb2* (B)-treated neurons stained for
NR1 (green) and PSD95 (red). Colocalization is shown as yellow or orange color.
Quantification of colocalization is shown in (C). A significant, concentration-dependent
increase in NR1 colocalization with PSD95 was observed after Ph2* exposure.

(D-F) Representative images of control (D) and 1 uM Pb2* (E)-treated neurons stained for
NR2A (green) and PSD95 (red). Colocalization is shown as yellow or orange color.
Quantification of colocalization is shown in (F). No effect on NR2A colocalization with
PSD95 was observed after Ph2* exposure.

(G-1) Representative images of control (G) and 1 uM Pb2* (H)-treated neurons stained for
NR2B (green) and PSD95 (red). Colocalization is shown as yellow or orange color.
Quantification of colocalization is shown in (I). No effect on NR2B colocalization with
PSD95 was observed after Ph2* exposure.

Data are shown as the mean + SEM and are the result of 4 independent trials with 22—26
neurons per condition. * = significance from control (Fisher’s Protected LSD).
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Figure 5. Ph2+ exposure results in a small increase in PSD-95 area at 0.01 pM

Representative images of control (A), 0.01 (B), 0.1 (C), and 1.0 uM (D)-treated neurons
stained for PSD-95. (E): Quantification of immunofluorescent parameters. Data are
represented as the mean £ SEM and are the result of 3 independent trials with 13-17
neurons per condition. * = significance from control (Fisher’s Protected LSD). Scale bar =

20 pum.

Neurotoxicology. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 18

H comrol _ APy gaarts w + APV
iR

-—-—m

Figure 6. NMDAR inhibition results in increased NR1 targeting to the PSD

Neurons were exposed to 100 uM APV, 1 uM PbZ*, or both from DIV7 - DIV12

(A-D) Representative images of control (A), 100 uM APV (B), 1 uM Pb2* (C), and Pb2* +
APV (D)-treated neurons stained for NR1 (green) and PSD-95 (red). Colocalization is
shown as yellow or orange color. Scale bar= 20 pum.

(E) Quantification of colocalization of NR1 and PSD-95. Both Pb2* and APV treatments
increase colocalization but APV treatment does so to a higher magnitude. The colocalization

calculation is: Areacolocalized pixels)/ ATy senarie xrsy- APV significantly reduces total NR1
dendritic area, resulting in increased percent colocalization. Data are the result of 3
independent trials with 12—-14 neurons per treatment.

(F) NR1 immunofluorescent parameters. APV exposure significantly reduces NR1 puncta
parameters, but Pb2* or Pb2* + APV treatments do not. Data are the result of 3 independent
trials with 14-15 neurons per treatment.

(G) PSD-95 immunfluorescent parameters. No changes in spine density, area, or intensity
are observed after any treatment, but neurons treated with APV + Pb2* exhibited a decrease
in PSD-95 puncta intensity. Data are the result of 3 independent trials with 14-15 neurons
per treatment.

(H-1) Representative immunoblot of whole cell protein probed for NR1 and Actin (H).
Quantification in (1). APV significantly reduces NR1 levels, but Pb2* and co-exposure
treatments do not, although they both exhibit non-significant reductions in NR1 protein.
Data are the result of 3 independent trials.

Data are represented as the mean + SEM. * = significance from control, @ = significance
from 1.0 uM Pb2*, and # = significance from all other conditions (Fisher’s Protected LSD).
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