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Abstract
Benzodiazepine withdrawal-anxiety is associated with enhanced AMPA receptor (AMPAR)-
mediated glutamatergic transmission in rat hippocampal CA1 synapses due to enhanced synaptic
insertion and phosphorylation of GluA1 homomers. Interestingly, attenuation of withdrawal-
anxiety is associated with a reduction in NMDA receptor (NMDAR)-mediated currents and
subunit expression, secondary to AMPA receptor potentiation. Therefore, in this study
ultrastructural evidence for possible reductions in NMDAR GluN1, GluN2A and GluN2B
subunits was sought at CA1 stratum radiatum synapses in proximal dendrites using
postembedding immunogold labeling of tissues from rats withdrawn for 2-days from 1-week daily
oral administration of the benzodiazepine, flurazepam (FZP). GluN1-immunogold density and the
percentage of immunopositive synapses were significantly decreased in tissues from FZP-
withdrawn rats. Similar decreases were observed for GluN2B subunits, however the relative lateral
distribution of GluN2B-immunolabeling within the postsynaptic density did not change after BZ
withdrawal. In contrast to the GluN2B subunit, the percentage of synapses labeled with the
GluN2A subunit antibody and the density of immunogold labeling for this subunit was unchanged.
The spatial localization of immunogold particles asssociated with each NMDAR subunit was
consistent with a predominantly postsynaptic localization. The data therefore provide direct
evidence for reduced synaptic GluN1/GluN2B receptors and preservation of GluN1/GluN2A
receptors in the CA1 stratum radiatum region during BZ withdrawal. Based on collective findings
in this benzodiazepine withdrawal-anxiety model, we propose a functional model illustrating the
changes in glutamate receptor populations at excitatory synapses during benzodiazepine
withdrawal.

Keywords
Electron microscopy; Plasticity; Dependence; Glutamate; LTP; Anxiety

Corresponding Author: Elizabeth I. Tietz, Ph.D., Department of Physiology and Pharmacology University of Toledo College of
Medicine (Formerly Medical University of Ohio), Health Science Campus, 3000 Arlington Ave., Mailstop 1008, Toledo, OH 43614.
Tel: (419)383-4170; Fax: (419)383-2871; liz.tietz@utoledo.edu.
†An equal contribution was made from the laboratories of F.J.A. and E.I.T.

NIH Public Access
Author Manuscript
J Comp Neurol. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
J Comp Neurol. 2010 November 1; 518(21): 4311–4328. doi:10.1002/cne.22458.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Glutamatergic transmission at hippocampal CA1 synapses is mediated by ionotropic AMPA
receptors (AMPAR) assembled from GluA1-3 (GluR1-3) subunits, and NMDA receptors
(NMDAR) comprised of the obligatory GluN1 (NR1), and one or more GluN2A (NR2A) or
GluN2B (NR2B) subunits (Petralia et al., 2005; Sans et al., 2003; Wenthold et al., 1996).
While AMPARs carry most of the fast synaptic current, NMDAR activation triggers
synaptic plasticity such as long-term potentiation (LTP), a proposed cellular substrate of
learning and memory (Lau and Zukin, 2007; Malenka and Nicoll, 1999). Synaptic plasticity
at CA1 synapses occurs largely by NMDA-dependent AMPAR trafficking to the synapse
and subsequent phosphorylation. Both are key steps in hippocampal LTP and many other
forms of activity-dependent synaptic plasticity (Lee et al., 2009; Malinow and Malenka,
2002; Oh et al., 2006).

While, mechanisms underlying activity-dependent synaptic plasticity, such as GluA1
upregulation and phosphorylation are proposed to underlie drug-induced plasticity (Billa et
al., 2009; Boudreau et al., 2007; Kim et al., 2009; Shen et al., 2009, 2010), the role of
NMDAR in regulation of AMPARs during drug-dependent plasticity is not well-defined
(Kim et al., 2009). As such, alterations in NMDAR expression and function have been
reported with various drugs of abuse (Loftis and Janowsky, 2000; 2002; Mao et al., 2009;
Obara et al., 2009), including the benzodiazepines (Shen and Tietz, 2008; Van Sickle et al.,
2004). Benzodiazepines are widely used in the treatment of anxiety, insomnia and seizures
and their clinical effects are mediated by positive allosteric modulation of inhibitory γ-
aminobutyric acid type-A (GABAA) receptor function (Wafford, 2005). Although
benzodiazepines are highly efficacious, chronic use leads to withdrawal symptoms including
heightened anxiety, insomnia and occasionally seizures upon cessation of treatment,
symptoms which ultimately compromise their clinical utility and may contribute to misuse
and abuse (Chouinard, 2004; Griffiths and Johnson, 2005). Benzodiazepine withdrawal-
induced anxiety correlates with CA1 neuron hyperexcitability due to enhancement of
glutamatergic AMPAR strength, (Allison and Pratt, 2006; Izzo et al., 2001; Van Sickle et
al., 2004). Our group has been analyzing potential similarities between benzodiazepine-
induced changes in glutamatergic synapses and other forms of synaptic plasticity. Increased
AMPAR function following chronic flurazepam (FZP) administration displayed many
similarities to LTP including increased GluA1 mRNA and subunit protein expression,
increased synaptic insertion of GluA1-containing AMPAR (Das et al., 2008; Song et al.,
2007; Van Sickle et al., 2004), and Ca2+-calmodulin dependent protein kinase II (CaMKII)-
mediated phosphorylation of GluA1 homomers leading to enhanced AMPAR conductance
(Shen et al., 2010; Song et al., 2007).

While AMPAR potentiation was observed after drug withdrawal and associated with
anxiety-like behavior, a reduction in NMDAR function associated with a reduction in GluN1
and GluN2B subunit mRNA and protein expression, averted expression of withdrawal-
anxiety (Shen and Tietz, 2008; Van Sickle et al., 2002). Blockade of AMPAR current
potentiation in CA1 neurons also prevented the decline in NMDAR function and suggested
that the negative regulation of NMDAR was secondary to enhanced AMPAR strength
(Xiang and Tietz, 2007). The reduction in NMDAR-mediated whole-cell currents was
eliminated by superfusion of the selective GluN2B subunit antagonist, ifenprodil thus
implicating GluN2B-containing NMDARs (Shen et al., 2008). Therefore, it was
hypothesized that the density of NMDARs at CA1 synapses might be altered during
benzodiazepine withdrawal by regulation of the pool of NMDARs containing GluN2B
subunits.
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NMDAR trafficking via PDZ domain interactions with membrane associated guanylate
kinases (MAGUK) is a primary mechanism regulating NMDAR synaptic expression
(Prybylowski et al., 2005; Wenthold et al., 2003) and is also critical for modulating surface
AMPAR expression (Kim et al., 2005). In particular, NMDAR surface expression is
dynamically regulated by mechanisms such as membrane insertion (Barria and Malinow,
2002; Sans et al., 2003), lateral diffusion and internalization (Groc et al., 2004; Nong et al.,
2004; Tovar and Westbrook, 2002) and additionally regulated by various kinases including
CaMKII (Gardoni et al., 2003; Mayadevi et al., 2002; Strack et al., 2000). Relative to
GluN2A, the GluN2B subunit is more mobile and known to be robustly internalized by
regulated endocytosis through clathrin-coated pits and to cycle between synaptic and
extrasynaptic compartments via lateral diffusion in an activity-dependent manner (Groc et
al., 2006; Tovar and Westbrook, 2002). GluN2B subunits also play a very significant role as
a CaMKII signaling partner (Robison et al., 2005; Strack et al., 2000).

The goal of the present study was therefore to evaluate the densities of key NMDAR
subunits at asymmetric synapses in the hippocampal CA1 region during benzodiazepine
withdrawal using a quantitative postembedding immunogold approach. The findings suggest
that during benzodiazepine withdrawal, the numbers of NMDAR immunopositive synapses
decrease in parallel to a decline in the density of GluN1 and GluN2B, but not GluN2A
subunits. Decreased synaptic insertion or enhanced internalization of GluN1/GluN2B
receptors during benzodiazepine withdrawal, which occur secondary to AMPAR
potentiation, may serve as a protective, negative-feedback mechanism to prevent further
AMPAR-mediated neuronal hyperexcitability and limit benzodiazepine withdrawal-anxiety.

MATERIALS AND METHODS
Chronic flurazepam treatment

All procedures involving the use of rats were performed in compliance with the University
of Toledo College of Medicine Institutional Animal Care and Use Committee (IACUC) and
National Institutes of Health guidelines. Male Sprague-Dawley rats, initially 22–25 postnatal
days of age (Harlan, Indianapolis, IN) were housed in individual cages with free access to
food. Rats were acclimated for 2–4 days to a 0.02 % saccharin water vehicle as the sole
source of drinking water. One-week oral treatment with the water-soluble benzodiazepine,
FZP was as described previously (Van Sickle et al., 2004). Briefly, after the acclimation
period, rats were offered FZP (100 mg/kg/day) in the saccharin vehicle for the first three
days followed by an average dose of 150 mg/kg/day for the next four days. Rats which
achieved a weekly average dose greater than 100 mg/kg/day with a goal of > 120 mg/kg/day
were used for experiments (Xie and Tietz, 1992, Van Sickle et al., 2004). In the current
study, experimental rats drank an average of 127.1 ± 4.2 mg/kg/day (Mean ± SEM, n=5
rats). Due to FZP’s relative potency, oral bioavailability and short half-life in rats
(Chouinard, 2004; Lau et al., 1987) this oral dosing regimen results in brain concentrations
at the end of treatment (1.2 μM FZP) similar to other chronic benzodiazepine treatment
regimens (Xie and Tietz, 1992). While rats do not show any overt behavioral signs during
drug treatment or withdrawal, this dosing regimen reliably induces manifestations of both
benzodiazepine tolerance and dependence (Tietz et al., 1999; Van Sickle et al., 2004). After
discontinuation of this drug regimen, rats consistently show increased anxiety-like behavior
the following day that can be measured by a decreased time spent in the open arms of an
elevated plus-maze. Rats treated for 1-week show a progressive increase in hippocampal
CA1 neuron AMPA mEPSC amplitude after 1-day (~15–30%) and 2-days (~30–50%) of
FZP withdrawal and decreased NMDAR function after 2 days (Van Sickle et al., 2002, Van
Sickle and Tietz, 2002). The increased AMPAR and the associated anxiety-like behavior
and decreased NMDAR function were transient and returned to control levels 4 days after
ending treatment (Van Sickle et al., 2004).
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At the end of treatment, rats were given saccharin water for an additional 2-days and then
prepared for histological processing. Paired control rats were given only saccharin water for
the same length of time prior to euthanasia by intracardiac perfusion with fixatives under
deep anesthesia.

Tissue fixation and embedding
Control and FZP-withdrawn rats (n = 5/group) were deeply anesthetized with an inhaled
isoflurane/O2 mixture (2.5%) and perfused via the aorta with a fixative containing 4%
paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer. Coronal sections
(200 μm) were processed as described previously (Das et al., 2008). After sections were
freeze slammed to a pre-cooled copper mirror (−190°C, Leica EM CPC, Bannockburn, IL),
for cryosubstitution and low temperature embedding, tissues were transferred to a Leica EM
AFS: 12 hr in 1% uranyl acetate in methanol (−80° C), 4 × 30 min in absolute methanol
(this and following at −50° C), 2 hr each in 50%, 75%, 100% lowicryl HM20, then 2 × 8 hr
in 100% lowicryl. Sections were flat-embedded using lowicryl between glass coverslips
coated with Formen-Trenmittel (Electron Microscopy Sciences, Ft. Washington, PA), and
polymerized with UV light (48 hr at −50° C, 72 hr at 0° C, 48 hr at +20° C). After
polymerization, the CA1 area was excised and glued to EM blocks. Ultrathin sections (80
nm) were collected on 200-mesh nickel grids coated with a Coat-Quick “G” grid coating pen
(Daido Sangyo Co., Ltd., Japan).

Characterization of primary antibodies
The rabbit polyclonal GluN1, GluN2B and GluN2A antibodies were purchased from
Frontier Science Co. Ltd. (Hokkaido, Japan). The specificity of immunogold labeling in
adult CA1 synapses was tested in GluN2A knockout (KO) mice (see below), but not in
GluN1 or GluN2B KO mice because of the lethal postnatal phenotype exhibited by these
mice. Fortunately, the specificity of immunogold labeling with these same antibodies has
been tested by other authors using conditional knockouts of GluN1 or GluN2B in which
these subunits were specifically deleted from hippocampal synapses (Fuyaka et al., 2003;
Akashi et al., 2009).

Anti-GluN1 (anti-GluRζ1-C2)—The GluN1 subunit antibody (Code # GluRe2N-Rb-
Af660-1) was obtained in a rabbit host by injecting a mouse C-terminal C2 cassette
(LQNQKDTVLPRRAIEREEGQLQLCSRHRES) corresponding to amino acids 909-938 of
GluN1 carboxy-terminus (Manufacturer’s technical information and Watanabe et al., 1998).
Immunoblots of protein extracts from adult mice cerebellum labeled with this antibody
showed a single-protein band at 120 kDa with negligible cross-reactivity to other ionotropic
glutamate receptors (Yamada et al., 2001). Immunohistochemical analysis also showed
intense labeling in various brain regions including the hippocampus and cerebellar cortex
with very little background staining (Yamada et al., 2001). Immunoelectron microscopic
analysis with this antibody showed that GluN1 was localized in postsynaptic junctions of
mossy fiber dendrites in mouse cerebellum (Abe et al., 2004). After conditional deletion of
the GluN1 gene targeted to the CA1 region of mouse hippocampus, Fukaya et al. (2003)
reported no labeling in CA1 synapses.

Anti-GluN2A (Anti-GluRε1)—The mouse GluN2A C-terminal 1126-1408 amino acid
sequence was used as an antigen in a rabbit host to obtain polyclonal antibodies against
GluN2A (Code # GluRe1C-Rb-Af542-1). A single protein band of 175 kDa was observed in
immunoblot analysis with no cross-reactivity to other glutamate receptor subunits including
GluN2B (Manufacturer’s technical information). The specificity of this antibody has been
tested previously by immunoblot analysis of mouse brain extracts (Watanabe et al., 1998).
In the present study, the specificity of GluN2A antibody was also tested by processing
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hippocampal sections from one wildtype (WT) and one GluN2A KO mouse (kindly
provided by Dr. Stefano Vicini from his colony at Georgetown University, Washington DC)
under identical conditions to rat tissues (see Results).

Anti-GluN2B (Anti-GluRε2)—The anti-GluN2B antibody (Code # GluRe2C-Rb-
Af264-1) was obtained by injecting a rabbit host with a peptide corresponding to the C-
terminal region of the mouse GluN2B (1327-1472 aa) (Manufacturer’s technical information
and Watanabe et al., 1998). Immunoblot analysis showed a single band of ~180 kDa without
cross reactivity to other iGluR subunits. The specificity of this antibody was tested using
immunoblot analysis of GluRε2 (GluN2B) in KO mice expressing a truncated protein (Mori
et al., 1998). Western blot analysis of whole brain protein showed the corresponding 180
kDa band in WT and a 130 kDa truncated band in the KO using an N-terminal directed
antibody. The difference in size approximated the 459 aa C-terminal deleted region, and the
C-terminal directed antibody used herein did not detect any protein in Western blots or in
tissue from animals expressing the C-terminal truncated GluN2B protein (Mori et al., 1998).
A full description of the production and characterization of this antibody appeared in
Watanabe et al (1998). The antibody did not recognize any other NMDAR subunit isoforms
in Western blots and the density of labeling was substantially reduced in tissues from a
GluN2B+/− heterozygote. A recent study using this antibody in a conditional KO of the
GluN2B subunit in the CA3 region reported a reduction in immunoreactivity to background
levels in CA3 (Akashi et al., 2009).

Immunogold methods
Post-embedding immunogold labeling was performed on ultrathin sections according to the
detailed methods described in Das et al. (2008). In short, after equilibration in Tris-buffered
saline with 0.1% Triton X-100 (TBST) pH 7.6, and blocking in normal goat serum (1:10;
Cat# 9023, Sigma-Aldrich, St. Louis, MO) containing 0.1 % NaBH4 and 50 mM glycine,
grids were incubated at room temperature for 2 hr in rabbit anti-GluN1, GluN2A or GluN2B
subunit antibody (1:10), followed by overnight incubation at 4°C, and subsequent incubation
for 2 hr in goat anti-rabbit IgG conjugated to 10 nm gold particles (diluted 1:25 in TBST pH
8.2; EMGAR10, BBI, United Kingdom). Grids were counterstained with uranyl acetate and
Reynold’s lead citrate for visualization under EM. Grids containing ultrathin sections were
also analyzed after omitting the primary antibodies to test for non-specific reaction of the
secondary colloidal-gold conjugated antibody with postsynaptic densities (PSD). No
significant labeling of PSDs was found after omitting the primary antibody (see Results).

Data collection
Grids containing immunolabeled sections were visualized with a Philips 201 EM electron
microscope at 70 kV. Synaptic profiles from individual ultrathin sections were used in our
study, rather than fully reconstructed synapses using serial sections. This permitted analyses
of a larger sample of synapses. A total of 1,688 synapses were included in the analyses: 42
to 72 synapses per rat and antibody reaction; 10 rats in total, 5 control and 5 FZP-
withdrawn. Tissues from each rat were immunolabeled with three different GluN antibodies.
Although serial sections were not used, a very large proportion of synapses were identified
as positively labeled with all the antibodies used.

All data collection and analyses were performed by an observer blind to experimental group.
The cell body layer in the CA1 region of a tissue section was located and then in random
surveys of microscopic fields all asymmetric synapses observed in the 100 μm region
located just above the cell body layer and towards the stratum radiatum, were digitally
photographed at a magnification of × 36,000, whether labeled or unlabeled. Typically a field
of view contained more than one synapse. During data analyses, we excluded synapses that

Das et al. Page 5

J Comp Neurol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were cut in very tangential and oblique planes. Orthogonally cut synapses display a clear
synaptic cleft, while in tangentially cut synapses the synaptic cleft is obscured by a
superimposed postsynaptic density. Tangentially cut synapses expose a larger and more
variable area of the postsynaptic density to antibodies and therefore result in variable
degrees of signal overestimation when measuring linear densities of proteins embedded in
the postsynaptic density. Thus, for the final data analyses a criterion was set where only
synapses demonstrating well-defined pre-and postsynaptic membranes and a clear synaptic
cleft were included in the quantitation. Using this criterion, the percentage of synapses
omitted from GluN1 analysis was 10% and 7.4% in tissues from controls and FZP-
withdrawn groups and did not differ between groups (p>0.05). Similarly, for GluN2A and
GluN2B the percentage of synapses omitted from analysis in controls animals was 4.4% and
4.8% and 4.8% and 6.9% in FZP-withdrawn rats, respectively (p>0.05). The total number of
synapses included in the analyses for each immunoreaction, animal and experimental group
appears in Tables 1 – 3.

All digitally photographed images included were analyzed using Image Pro Plus software (v.
5.0 Media Cybernetics, Bethesda, MD). As described in detail previously (Das et al., 2008),
postsynaptic labeling was defined as immunogold particles inside the PSD, or at a maximum
20 nm from the surrounding edge of the PSD, either towards the cytoplasm or the synaptic
cleft. Gold particles falling outside the 20 nm surrounding edge of the PSD were considered
non-synaptic. Labeling on the plasma membrane observed within 100 nm lateral to either
edge of the PSD, but excluding the 20 nm surrounding zone, was defined as perisynaptic
labeling.

Statistical analyses
The number of immunogold particles per synapse between control and FZP-withdrawn
groups (0 to ≥ 18) was compared by Mann-Whitney U test. Interval data are reported as
mean ± SD/SEM. The density of immunogold labeling was estimated as number of gold
particles per linear length (μm) of the PSD. The aggregate mean differences in immunogold
density and PSD size (length and width) were based on multiple observations CA1
asymmetric synapses located in the stratum radiatum of control and FZP-withdrawn tissues.
PSD area measurements were derived from length and width measurements. Subunit
immunogold density and the size of PSDs of all synapses sampled were compared for each
antibody reaction using a multivariate general linear model (SPSS 17.0, SPSS, Inc. Chicago,
IL). Positively (threshold of either 1 or 2 gold particles) and negatively labeled PSDs were
included in the analysis. Between-subjects comparisons were considered significant if the
overall F value was <0.05. The percentage of synapses labeled with each antibody were
compared between groups be Student’s t-test. The relative position of immunogold particles
was determined by measuring the distance between the centers of each gold particle to the
outer leaflet of the postsynaptic membrane and analyzed as previously described (Das et al.,
2008). For lateral distribution measurements, the distances from the edge of the PSD to the
center of each gold particle were measured and particles counted were grouped into 10 bins
consisting of the lateral 10% to the medial 40–50% from either edge of the PSD (Park et al.,
2008). Excel and GraphPad Prism™ 4.0 software packages were used to analyze data and
generate graphs. EM micrographs were composed in Photoshop 5.0 (Adobe Systems, San
Jose, CA or CorelDraw 12, Fremont, CA) and only minor adjustments were made to
improve the contrast and brightness of images.
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RESULTS
Specificity of immunogold labeling and definition of an immunolabeled synapse

A description of the characteristics of GluN antibodies and their specificity was provided in
the Materials and Methods. Non-specific labeling was determined in our study using two
approaches, immunolabeling without primary antibodies and immunolabeling in CA1 from
GluN2A KO mice that do not express detectable levels of the protein (Sakimura et al.,
1995). The primary antibodies were omitted to test whether secondary antibodies or spurious
gold probes in solution were non-specifically absorbed to PSDs. In rat CA1 tissue sections
from control and FZP rats we observed respectively, 2.5% and 3% of synapses labeled with
one gold particle (n=78 and 59 synapses analyzed, respectively in section from control and
FZP-withdrawn rats). In control tissue we also encountered two synapses with 2 particles
(2.5% of all synapses). These results suggested that non-specific absorption of secondary
antibodies and/or colloidal gold to the PSD of excitatory synapses in the CA1 region was
negligible. Therefore, the observed staining is primarily due to binding of the primary
antibody.

We then tested the specificity of GluN2A antibodies in KO mice. We could not test GluN1
and GluN2B antibodies in their respective KO tissues because these mutants do not survive
until adulthood. Moreover, the GluN1 and GluN2B antibodies used herein did not label
hippocampal tissue sections in which these subunits were conditionally deleted (Fukaya et
al., 2003; Akashi et al., 2009). In GluN2A KO mice 9 of 70 synapses (13%) showed some
GluN2A immunolabeling; of these all but one displayed a single colloidal gold particle, the
other one showed two. In contrast, 65% of 55 CA1 synapses sampled from a WT littermate
showed immunolabeling that ranged from 1 to 7 gold particles; two-thirds of the synapses
were labeled by more than one colloidal gold particle. Following omission of primary
antibodies only one of 41 synapses (2.4%) showed colloidal gold labeling in the GluN2A
KO mouse tissue. This suggests that the immunolabeling detected in KO tissue sections is
more likely due to non-specific absorption of the primary antibody.

Another possibility that may account for low levels of PSD labeling is that background
immunogold particles fall on top of PSDs by chance. To determine the expected number of
random background particles over PSDs we used the method detailed in Das et al. (2008).
Briefly, twenty-five test rectangles with areas similar to the average PSD area were
randomly placed on each image captured from WT and KO mouse tissues or from control
and FZP-withdrawn rat tissues for each antibody and animal analyzed. Overall background
levels, estimated in random test rectangles placed outside the PSD (see below) were
comparable in the WT and KO tissues after primary antibody labeling or after omitting
primary antibodies. In each of these three situations the probability of finding one or more
background colloidal particles in the test rectangles of similar size and shape to the average
PSD was 1%, 0.4% and 0.5%. Background was slightly higher in rat sections, however, the
level was comparable in all sections from the 5 control and 5 FZP-withdrawn animals. In rat
tissues the probability of finding one or more gold particles in test rectangles by chance was
usually above 1%, but always less than 2%, respectively.

In conclusion, colloidal gold labeling due to random placement of particles on top of the
PSD or because of non-specific absorption of gold-conjugated secondary antibodies to the
PSD was negligible, even when considering labeling by just one particle. However, primary
antisera, as in the case of the GluN2A subunit antibody, might non-specifically label some
PSDs with only one particle. Accepting synaptic labeling with a threshold of 2 particles per
synapse would increase the certainty that all synapses were specifically immunolabeled, but
would also discard a large number of weakly labeled, but truly immunolabeled synapses.
Since the purpose of the study was to evaluate whether synaptic GluN subunits were
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downregulated, we believe that the conclusions are strengthened by comparing the
quantitative results of all labeled synapses after acceptance of synapses labeled by either 1
or more or 2 or more particles.

GluN1 and GluN2B, but not GluN2A subunits are reduced in hippocampal CA1 synapses
during benzodiazepine withdrawal

GluN1, GluN2B and GluN2A receptor subunit immunogold labeling was largely associated
with the PSDs of asymmetric synapses in control (Fig. 1A,B, 2A,B, 3A,B) and FZP-
withdrawn rats (Fig. 1C,D, 2C,D, 3C,D). Labeling in the postsynaptic cytoplasm was always
sparse for all subunits. No labeling was found in symmetric junctions (data not shown).

The percentages of asymmetric synapses from control rats that contained 1 or more or 2 or
more immunogold particles for GluN1 subunits was 96.6 ± 1.1% and 89.8 ± 1.7%,
respectively (± S.E.M.; 50–71 synapses/rat, n = 5 rats) (Fig. 1E, Table 1). The high
percentage of immunogold labeled synapses was similar to earlier studies demonstrating a
very high level of expression of NR1 subunits in hippocampal CA1 synapses (Nicholson and
Geinisman, 2009;Takumi et al., 1999). FZP-withdrawal resulted in a significant decrease in
the percentage of GluN1 immunopositive synapses with 1 or more immunogold particles
(Fig. 1E; 85.2 ± 2.7%, 50–69 synapses/rat, n = 5 rats, p = 0.004) or 2 or more immunogold
particles (73.6 ± 4.3%, p = 0.008). Comparison of resultant labeling suggests that 11.8% of
synapses lost all immunolabeling and that in 18.0% of synapses immunolabeling was
reduced to less than 2 particles per synapse. Comparing the whole synaptic populations from
FZP and control tissues, mean immunogold density (number of gold particles per μm length
of PSD) was significantly reduced by 40% in FZP-withdrawn rats (Fig. 1F; 16.5 ± 2.0
particles/μm, p = 0.01) compared to controls (27.7± 2.6 particles/μm). A similar significant
30% reduction was detected when comparing only synapses labeled by 2 or more particles
(CON: 30.4 ± 2.6 particles/μm, n = 5 animals with 46–62 synapses labeled by 2 or more
particles; FZP: 21.4 ± 2.0 particles/μm, n = 5 animals with 39–60 synapses; p = 0.026).
These differences in labeling density are best explained by analysis of the frequency
distribution histograms of synapses containing different numbers of GluN1 immunoparticles
(Fig. 4A). The fraction of synapses expressing 1, 2 or 3 GluN1 immunogold particles tended
to increase in FZP-withdrawn tissues. This was particularly notable for the fraction of
synapses containing 2 gold particles (CON: 0.100 ± 0.012; FZP: 0.183 ± 0.016, p = 0.008,
Mann-Whitney U test). Additionally, the fraction of GluN1 immunonegative synapses also
significantly increased during FZP withdrawal (Fig. 4A; CON: 0.033 ± 0.011; FZP: 0.148 ±
0.026; p= 0.008). In contrast, the fraction of synapses expressing ≥ 6 particles tended to
decrease in FZP-withdrawn tissues. A significant decrease in the fraction of synapses
containing 8 gold particles was also observed in FZP-withdrawn tissues compared to
controls (CON: 0.056 ± 0.020; FZP: 0.003 ± 0.000; p=0.032). Thus, the decreased GluN1
labeling in FZP-withdrawn tissues appeared to be due to an increase in the synaptic fraction
expressing lower numbers of immunogold particles and a decrease in the fraction of
synapses expressing higher numbers of immunogold particles. This resulted in a significant
change in the density of gold particles in those synapses that retained immunolabeling in
addition to a reduction of immunolabeled synapses.

Fewer synapses exhibited GluN2B-subunit labeling in control tissues (Fig. 2E, Table 2; 76.0
± 2.8% contained 1 or more immunogold particles and 59.0 ± 1.8% contained 2 or more
particles; n=5 rats; 43–57 synapses/rat). The relatively lower immunoreactivity for the
GluN2B subunit compared to the GluN1 subunit is consistent with other studies in thalamic
synapses (Radley et al., 2007) and the fact that GluN1, but not GluN2B subunits, are
obligatory partners of all assembled NMDARs. The percentage of synapses exhibiting
GluN2B-immunogold labeling in FZP-withdrawn synapses was significantly reduced
compared to controls when considering all immunolabeled synapses (FZP group: 57.0 ±
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2.2%, 42–59 synapses/rat, n = 5 rats; 25% reduction from control, p = 0.001, unpaired
Student t-test) or only synapses with 2 or more immunogold particles (40.1± 4.2%; 32%
reduction from control, p = 0.003) (Fig. 2E, Table 2). Additionally, there was a significant
decrease in the density of GluN2B immunogold labeling in FZP-withdrawn synapses (8.3 ±
1.0 particles/μm) compared to controls (Fig. 2F; 13.0 ± 1.2 particles/μm; p = 0.014). This
reduction in density was not apparent when considering only synapses labeled by 2 or more
particles (CON: 20.4 ± 1.6%, 23–36 synapses/rat, n = 5 rats; FZP: 18.4 ± 1.5%, 15–29
synapses/rat, n = 5 rats, p = 0.395) (Table 2), this is probably because the largest change in
FZP-treated tissues was an increase in synapses with no immunogold particles. In the
distribution histogram of labeling intensities (Fig. 4B) it was clearly apparent that the
fraction of GluN2B immunonegative synapses was significantly higher in FZP-withdrawn
animals compared to controls (CON: 0.237 ± 0.039; FZP: 0.429 ± 0.021; p=0.008). While
the fraction of synapses labeled with 1 to ≥ 18 GluN2B immunogold particles tended to
decrease in FZP-withdrawn tissues, no significant differences were detected in comparison
to controls.

GluN2A-subunit immunogold labeling in control tissues was present in a similar number of
synapses compared to GluN2B labeling (Tables 2 and 3) and the distribution of synapses
with different numbers of immunogold particles was also similar (Fig. 4B,C). Unlike GluN1
and GluN2B-subunits, however, no significant differences were detected between control
and FZP-withdrawn rats in the total percentage of GluN2A-labeled synapses labeled (Fig.
3E; CON: 75.2 ± 2.1%, 49–70 synapses/rat; FZP: 72.2 ± 2.6%, 48–72 synapses/rat, n = 5
rats/group, p = 0.396) or overall density of immunogold labeling (Fig. 3F; CON: 13.0 ± 1.4
particles/μm; FZP: 10.7 ± 1.5 particles/μm, p = 0.295). A similar conclusion was reached
when considering only synapses labeled by more than 2 gold particles (CON: 64.8 ± 2.9%;
FZP: 55.6 ± 4.9%, 48–72; p = 0.143) and no obvious changes were observed in the
frequency distribution histograms of the number of GluN2A immunogold particle labeling
comparing synapses from control and FZP-treated rats (Fig. 4C). Thus labeling densities at
any particular threshold of GluN2A immunogold particle labeling were unchanged.

As illustrated in Figure 4, the frequency distribution histograms of the number of
immunogold particles detected per synapse for each NMDAR subunit also indicated that a
larger number of immunogold particles were usually found in GluN1-immunolabeled
synapses compared to other subunits. This is consistent with the fact that GluN1 antibodies
would target the entire population of synaptic NMDARs, whereas GluN2 antibodies would
only detect GluN2A and GluN2B subpopulations.

In conclusion, during benzodiazepine withdrawal, GluN1/GluN2B receptor content in a
proportion of synapses decreases below detection threshold, leading to a reduction in total
NMDAR immunoreactivity in most synapses that is not compensated by parallel increases
in GluN1/GluN2A receptors. Thus, decreased CA1 NMDAR-mediated evoked EPSCs and
reduced efficacy of the GluN2B selective antagonist ifenprodil on NMDAR-mediated
EPSCs during benzodiazepine withdrawal (Shen et al., 2009; Van Sickle et al., 2002) are
best explained by the removal of synaptic receptor pools containing GluN1/GluN2B
subunits.

PSD sizes of GluN1, GluN2A and GluN2B-labeled asymmetric synapses
As shown in Tables 1–3, the total number of synapses used for PSD size measurements
varied from 43 to 71 in control tissues and 42 to 72 in FZP-withdrawn tissues from each of 5
rats. There were no significant differences in average PSD length or width between control
and FZP-withdrawn rats for each antibody reaction (GluN1: particle density, F = 11.5, df =
1, p = 0.009; length, F = 3.72, df = 1, p = 0.090; width, F = 0.91, df = 1, p =< 0.369;
GluN2A: particle density, F = 1.27, df = 1, p = 0.293; length, F = 0.09, df = 1, p = 0.767;
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width, F = 0.01, df = 1, p = 0.936; GluN2B: particle density, F = 9.68, df = 1, p = 0.014;
length, F = 0.17, df = 1, p = 0.688; width, F = 0.09, df = 1, p = 0.775).

In our previous study (Das et al., 2008), increased insertion of GluA1 subunits in CA1
synapses corresponded with a modest, yet significant increase in mean PSD length in FZP-
withdrawn rats compared to controls. This is consistent with several reports of enlargement
in synapse size associated with enhanced AMPAR-mediated glutamatergic strength and
GluA1 insertion during LTP (Kopec et al., 2007; Matsuzaki et al., 2004; Toni et al., 2001).
Further analysis revealed that, in general, GluA1 immunonegative synapses were
significantly smaller in length than immunopositive synapses, also in agreement with
another study which reported that smaller synapses had low or negligible GluA1 content and
were putatively “silent” (Takumi et al., 1999).

In the current study, a similar approach was used to compare mean PSD lengths of GluN
immunopositive and immunonegative synapses between control and FZP-withdrawn groups
for each antibody reaction. Overall, GluN immunogold labeling appeared to be localized to
smaller synapses compared to the GluA1 immunogold labeling (Das et al., 2008) and PSD
length of GluN1-immunopositive synapses (0.186 ± 0.003 μm) in control rats was
significantly smaller than their immunonegative counterparts (0.232 ± 0.018 μm n = 10
synapses; F= 4.74, df = 3; p = 0.02; p < 0.05). Despite the small sample size of
immunonegative synapses, this finding is similar to another report demonstrating that the
GluN1-subunit was more concentrated in smaller synapses and that the proportion of
synapses lacking GluN1 increased with size (Kharazia and Weinberg, 1999; Shinohara and
Hirase, 2009; Sobczyk et al., 2005). Unexpectedly, in FZP-withdrawn tissues, there was no
difference in PSD lengths between immunopositive and immunonegative (n = 44) synapses
immunolabeled for the GluN1-subunit (0.198 ± 0.005 μm and 0.193 ± 0.011 μm,
respectively) or GluN2A (0.203 ± 0.005 μm and 0.197 ± 0.007μm, F=0.876, df = 3; p =
0.87) or GluN2B (0.196 ± 0.006μm, and 0.199 ± 0.009μm F=1.01, df = 3; p = 0.41). A
similar conclusion was reached when using a criterion of 2 immunogold particles as the
threshold for positive immunolabeling of a synapse. The lack of a significant difference
between immunopositive and immunonegative PSD lengths in GluN1-labeled synapses in
FZP-withdrawn tissues may reflect the lack of significant changes in synapse size that
parallel alterations in NMDA receptor content. In any case, the observed differences in PSD
size between immunopositive and immunonegative synapses in this and the earlier study
was always rather small and likely related to significant amounts of synapse-to-synapse
variability. Perhaps these results arise in part because analyses were performed in random
synaptic profiles in single-sections, which does not allow for full reconstruction of the entire
size and shape of these synapses.

Spatial localization of NMDAR immunogold labeling in FZP-withdrawn rats
NMDAR synaptic trafficking by insertion, internalization or lateral movement of receptors
across the synapse are fundamental mechanisms that regulate synaptic efficacy (Tovar and
Westbrook, 2002). To explore whether the possible translocation of NMDARs within the
postsynaptic membrane could be correlated with the observed changes in density, we
analyzed the localization of NMDAR subunit immunogold particles within PSDs either in a
plane orthogonal to the postsynaptic membrane (Fig. 5) or in the membrane plane (see Fig.
5B inset). The location of immunogold particles was first defined by measuring the distance
from the center of each gold particle to the outer leaflet of the postsynaptic membrane
(Valtschanoff et al., 2000). For GluN1 immunoprocessed sections, one major peak of
immunogold particles was observed intracellularly at a distance of 6.2 nm in control and 5.8
nm in FZP-withdrawn tissues (Fig. 5A). In GluN2B labeled sections, two similar peaks were
detected at 6.1 and 21.8 nm in controls, whereas in FZP-withdrawn tissues the 6.1 nm peak
contained more immunogold particles than the peak at 21.8 nm (Fig. 5B). GluN2A
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immunolabeled synapses displayed no significant differences in the relative localization of
immunogold particles with respect to the plasma membranes (Fig. 5C).

To determine if reductions in synaptic labeling of the more mobile GluN2B subunit was
correlated with movement of the receptor towards the lateral edge of PSDs, the distribution
of GluN2B-immunolabeling parallel to the postsynaptic membrane, was analyzed using the
methodology described in Park et al. (2008). Measurement of distances to the center of gold
particles from either edge of the PSD revealed that most gold particles were concentrated in
the middle 40–50% of the PSD, with labeling greatly reduced towards the edge (10–20%) of
the PSD (Fig 5B, inset). There were no significant differences in immunogold localization
within synapses of control and FZP-withdrawn tissues in either middle or lateral bins.

Another possibility is that NMDARs are actually completely removed from the PSD by
lateral diffusion and reside in membrane regions adjacent to the PSD. Therefore perisynaptic
NMDAR subunit immunogold distribution was also analyzed. Perisynaptic labeling was
defined as particles localized 100 nm lateral to the PSD (excluding a 20 nm surrounding
edge) (Das et al., 2008). Labeling was very low for all NMDAR subunits in this region. For
GluN1, perisynaptic labeling represented only 0.5% and 0.9% of total GluN1 labeling in
control and FZP-withdrawn rats, respectively. In GluN2A-labeled tissues, perisynaptic
labeling accounted for 1.5% and 0.3% of total GluN2A labeling, respectively and this
difference was not statistically significant. Similarly, in GluN2B-labeled tissues,
perisynaptic labeling represented 1.6% and 3.5% of total GluN2B labeling in control and
FZP-withdrawn rats. These rather small differences did not reach significance given the
large variability from synapse to synapse.

In summary, the most significant change observed in the spatial distribution of immunogold
particles was a reduction in the number of GluN2B particles relatively deep within the
synapse. No significant changes were detected in lateral distribution although there was a
definitive trend towards an increase in perisynaptic labeling in a proportion of GluN2B
synapses after FZP treatment. GluN1 and GluN2A subunits showed no significant changes
in overall distributions within the PSD or adjacent to it.

DISCUSSION
The present study provides ultrastructural evidence for differential regulation of NMDAR
GluN1, GluN2A and GluN2B subunits at the synaptic level in the hippocampus during
benzodiazepine withdrawal and suggests that the removal of GluN1/GluN2B NMDARs
from synapses is a very likely explanation for previous electrophysiological and biochemical
findings demonstrating decreased NMDAR-mediated whole-cell currents and subunit
protein expression in the CA1 region (Shen et al., 2009; Van Sickle et al., 2002; Van Sickle
et al., 2004).

The key findings reported are that GluN1 and GluN2B subunit immunogold content in CA1
neuron synapses was significantly reduced during benzodiazepine withdrawal with a
corresponding decrease in the percentage of GluN1 and GluN2B immunopositive synapses,
but without significant alterations in GluN2A subunit content. The reduction in GluN2B-
containing receptors at the synapse correlates well with prior electrophysiological data that
indicated the decreased ability of ifenprodil to antagonize NMDAR-mediated EPSCs in this
model (Shen et al., 2009) and suggests that there may be two pools of GluN1 subunits
associated with each GluN2 subunit that might be subject to differential regulatory
mechanisms; the pool consisting of GluN1/GluN2B subunits may be reduced at the synapse
during benzodiazepine withdrawal, whereas the receptor pool consisting of GluN1/GluN2A
may remain relatively constant.
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Consistent with the reduction in GluN1 and GluN2B mRNA and protein levels (Shen and
Tietz, 2008; Van Sickle et al., 2002), the reduction in GluN1/GluN2B receptors might be the
result of decreased NMDAR synthesis and synaptic insertion. Enhanced internalization,
perhaps via a CaMKII-mediated mechanism, could also contribute to the reduction of
synaptic GluN1/GluN2B receptors. GluN2B C-terminal tails preferentially bind CaMKII
(Mayadevi et al., 2002) and are stabilized in the synapse by their interaction with MAGUKs
and destabilized by increased Ca2+ levels. For instance, an activity-dependent CaMKII-
mediated increase in casein kinase 2 activity disrupted the GluN2B-PSD95 interaction by
phosphorylation of PDZ-binding domain of the GluN2B subunit (Chung et al., 2004). Since
total CaMKII levels were increased in the PSD subfractions derived from the CA1 region of
FZP-withdrawn rats (Shen et al., 2010), it is possible that CaMKII-facilitated destabilization
of GluN2B-containing receptors led to a reduction in synaptic GluN1/GluN2B receptors
during benzodiazepine withdrawal. Internalization may be associated with the mobilization
of GluN2B-containing receptors to the lateral edges of the PSD where they are more
unstable due to the absence of MAGUK proteins such as PSD-95 (Prybylowski et al., 2005).
Though analysis of lateral distribution 2-days after withdrawal suggested that the synaptic
reduction of GluN2B subunits was not due to an increased accumulation at the lateral edges
of the PSD or in the perisynaptic region, increased trafficking through this compartment
during the withdrawal period cannot be completely ruled out because this might occur
without a detectable change in the steady-state concentration of the subunits. In the latter
case, increased lateral movement of NMDARs must be paralleled by increased
internalization from lateral, synaptic and/or perisynaptic regions.

NMDAR subunit labeling was strongly localized just inside the postsynaptic plasma
membrane as evidenced by a sharp peak of labeling ~6 nm intracellular from the outer edge
of postsynaptic membrane. This finding was consistent with other studies showing that the
C-terminus of NMDAR is on the cytoplasmic side of plasma membrane (Bennett and
Dingledine, 1995; Kharazia and Weinberg, 1999). Postsynaptic distribution of GluN1
immunogold in olfactory bulb granule cells showed two peaks, proposed to be due to
presence of different GluN1 splice variants with different C-terminal tail lengths (Sassoe-
Pognetto and Ottersen, 2000). Splice variants of the GluN1 subunit expressing different C-
terminal tail lengths were generated dependent on differential splicing of exons encoding
C1-or C2-cassettes in the C-terminal domains of the GluN1 subunit (Horak and Wenthold,
2009; Yamada et al., 2001). However, in the current study, two peaks of GluN1
immunogold labeling were not observed suggesting that the C2 cassette-specific GluN1
antibody used may recognize only one GluN1 splice variant in CA1 synapses. Interestingly,
in the case of GluN2B subunits, a second major peak more intracellular (~22 nm) relative to
the outer edge of postsynaptic plasma membrane was also observed. Since no GluN2 splice
variants have been identified, one explanation for the results could be that the C-terminal
domains of GluN2 have varied configurations due to their interaction with cytoskeletal
proteins (Wyszynski et al., 1997). Alternatively, they may represent pools of receptor GluN2
subunits in different states of trafficking (Park et al., 2008).

NMDARs are considered crucial synaptic elements in mediating induction of hippocampal
LTP (Collingridge et al., 1983; Nakazawa et al., 2004; Zalutsky and Nicoll, 1990). Targeted
deletion of the GluN1 gene in the CA1 region abolished LTP and impaired spatial memory
(Tonegawa et al., 1996; Tsien et al., 1996). Numerous recent studies have documented that
GluN2A- and GluN2B-containing NMDAR may differentially govern hippocampal synaptic
plasticity. For instance, GluN2A was reported to be required for induction of LTP, but not
LTD and GluN2B for LTD, but not LTP (Liu et al., 2004; Massey et al., 2004). Other
groups ruled out an exclusive role for GluN2B in LTD (Bellone and Nicoll, 2007; Morishita
et al., 2007). GluN2B overexpression enhanced LTP and spatial memory, while GluN2B-
antisense knockdown abolished LTP and impaired memory (Berberich et al., 2005; Clayton
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et al., 2002; Wang et al., 2009). Targeted GluN2B KO in the CA3 region resulted in a near
complete loss of NMDAR-mediated EPSCs and abolished LTP (Akashi et al., 2009).
GluN2B subunit tyrosine phosphorylation was reported to be critical for LTP maintenance,
but not induction, as increased GluN2B phosphorylation was observed 5–15 minutes after
LTP induction and sustained for a period of 3 hours (Rostas et al., 1996). Thus, the
reduction in GluN2B-containing NMDARs from CA1 synapses from 2-day FZP-withdrawn
rats may underlie the modest effect on LTP in CA1 neurons. That is, though LTP induction
was unaffected after FZP withdrawal, it could only be maintained for <15 min (Shen et al.,
2009). Both GluN2B and phosphoTYR1303 GluN2B subunit levels were significantly
decreased in CA1 PSD subfractions from FZP-withdrawn hippocampus, however their ratio
was unchanged (Shen and Tietz, 2008). Nonetheless, the absolute numbers of GluN2B
subunits available for tyrosine phosphorylation were decreased. Thus, removal of GluN2B,
but not GluN2A-containing synaptic NMDARs remains a possible explanation for the lack
of LTP maintenance during FZP withdrawal (Shen et al., 2009).

Adaptations of the glutamatergic system, including enhanced GluA1 expression and
function, reminiscent of mechanisms underlying LTP, have been reported in different
models of drug abuse, including benzodiazepine dependence (Billa et al., 2009; Boudreau et
al., 2007; Kim et al., 2009; Das et al., 2008; Song et al., 2007; Shen et al., 2010). Many
studies have reported reduced NMDAR subunit expression in a brain region-specific manner
and dependent on time of drug withdrawal. As during benzodiazepine withdrawal (Shen et
al., 2009; Song et al., 2007), cocaine withdrawal resulted in decreased GluN2B-subunit
expression and increased AMPAR GluA1, but not GluA2 subunit levels in rat basolateral
amygdala (Lu et al., 2005), reduced GluN1 mRNA expression in nucleus accumbens
(Yamaguchi et al., 2002) and reduced GluN1 and GluN2B subunit protein in immunoblots
from nucleus accumbens and striatum (Loftis and Janowsky, 2000; 2002). Ethanol
withdrawal resulted in decreased GluN2B subunit levels in nucleus accumbens (Obara et al.,
2009) and chronic amphetamine significantly lowered GluN2B levels in striatum, but not
hippocampus, by a destabilization and degradation of surface GluN2B receptors that
resulted in a reduction of ifenprodil-sensitive NMDAR-mediated EPSCs (Mao et al., 2009).
Consistent with these reports of drug-induced regulation of glutamatergic function, the
present data demonstrated a reduction in CA1 synaptic GluN1/GluN2B receptors at a time-
point when AMPAR GluA1 subunit levels and single-channel conductance were increased
(Shen et al., 2009). The role of NMDARs in triggering phosphorylation of GluA1 subunits
after repeated cocaine injections was suggested by the reduction of phosphoSER831 GluA1
levels following NMDAR blockade (Kim et al., 2009). In contrast, phosphoSER831 GluA1
levels remain upregulated in 2-day FZP withdrawn rats (Shen et al., 2009, 2010) suggesting
that GluN1/GluN2B-containing NMDARs are not necessary for the AMPAR potentiation
during benzodiazepine withdrawal. Additionally, prior AMPAR antagonist injection
prevented the decreased NMDAR function and protein expression (Van Sickle et al., 2004;
Xiang and Tietz, 2007). Collectively, the data suggest that changes in synaptic NMDARs
during benzodiazepine withdrawal are secondary to enhanced insertion of GluA1
homomeric AMPARs. The proposed functional model of changes in the glutamate receptor
population associated with chronic benzodiazepine treatment and withdrawal is summarized
in Figure 6.

In summary, the findings extend prior studies by providing direct evidence for a reduction of
GluN1 and GluN2B, but not GluN2A subunits at CA1 neuron synapses, and support the idea
that differential regulation of GluN1/GluN2B-containing NMDAR plays a significant role in
modulating the expression of benzodiazepine withdrawal-anxiety.
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Figure 1. GluN1 subunit immunogold labeling is decreased in hippocampal CA1 asymmetric
synapses during FZP withdrawal
(A, B) Representative electron micrographs of GluN1-subunit immunogold labeling in
hippocampal CA1 stratum radiatum from control tissues. Immunogold particles (10 nm) are
located primarily within the postsynaptic density (PSD) and some particles extend into the
synaptic cleft. (C, D) Representative images of GluN1-labeled asymmetric synapses from
FZP-withdrawn tissues show similar distribution of immunogold labeling. (E) The
percentage of synapses with immunogold labeling for GluN1 (containing at least one
immunogold particle) was significantly reduced (**p<0.01) in synapses from FZP-
withdrawn rats (white dots) compared to controls (black dots). Each dot represents the
average obtained from a single animal (n = 50 to 71 synapses per animal, see Table 1). The
average for all animals (large horizontal bar) and standard error of the mean (SEM, smaller
bars) are superimposed to the dot plots (n=5 animals). (F) GluN1 immunogold density
estimated by the number of gold particles per micron synaptic length was also notably
reduced in synapses from FZP-withdrawn rats (white dots) compared to controls (black
dots)(n=5 rats/group, ***p=0.009). As above, average ± SEM for all five animals is
superimposed in the aligned dot plot. Scale bar in C represents 0.25 μm. All images are at
the same magnification.
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Figure 2. GluN2B subunit immunogold labeling decreased in hippocampal CA1 asymmetric
synapses during FZP withdrawal
(A, B) Representative electron micrographs of GluN2B-labeled asymmetric synapses from
control and (C, D) FZP-withdrawn synapses show 10 nm immunogold particles mainly in
the postsynaptic density and extending into the synaptic cleft. (E) FZP-withdrawal caused a
significant reduction in the total percentage of synapses labeled with at least one
immunogold particle compared to controls (***p<0.001) and (F) in mean immunogold
density (n=5 rats/group, *p<0.017). As in Figure 1, each dot represents a single animal
average (43 to 59 synapses analyzed in each animal, see Table 2) with the total five animals
average and SEM superimposed. Scale bar in C represents 0.25 μm. All images are at the
same magnification.
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Figure 3. GluN2A subunit immunogold labeling was unaltered in hippocampal CA1 asymmetric
synapses during FZP withdrawal
(A, B) Representative electron micrographs of GluN2A-immunogold labeled synapses from
control and (C, D) FZP-withdrawn tissues. In contrast to changes observed in GluN1 and
GluN2B, GluN2A immunogold labeling during FZP-withdrawal did not show significant
(p>0.017) changes compared to controls in either percentage of synapses labeled with at
least one immunogold particle (E) or mean GluN2A immunogold density (F) (n = 5 rats/
group). As in Figures 1 and 2 each dot represents a single animal average (47 to 72 synapses
analyzed in each animal, see Table 3) with the total five animals average and SEM
superimposed. Error bars indicate SEM. Scale bar in C represents 0.25 μm. All images are at
the same magnification.
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Figure 4. Distribution histograms of synapses containing different numbers of (A) GluN1, (B)
GluN2B or (C) GluN2A immunogold particles
Histograms represent the average relative frequencies of synapses lacking GluN1, GluN2B
and GluN2A (0 particles) or containing 1 to ≥ 18 immunogold particles. The fraction of
synapses lacking GluN1- or GluN2B-immunogold particles was significantly higher in FZP-
withdrawn rats (p<0.05 and p<0.01, respectively, Mann-Whitney U test). A significant
decrease was also observed in the fraction of FZP-withdrawn synapses containing 8 GluN1
immunogold particles, that was parallel to increases in the fraction of synapses containing 2
immunogold particles (p<0.05, Mann-Whitney U test). No significant changes in either the
fraction of synapses lacking immunogold particles or the fraction of synapses labeled with
different numbers of immunogold particles were detected in the case of GluN2A subunit
labeling (p>0.05, Mann-Whitney U test).
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Figure 5. Spatial distribution of GluN1, GluN2A and GluN2B immunogold particles
(A–C) Distribution of immunogold particles at different distances within the PSD measured
in an orthogonal axis from the center of each 10 nm gold particle to the outer leaflet of
postsynaptic membrane (up to 100 nm distance) and grouped into 4 nm wide bins (0 on the
abscissa represents external face of postsynaptic membrane). Negative values indicate gold
particles located in the direction of the presynaptic bouton and synaptic cleft (average width
~20 nm). Positive values indicate immunogold labeling towards the cytoplasm. (A) GluN1
labeling showed one peak, ~6 nm inside the postsynaptic membrane (image resolution ± 2
nm) in control and FZP-withdrawn tissues. (B) GluN2B immunogold in control synapses
was similarly distributed in two peaks located 6 and 22 nm within the PSD, but in FZP-
withdrawn rats showed a single peak at 6 nm with the peak at 22 nm much reduced. (B,
Inset) Lateral distribution profile of GluN2B subunit immunogold labeling. The distance
from the lateral edge of the PSD to the center of GluN2B immunogold particles, parallel to
the surface of the postsynaptic membrane was measured. The 0–30 nm PSD bin was
subdivided laterally into 10 bins consisting of the lateral 10% to medial 50% from either
edge of the PSD. GluN2B subunit distribution was concentrated in the middle of the synapse
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and was not significantly different between control and FZP-withdrawn rats. (C) The spatial
distribution of GluN2A labeling in the PSD did not result in clearly separated peaks within
the 40 nm width of the PSD and this pattern was unaltered in FZP-withdrawn rats. Data was
obtained from 59, 55 and 56 synapses for GluN1, GluN2A and GluN2B-labeled tissues
respectively from controls and 66, 51 and 49 synapses from FZP-withdrawn synapses. In all
cases, the labeling was primarily found within the 40 nm width of the PSD and the 20 nm
surrounding error zone (spatial resolution of indirect immunogold labeling (Matsubara et al.,
1996).
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Figure 6. Benzodiazepine Withdrawal Model
We propose that 1: persistent benzodiazepine enhancement of the inhibitory GABAA
receptor leads to a bicarbonate ion-dependent GABA-mediated depolarization (Zeng and
Tietz, 2000) through an as yet undefined mechanism and 2: a doubling of L-type voltage-
gated calcium channel (L-VGCC) current density (Xiang et al., 2008). Since both AMPAR
potentiation and BZ withdrawal-anxiety were prevented by systemic pre-injection of either
an AMPAR or a L-VGCC antagonist, but not an NMDAR antagonist (Van Sickle et al.,
2004, Xiang and Tietz, 2007), we postulate that the increased Ca2+ influx through L-VGCCs
mediates 3: insertion of AMPAR GluA1 homomers and increased AMPAR current
amplitude at CA1 synapses of FZP-withdrawn rats (Song et al., 2007, Shen et al., 2010).
Increased Ca2+ influx largely through L-VGCCs, but also possibly through Ca2+-permeable
GluA1 homomers leads to 4: CaMKII-mediated Ser831 phosphorylation of GluA1
homomers and increased AMPAR current conductance 2 days after drug withdrawal (Shen
et al., 2009, 2010). All dashed arrows represent as yet undefined mechanisms. 5: NMDAR
function and expression is decreased secondary to AMPAR potentiation. Data from the
current and earlier studies (Van Sickle et al., 2002, Shen et al., 2008) suggest that GluN2B-
containing NMDARs in the CA1 synapse are regulated by decreased insertion and/or
increased removal from the synapse. Decreased synaptic GluN2B-containing NMDARs may
serve as a physiological brake to mitigate CA1 neuron hyperexcitability and BZ withdrawal-
anxiety.
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