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p53 is a central player in responses to cellular stresses and a major

tumor suppressor. The identification of unique molecules within

the p53 signaling network can reveal functions of this important

transcription factor. Here, we show that brain-expressed RING

finger protein (BERP) is a gene whose expression is up-regulated

in a p53-dependent manner in human cells and in mice. We gener-

ated BERP-deficient mice by gene targeting and demonstrated

that they exhibit increased resistance to pentylenetetrazol-induced

seizures. Electrophysiological and biochemical studies of cultured

cortical neurons of BERP-deficient mice showed a decrease in the

amplitude of GABAA receptor (GABAAR)-mediated miniature inhib-

itory postsynaptic currents as well as reduced surface protein ex-

pression of GABAARs containing the γ2-subunit. However, BERP

deficiency did not decrease GABAARγ2 mRNA levels, raising the

possibility that BERP may act at a posttranscriptional level to regu-

late the intracellular trafficking of GABAARs. Our results indicate

that BERP is a unique p53-regulated gene and suggest a role for

p53 within the central nervous system.

brat | neurotransmitter | brain | RNF22 | TRIM3

Normal function of the transcription factor p53 maintains
genomic integrity in the face of DNA damage and other

cellular stresses. The importance of p53 stems from its roles in
controlling cell cycle arrest, senescence, apoptosis, DNA repair,
and angiogenesis. The ability of p53 to prevent the propagation
of damaged or potentially transformed cells is key to its func-
tion as a tumor suppressor (1, 2). Although many molecules in the
p53 signaling network have been identified, including its tran-
scriptional targets p21 (cell cycle arrest), GADD45 (DNA re-
pair), and Bax (apoptosis) as well as its major negative regulator
MDM2, our understanding of this complex intracellular web is
incomplete (1, 3–6). As more molecules within the p53 network
are identified and characterized, the apparent reach of this tran-
scription factor is extended (7). We hypothesized that the iden-
tification of unique molecules in the p53 network might provide
clues to p53’s involvement in previously unknown functions of this
vital regulator.
Our laboratory previously performed an in vivo genetic modi-

fier screen in Drosophila melanogaster using the UAS-GAL4 sys-
tem (8) to identify unique molecules interacting with p53. One of
the molecules emerging from this screen was D. melanogaster
“brain tumor protein” (brat). Brat is a D. melanogaster tumor
suppressor that represses the translation of hunchback (9) and
negatively regulates ribosomal RNA synthesis (10). Brat also
inhibits the self-renewal of Drosophila neuroblasts (11). Struc-
turally, brat belongs to a family of proteins that contain an N-
terminal zinc-finger and coiled-coil domains and a C-terminal
NHL (ncl-1, HT2A and Lin-41) domain (12). The mammalian
homologs of brat are members of the tripartite motif (TRIM)-
NHL group of proteins and include brain-expressed RING finger

protein (BERP), neural activity-related RING finger protein
(NARF), and HT2A (13).
To identify the mammalian homolog closest to brat, we

employed the best reciprocal hit (BRH) strategy (14, 15) utilizing
the National Center for Biotechnology Information’s basic local
alignment search tool for proteins (BLASTP). However, brat had
no BLASTP BRH partner in mammals. The best unidirectional
BLASTP hit for brat was BERP, which was first cloned and
characterized in the rat by El-Husseini et al. (16, 17). In rat cells,
BERP binds to α-actinin-4 and myosin V, two proteins of the
actin cytoskeleton that have been implicated in cell motility, or-
ganelle trafficking, and cancer (18–22). In the rat neuronal cell
line PC12, overexpression of a BERP truncation mutant pre-
vented nerve growth factor-induced differentiation and neurite
outgrowth (17). In mice, BERP is strongly expressed in brain and
is up-regulated following chemically induced seizures (23). In
humans, BERP (as TRIM3) has been identified as the candidate
tumor suppressor gene at 11p15.5 associated with loss of het-
erozygosity in human gliomas (24). In addition, a recent shotgun
proteomics analysis has indicated that BERP is up-regulated in
the brains of schizophrenic patients (25). These findings suggest
that BERP may play an important role in the central nervous
system (CNS).
GABA is the major inhibitory neurotransmitter in the mamma-

lian CNS. GABA exerts its fast inhibitory effect on synaptic trans-
mission by binding to postsynaptic GABAA receptors (GABAARs)
(26). Within the mammalian brain, the most common composition
of GABAARs is a combination of the α1-, β2-, and γ2-GABAAR
subunit proteins (26). Recent studies have indicated that the traf-
ficking of such GABAARs to and from the neuronal surface is
crucial for posttranslational signaling mechanisms that modulate
the stability, density, and function of these channels (27). In par-
ticular, the GABAARγ2-subunit is required for GABAAR traf-
ficking to the postsynaptic membrane (27).
In this study, we investigate the physiological function of BERP

and its relationship to both GABAARs and p53. No link between
GABAARs and p53 has been reported to date, but we present
several lines of evidence indicating that BERP is a unique p53-
regulated gene that modulates seizure susceptibility and GABAAR
cell surface expression.
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Results

Human BERP Is a Unique p53 Target Gene with Functional p53 Response

Elements. p53 regulates transcription by binding to p53 response
elements (p53REs) within or near its target genes. The pro-
totypical p53RE consists of two 10-bp half-sites separated by
a spacer that can range from 0 to 13 nucleotides (28). Using se-
quence analysis, we determined that a 14.8-kb genomic fragment
upstream of the BERP translational start site contained four
potential p53REs (Fig. 1 A and B). Of these, sites E, F, and G
were located within BERP intron 1, whereas site B was located
upstream of exon 1.
To determine whether p53 could, in fact, bind to the putative

p53REs in the human BERP promoter region, we treated isogenic
HCT116 p53+/+ and HCT116 p53−/− cells with 5-fluorouracil
(5FU) to activate p53. The cells were harvested 24 h later, and
ChIP assays were performed using anti-p53 antibody and PCR
primers specific for either BERP site B or site EFG (whichwere too
close to separate). We found that p53 could indeed bind to BERP
sites B and EFG in human cells (Fig. 1C). To determine whether
this binding of p53 to the putative BERP p53REs could regulate
transcription, oligonucleotides containing the sequences for BERP
sites B, E, F, and G were cloned into the pGL3-TATA construct
upstream of a luciferase reporter gene. These constructs were
transfected intoHCT116 p53−/− cells along with a vector expressing
eitherWTp53 (p53wt) or a p53 protein with amutation in its DNA-
binding domain (p53mut). The p53RE sequence of the known
p53 target gene p21 was used as a positive control (pGL3-p21). Of
the four BERP sites tested, only cotransfection with BERP E
resulted in an increase in luciferase activity in the presence of
p53wt; no increase was seen in the presence of p53mut (Fig. 1D).
Furthermore, a C→A point mutation at position 4 of the BERP
E site abrogated this increase in luciferase activity (Fig. 1E). A
similar response was observed for themurine Berp siteM (Fig. 1F).
These findings suggest that BERP is a bona fide p53 target gene,
that the putative p53RE at BERP site E can bind p53, and that
this binding regulates transcription in a p53-dependent manner.
To examine the dependency of BERP expression on p53 at the

mRNA level, we treated HCT116 p53+/+ and HCT116 p53−/−

cells with increasing doses of 5FU for 48 h and measured levels
of BERP mRNA using real-time RT-PCR. Compared with un-
treated controls, BERP mRNA was up-regulated 4- to 5-fold by
treatment with 600 μM 5FU, and this increase depended on the
presence of functional p53 (Fig. 2A). A similar p53-dependent
up-regulation of BERP occurred after 24 h in HCT116 p53+/+

cells (Fig. 2B) and in the glioblastoma cell lines A172 and U118
(Fig. S1). In contrast, the mRNAs for the BERP homologs NARF
and HT2A were not up-regulated on 5FU treatment regardless
of p53 status (Fig. 2B). Thus, in response to a DNA-damaging
stimulus, BERP gene expression is specifically up-regulated in
a p53-dependent manner.

Murine BERP Expression Is p53-Dependent in Vivo. Our study of hu-
man cell lines suggested that BERP E was a functional p53RE,
prompting us to undertake a sequence analysis of themurineBERP
genomic locus. Multiple putative p53REs were identified, although
no site identical to human BERP E was found. However, a murine
Berp site M (Fig. 1B) was similar in sequence to human BERP E
and located at a comparable relative position within murine BERP
intron 1. Moreover, Berp site M was capable of regulating tran-
scription in the presence of p53wt but not p53mut, and a C→A
point mutation at position 4 of the Berp site M site abrogated this
response (Fig. 1F). To determine whether BERP expression was
p53-dependent in mice, we injected p53+/+ and p53−/− male mice
(8–12 wk old) with pentylenetetrazol (PTZ), a compound pre-
viously shown to up-regulate murine BERP expression (23). The
brains of these animals were harvested after injection, and histo-
logical sections were subjected to in situ hybridization using a 33P-

labeled BERP riboprobe (Fig. 3). At 6 h post-PTZ administration,
only base levels of endogenous BERP were detected in the cere-
bellum and hippocampus of p53−/− mice (Fig. 3 A and C). In
contrast, strong up-regulation of BERP mRNA was seen in the
brains of PTZ-treated p53+/+ mice (Fig. 3 B and D). The brains of
sham-injected p53−/− and p53+/+ mice showed only base levels of
BERP mRNA (Fig. 3 E and F). These results confirm that BERP
gene expression is up-regulated in a p53-dependent manner in re-
sponse to PTZ treatment in vivo.

BERP-Deficient Mice Show Increased Resistance to PTZ-Induced Seizures.

To investigate the physiological function of BERP, we generated
BERP-deficient mice using conventional gene targeting and ho-
mologous recombination inmurine ES cells (Fig. S2A). Successful
germline transmission of the targeted BERP allele was confirmed
by PCR and Southern blotting (Fig. S2B). The absence of BERP
protein in BERP−/− mice was confirmed by Western blotting of
whole-brain lysates using an anti-BERP antibody (Fig. S2C). F1
heterozygotes were backcrossed six generations to C57BL/6 mice,
and intercrosses of these animals yielded progeny at the expected
gender and Mendelian ratios. BERP−/− mice were viable, healthy,
and fertile, with no gross or histological abnormalities.
We first examined the susceptibility of BERP-deficient mice to

PTZ-induced seizures. PTZ s.c. injection elicits a specific sequence
of behavioral seizure responses that can be measured semiquan-
titatively by documenting their presence and progression during
a defined observation period. A more quantitative measure of PTZ
susceptibility is obtained by measuring the latency of specific sei-
zure response end points. At a dose of 60 mg/kg of PTZ, there was
a significant decrease in the proportion of BERP−/−mice (9 of 13)
that exhibited generalized seizures compared with BERP+/+ con-
trols (P < 0.05, Fisher’s exact test and χ2 test) (Fig.4A). The dif-
ference in mean latency to generalized seizure was also statistically
significant at this dose (P < 0.05, Student’s t test) (Fig. 4B). Al-
though differences in susceptibility to partial and maximal seizures
did not reach statistical significance (Fig. S3), the general trend of
these data supported our conclusion that BERP−/−mice weremore
resistant to PTZ-induced seizures than BERP+/+ controls. These
findings suggest that BERP expression confers sensitivity to PTZ.
PTZ is an antagonist of GABAAR signaling. Because our

BERP−/− mice showed a significantly reduced rate of PTZ-in-
duced seizures, we reasoned that BERP might affect GABAAR
function in synaptic transmission. We therefore used whole-cell
patch-clamp recordings to compare mean miniature inhibitory
postsynaptic current (mIPSC) frequency and amplitude in cortical
neurons from BERP−/− and BERP+/+ mice. We found that the
mean mIPSC amplitude was reduced in the mutant cells (Fig.4C)
but that the mean mIPSC frequency was equal in BERP−/− and
BERP+/+ cells (Fig.4 D). Because changes in the frequency and
amplitude of mean mIPSCs correlate with presynaptic (neuro-
transmitter release) and postsynaptic (neuroreceptor function)
factors, respectively (29), these results suggested that BERP de-
ficiency suppresses synaptic GABAAR function and reveal that
endogenous BERP plays a role in GABAAR regulation.

BERP−/− Mice Show Decreased Surface Expression of the GABAARγ2-

Subunit. Because changes to GABAAR function could be at-
tributable to altered expression of these channels on the cell
surface (27), we examined whether BERP influenced surface
expression of γ2-containing GABAARs in murine brain cells. We
established cortical neuron cultures from BERP+/+, BERP+/−,
and BERP−/− embryonic day 17.5 (E17.5) mouse embryos and
carried out surface protein biotinylation assays followed by im-
munoblotting to detect GABAARγ2 protein, the major compo-
nent of GABAARs in the brain (26). We found that GABAARγ2
expression was decreased on neurons of BERP−/−mice compared
with neurons of BERP+/+ and BERP+/− mice (Fig. 5). In con-
trast, expression of the AMPA receptor GluR2 subunit (GluR2)
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was not altered in the absence of BERP, suggesting some speci-
ficity of BERP action. To determine whether GABAARγ2
mRNA levels were also decreased under conditions of BERP
deficiency, we performed real-time RT-PCR on RNA extracted
from brains of BERP−/− and BERP+/+ E17.5 embryos. Com-
parable levels of GABAARγ2 mRNA were observed (Fig. S4),
suggesting that the decrease in GABAARγ2 surface protein
expression seen in BERP−/− neurons is a posttranscriptional
phenomenon.

Fig. 1. p53 binding and transcriptional competence of predicted BERP

p53REs. (A) Human BERP p53REs. Schematic localization of four putative

p53REs (gray ovals labeled B, E, F, and G) in the human genomic BERP

locus, as indicated. ATG, BERP translation start site; Chrom., chromosome.

(B) Nucleotide sequences of consensus p53RE of the four putative human

BERP (B, E, F, and G) p53REs, and the putative mouse BERP p53RE. Pu = A/G,

Py = C/T, n = A/G/C/T; uppercase, half-site nucleotides; lowercase, spacer

nucleotides. *Mismatches from p53RE consensus sequence. Residue posi-

tions are expressed relative to the “A” of ATG (+1). Numbers of residues

matching the p53RE consensus sequence are indicated. (C ) Binding of p53

to putative human BERP p53REs. ChIP assays were performed in HCT116

p53+/+ and HCT116 p53−/− cells to detect binding of p53 to BERP B and EFG

sites (anti-p53 lanes). The p21 p53RE was used as a positive control (p21).

Cells were treated with DMSO (“untreated” control) or 5FU to induce p53.

IgG, nonspecific mouse Ig (negative control); Input, 1% of total sonicated

chromatin was reserved before IP; H2O, water control. Results shown are

representative of three trials. (D) BERP E is a functional p53RE. HCT116

p53−/− cells were cotransfected with a vector expressing either p53wt or

p53mut plus a luciferase reporter construct containing putative BERP

p53REs (pGL3-BerpB, pGL3-BerpE, pGL3-BerpF, or pGL3-BerpG). pGL3-p21,

positive control; pGL3-TATA, empty vector. Luciferase activity was nor-

malized to β-gal activity and expressed relative to pGL3-TATA levels.

Results shown are mean fold change in luciferase activity ± SEM of four

independent experiments performed in triplicate. (E ) Mutation of BERP E

abrogates transactivation. HCT116 p53−/− cells were cotransfected with

a vector expressing p53wt or p53mut as in D plus a luciferase construct

containing either WT BERP E (pGL3-BerpE) or BERP E with a C→A point

mutation (pGL3BerpE* = GGGAAGGCCCtGGGCTTGTTC). Results shown are

the mean fold change in luciferase activity ± SEM of three independent

experiments performed in quadruplicate. (F) Berp M is a functional p53RE,

and mutation of Berp M abrogates transactivation. The functionality of Berp

M was analyzed as in D. pGL3-BerpM, murine site Berp M; pGL3BerpM*,

Berp M with a C→A point mutation (AGGAAGGCCCtGTGCATGTTC); pGL3-

p21, positive control; pGL3-TATA, empty vector. Results shown are mean

fold change in luciferase activity ± SEM of three independent experiments

performed in triplicate.

Fig. 2. BERP is specifically up-regulated by p53 in human cells. (A) In-

duction. HCT116 p53+/+ and HCT116 p53−/− cells were treated for 48 h with

the indicated doses of 5FU to activate p53, and relative expression levels of

BERP and p21 (control) mRNAs were analyzed by real-time RT-PCR. Values

were normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT1) and

expressed relative to untreated controls. Results shown are the mean fold

change in mRNA ± SEM of three independent experiments performed in

triplicate. (B) Specificity. HCT116 p53+/+ and HCT116 p53−/− cells were treated

for 24 h with the indicated doses of 5FU, and relative expression levels of BERP,

NARF, HT2A, and p21 (control) mRNAs were analyzed by real-time RT-PCR as

for A. Results shown are the mean fold change ± SEM of three independent

experiments performed in triplicate.
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Discussion

In a comprehensive review of 129 known p53-regulated genes,
Riley et al. (30) established a set of criteria that a gene would
have to meet to be considered p53-regulated. Our data on BERP
fulfill these criteria, in that BERP site E bound to p53 in human
cells and supported transcription only when p53wt was present.
Moreover, a C→A point mutation at position 4 of BERP site E
rendered it unable to support transcription regardless of p53
status. In addition, BERP mRNA was up-regulated in 5FU-
treated HCT116 p53+/+ cells but not HCT116p53−/− cells. Fur-
thermore, BERP mRNA was increased in the brains of PTZ-
treated p53+/+ mice but not in the brains of p53−/− mice. Thus,
we believe that BERP undergoes p53-dependent transcriptional
activation and is indeed a unique p53-regulated gene.
Seizure susceptibility tests indicated that BERP−/− mice were

more resistant to PTZ-induced seizures than BERP+/+ controls,
suggesting a possible link between BERP and the CNS. BERP
associates with myosin V via its C-terminal domain (17), and
myosin V is involved in the intracellular trafficking of organelles
and receptors (20, 21). Both BERP and myosin V are members of
the cytoskeleton-associated recycling or transport (CART) com-
plex, which is involved in the constitutive recycling of transferrin
receptors in HeLa cells (22). It is possible that the CART com-
plex, and therefore BERP, could be involved in the intracellular
trafficking of other cell surface receptors that undergo constitu-
tive endocytosis. Our patch-clamp recordings showed decreased
mIPSC amplitude in BERP-deficient brains, and our Western
blots revealed decreased surface expression of GABAARγ2 in
cultured BERP−/− neurons. However, GABAARγ2 mRNA ex-
pression was not reduced in the absence of BERP. These data
and the literature have led us to hypothesize that BERP may be
involved in the intracellular trafficking of GABAARs. If the
CART complex also exists in neurons, it is possible that BERP
could be involved in the postendocytic recycling of GABAARs.
Trinidad et al. (31) identified BERP as a possible phosphoprotein
in a large-scale analysis of proteins isolated from murine post-

synaptic densities, implying that when in a phosphorylated state,
BERP might be localized synaptically. Additional work is re-
quired to place BERP in one of the five stages of the GABAAR
lifecycle (32).
Because PTZ is a modulator of GABAAR function, PTZ’s

ability to up-regulate BERP expression in a p53-dependent man-
ner suggests that (i) PTZ is a unique activator of p53, (ii) p53 is
downstream of GABAAR function, and (iii) BERP acts down-
stream of p53. If our hypothesis that BERP is involved in
GABAAR trafficking is correct, the following scenario becomes
possible. PTZ disrupts the neuroelectrical homeostasis of the
neuron and inhibits GABAAR function, which, in turn, triggers
p53 activation. p53 up-regulates the expression of its target gene
BERP, which then acts in a feedback loop to regulate the cell
surface expression of GABAARs. In preliminary experiments
designed to validate this scenario, we have found that p53 protein
levels are increased in PTZ-treated human glioblastoma cells (Fig.
S5), supporting our hypothesis that PTZ can activate p53.
Our work identifies an association between p53, BERP, and

GABAARs and implies that p53 may be involved in the regula-
tion of PTZ-induced effects. The implication is that p53, through
BERP, may play a unique role in the control of GABAAR sig-
naling and seizure susceptibility in the CNS. Further studies are
required to elucidate the precise functions of p53 and BERP in
GABAAR signaling.

Materials and Methods
Mice. The p53-deficient mice used in this study were originally created in the

laboratory of Tyler Jacks (MIT, Boston, MA) (33). BERP-deficient mice were

generated and genotyped using PCR as described in SI Materials and

Methods. All animal work was performed in compliance with the guidelines

of the University Health Network Animal Care Committee.

Fig. 3. PTZ up-regulates BERP expression in a p53-dependent fashion. p53+/+

and p53−/− mice were sham-injected or injected with 45 mg/kg of PTZ, and

histological sections of the cerebellum and hippocampus were subjected to in

situ hybridization to detect BERP mRNA. BERP mRNA expression was up-

regulated in p53+/+ mouse brains (B and D), whereas levels in p53−/− mouse

brains (A and C) were comparable to the endogenous levels present in sham-

injected p53−/− and p53+/+mice (E and F). Results shown are representative of

five mice per genotype. (Scale bar: 200 μm.)

Fig. 4. Altered PTZ seizure susceptibility and electrophysiology in BERP-

deficient mice. (A and B) Reduced seizure susceptibility. PTZ was adminis-

tered s.c. to mice at doses of 40 mg/kg (n = 21 for BERP+/+, n = 19 for BERP−/−),

60 mg/kg (n = 15 for BERP+/+, n = 13 for BERP−/−), 80 mg/kg (n = 11 for BERP+/+,

n = 9 for BERP−/−), 90 mg/kg (n = 10 for BERP+/+, n = 10 for BERP−/−), and

100 mg/kg (n = 7 for BERP +/+, n = 7 for BERP−/−). (A) Latency. Each data point

represents the mean latency ± SEM to a PTZ-induced generalized seizure (GS)

in BERP+/+ and BERP−/− mice. *P < 0.05, Student’s t test. (B) Dose–response

curves. Each data point represents the percentage of BERP+/+ and BERP−/−mice

exhibiting GSs at the indicated dose of PTZ. *P < 0.05, Fisher’s exact test and

χ2 test. (C and D) Reduced neuronal mean mIPSC amplitude. Cortical neurons

from untreated BERP+/+ (n = 11) and BERP−/− (n = 13) mice were analyzed

by the whole-cell patch-clamp method to determine mean mIPSC frequency

(C) and amplitude (D). **P < 0.01, Student’s t test.
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ChIP Assay. HCT116 p53+/+ and HCT116 p53−/− cells, the kind gifts of B.

Vogelstein (Sidney Kimmel Comprehensive Cancer Center, Baltimore, MD),

were treated with 5FU (Sigma) for 24 h. Extracts were treated with 37%

vol/vol formaldehyde and sonicated [4 × 20-s pulses, 30% duty cycle, output

control = 3, S-450A Sonifier (Branson)] to generate fragments of 200–1,000 bp

in size. ChIP was performed using the EZ ChIP Kit (Millipore) and anti-p53

antibody (DO-1; Santa Cruz). PCR amplification was carried out using primers

specific for the putative BERP p53REs. Primer sequences are shown in SI

Materials and Methods.

Luciferase Assay. pGL3-p21, the kind gift of S. Benchimol (York University,

Toronto, ON, Canada) (34), contains the p53RE of the Cdkn1a promoter plus

the E1B core promoter sequence subcloned into the pGL3-Basic vector

(Promega) just upstream of the luciferase gene. pGL3-TATA is the pGL3-p21

vector with the Cdkn1a p53RE removed. To generate the pGL3-BerpB, pGL3-

BerpE, pGL3-BerpF, pGL3-BerpG, and pGL3-BerpM vectors, the Cdkn1a p53RE

of pGL3-p21 was replaced by PCR-amplified fragments of HCT116 cell ge-

nomic DNA representing the putative BERP p53RE sites B, E, F, G, and M,

respectively. Using Fugene 6 (Roche), the constructs were cotransfected into

HCT116 p53−/− cells along with a β-gal vector and vectors expressing either

p53wt or p53mut (35, 36). At 24 h posttransfection, cells were analyzed

using the Luciferase Assay System (Promega). Luciferase activity was nor-

malized to β-gal activity and expressed relative to pGL3-TATA.

Real-Time RT-PCR. Total RNA was extracted using RNeasy (Qiagen) and re-

verse-transcribed using the SuperScript First Strand RT-PCR cDNA synthesis

system (Invitrogen) according the manufacturers’ protocols. Quantitative

PCR was performed on cDNA using TaqMan Gene Expression Assays (Applied

Biosystems; SI Materials and Methods) and the 7900HT Fast Real-Time PCR

System (Applied Biosystems).

In Situ Hybridization. p53+/+ and p53−/− male mice (8–12 wk old) were treated

with PTZ (45 mg/kg; Sigma) or PBS via a single i.p. injection. At 6 or 24 h

postinjection, brains were harvested, fixed for 24 h in 10% vol/vol neutral

buffered formalin, dehydrated, embedded in paraffin, and subjected to in

situ hybridization to detect BERP mRNA using a previously described pro-

tocol (37).

PTZ Seizure Susceptibility Testing. Mice (six batches) were shipped to the Re-

searchServiceattheDepartmentofVeteransAffairsMedicalCenter (Coatesville,

PA). Each batch contained BERP+/+ (∼10) and BERP−/− (∼10) mice, and batches

were shipped ∼6 wk apart. On arrival, mice were housed under standard con-

ditions for at least 1 wk before testing. Standard conditions were a 14 h (light)/

10 h (dark) circadian light cycle with food and water available ad libitum. Sei-

zure tests were conducted on male mice (8–12 wk old) between 9:00 AM and

12:00 PM. Mice received a single freshly prepared s.c. injection of PTZ (Sigma),

in a volume equal to 1% of body weight, dissolved in physiological saline at

pH 7.0. A range of PTZ doses was studied (40, 60, 80, 90, and 100 mg/kg) and

staggered such that several doses were used in testing each batch of mice.

Researchers performing seizure tests were blinded to mouse genotypes. Fol-

lowing PTZ injection, mice were placed into a Plexiglas chamber (20 mm wide,

30mmdeep, 40mmhigh) with ameshfloor and scored over 45min for seizure

responses. Three end points, as well as the latencies to each end point, were

recorded: partial seizure (characterized by a sudden whole-body spasm or

a sudden and rapid clonus involving the head, neck, or one forelimb), gener-

alized seizure (characterized by loss of upright posture and bilateral clonus

of forelimbs and hind limbs), and maximal seizure (characterized by bilateral

tonic extension of the hind limbs).

Brain Slice Preparation and Electrophysiology. Male mice (3–4 wk old) were

anesthetized with 2% vol/vol halothane and decapitated. The methods used

for brain slice preparation and mIPSC recording have been described pre-

viously (38, 39). Briefly, coronal brain slices (300 μm) were prepared using

a vibratome (Vibratome Co.) and ice-cold oxygenated (95% O2, 5% CO2)

artificial cerebral spinal fluid, which contained 125 mM NaCl, 2.5 mM KCl, 25

mM NaHCO3, 1.25 mM NaH2PO4, 1 mM MgCl2, 2 mM CaCl2, and 25 mM

glucose at pH 7.3–7.4 and osmolarity at 300–320 mOsm. For whole-cell

patch-clamp recordings, mIPSCs of cortical pyramidal neurons were recorded

at room temperature using an Axopatch 200B (Molecular Devices). Re-

cording electrode resistance was 3–5 MΩ using an electrode solution con-

taining 145 mM CsCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM EGTA, 10 mM Hepes,

and 4 mM K2ATP at pH 7.3 and osmolarity at 280–290 mOsm. Signals were

filtered at 2 kHz and sampled at 10 kHz. Neurons were voltage-clamped

at −70 mV in the presence of TTX (1.0 μM), 6-cyano-7-nitroquinoxaline-2,3-

dione (20 μM), and D-2-amino-5-phosphonovalerate (50 μM). mIPSCs were

abolished by the addition of 10 mM bicuculline, a GABAAR antagonist.

Murine Cortical Neuron Cultures. Cultures of primary neurons were derived

from the cerebral cortex of E17.5 mouse embryos, as previously described

(40). The excised cortex was placed in ice-cold HBSS and gently dissociated.

Cells were pelleted by centrifugation at 300 × g × 5′ at 4 °C, resuspended in

plating medium [Neurobasal medium (Invitrogen), 2% vol/vol B-27 supple-

ment (Gibco), 10% vol/vol FBS (HyClone), 0.5 mM L-glutamine, 25 μM glu-

tamic acid], and plated on poly-D-lysine–coated Petri dishes (day 0). On day

3, one half of the plating medium was replaced with maintenance medium

[Neurobasal medium, 2% vol/vol B-27 supplement, 0.5 mM L-glutamine].

Maintenance medium was exchanged every 3 d thereafter.

Biotinylation Assay of Surface Proteins. Cortical neurons were cultured for

10 d as above, and surface GABAARγ2 and GluR2 proteins were measured

using a Cell Surface Protein Biotinylation and Purification Kit (Thermo Fisher

Scientific, Inc.) (41). Briefly, neurons were incubated with Sulfo-NHS-SS-

Biotin (Thermo Fisher Scientific, Inc.) at 4 °C for 30 min, followed by addition

of lysis buffer. Lysates were incubated with Immobilized NeutrAvidin Gel

(Thermo Fisher Scientific, Inc.) for 60 min to isolate biotinylated proteins.

Western blotting with anti-GABAARγ2 antibody (Abcam) or anti-GluR2 an-

tibody (Abcam) was performed, followed by densitometry analysis as pre-

viously described (42).
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