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Abstract

Emerging evidence suggests that neuronal responses to N-methyl-o-aspartate (NMDAR)
activation/inactivation are influenced by subunit composition. For example, activation of synaptic
NMDAR (comprised of GIUN2A > GIuN2B) phosphorylates cAMP-response-element-binding
protein (CREB) at Ser 133, induces BDNF expression and promotes neuronal survival. Activation
of extrasynaptic NMDAR (comprised of GIuN2B>GIuN2), dephosphorylates CREB (Ser 133),
reduces BDNF expression and triggers neuronal death. These results led us to hypothesize that
chronic inhibition of GluN2B-containing NMDAR would increase CREB (Ser 133)
phosphorylation, increase BDNF levels and subsequently alter downstream dynorphin (DYN) and
neuropeptide Y (NPY) expression. We focused on DYN and NPY because these neuropeptides
can decrease excitatory neurotransmission and seizure occurrence and we reported previously that
seizure-like events are reduced following chronic treatment with GIUN2B antagonists. Consistent
with our hypothesis, chronic treatment (17-21 days) of hippocampal slice cultures with the
GIluN2B-selective antagonists ifenprodil or R025,6981 increased both CREB (Ser 133)
phosphorylation and granule cell mossy fiber pathway DYN expression. Similar treatment with
the non-subtype-selective NMDAR antagonists D-APV or memantine had no significant effect on
either CREB (Ser 133) phosphorylation or DYN expression. In contrast to our hypothesis, BDNF
levels were decreased following chronic treatment with R025,6981, but not ifenprodil, D-APV or
memantine. Blockade of BDNF actions and TrkB activation did not significantly augment hilar
DYN expression in vehicle-treated cultures and had no effect in R025,6981 treated cultures. These
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finding suggest that chronic exposure to GIuN2B-selective NMDAR antagonists increased DYN
expression through a putatively pCREB-dependent, but BDNF/TrkB-independent mechanism.
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Introduction?

N-methyl-D-aspartate receptors (NMDAR) are heteromeric ionotropic glutamate receptors
composed of obligatory GIuN1 and variable, modulatory GIuN2A-D subunits. GIUN2A and
GIuN2B are the primary GIuN2 subunits in hippocampus and cortex (Monyer et al., 1994;
Yamakura and Shimoji, 1999) and differ in their subcellular localization, biophysical
properties, signaling pathway coupling, and brain function contributions (Vicini et al., 1998;
Barria and Malinow, 2005; Flint et al., 1997; Lavezzari et al., 2004; Monyer et al., 1994).
Data emerging over the past decade suggest that neuronal responses to NMDAR activation/
inactivation are influenced by receptor subunit composition and subcellular localization
(Wyllie et al., 2013; Zhou and Sheng 2013). For example, activation of synaptic NMDAR
(comprised of GIuUN2A > GIuN2B) phosphorylates cAMP-response-element-binding protein
(CREB) at Ser 133, induces BDNF expression and promotes neuronal survival. Conversely,
activation of extrasynaptic NMDAR (comprised of GIuUN2B > GIuN2A) dephosphorylates
CREB (Ser 133), reduces BDNF expression and triggers neuronal death (Hardingham et al.,
2002; Liu et al., 2004, Tovar and Westbrook 1999).

Based upon these previous findings we hypothesized that chronic inhibition with GIuN2B
antagonists would increase CREB (Ser 133) phosphorylation and increase BDNF
expression. We further hypothesized that chronic inhibition with GIuN2B antagonists would
alter dynorphin A (DYN) and neuropeptide Y (NPY) expression because CREB (Ser 133)
phosphorylation can directly increase expression of DYN and NPY (Higuchi et al., 1988;
Cole et al., 1995; Carlezon et al., 1998; Chance et al., 2000) and indirectly regulate their
expression through altered BDNF levels (Nawa et al., 1993; Nawa et al., 1993; Croll et al.,
1994; Tao et al., 1998; Shieh et al., 1998). We focused on DYN and NPY because these
neuropeptides can decrease excitatory neurotransmission and seizure occurrence (Baraban
2004; Bausch et. al., 1998; Chen et al., 1995; Chen and Huang 1998, Simonato and
Romualdi 1996; Colmers et al., 1987; Colmers et al., 1988; Klapstein and Colmers 1997;
Patrylo et al., 1999; Richichi et al., 2004; Wagner et al., 1993) and seizure-like events were
decreased following chronic treatment with GIuN2B antagonists (Wang and Bausch 2004).

Labbreviations: ABC, avidin-biotin-peroxidase complex; APV, D-(-)-2-amino-5-phosphonopentanoic acid; BCA, bicinchoninic acid;
BDNF, brain-derived neurotrophic factor; BSA, bovine serum albumin; CREB, cAMP response element-binding protein; DAB, 3,3’-
diaminobenzidine; DMSO, dimethylsulfoxide; DYN, dynorphin; ECL, enhanced chemiluminescence; EDTA,
ethylenediaminetetraacetic acid; EGTA, ethylene glycol tetraacetic acid; ELISA, enzyme-linked immunosorbent assay; GBSS, Gey’s
Balanced Salt solution; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HRP, horse-radish peroxidase; IBMX, 3-
isobutyl-1-methylxanthine; IgG, Immunoglobulin G; -IR, immunoreactivity; NMDA, N-methyl-p-aspartate; NMDAR, N-methyl-p-
aspartate receptor; NPY, neuropeptide Y; GIUN2A, NMDAR 2A subunit; GIuN2B, NMDAR 2B subunit; NSE, neuron specific
enolase; PB, phosphate buffer; PBS phosphate buffered saline; pPCREB, phosphorylated CREB; PMSF,
phenylmethanesulfonylfluoride; PVDF, polyvinylidene fluoride; RT, room temperature; SDS, sodium dodecyl sulfate; Ser, serine; TB,
Tris buffer; TBS Tris buffered saline; TrkB-Fc, tyrosine kinase, receptor/IgG Fc fragment chimera.
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Results

Chronic treatment with GIuN2B-selective, but not non-subunit-selective NMDAR
antagonists, increased CREB phosphorylation

To test our hypothesis, we first performed Western blot analysis for CREB and CREB (Ser
133) phosphorylation on hippocampal slice culture homogenates. Chronic treatment with the
GIuN2B-selective NMDAR antagonist R025,6981, but not ifendprodil, as well as the non-
subtype-selective NMDAR antagonist, APV increased CREB levels relative to NSE loading
controls (Fig. 1A, B). However, chronic treatment with the GluN2B-selective NMDAR
antagonists, R025,6981 and ifenprodil, but not the non-subunit-selective NMDAR
antagonists, D-APV or memantine significantly increased CREB (Ser 133) phosphorylation
relative to CREB levels (Fig. 1A,C). Homogenates prepared from vehicle-treated slice
cultures displayed moderate levels of CREB (Ser 133) phosphorylation (Fig. 1A).

Chronic treatment with GIuN2B-selective, but not non-subunit-selective NMDAR
antagonists, increased DYN, but not NPY expression

To examine the potential down-stream consequences of CREB (Ser 133) phosphorylation on
neuropeptide expression, we first examined effects of NMDAR antagonist treatment on
DYN peptide levels using immunohistochemistry. Vehicle-treated hippocampal slice
cultures displayed DYN immunoreactivity in puncta localized sparsely in the hilus and more
prominently in CA3 stratum lucidum (Fig. 2A, vehicle), consistent with a previous report in
neonatal, prepubescent rats (Shirayama et al., 2005). Given the documented expression of
DYN in granule cells and their mossy fiber axons (McGinty et al., 1994; Pierce et al., 1999),
these puncta most likely represent DYN immunoreactivity in dentate granule cell mossy
fiber terminals. Chronic treatment of cultures with the non-subunit-selective NMDAR
antagonists, APV or memantine, did not significantly affect DYN immunoreactivity (Fig.
2A-C). In contrast, chronic treatment with the GluN2B-selective NMDAR antagonists,
R025,6981 or ifenprodil, significantly increased both the percentage of cultures exhibiting
DYN immunoreactivity throughout the mossy fiber pathway (Fig. 2A,B) and the density of
hilar DYN immunoreactivity (Fig. 2A,C).

We next examined the effects of chronic NMDAR antagonist treatment on NPY expression
using immunohistochemistry. Vehicle-treated hippocampal slice cultures showed NPY
immunoreactivity throughout the slice culture (Fig. 3A, vehicle) in scattered, non-principal
neuronal somata and dendrites (Fig. 3B1-3). NMDAR antagonists did not significantly
affect the density of NPY immunoreactivity (Fig. 3D,E) or the number of hilar/granule cell
layer NPY-immunoreactive neurons (Fig. 3C). The exception was D-APV, which
significantly reduced the number of hilar/granule cell layer NPY -immunoreactive neurons
(Fig. 3C). Reduced neuronal survival following chronic D-APV treatment (Wang and
Bausch 2006) is likely to account for decreased numbers of hilar NPY-immunoreactive
neurons.
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Dynorphin up-regulation by chronic treatment with GluN2B-selective NMDAR antagonists
was independent of BDNF/TrkB signaling pathways

We next investigated the effects of chronic NMDAR antagonist treatment on BDNF and its
effects on DYN expression. We first examined BDNF levels using ELISA. Chronic
treatment of cultures with the non-subunit-selective NMDAR antagonists, D-APV or
memantine, did not significantly alter BDNF levels (Fig. 4), consistent with their lack of
effect on CREB (Ser 133) phosphorylation. Treatment of cultures with GIuN2B-selective
NMDAR antagonists showed differential effects on BDNF. Compared to vehicle, chronic
R025,6981 decreased, while ifenprodil, had no significant effect on BDNF levels (Fig. 4).
The lack of association between BDNF levels and DYN expression in both R025,6981- and
ifenprodil-treated cultures suggests that altered BDNF expression did not underlie GIuN2B
antagonist-induced increases in DYN expression. However, BDNF was measured in whole
slice cultures, while increased DYN occurred only in the dentate gyrus/hilar mossy fiber
pathway. Therefore, we directly examined the influence of BDNF and activation of its
receptor, TrkB on DYN immunoreactivity. Vehicle- and R025,6981-treated cultures were
treated concomitantly with the BDNF scavenger, TrkB-Fc or the broad spectrum Trk
tyrosine kinase inhibitor, K252a. If decreased BDNF contributed to increased DYN
expression, then TrkB-Fc and/or K252a should increase DYN expression in vehicle-treated
cultures. Conversely, if increased BDNF expression and subsequent TrkB activation/
phosphorylation lead to increased DYN expression, then TrkB-Fc and/or K252a co-
incubation should decrease DYN expression in R025,6981-treated cultures. In vehicle-
treated cultures neither TrkB-Fc nor its respective control, 1gG-Fc significantly affected
hilar DYN immunoreactivity (Fig. 5A,B). Opposite to what we expected, K252a caused a
strong trend toward reduced hilar DYN immunoreactivity compared to both chronic vehicle
treatment alone and its respective DMSO control (Fig. 5A,B). However, in R025,6981-
treated cultures neither TrkB-Fc nor K252a significantly affected hilar DYN
immunoreactivity (Fig. 5A, C). R025,6981 did not increase hilar DYN levels by the same
magnitude (Fig. 5C) as seen in Fig. 2C due to the higher basal levels of hilar DYN
expression in vehicle-treated cultures for this subset of experiments (compare Fig. 2A top to
Fig. 5A left). However, the effect of R025,6981 on hilar DYN expression was still
significant (p=0.012, Mann-Whitney Rank Sum test). Taken together these data suggest that
BDNF/TrkB receptor activation may contribute partially to basal DYN expression levels,
but that alterations in BDNF and TrkB activation do not underlie chronic GIuUN2B
antagonist-mediated increases in DYN expression.

Discussion

In this study we tested the hypothesis that chronic inhibition of GIuN2B-containing
NMDAR would increase CREB (Ser 133) phosphorylation, increase BDNF levels and alter
downstream DYN and NPY expression. Consistent with our hypothesis, chronic treatment
with the GIuN2B-selective antagonists ifenprodil or R025,6981 increased both CREB (Ser
133) phosphorylation relative to CREB levels and granule cell mossy fiber pathway DYN
expression. Chronic treatment with the non-subtype-selective NMDAR antagonists D-APV
or memantine had no effect on either CREB (Ser 133) phosphorylation or DYN expression.
In contrast to our hypothesis, BDNF levels were decreased following chronic treatment with
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R025,6981, but not ifenprodil. Hilar DYN expression was not significantly increased in
vehicle-treated cultures or decreased in Ro25,6981-treated cultures following blockade of
BDNF actions and TrkB activation. However, the Trk tyrosine kinase inhibitor, K252a
caused a strong trend toward reduced hilar DYN immunoreactivity, suggesting that BDNF/
TrkB receptor activation may contribute to basal DYN expression levels. Small decreases in
CREB (Ser 133) phosphorylation by K252a (Pizzorusso et al., 2000) may underlie this
trend. Taken together, our findings suggest that chronic exposure to GIuN2B-selective
NMDAR antagonists increased DYN expression through a putatively pCREB-dependent,
but BDNF/TrkB-independent mechanism.

NMDAR regulation of signaling pathways

NMDAR can be activated by spontaneous glutamate release. Lack of similar effects of
chronic treatment with GIuN2B- and non-subunit-selective NMDAR antagonists on CREB
(Ser 133) phosphorylation is initially counterintuitive since both compounds inhibit
GIuN2B-containing NMDARs. However, on a simplistic level, inhibition of both GIUN2A-
and GIuN2B-containing NMDAR with non-subunit-selective NMDAR antagonists should
block both GIuN2A-mediated CREB (Ser 133) phosphorylation (Terasaki et al., 2010) and
GIluN2B-mediated dephosphorylation/reduced phosphorylation of CREB (Ser 133) and thus
result in no significant change in CREB (Ser 133) phosphorylation. Inhibition of GIuN2B
alone should inhibit the dominant GluN2B-mediated reduction in CREB (Ser 133)
phosphorylation (Hardingham et al., 2002), without affecting GIuUN2A-mediated CREB (Ser
133) phosphorylation and thus lead to increased CREB (Ser 133) phosphorylation. Thus, our
data are more consistent with the subunit composition model (Liu et al., 2007; Chen et al.,
2008) than the synaptic/extrasynaptic localization model (Hardingham et al., 2002).
However, while GIUN2B subunits are located at both synaptic and extrasynaptic sites (Harris
and Pettit 2007; Gray et al., 2011), they are more concentrated in extrasynaptic sites (Tovar
and Westbrook, 1999; Groc et al., 2006) and contained primarily in triheteromeric NMDAR
assemblies (GIUN1/GIuN2A/GIUN2B) in synaptic sites (Sheng et al., 1994; Gray et al.,
2011; Rauner and Kohr 2011). In triheteromeric NMDAR, R025,6986 and ifenprodil still
exhibit high affinity, but maximal inhibition is greatly reduced (Chazot et al., 2002; Hatton
and Paoletti 2005).

CREB (Ser 133) phosphorylation and BDNF expression

The discrepancy between our hypothesis and BDNF data raises the question as to why
increased CREB (Ser 133) phosphorylation did not lead to increased BDNF expression since
BDNF is CREB target gene (Shieh et al., 1998; Tao et al., 1998). CREB is a ubiquitously
expressed transcription factor that promotes gene transcription from cAMP regulatory
elements (CRE) following activation/phosphorylation at Ser 133, subsequent CREB
dimerization (Montminy et al., 1986; Gonzalez and Montminy, 1989; Dash et al., 1991;
Sheng et al., 1991; Finkbeiner et al., 1997), and association with CREB-binding protein
(CBP), which has histone deacetylase activity (Chrivia et al., 1993; Bannister and
Kouzarides 1996). Chromatin acetylation facilitates CREB access to DNA (Chrivia et al.,
1993; Bannister and Kouzarides 1996), while CRE nucleotide methylation reduces CREB
access to DNA. CREB interactions with multiple different transcription factors and
coactivators also regulate gene transcription in a context-specific, cell-type dependent, and
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stimulus driven manner. Therefore, activated CREB may not have promoted BDNF
transcription in our experiments due to: 1) lack of CREB access to chromatin in the BDNF
promoter; 2) inability to recruit required coactivators or interaction with proteins that lack a
CRE-binding domain (Foulkes et al., 1991).; 3) phosphorylation of CREB at alternate sites
[i.e. CREB phosphorylation at Ser142 by CaMKII inhibits the CREB-CBP association and
represses transcription (Sun et al., 1994)]; and/or 4) lack of cell-type-specific factors (see
Lonze and Ginty 2002; Carlezon et al., 2005). Indeed, the rat BDNF gene contains four
distinct promoters and at least three Ca2*/cAMP regulatory elements (CRE/CaRE1-3).
CREB phosphorylation at Ser 133, binding of CREB to all three CRE/CaRE elements, and
binding of other transcription factors, including a calcium-responsive transcription factor
(CaRF) and upstream stimulatory factors 1 and 2 (USF1/2) are required for BDNF
expression (Timmusk et al., 1993; Tao et al., 1998; Tao et al., 2002; Chen et al., 2003).
Therefore, one possible explanation for the discrepancy between previous findings and our
BDNF data is that the previous study (Hardingham et al., 2002) used dissociated
hippocampal cultures, while we used organotypic hippocampal slice cultures that mimic
endogenous neuronal networks. Another difference is the stimulus used to drive NMDAR
activation. Previous studies used prolonged pharmacological increases in NMDAR
activation, while we blocked spontaneously released neurotransmitter. The same
convergence of events required for BDNF expression may not occur in our preparation using
a NMDAR inactivation paradigm. Another question that arises is why R025,6981, but not
ifenprodil decreased BDNF levels. While both R026,6981 and ifenprodil target GIuN2B-
containing NMDAR, ifenprodil is less specific overall. Ifenprodil also interacts with -
adrenergic receptors, serotonin receptors and calcium channels (Chenard et al., 1991;
Church et al., 1994; McCool and Lovinger 1995), which may have impacted BDNF
expression compared to inhibition of GIuN2B-containing NMDAR alone.

Control of DYN/NPY expression

CREB regulates dynorphin expression through binding to three CRE upstream of the
preprodynorphin promoter, which can independently increase transcription. CREB binding
to multiple CRE increases the magnitude of DYN transcription (Cole et al., 1995; Kaynard
etal., 1992; Douglass, et al., 1994). Thus, our findings showing an association between
CREB (Ser 133) phosphorylation and increased dynorphin expression are consistent with a
CREB-dependent mechanism. However, thousands of genes contain CRES in their promoter
and regulatory regions (see Lonze and Ginty 2002; Carlezon et al., 2005) and whether
CREB regulation is direct or indirect remains unclear. For example, BDNF is a CREB target
gene that regulates DYN expression. Extended BDNF application into the hippocampus
decreased dynorphin peptide and preprodynorphin mRNA (Croll et al., 1994). By analogy,
decreased BDNF levels in R025,6981-treated cultures could underlie increased DYN
expression. However, DYN levels were increased in ifenprodil-treated cultures despite no
change in BDNF levels. Lastly, reducing BDNF actions did not result in increased DYN
expression in vehicle-treated cultures or block DYN up-regulation in R025,6981-treated
cultures. Therefore, CREB (Ser 133) phosphorylation, not alterations in BDNF, most likely
mediated increased DYN expression following chronic treatment with GIuN2B antagonists.
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CREB can modulate preproneuropeptide Y gene expression (Higuchi et al., 1988; Chance et
al., 2000), so no change in NPY expression despite increased CREB (Ser 133)
phosphorylation was somewhat surprising. However, to our knowledge CREB modulation
of NPY transcription has not been reported in hippocampal neurons specifically and may
require alternate or additional modulators, including non-CRE Ca?*/calmodulin response
elements (CaMRE), SP1 family transcription factors, and cooperative interactions between
AP-1, AP-2, and SP1 transcription factors (Minth and Dixon, 1990; Andersson et al., 1994;
Higuchi et al., 1996). Alternatively, our immunohistochemical methods may not have been
sensitive enough to detect modest NPY changes.

Potential involvement of BDNF, DYN, and CREB (Ser 133) phosphorylation on seizure-like

activity

We focused on BDNF, DYN, and NPY because each can influence seizures. BDNF and
TrkB activation modulate synaptic transmission and enhance seizure expression (Binder et
al., 2001). Consistent with previous reports showing that reducing BDNF retards
epileptogenesis (Kokaia et al., 1995; Binder et al., 1999; He et al., 2004), decreased BDNF
following chronic R025,6981 (current study) was associated with reduced expression of
seizure-like events (Wang and Bausch, 2004). However, chronic ifenprodil treatment
reduced seizure-like events (Wang and Bausch, 2004), but did not affect BDNF levels
(current study). Thus, reduced BDNF alone is unlikely to mediate reduced seizure-like
events following chronic treatment with GIuN2B antagonists, although regional changes in
BDNF release cannot be ruled out.

DYN is released from dentate granule cells following high frequency stimulation and
reduces excitatory glutamatergic transmission (Wagner et al., 1993; Wagner et al., 1992;
Weisskopf et al., 1993; Drake et al., 1994; Shukla and Lemaire, 1994; Simmons and
Chavkin 1996a,1996b; Terman et al., 2000). Commensurate with reduced excitatory
neurotransmission, DYN reduces seizures in numerous epilepsy models (see Tortella, 1988;
Simmons and Chavkin, 1996b; Bausch et al., 1998). Therefore, DYN up-regulation in the
dentate granule cell mossy fiber pathway may contribute to the reduced seizure-like events
following chronic treatment with GIuUN2B antagonists (Wang and Bausch, 2004). Further
studies are clearly required to mechanistically link increased DYN to reduced seizures
following chronic treatment with GIuN2B-selective antagonists.

Although this study focused on BDNF, DYN, and NPY, CREB modulates expression of a
wide variety of downstream targets, which also may directly or indirectly contribute to
reduced seizure expression following chronic treatment with GluN2B-selective antagonists.
Indeed, we reported previously that chronic treatment with the GIuN2B-selective antagonist,
R025,6981 down-regulated AMPAR and NMDAR function (He et al., 2013). A separate
study showed that R025,6981 treatment caused repressive chromatin remodeling via the
histone methyltransferase, Setdbl and reduced GIuN2B expression (Jiang et al., 2010).
Therefore we speculate that chronic GIUN2B antagonist treatment may induce a complex
landscape of activity-dependent CREB-modulated transcription as well as repressive
epigenetic marks that impact transcription of genes putatively regulated by CREB
activation. Future studies investigating the role of permissive and restrictive epigenetic
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environment regulated by NMDAR activity and their relationship to seizure expression are
clearly needed.

Experimental methods

Organotypic hippocampal slice cultures

Slice cultures were prepared using the Stoppini method (Stoppini et al., 1991) as described
previously (Wang and Bausch 2004). Briefly, postnatal day 11 Sprague-Dawley rats
(Taconic; Germantown, NY) were anesthetized with pentobarbital and decapitated. The
brains were removed, hippocampi were cut into 400 pum transverse slices using a Mcllwain
tissue chopper and slices were placed into Gey’s balanced salt solution [GBSS; (in mM):
137 NaCl, 5 KClI, 0.25 MgSQy, 1.5 CaCl,, 1.05 MgCl,, 0.84 NayHPOy4, 0.22 KyHPOy, 2.7
NaHCOs3, 5.6 glucose] supplemented with an additional 6.5 mg/ml glucose. The entorhinal
cortex was removed from the middle 4-6 slices of each hippocampus and slices were placed
onto tissue culture membrane inserts (Millipore; Bedford, MA) in a tissue culture dish
containing medium consisting of 50% minimum essential medium, 25% Hank’s buffered
salt solution, 25% heat-inactivated horse serum, 0.5% GlutaMax, 10 mM HEPES (all from
Invitrogen; Carlsbad, CA) and 6.5 mg/ml glucose (pH 7.2). Cultures were maintained at
37°C under room air + 5% CO5 /100% humidity and medium with or without drugs was
changed three times per week. Cultures were treated chronically for the entire 17-21 DIV
culture period with R025,6981 (1 uM; Sigma), ifenprodil (3 uM; Tocris Cookson; Ballwin,
MO),D-(-)-2-amino-5-phosphonopentanoic acid (APV, 50 uM; Tocris Cookson) or
memantine (1 uM; Tocris Cookson) diluted in medium. Vehicle-treated cultures were
treated similarly, but drugs were omitted. Vehicle- and drug-treated cultures were always
studied concurrently under identical experimental conditions. In experiments examining the
effects of TrkB activation on dynorphin expression cultures also were treated for the full
17-21 day culture period with the TrkB-human IgG-Fc chimera, TrkB-Fc (2 ug/mL; R&D
Systems, Minneapolis, MD; Rex et al., 2006; Rex et al., 2007; Xapelli et al., 2008;
Lauterborn et al., 2009; Aguirre and Baudry 2009; Gill et al., 2013) diluted in medium, the
tyrosine kinase inhibitor K252a (200 nM; EMD Chemicals, Gibbstown, NJ; Tyler and
Pozzo-Miller 2001; Koyama rt al., 2004; Pozzo-Miller 2006; Sato et al., 2007) prepared in
0.02% DMSO, or their respective controls human IgG-Fc (2 pg/mL; R&D Systems,
Minneapolis, MD) or 0.02% DMSO (Sigma, St. Louis, MO) diluted in medium. Only those
hippocampal slice cultures exhibiting distinctive cell layers at the end of the 17-21 day
culture period were used in subsequent experiments.

Western blot analyses

Western blot analysis for CREB and pCREB were performed as described previously (Dong
et al. 2002) Slice cultures were rinsed in Tyrode solution (in mM): 129 NaCl, 5 KCl, 2
CacCly, 30 glucose, 25 HEPES (pH 7.35), then frozen on dry ice and stored at —80°C. Frozen
slice cultures were homogenized in ice cold 0.1 M Tris buffer [TB (pH 7.4)] containing: 1
mM ethylene glycol tetraacetic acid (EGTA), 1 mM ethylenediaminetetraacetic acid
(EDTA), 0.5 mM dithiothreitol, 0.5mM phenylmethylsulfonyl fluoride (PMSF), 2 mM
benzamide HCI, 0.1 mg/ml trypsin inhibitor, and 0.1 mg/ml bacitracin. Homogenate aliquots
were stored at —80°C until use. Protein concentrations were determined by BCA assay
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(Pierce; Rockford, IL) and 7 ug of total homogenates were denatured and separated by 10%
SDS-polyacrylamide gel electrophoresis, then transferred to PVDF membranes. After
blocking in TB containing 0.15 M NaCl, 5% dried non-fat milk, and 0.1% Tween-20,
membranes were incubated with rabbit anti-CREB IgG (Upstate; Lake Placid, NY) diluted
1:1,000 or affinity-purified rabbit anti-phospho-CREB (pCREB; Ser133) IgG (Affinity
BioReagents; Golden, CO) diluted 1:1,000 followed by HRP-conjugated goat anti-rabbit
IgG (BioRad; Hercules, CA) diluted 1: 3,000 in blocking solution. Protein bands were
visualized by ECL chemiluminescence (Pierce, Rockford, IL) according to Kit instructions
and imaged using a Fujifilm Intelligent Dark Box Il system (Fuji Medical systems,
Stamford, CT). Background-subtracted protein bands were quantitatively analyzed using
Fujifilm software in the linear range. CREB was examined in two separate blots per
experiment; one was initially probed for CREB, the other was first probed for pPCREB then
stripped and reprobed for CREB. Since no significant differences were apparent, CREB
densities were represented as the average of the two blots. As loading controls, all blots were
stripped with Re-blot Plus (Chemicon; Temecula, CA) and re-probed with rabbit anti-neuron
specific enolase (NSE) antiserum (Chemicon) diluted 1:200,000 or mouse monoclonal anti-
B-tubulin 19G; (clone AA2; Upstate) diluted 1:15,000 and processed with HRP-conjugated
goat anti-rabbit IgG (BioRad) diluted 1: 6,000 or HRP-conjugated goat anti-mouse 1gG
(BioRad) diluted 1:5,000, respectively, then visualized and analyzed as described above.
Specificity of the CREB and pCREB antibodies was confirmed with control cell extract (Fig
1D) and peptide block (Fig 1E) experiments. Purchased extracts (Cell Signaling; Beverly,
MA\) prepared from SK-N-MC cells with and without forskolin and IBMX treatment were
used to show specificity of the anti-pCREB (Ser133) antibody. Peptide block experiments
were used to show specificity of the anti-CREB and anti-pCREB (Ser133) antibodies and
were performed by pre-incubating the CREB or pCREB antibodies (10 ug) with pPCREB
(Ser133) blocking peptide (10 pug; Cell Signaling) or CREB immunizing peptide (10 ug;
Upstate) for 2 hr. at room temperature (RT) prior to application to blots of slice culture
homogenates.

Immunohistochemistry

Slice cultures were fixed for 20 min. with 4% paraformaldehyde in 0.1 M phosphate buffer
(PB; pH 7.4) for NPY or with 4% paraformaldehyde in PB containing 0.15% glutaraldehyde
for dynorphin, removed from the membrane and free-floating slice cultures were processed
for immunohistochemistry using the avidin-biotin-peroxidase complex (ABC) method (Hsu
et al., 1981) as described previously (Drake et al., 1994; Bausch et al., 1995). All steps were
performed at RT unless stated otherwise. Slice cultures fixed with glutaraldehyde were
pretreated with 1% sodium borohydride in 0.1M Tris buffer [TB (pH 7.4)]. All slice cultures
were pretreated sequentially with 70% ethanol, 0.3% H»0, in 100% methanol, 70% ethanol,
followed by 0.1 M TBS (dynorphin) or 0.1 M PBS (NPY) (TB/PB containing 0.15 M NaCl
and 2.7 mM KCI [pH 7.4]). Cultures were then sequentially pretreated with 7% avidin in
TBS/PBS, 7% biotin in TBS/PBS, and blocked with TBS/PBS containing 2% gelatin and
10% normal goat serum for 1 hr at 37°C. Slice cultures were then incubated in rabbit anti-
dynorphin A antiserum (Peninsula Laboratories; San Carlos, CA; Drake et al., 1994) diluted
1:3,000 or rabbit anti-NPY IgG (Peninsula Laboratories) diluted 1:2,500 (0.2 ng/ml) for 1 hr
at RT followed by 36 hr at 4°C. Specificity of the anti-dynorphin A antiserum was
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previously documented by (Pickel et al., 1993); specificity of anti-NPY 1gG by (Malmberg
etal., 1997; Croll et al., 1999). All antibodies were diluted in TBS/PBS containing 2%
bovine serum albumin (BSA), 10% normal goat serum and 0.25% Triton X-100. Slice
cultures were then processed as follows: rinsed with TBS/PBS containing 0.1% Triton
X-100; incubated in biotinylated goat anti-rabbit 1gG (Vector; Burlingame, CA) diluted
1:400 in diluent for 1 hr; rinsed; incubated in ABC Elite (Vector) diluted in TBS/PBS
containing 1% BSA and 0.1% Triton X-100 according to kit instructions (1x, NPY; 2x,
dynorphin) for 1 hr at 37°C; and rinsed. Immunoreactivity was visualized with 0.04% 3,3’-
diaminobenzidine (DAB, Sigma) and 0.0024% H,0, in TB. Slice cultures were mounted
onto subbed glass slides, dehydrated, cleared in xylenes and coverslipped with Permount
mounting media (Fisher). Slice cultures were digitally photographed using a Zeiss Axioskop
microscope (Carl Zeiss Microlmaging, LLC, Thornwood, NY), Optronics (Goleta, CA)
Microfire camera and Picture Frame software (Optronics). The dynorphin-IR mossy fiber
pathway was defined subjectively as continuous staining of the entire mossy fiber pathway.
The density of dynorphin and NPY immunoreactivities was quantified with MetaMorph
software (Universal Imaging / Molecular Devices, Downingtown, PA).

Homogenates were prepared from slice cultures in a lysis buffer composed of: 137 mM
NaCl, 20 mM Tris-HCI (pH 8.0), 1% NP40, 10% glycerol, 1 mM PMSF, 10 pg/ml aprotinin,
1 pg/ml leupeptin and 0.5 mM sodium vanadate. Aliquots were frozen and stored at =80 °C
until use. Total protein concentration was determined using a BCA assay (Pierce). BDNF
levels were quantified according to BDNF Eax ® ImmunoAssay System (Promega,
Madison WI) instructions.

Cultures from experimental and control groups were always treated, processed and analyzed
concurrently under identical conditions. Investigators were blinded to experimental
groupings for all data analyses. Statistical analyses were performed with Sigma Stat
software (SPSS Inc., Chicago, Illinois) and significance was defined as p < 0.05.
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CREB (Ser 133) phosphorylation was increased following chronic treatment with GIuN2B-
selective, but not non-subunit-selective NMDAR antagonists. Western blots probed for
CREB, pCREB (Ser133) and NSE (A) or p-tubulin (E) were generated using (A-C, E)
homogenates prepared from hippocampal slice cultures treated with vehicle or the stated
NMDAR antagonists for the entire 17-21 DIV culture period or (D) purchased extracts
prepared from untreated SK-N-MC cells or SK-N-MC cells treated with forskolin and
IBMX as described in the Materials and Methods. A) shows a representative Western blot
for pCREB, CREB, and neuron specific enolase (NSE) (all obtained from the same blot). B)
quantitative Western blot analysis showed increased CREB levels relative to NSE loading
controls in organotypic hippocampal slice cultures treated chronically with the GIUN2B-
selective NMDAR antagonist R025,6981, but not ifendprodil, as well as the non-subtype-
selective NMDAR antagonist, APV. C) quantitative Western blot analysis showed increased
CREB (Ser133) phosphorylation relative to CREB levels in slice cultures treated with the
GIuN2B-selective NMDAR antagonists R025,6981 or ifenprodil, but not in cultures treated
with the non-subtype-selective NMDAR antagonists APV or memantine. D) Specificity of
the anti-pCREB antibody for pCREB is illustrated by increased pCREB following forskolin
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and IBMX treatment compared to untreated controls. E) The specificities of anti-pCREB
and anti-CREB antibodies are shown by peptide block. B-tubulin was used as a loading
control. Bars represent the mean £ SEM (normalized to vehicle mean/experiment). X-axis
label in C is for A-C. Numbers in parentheses indicate the number of slice cultures. *,
p<0.05, different than vehicle; #, p<0.001, different than vehicle, ifenprodil, APV; ANOVA
with Holm-Sidak posthoc comparison.
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Fig. 2.
DYN expression in the dentate granule cell mossy fiber pathway was increased following

chronic treatment with GIuN2B-selective, but not non-subtype-selective NMDAR
antagonists. Hippocampal slice cultures treated for the entire 17-21 day culture period with
different classes of NMDAR antagonists were stained immunohistochemically with anti-
DYN A antiserum using the ABC method and analyzed as described in the Materials and
Methods. A) Representative hippocampal slice cultures as well as B) subjective analysis and
C) quantitative densitometry revealed increased mossy fiber DYN immunoreactivity
associated with the dentate granule cell mossy fiber pathway in organotypic hippocampal
slice cultures treated with the GIuN2B-selective NMDAR antagonists R025,6981 or
ifenprodil, but not in cultures treated with the non-subtype-selective NMDAR antagonists
APV or memantine. C inset) Hilar DYN immunoreactivity density (white box, 200 x 100
pum) was subtracted from background density in CA1 (black box, 200 x 100 um).
Abbreviations: g, dentate granule cell layer; h, hilus; m, molecular layer; sl, stratum
lucidum; p, pyramidal cell layer. Arrowheads in A point to DYN-IR puncta. Bars indicate B,
percentages or C, means £ SEM. The number of slice cultures is indicated in parentheses.
Scale bar is for all panels in A, 500 um. *, different than vehicle, p<0.05, ANOVA with
Holm-Sidak post hoc comparison; **, different than vehicle, p<0.001, z-test.

Mol Cell Neurosci. Author manuscript; available in PMC 2015 May 01.



1duosnue N Joyny Vd-HIN 1duosnue N Joyny vd-HIN

1duosnuely Joyiny vd-HIN

Page 19

Ro25,6981 |

(41) (27)
* (35) AR g

Number of NPY-IR Neurons
-]
(=]

40
20
0
/(./p 6\6‘ 4\0 ’0')
%, % %,
- 20 27)
§ 20
>
~ O
2% 10 27)  (29)
3 E (25)
= os) 2
- & 0 - T
a5 i 1
9
R L L 2 9
o 10 %/(‘,/ o%\ &?q, DL 47%”
(J & % .
\9‘9] V,/ %@
Fig. 3.

NPY expression was not significantly affected by chronic treatment with NMDAR
antagonists. Organotypic hippocampal slice cultures treated for the entire 17-21 day culture
period with different classes of NMDAR antagonists were stained immunohistochemically
with anti-NPY 1gG using the ABC method and analyzed as described in the Materials and
Methods. A) Representative low power images of hippocampal slice cultures showed NPY
immunoreactivity in scattered neurons and neuropil throughout the slice culture. B)
Representative higher power images revealed NPY immunoreactivity in neuronal somata
(open arrow), dendrites (arrows) and thin neuronal processes (arrowheads). C) Quantitative
neuron counts in the granule cell layer and hilus showed that chronic treatment with D-APV
decreased the number of NPY-IR neurons. Quantitative densitometry D) in the hilus and E)
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in the entire hippocampal slice culture illustrated no effect of chronic NMDAR antagonist
treatment on NPY immunoreactivity. Abbreviations: g, dentate granule cell layer. Bars
indicate means £ SEM. The number of slice cultures is indicated in parentheses. Scale bar in
A applies to all panels in A, 500 pym; in B1, 500 um; in B2, B3, 100 um. *, p<0.05, different
than vehicle, ANOVA on Ranks with Dunn’s posthoc comparison.
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Fig. 4.
BDNF levels were unaltered by chronic treatment with GluN2B-selective NMDAR

antagonists. ELISA was used to assay BDNF levels in hippocampal slice cultures treated for
the entire 17-21 day culture period with different classes of NMDAR antagonists as
described in the Materials and Methods. BDNF levels were decreased in organotypic
hippocampal slice cultures treated with the GIuUN2B-selective NMDAR antagonist
R025,6981, but not in cultures treated with the GIuN2B-selective NMDAR antagonist
ifenprodil or the non-subtype-selective NMDAR antagonists APV or memantine. Bars
represent mean = SEM. Numbers in parentheses indicate the number of slice cultures. *,
p<0.05, different than vehicle, ANOVA on Ranks with Dunn’s posthoc comparison.
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Increased DYN expression following chronic treatment with GIuN2B-selective NMDAR
antagonists was independent of TrkB-mediated signaling pathways. Organotypic
hippocampal slice cultures were treated for the entire 17-21 day culture period with either
vehicle or the GIuN2B-selective NMDAR antagonist R025,6981 alone or in combination
with the TrkB/human IgG Fc region chimera TrkB-Fc, the tyrosine kinase inhibitor K252a
or their respective human IgG-Fc or DMSO controls. Cultures were then stained
immunohistochemically with anti-DYN A antiserum using the ABC method and analyzed as
described in the Materials and Methods and depicted in Fig. 2. A) Representative
hippocampal slice cultures as well as B), C) quantitative densitometry show increased hilar
DYN immunoreactivity following chronic R025,6981 treatment (p=0.012, Mann Whitney
Rank Sum test), but no significant effect of K252a or TrkB-Fc in either vehicle- or
R025,6981-treated slice cultures. Bars indicate means + SEM. Numbers in parentheses

indicate the number of slice cultures.
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