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Abstract
Ras-associated binding (Rab) protein 3A is a neuronal guanosine triphosphate (GTP)-binding
protein that binds synaptic vesicles and regulates synaptic transmission. A mouse mutant,
earlybird (Ebd), with a point mutation in the GTP-binding domain of Rab3A (D77G), exhibits
anomalies in circadian behavior and homeostatic response to sleep loss. Here, we show that the
D77G substitution in the Ebd allele causes reduced GTP and GDP binding, whereas GTPase
activity remains intact, leading to reduced protein levels of both Rab3A and rabphilin3A.
Expression profiling of the cortex and hippocampus of Ebd and Rab3a-deficient mice revealed
subtle differences between wild-type and mutant mice. Although mice were backcrossed for three
generations to a C57BL/6J background, the most robust changes at the transcriptional level
between Rab3a−/− and Rab3a+/+ mice were represented by genes from the 129/Sv-derived
chromosomal region surrounding the Rab3a gene. These results showed that differences in genetic
background have a stronger effect on gene expression than the mutations in the Rab3a gene. In
behavioral tests, the Ebd/Ebd mice showed a more pronounced mutant phenotype than the null
mice; Ebd/Ebd have reduced anxiety-like behavior in the elevated zero-maze test, reduced
response to stress in the forced swim test and a deficit in cued fear conditioning (FC), whereas
Rab3a−/− showed only a deficit in cued FC. Our data implicate Rab3A in learning and memory as
well as in the regulation of emotion. A combination of forward and reverse genetics has provided
multiple alleles of the Rab3a gene; our studies illustrate the power and complexities of the parallel
analysis of these alleles at the biochemical, molecular and behavioral levels.
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Ras-associated binding (Rab) protein 3A plays a regulatory role in neurotransmitter release
and calcium-triggered synaptic vesicle exocytosis (Sudhof 2004; Takai et al. 1996; Takai et
al. 2001; Zerial & McBride 2001). Rab3A is the key member of the functionally redundant
Rab3 family of small G proteins named Rab3A, Rab3B, Rab3C and Rab3D (Schluter et al.
2002; Schluter et al. 2004) and is the most abundant among these paralogs in the brain
(Geppert et al. 1994). Rab3A functions by shuffling between a vesicle-associated guanosine
triphosphate (GTP)-bound state and vesicle-dissociated GDP-bound state under regulation

© 2006 Blackwell Publishing Ltd
*Corresponding author: Department of Genetics, University of Pennsylvania School of Medicine, Philadelphia, PA 19104, USA.
bucan@pobox.upenn.edu.
‡Current address: Ernest Gallo Clinic and Research Center, Emeryville, CA,

NIH Public Access
Author Manuscript
Genes Brain Behav. Author manuscript; available in PMC 2010 August 3.

Published in final edited form as:
Genes Brain Behav. 2007 February ; 6(1): 77–96. doi:10.1111/j.1601-183X.2006.00235.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by Rab GDP dissociation inhibitor (Rab GDI) (Matsui et al. 1990; Sasaki et al. 1990;
Ullrich et al. 1993), GTPase activating protein (Rab3 GAP) (Fukui et al. 1997; Nagano et al.
1998), GDP/GTP exchange protein (Rab3 GEP) (Wada et al. 1997) and guanine nucleotide
exchange factors (Burton et al. 1994; Luo et al. 2001). Several Rab3A effectors have been
identified, including rabphilin3A (Li et al. 1994; Shirataki et al. 1992; Shirataki et al. 1993)
and RIM1α/2α (Wang & Sudhof 2003; Wang et al. 1997; Wang et al. 2000), which bind
only to GTP-Rab3A but not to GDP-Rab3A.

Electrophysiological studies of mice with a targeted loss-of-function mutation in Rab3a
revealed altered short-term plasticity in synapses of the hippocampal CA1 region. The loss
of Rab3A affected the late step of calcium-triggered vesicle exocytosis following
transportation and docking (Geppert et al. 1994; Geppert et al. 1997; Schluter et al. 2004).
Rab3A is also required for hippocampal CA3 mossy fiber long-term potentiation (LTP) and
normal long-term depression (LTD), two forms of synaptic plasticity (Geppert et al. 1997).
Rab3A mutants exhibit impairments in protein kinase A-dependent forms of
corticoamygdala LTP and latephase LTP at hippocampal CA3-CA1 synapses (Huang et al.
2005). These phenotypes may be partly mediated by the interaction of Rab3A with its
effector protein RIM1a (Betz et al. 2001; Powell et al. 2004; Schoch et al. 2002).

Behavioral assessments of Rab3a-null mutant mice have revealed normal hippocampus-
dependent learning and memory in contextual fear conditioning (FC) as well as in the
Morris water-maze test (D’Adamo et al. 2004; Hensbroek et al. 2003; Powell et al. 2004),
although D’Adamo et al. reported moderately impaired platform reversal learning in the
water maze in reference memory and episodic-like memory tasks (D’Adamo et al. 2004). In
addition, Hensbroek et al. found reduced exploratory behavior, whereas D’Adamo et al.
reported increased exploratory behavior in Rab3a knockout mice (D’Adamo et al. 2004;
Hensbroek et al. 2003). Lastly, D’Adamo et al. reported reduced anxiety-like behavior in the
same mice (D’Adamo et al. 2004), which was not detected by Powell et al. (Powell et al.
2004)

In addition to the targeted loss-of-function allele of Rab3a, a second allele, earlybird
(Rab3aEbd), was identified independently using a forward genetic approach (Kapfhamer et
al. 2002). Ebd/Ebd mice carry a point mutation that causes the replacement of aspartic acid
with glycine in Rab3A’s GTP-binding pocket, a highly conserved domain in all GTPases.
Behavioral assessment of multiple rest-activity parameters in the Rab3a−/− and Ebd/Ebd
mice revealed shortened circadian period of activity and anomalies in sleep homeostasis
(Kapfhamer et al. 2002).

As the first step toward understanding the mechanisms that underlie the behavioral
anomalies in Ebd mice, we examined the biochemical properties of the mutant form of
Rab3A (Rab3AD77G). We also compared Ebd and Rab3a−/− alleles at the transcriptome
level by microarray analysis and at the behavioral level through a battery of tests. Our
results show that disrupted GTP and GDP binding to Rab3A in Ebd mice and loss-of-
function of Rab3A in Rab3a−/− mice affect learning and memory as well as emotional
regulation, without significant changes in overall gene expression.

Materials and methods
Animals

Knockout mice for Rab3a (C57BL/6J; 129Sv-Rab3atm1Sud; stock code 002443) were
obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and backcrossed for three
generations (N4) to C57BL/6J (B6). Rab3aEbd mice were identified in an ENU-mutagenesis
screen of C57BL/6J mice (Kapfhamer et al. 2002), and after a cross to C3H/HeJ (C3), mice
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were backcrossed for three generations (N4) to C57BL/6J. Mutant and wild-type mice were
maintained on a light/dark (12:12) cycle with lights on at 0700 h. Food and water were
available ab libitum using standard mouse hus-bandry procedures. All animal experiments
were carried out according to the National Institutes of Health guidelines for the use of
animals and were approved by the University of Pennsylvania Institutional Animal Care and
Use Committee. Wild-type, heterozygous and homozygous mutant mice were generated by
intercrossing Ebd/+ and Rab3a+/− heterozygous mice. At time of weaning (3 weeks), tail
biopsies were taken to extract genomic DNA for genotyping. For Ebd mice, genotyping was
performed by allelic discrimination on ABI Prism 7900HT (Applied Biosystems, Foster
City, CA, USA) using a custom-designed single nucleotide polymorphism (SNP) assay that
has a probe flanking the point mutation [A/G]. Genotypes were called automatically or
manually using SDS 2.2 software (Applied Biosystems). The knockout line was genotyped as
previously described (Kapfhamer et al. 2002). To assess the 129/Sv (129) or C3H-derived
portion of the chromosome surrounding the Rab3a locus, the following 12 microsatellite
markers were used for genotyping: D8Mit190.1, D8Mit46, D8Mit128, D8Mit25, D8Mit29,
D8Mit73, D8Mit178.1, D8Mit304, D8Mit104, D8Mit348, D8Mit45.1 and D8Mit84. Among
them, D8Mit46, D8Mit128 and D8Mit25 showed no detectable polymorphism between
C57BL/6J and 129/Sv strains.

Tissue collection, RNA extraction and cDNA generation
For the analysis of both the Ebd and Rab3a−/− alleles, wild-type and homozygous mutant
mice were sacrificed at Zeitgeber time 9. Cerebral cortex and hippocampus were dissected,
frozen on dry ice and then transferred to −80 °C. Total RNA was isolated using TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) followed by cleanup using
RNeasy mini kit (Qiagen Inc., Valencia, CA, USA). For all of these RNA samples, 1–2 μg
was reverse transcribed using a High Capacity cDNA Archive Kit (Applied Biosystems)
according to the manufacturer’s instructions.

Cloning and expression of wild-type and Ebd mutant Rab3A
The cDNAs from the cortex of wild-type and Ebd mutant mice were used as template to
amplify Rab3a by AccuPrime Pfx SuperMix (Invitrogen Life Technologies) using forward
primer 5′-AGAGAGGGTAAGATGGCTTCC-3′ and reverse primer 5′-
AATAGGGTAGTCGGGGATGG-3′. The polymerase chain reaction (PCR) products were
inserted into the pCR2.1 vector using a TA Cloning Kit (Invitrogen Life Technologies)
following the manufacturer’s instructions. The wild-type and Ebd Rab3A cDNAs were then
subcloned in-frame into the pcDNA3.1/His C vector (Invitrogen Life Technologies).
Positive clones were confirmed by sequencing. HEK 293 (human embryonic kidney
epithelial cell line) cells (kindly provided by Dr Adam Crystal) were transfected by
Lipofectamine 2000 (Invitrogen Life Technologies) with pcDNA3.1/His C constructs
harboring his-tagged wild-type and Ebd mutant Rab3A. Stable cell lines were selected by
culturing cells in the presence of 0.5 mg/ml of geneticin. Cells were lysed by BD Xtractor,
and his-tagged protein was purified by BD TALON affinity resin (BD Biosciences, Palo
Alto, CA, USA).

Western blot analysis
The mouse brain tissues and the cells were homogenized in CelLytic MT (Sigma, St. Louis,
MO, USA) in the presence of 2% proteinase inhibitor cocktail P-8340 (Sigma). The
homogenates were centrifuged at 10 000 g at 4 °C for 20 min. The supernatants were applied
to sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE), and the
protein was transferred to a polyvinylidene fluoride (PVDF) membrane (Immobilon-P,
MiliPore, Bedford, MA, USA). The blot was blocked at room temperature for 1 h in 5% fat-
free milk dissolved in Tris buffered saline supplemented with 0.05% Tween 20. The primary
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antibodies used were anti-His antibody (Amersham Biosciences, Piscataway, NJ, USA),
anti-Rab3A (clone 42.2, Synaptic Systems, Gottingen, Germany), antirabphilin3A
(polyclonal rabbit antibody, Synaptic Systems), anti-β-tubulin (clone 3B11, Synaptic
Systems), anti-Rab GDI and anti-Rab GAP p130 (kindly provided by Professor Yoshimi
Takai). The secondary antibodies were horseradish peroxidase (HRP)-conjugated sheep anti-
mouse immunoglobulin (Ig)G and HRP-conjugated monkey anti-rabbit IgG (Amersham
Biosciences). The protein amount was quantified by using ImageJ (http://rsb.info.nih.gov/ij/)
and normalized to β-tubulin.

Co-immunoprecipitation
Co-immunoprecipitation was carried out according to published procedure (Nagano et al.
2002) with modifications. Briefly, HEK 293 cells were transfected with His-tagged Rab3A
(wild type or mutant) and Myc-tagged rabphilin3A (a kind gift from Professor Yoshimi
Takai). Cells were lysed in lysis buffer containing 20 mM Tris–Cl, pH 7.5, 100 mM NaCl, 1%
Triton X-100, 1 mM EDTA, 0.5 mM PMSF and 0.5% protease inhibitor cocktail (P-8340,
Sigma). After clearing the lysates with control IgG, Rab3A or rabphilin3A was
immunoprecipitated using anti-His-G (Invitrogen Life Technologies) or anti-Myc (9B11,
Cell Signaling, Danvers, MA, USA) monoclonal antibodies and protein A agarose
(Invitrogen Life Technologies). SDS–PAGE and Western blots were performed as described
above. To detect the interaction between Rab3A and rabphilin3A, Rab GDI and Rab GAP,
cortex dissected from Ebd and knockout and their wild-type littermates was homogenized in
lysis buffer described above. Immunoprecipitation was carried out using anti-Rab3A and
then immunoblotted using antirabphilin3A, anti-Rab GDI and anti-Rab GAP.

[α-32P]GTP overlay
The GTP-binding activity was examined by [a-32P]GTP overlay assay according to Klinz et
al. (Klinz 1994). Wild-type and Ebd mutant Rab3A proteins were resolved on SDS–PAGE
without preheating and then immunoblotted onto a PVDF membrane (Immobilon-P,
MiliPore). The membrane was incubated at room temperature for 1 h in binding buffer (50
mM Tris–Cl, pH 7.5, 20 μM MgCl2, 1 mM DTT, 0.2% Tween-20) containing 1 μCi/ml of
[α-32P]GTP (Amersham Biosciences) and then washed six times for 10 min each with wash
buffer (50 mM Tris–Cl, pH 7.5, 25 mM MgCl2, 1mM DTT, 0.2% Tween-20). The blot was air-
dried and exposed to X-ray film at −80 °C for 12–24 h.

[γ-35S]GTP and [3H]GDP binding assays
The binding assays were carried out according to Giovedi et al. (Giovedi et al. 2004).
Briefly, samples (1 pmol/25 μl) were incubated in binding buffer (20 mM Tris–Cl, pH 7.5, 10
mM EDTA, 5 mM MgCl2,1 mM DTT) containing 0, 1, 3, 10, 30, 100, 300 and 1000 nM

[γ-35S]GTP or [3H]GDP (PerkinElmer Life Sciences, Boston, MA, USA) for 30 min at 30
°C. Non-specific binding was determined in the presence of 300 μM GTP and GDP. The
reaction was stopped by adding 1 ml of ice-cold stopping solution (25 mM Tris–Cl, pH 7.5,
20 mM MgCl2, 100 mM NaCl), followed by rapid filtration on 0.45-μm nitrocellulose filters
(Whatman, Maidstone, England). The radioactivity retained on the filters was determined by
scintillation counting.

The [3H]GDP dissociation assay
The assay was carried out as described (Giovedi et al. 2004; Kikuchi et al. 1995) with
modification. Briefly, samples (2 pmol/24 μl) were incubated in loading buffer (20 mM Tris–
Cl, pH 7.5, 10 mM EDTA, 5 mM MgCl2, 1 mM DTT, 1 μM [3H]GDP) at 30 °C for 20 min.
Then 1 μl of 375 mM MgCl2 was added, and samples were put on ice to stabilize the
complex. The dissociation reaction was started by adding 75 μl of dissociation solution (20

Yang et al. Page 4

Genes Brain Behav. Author manuscript; available in PMC 2010 August 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://rsb.info.nih.gov/ij/


mM Tris–Cl, pH 7.5, 200 mM NaCl, 2 mM MgCl2,1 mM DTT, 67 μM GTP) and incubating at 30
°C for 0, 15, 30, 60 or 120 min. The dissociation reaction was stopped by filtration on 0.45-
μm nitrocellulose filters, which were then subjected to scintillation counting.

GTPase assays
We employed two GTPase assays. The first (charcoal method) was carried out as described
(Kikuchi et al. 1995). Wild-type and mutant Rab3A (25 pmol in 24-μl reaction) were loaded
with [α-32P]GTP by incubating proteins at 30 °C for 10 min in a loading buffer containing
20 mM Tris–Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM DTT and 10 nM [α-32P]GTP. The
reaction was started by adding 1 μl of MgCl2 to a final concentration of 5 mM. The reaction
was stopped by adding 750 μl of ice-cold stopping solution (50 mM NaH2PO4,5% charcoal)
at various time-points. Samples were centrifuged twice at 10 000 g at room temperature. The
amount of [32P] released from [α-32P]GTP was determined by applying 400 μl of
supernatant to scintillation counting. The second GTPase assay [thin layer chromatography
(TLC) method] was performed as described (Giovedi et al. 2004) with modifications.
Proteins (20 pmol in 20-μl reaction) were loaded with [α-32P]GTP in loading buffer
containing 10 nM [α-32P]GTP. The reaction was started by bringing MgCl2 to 5 mM. At
indicated time, the reaction was stopped by adding 5 × stopping solution (1% SDS, 10 mM

DTT, 10 mM EDTA, 2.5 mM GTP and 2.5 mM GDP) followed by incubating at 65 °C for 20
min. Samples were spotted to PEI-cellulose TLC sheets (Sigma) and air-dried for 20 min at
room temperature. The TLC sheets were developed with 4M formic acid (pH 3.5 by
NH4OH). Then the sheets were air-dried and exposed to X-ray film at −80 °C. The amount
of GTP and GDP was quantified using NIH ImageJ (http://rsb.info.nih.gov/ij/).

Microarray analysis
Arrays—We used Affymetrix expression set MOE430A/B (Affymetrix, Santa Clara, CA,
USA), which consists of 45 037 probe sets representing 39 015 transcripts for 34323 genes.
All protocols were conducted as described in the Affymetrix GeneChip Expression Analysis
Technical Manual. Briefly, total RNA was isolated from the cortex and hippocampus of
individual animals from Ebd line (+/+ and Ebd/Ebd, n = 3 each) and the knockout line
(Rab3a+/+ and Rab3a−/−, n = 6 each). Five microgram of total RNA was converted to first-
strand cDNA using Superscript II reverse transcriptase primed by a poly(T) oligomer that
incorporated the T7 promoter. Second-strand cDNA synthesis was followed by in vitro
transcription for linear amplification of each transcript and incorporation of biotinylated
CTP and UTP. The cRNA products were fragmented to 200 nucleotides or less, heated at 99
°C for 5 min and hybridized for 16 h at 45 °C to MOE430A/B microarrays. The microarrays
were then washed with low (6× SSPE) and high (100 m M MES, 0.1M NaCl) stringency
buffers and stained with streptavidin-phycoerythrin. Fluorescence was amplified by adding
biotinylated anti-streptavidin and an additional aliquot of streptavidin-phycoerythrin stain. A
confocal scanner was used to collect fluorescence signal at 3 μm resolution after excitation
at 570 nm. The average signal from two sequential scans was calculated for each microarray
feature. Affymetrix Microarray Suite 5.0 was used to quantitate expression levels for
targeted genes; default values provided by Affymetrix were applied to all analysis
parameters. Border pixels were removed, and the average intensity of pixels within the 75th
percentile was computed for each probe. The average of the lowest 2% of probe intensities
occurring in each of 16 microarray sectors was set as background and subtracted from all
features in that sector. Probe pairs were scored positive or negative for detection of the
targeted sequence by comparing signals from the perfect match and mismatch probe
features. The number of probe pairs meeting the default discrimination threshold (tau =
0.015) was used to assign a call (or flag) of absent, present or marginal for each assayed
gene, and a P value was calculated to reflect confidence in the detection call. A weighted
mean of probe fluorescence (corrected for non-specific signal by subtracting the mismatch
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probe value) was calculated using the One-step Tukey’s Biweight Estimate. This signal
value, a relative measure of the expression level, was computed for each assayed gene.
Global scaling was applied to allow comparison of gene signals across multiple microarrays:
after exclusion of the highest and lowest 2%, the average feature signal was calculated and
used to determine what scaling factor was required to adjust the chip average to an arbitrary
target of 150. All signal values from one microarray were then multiplied by the appropriate
scaling factor. The data files from MAS 5.0 were imported to GeneSpring 7 (Silicon
Genetics, Redwood City, CA, USA) for further analysis. To minimize multiple testing
problems in statistical analysis, the gene list was reduced by discarding those scored as
‘absent’ in two or more replicate samples. This resulted in 20 975 genes that were subjected
to significance analysis of microarray (for information see
http://www-stat.stanford.edu/~tibs/SAM/) and PaGE (Grant et al. 2005) to generate lists of
statistically significant genes. The genes that showed a fold change more than 1.5 were
considered as differentially expressed genes.

Real-time quantitative PCR and RT-PCR
Real-time PCR was carried out on ABI Prism 7900HT sequence detection system (Applied
Biosystems) by relative quantification (ΔΔCt method) using GAPDH or 18S rRNA as the
endogenous control. The template cDNAs were generated as described above and pooled
from seven to nine animals per genotype. For each cDNA sample, we performed three or
four technical repeats on the 384-well plates. The primer and TaqMan probe sets for target
genes were either bought as Assays-on-Demand or ordered as Assays-by-Design by using
the Assays-by-design File Builder (Applied Biosystems). The information for these assays
(assay IDs and consensus sequences) is available upon request. Data files containing the Ct
values from Applied Biosystems SDS 2.2 software were analyzed according to User Bulletin
#2 for ABI Prism 7700 Sequence Detection System (Applied Biosystems). Reaction time
(RT)-PCR was used to investigate the mRNA isoforms of Peroxiredoxin II (Prdx2) gene.
The cDNAs were generated as described above, and PCR was done with Taq DNA
polymerase (Roche, Indianapolis, IN, USA). To detect the longer (Prdx2-L) and shorter
(Prdx2-S) isoforms, a common left primer was used: 5′-
AGGACTTCCGAAAGCTAGGC-3′. The right primers for Prdx2-L and Prdx2-S are 5′-
TGGATCTGGCGTTAAAGAGG-3′ and 5′-TTGACTGTGATCTGGCGAAG-3′,
respectively. The PCR products were quantified by measuring the intensities of the bands
using ImageJ (http://rsb.info.nih.gov/ij/).

Behavioral assessment
All behavioral testing was performed between 1400 and 1700 h with the experimenter blind
to the subjects’ genotype. A total of 7–23 male and female mice per genotype, aged 6–10
weeks, were used for behavioral assessment. The behavioral tests were performed in the
following sequence: rotarod, zero maze, forced swim test (FST), Morris water maze, FC and
acoustic startle/prepulse inhibition (PPI).

Rotarod—The test was performed according to published procedure (Tarantino et al.
2000). Mice were placed on the accelerating rotarod (Model 7650, Ugo Basile, Camerio VA,
Italy), which accelerated at a constant rate from 4 to 40 rpm in 5 min, for a maximum time
of 5 min. Mice were allowed to perform the test until they fell from the rod and given three
trials with 45- to 60-min intertrial intervals. Rotarod performance reported here reflects the
average performance of the second and third trials.

Zero maze—Behavior in the zero maze was assessed as previously reported (Tarantino et
al. 2000). Mice were placed in one of the closed quadrants and were allowed to investigate
the maze for 5 min in a single session. Mice were scored on several anxiety-related variables
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as identified in previous studies including time spent in open quadrants and number of
transitions between quadrants. The animals were tracked during the session by a Poly Track
Video System (San Diego Instruments, San Diego, CA, USA) suspended approximately 130
cm above the maze.

FST—The FST is a validated model for studying the depressive-like behavior in rodents
(Borsini & Meli 1988; Wieland & Lucki 1990). A single-day trial was used in which mice
are individually placed in plexiglass cylinders (46 cm tall, 20.5 cm diameter) containing 23–
25 °C water to a depth of 20 cm, for a total of 6 min. Mice were manually scored for total
immobility time and time to first float (latency) during the entire 6-min trial, with
‘immobility’ defined as movement limited to that required to maintain the mouse’s head
above water. The water was changed between subjects. In a comparable forced swim set-up,
C57BL/6J inbred mice showed sensitivity to different types of antidepressant drugs,
including desipramine (Lucki et al. 2001).

Morris water maze—The Morris water maze can be used to assess spatial learning and
memory in mice (D’Hooge & De Deyn 2001). Mice were placed into a 110-cm-diameter
pool of opaque water (colored with white tempura non-toxic paint) at room temperature and
trained over a 7-day period to locate a single hidden platform (area 10 cm2) submerged 0.5
cm below the water surface. The maze was surrounded by several visual cues that remained
constant in the room. Mice were subjected to four training trials per day, in which they were
placed into each of four quadrants (NW, NE, SE and SW) and given a maximum 60 seconds
to locate the platform, with an interval of 10 min between trials. Time to platform location
(latency) was recorded for each trial. If a mouse failed to locate the platform, it was guided
to the platform by the experimenter. Once on the platform, a 20-second acquisition period
was provided before the mouse was removed from the maze and dried off. At the end of the
training period, learning and memory was further assessed by a probe trial in which the
platform was removed, and the path of the mouse through the maze was recorded using a
video tracking system (San Diego Instruments). The recording was analyzed with Poly
Track Video Tracking System software (San Diego Instruments), and the percent of total
distance traveled and percent of total time spent in the platform quadrant were measured.

FC
The basic apparatus and procedure were as previously described (Lattal & Abel 2001). Mice
were trained in a rectangular (16″L × 6″W × 8 3/8″H) FC chamber (Medical Associates;
Columbus, OH, USA) for 120 seconds before the onset of a 30 seconds white noise tone
[(conditioned stimulus (CS)]. At 148 seconds, a 1.5-mA foot shock [(unconditioned stimulus
(US)] was administered through the floor of the apparatus for 2 seconds. The mice were
removed from the chamber at 300 seconds. Mice were tested for contextual conditioning in
the same chamber for 300 seconds, 24 h after training. For the cued conditioning test, the
mouse was placed into a new chamber environment with the floor covered by a smooth, blue
panel. Following 120 seconds in the altered context, the CS tone was administered for 180
seconds. ‘Freezing’ behavior was scored at intervals of 5 seconds during training (baseline
freezing), immediately following cessation of the US (immediate freezing), during the 300
seconds in the same context (contextual conditioning), during the first 120 seconds of the
cued trial (altered context freezing) and during the last 180 seconds of the cued trial (cued
conditioning). Freezing was defined as complete lack of movement, except for respiration.
Percent freezing was calculated as (no. of recorded freezes/no. of possible freezes) × 100.

Acoustic startle and PPI of acoustic startle
Acoustic startle response (ASR) and PPI of acoustic startle were measured using SR-
Laboratory Systems (San Diego Instruments) according to published procedure (Tarantino et
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al. 2000). After a 5-min acclimation period under continuous 70-dB white noise, mice were
subjected to the following trials (×5) in pseudo-randomized order: 40-ms 90dB, 100dB,
110dB and 120dB, with average startle amplitude across the five 120-dB trials calculated as
ASR. PPI was measured immediately after the Acoustic Startle test. The PPI session
consisted of 15 trials spaced 15 s apart. Each trial consisted of a 40-ms 120dB stimulus
delivered 60 ms after a 20 ms prepulse stimulus of either 70, 90 or 95dB. The ASRs for the
120 bB stimuli preceded by a 70dB prepulse were averaged and used to normalize the values
obtained from the 90dB and 95dB prepulse trials. % PPI was calculated as: 100 - [(average
ASR after 90 or 95dB prepulse/average ASR after 70bB prepulse) × 100]. % PPI values
from the 90dB and 95dB prepulse trials were averaged to generate the final % PPI.

Statistical analysis
Statistical analysis was performed using either EXCEL software, or VASSARSTATS

(http://faculty.vassar.edu/lowry/VassarStats.html). Strain effects among three genotypes
were determined for most behavioral measures using a one-way analysis of variance (ANOVA),
followed by Tukey post hoc tests when appropriate. The effects of genetic backgrounds and
the interaction between mutations and backgrounds were examined by two-way ANOVA.

Results
Decreased GTP and GDP binding of Rab3AD77G disrupts its interaction with effectors and
causes reduced protein levels of Rab3AD77G and Rabphilin3A

To compare Rab3a-null and Ebd mutants at the molecular and behavioral level, it was
necessary to evaluate biochemical properties of the Ebd mutation. In the Rab3A protein, the
Ebd mutation changes Asp77 in the highly conserved GTP-binding domain into Gly
(Kapfhamer et al. 2002). On the basis of studies in other small GTPases (John et al. 1993;
Jung et al. 1994; Ostermeier & Brunger 1999; Rak et al. 2003), we predicted that the Ebd
mutation affects nucleotide binding. To test this prediction, we carried out biochemical
assays for GTP/GDP binding, GDP dissociation and GTPase activity using wild-type and
mutant Rab3AD77G expressed in HEK293 cells. To examine the binding of GTP, two
different assays were employed: an [α-32P]GTP overlay assay and a [γ35S]GTP binding
assay. In the [α-32P]GTP overlay assay, wild-type and Rab3AD77G proteins were blotted to
PVDF membranes that were examined for [α-32P]GTP binding and protein amount. Wild-
type Rab3A showed much stronger [α-32P]GTP binding than Rab3AD77G, indicating
reduced GTP affinity for Rab3AD77G (Fig. 1a). The [γ-35S]GTP binding assay was carried
out by employing a saturation binding experiment: wild-type and Rab3AD77G proteins were
incubated with various concentrations of [γ-35S]GTP, and the proteinbound radioactivity
was recovered by filtration through a nitrocellulose membrane and quantified by scintillation
counting. Rab3AD77G bound less [γ-35S]GTP than wild-type Rab3A (Fig. 1b). This result,
consistent with the result from the overlay assay, indicates that the Ebd mutation in Rab3A
decreases GTP binding.

We next examined GDP binding in Rab3AD77G. A saturation binding assay using [3H]GDP
as a radioligand showed that Rab3AD77G bound less [3H]GDP (Fig. 1c). In a [3H]GDP
dissociation assay, Rab3AD77G showed faster GDP dissociation than wild-type Rab3A (Fig.
1d), providing independent evidence that GDP binding affinity is decreased in Rab3AD77G.

To examine the intrinsic GTPase activity, we used TLC to measure the conversion of
[α-32P]GTP to [α-32P]GDP by wildtype and mutant proteins. The amount of [α-32P]GDP
released from Rab3AD77G was comparable to that from wild-type Rab3A (Fig. 1e). Similar
results were obtained from a separate method measuring α-32P release upon hydrolysis of
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[α-32P]GTP by wild-type and mutant Rab3A proteins (Fig. 1f). These results indicate that
GTPase activity is not affected by the D77G mutation.

In addition to reduced GTP/GDP binding, Ebd mutant mice have reduced levels of Rab3A
protein (Kapfhamer et al. 2002) (Fig. 2a). To address whether the decreased Rab3A protein
in Ebd mice is due to decreased mRNA levels or changes in protein stability or degradation,
we measured the mRNA level by real-time quantitative (Q) PCR using a probe that spans
the exon 1–exon 2 junction so that it detects mutant and wild-type Rab3A mRNA equally
well. In this assay, both wild-type and Ebd mice showed comparable Rab3A mRNA levels
in brain tissues, whereas Rab3a−/− mice exhibited no detectable Rab3A mRNA (Fig. 2a).
This result was further confirmed in independent samples by microarray analysis (see
below). Therefore, we conclude that the point mutation in Ebd does not affect transcription
of the Rab3a gene or the stability of Rab3A mRNA. Presuming that the point mutation is
unlikely to affect the translation of Rab3A mRNA, the decreased Rab3A protein level in
Ebd mice is most likely due to the decreased stability of the mutant Rab3A protein.

It was previously reported that rabphilin3A, a Rab3A effector, was decreased in Rab3a−/−

mice (Li et al. 1994; Schluter et al. 2004). Our experiments confirmed this finding (Fig. 2b).
Furthermore, we found that rabphilin3A protein was decreased by about 40% in the cortex
and hippocampus of Ebd mice (Fig. 2b). Q-PCR and microarray analysis (data not shown)
showed that the rabphilin3A mRNA level was not affected in the brain tissues of either
Rab3a knockout or Ebd mice (Fig. 2b), indicating that the reduced rabphilin3A protein is
due to decreased protein stability. The Ebd mutation and the loss of Rab3A do not lead to
decreased protein levels of at least two other Rab3A effectors, Rab GDI and Rab GAP (Fig.
2c).

The interaction between Rab3AD77G and its effectors, including rabphilin3A, Rab GDI and
Rab GAP, was examined in vivo by co-immunoprecipition in cortex homogenates (Fig. 2d)
and in vitro by co-immunoprecipition analysis in HEK293 cells co-transfected with Myc-
tagged rabphilin3A and His-tagged wild-type or mutant Rab3A (Fig. 2e). Both sets of
experiments showed that the Ebd mutation leads to decreased binding of Rab3AD77G to
rabphilin3A, Rab GDI and RabGAP. Furthermore, our experiment with the Rab3AD77G

protein shows that binding of rabphilin3A to Rab3A is required for the stability of
rabphilin3A, as previously found in studies of Rab3A knockout mice (Li et al. 1994;Schluter
et al. 2004).

Microarray experiments revealed subtle effects of Ebd and Rab3a-null mutations on gene
expression in cortex and hippocampus

To compare the null and Ebd alleles at the molecular level and to investigate if they cause
overall changes in gene expression, we performed transcription profiling by microarray
analysis in two tissues (cortex and hippocampus) from four genotypes (+/+, Ebd/Ebd,
Rab3a+/+ and Rab3a−/−).

Though Rab3A has wide-spread expression in central nervous system (Stettler et al. 1994),
we used cortex and hippocampus as a tissue source for microarray analysis, because they
can be easily dissected and samples can be collected from individual mice with no need for
pooling. Furthermore, behavioral analysis of Ebd and Rab3A−/− mutants by us and others
(D’Adamo et al. 2004; Hensbroek et al. 2003; Powell et al. 2004) revealed a wide range of
behavioral anomalies in which the cortex and hippocampus play important roles.

The Ebd allele was generated on a C57BL/6J background and crossed for one generation to
C3H/HeJ, whereas the Rab3a−/− allele was generated on a 129/Sv background and
maintained on a mixed B6 × 129 background. To minimize the effect of genetic background
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on molecular and behavioral phenotypes, we backcrossed both alleles for three generations
to C57BL/6J. This three-generation backcross to C57BL/6J (N4 generation) would result in
partial congenic lines consisting of approximately 94% C57BL/6J genome and
approximately 6% C3H/HeJ in Ebd mice or 129/Sv in Rab3a knockout mice.

Global profiling of gene expression in Rab3A mutants and their wild-type
littermates—There are three different parameters in the 36 samples of our microarray
experiment. (a) Genotype at the Rab3a locus (Ebd/Ebd vs. +/+ and Rab3a−/− vs. Rab3a+/+);
(b) brain region (cortex vs. hippocampus) and (c) genetic background (B6.C3; N4 in Ebd/
Ebd and +/+ mice vs. B6.129; N4 in Rab3a−/− and Rab3a+/+ mice). We first asked how do
these factors affect overall gene expression? To visualize overall similarities in expression
patterns, we performed hierarchical clustering by Pearson Correlation of the genes that are
present or marginal in at least two/three of the three or six replicates across all 36 samples.
The condition tree indicates that the major factor that affects gene expression in our
experiment is brain region specificity, because samples from the same brain region cluster
together (Fig. 3a). Mice with different genetic backgrounds (B6.C3; N4 in Ebd/Ebd and +/+
mice vs. B6.129; N4 in Rab3a−/− and Rab3a+/+ mice) have more dissimilar patterns of
expression than mutant vs. wildtype (Ebd/Ebd vs. +/+ Rab3a−/− vs. Rab3a+/+). This finding
was confirmed by Principle Components Analysis on all 36 conditions (Fig. 3b–d). The first
component captured 24% of the overall variability, the second component 10% and the third
6%. This result indicates that both mutations cause subtle changes in gene expression
compared with brain region or genetic background of the mice.

The Ebd mutation of Rab3A has a subtle effect on gene expression—In Ebd
alleles, no differentially expressed genes were identified with a false discovery rate (FDR)
less than 10%. At a FDR around 50%, three genes in the cortex and two genes in the
hippocampus were identified as having significantly altered expression (Table 1); however,
their differential expression in Ebd/Ebd vs. +/+ was not confirmed by Q-PCR (data not
shown). These genes may simply be false positives due to the high FDR (50%) in the
microarray analysis, or they might have fallen beyond the resolution of Q-PCR due to the
small fold change in their expression (mostly <twofold). Ultimately, the small number of
genes identified as differentially expressed and the small fold changes of these genes
indicate that the Ebd mutation has subtle, if any, effect on gene expression.

Differential gene expression in the Rab3a−/− mice due to congenic genomic
sequence from 129/Sv background—In the Rab3a−/− mice, 23 genes including Rab3a
were differentially expressed between Rab3a−/− and wild-type littermates in either the
cortex or the hippocampus (Table 1). Among them, 18 map to the chromosomal region
surrounding the Rab3a locus on mouse chromosome 8 (Fig. 4a). We examined the
expression patterns of three differentially expressed genes (Lpl, Slc5a5 and Prdx2) by Q-
PCR or RT-PCR and confirmed the microarray results (see Supplementary material, Fig.
S1). The expression patterns of these three genes in Rab3a+/+ and Rab3a−/− strains were
comparable to those in C57BL/6J and 129/Sv strains, respectively (see Supplementary
material, Fig. S1). Furthermore, even the tissue-specific expression pattern of Lpl and the
strain-specific splicing of Prdx2 in Rab3a−/− corresponded to those detected in the 129/Sv
strain (see Supplementary material, Fig. S2). Clustering of differentially expressed genes on
chromosome 8 could be explained by differential gene expression between the 129/Sv
chromosomal segment surrounding the genetically disrupted Rab3a gene and the C57Bl/6J
wild-type chromosome. We thus genotyped the mice used for the microarray experiment at
several chromosome 8 loci with a set of microsatellite markers which detect polymorphisms
between the C57BL/6J and 129/Sv strains. In Rab3a−/− mice, the 129/Sv region shared by
all mutant mice covers approximately 14 Mb (from 67 to 81 Mb, Ensembl m3.3) (Fig. 4b),
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whereas all Rab3a+/+ mice were homozygous for C57BL/6J at the region surrounding
Rab3a. In Ebd mutant and wild-type mice, almost all tested chromosome 8 loci (10/12) were
homozygous for C57BL/6J alleles (data not shown), indicating that remnants of the C3H/
HeJ chromosome are dispersed across the genome in Ebd mutant and wild-type mice. This
result indicates that the differentially expressed genes in the congenic region were regulated
in a strain-specific manner. Therefore, we conclude that the Rab3a-null mutation per se has
subtle effect on gene expression, as does the Ebd mutation.

Behavioral assessments revealed the role of Rab3A in learning and memory and in
anxiety-related behavior

As a part of the overall characterization and comparison of the two Rab3a alleles, we
examined behavior of mutant mice and their wild-type littermates in a battery of behavioral
paradigms. These paradigms were selected with a goal of assessing several aspects of brain
function, from motor abilities (rotarod), emotional behavior (zero maze), sensorimotor
gating (PPI), stress-induced behavior (FST) to learning and memory (FC and Morris water
maze).

Ebd and Rab3a-null mice exhibit intact spatial learning but impaired cued FC
—Spatial memory in Ebd and Rab3a knockout mice was assayed in a hidden platform
version of the Morris water maze. This paradigm involves training mice for 7 days to locate
a submerged platform, followed by a probe trial in which the platform is removed and the
preference for the quadrant of the pool in which the platform was located is determined by
measuring percent time spent and swim distance in the platform quadrant. Both Ebd and
Rab3a knockout mice exhibited a rapid decline in latency as the training period progressed
(Fig. 5a). In the Ebd line, no statistical difference was observed for either the percent total
distance traveled in the platform quadrant (F2,24 = 0.396, P = 0.677) or percent time spent in
the platform quadrant (F2,24 = 0.290, P = 0.751) during the probe trial. Similarly, Rab3a
knockout mice showed no significant difference in percent distance (F2,22 = 2.911, P =
0.078) and percent time (F2,22 = 2.829, P = 0.083) spent in the platform quadrant during the
probe trial. The results indicate that neither the Ebd nor the Rab3a−/− allele affects spatial
learning and memory performance. Nonetheless, two-way ANOVA detected significant effect of
genetic background between Ebd and Rab3a knockout lines in both percent distance (F1,47
9.71, P = = 0.003) and percent time (F1,47 = 12.72, P = 0.0009) in the platform quadrant,
although no interaction between background and genotypes was observed (F2,47 = 1.79, P =
0.180 for percentage distance and F2,47 = 1.84, P = 0.171 for percentage time). Our results
support previous reports on differences between the 129/Sv and the C57BL/6J lines in the
Morris water-maze test (Owen et al. 1997b).

The FC test is another measure of learning and memory in mice. This paradigm tests a
mouse’s ability to associate a mild foot shock (US) with a specific environment (contextual
FC, environment CS) and a tone (cued FC, tone CS); memory of the US is signified by
freezing behavior observed in the mouse. Ebd and Rab3a knockout mice were subjected to
both FC tests and were compared in baseline (without US), immediate (following US),
contextual (environment CS, no US), altered context (no US) and cued (tone CS, no US)
freezing. Mice from both lines exhibited similar baseline and immediate freezing (data not
shown). All mice performed similarly in the contextual FC [Ebd lines: F2,36 = 0.23, P =
0.796; Rab3a−/− lines: F2,24 = 0.265, P = 0.77; genetic backgrounds: F1,61 = 3.54, P =
0.065], thus neither mutations of Rab3A nor genetic background affected this type of
hippocampal-dependent learning (Fig. 5b). In contrast, both Ebd/Ebd mice (F2,53 = 3.853, P
< 0.05) and Rab3a−/− mice (F2,32 = 8.943, P < 0.001) displayed impaired cued FC learning,
as compared to their wildtype controls (Fig. 5b). This potentially implicates Rab3A in some
aspect of amygala-dependant learning.
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Ebd mice, but not Rab3a−/− mice, show reduced anxiety-like, decreased
behavioral despair behavior as well as acoustic startle-induced hyperekplexia
—To further evaluate the observed anomalies in Rab3A mutant mice, we assessed other
behavioral phenotypes in these mice. Neuromuscular coordination and strength in Ebd and
Rab3a−/− mice were examined using an accelerating rotarod (Fig. 6a). No difference was
observed among the three genotypes of Ebd lines (Ebd/Ebd, Ebd/+, and +/+) (F2,25 = 0.533,
P = 0.594) and the three genotypes of Rab3a−/− lines (Rab3a−/−, Rab3a+/– and Rab3a+/+)
(F2,28 = 1.385, P = 0.268). This result indicates that neither the loss-of-function nor the Ebd
mutation affect neuromuscular coordination or motor ability and affirmed that the anomalies
observed in other behavioral tests were not consequences of mutant Rab3A-induced
neuromuscular dysfunction. However, two-way ANOVA did reveal an effect of genetic
background between Ebd and Rab3a−/− lines (F1,54 = 4.52, P = 0.039).

We used the elevated zero maze to test anxiety-like behavior in Ebd and Rab3a−/− mice.
The time that a mouse spends in the open areas and the number of transitions between open
and closed quadrants are indicative of anxiety-like behavior, such that increased time in the
open quadrants and increased transitions are predictive of low anxiety (Borsini & Meli
1988). The Ebd/Ebd and Ebd/+ mice showed an increased number of transitions (F2,53 =
8.878, P < 0.001) and spent longer time in open quadrants (F2,53 = 15.613, P < 0.001),
indicating reduced anxiety-like behavior in these mice (Fig. 6b). Among the Rab3a−/− lines,
no difference was observed in either the number of transitions (F2,32 = 0.124, P = 0.884) or
the time spent in the open quadrants (F2,32 = 0.903, P = 0.416) (Fig. 6b). Two-way ANOVA

revealed significant interaction between genetic background and genotypes in both
transitions (F2,86 = 4.08, P = 0.021) and time in open quadrants (F2,86 = 3.73, p = 0.028),
suggesting that the genetic backgrounds of Ebd and Rab3a−/− lines affect anxiety-like
behavior differently.

Mice from the Ebd and Rab3a−/− lines were subjected to the FST to evaluate response to
stress. In this test, increased float time or shorter latency (swim time before first float) is
indicative of increased ‘behavioral despair’. No difference in the latency before first float
was observed in either the Ebd line (F2,50 = 1.736, P = 0.187) or the Rab3a−/− line (F2,30 =
2.996, P = 0.066) (Fig. 6c). The genetic background of the Ebd and Rab3a−/− lines have
negligible effect on the latency in FST (F1,81 = 0.76, P = 0.386). In contrast, a significant
strain effect of total float time was observed in the Ebd lines (F2,50 = 3.592, P = 0.035), with
decreased total float time in Ebd/Ebd mice relative to wild-type controls (P < 0.05, Tukey
HSD test) (Fig. 6c). Rab3a−/− mice, however, showed no difference in total float time (F2,30
= 0.148, P = 0.863). Genetic background had a significant effect on this behavior (F1,81 =
38.53, P < 0.001). These observations suggest that the Ebd mutation leads to decreased
behavioral despair in the FST and that the different performance of Ebd and Rab3a−/− lines
in this test is due to their different genetic backgrounds.

The startle test assesses sensorimotor processing (Koch & Schnitzler 1997), while PPI of the
acoustic startle reflex (ASR) is a measure of sensorimotor gating in humans and rodents (for
a review, see Swerdlow et al. 2001). The magnitude of the ASR was significantly increased
in Ebd/Ebd and Ebd/+mice (F2,64 = 5.482, P = 0.01) compared to wild-type controls,
although no difference was observed in Rab3a−/− lines (F2,39 = 0.313, P = 0.734) (Fig. 6d).
Genetic background had a significant effect on acoustic startle (F1,104 = 42.32, P < 0.001)
(Fig. 6d). For PPI, there were no differences within either Ebd lines (F2,64 = 0.297, P =
0.74) or Rab3a−/− = lines (F2,39 = 0.622, P = 0.542); however, genetic background affects
PPI significantly (F1,104 = 52.75, P < 0.001), with the Rab3a−/− lines showing higher
percentage PPI than the Ebd lines (Fig. 6d). This result suggests that the Ebd mutation
affects sensorimotor processing without affecting sensorimotor gating and that differences
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observed between Ebd and Rab3a−/− lines in this test are due to their different genetic
backgrounds.

Discussion
Previous genetic studies of Rab3A, a small GTP-binding protein, focussed on studies of the
null mutation in the mouse and its role in vesicle trafficking and neurotransmitter release
(Geppert et al. 1994; Geppert et al. 1997; Schluter et al. 2004). We have described the
identification of Ebd, an ENU-induced point mutation in the Rab3a gene, which results in
the replacement of aspartate with glycine in the highly conserved GTP-binding domain of
Rab3A (Kapfhamer et al. 2002). Here, we compare two Rab3A mutations, null and Ebd, at a
molecular and biochemical level, with the goal of relating their effects to observed
behavioral anomalies.

D77G mutation in Rab3A causes reduced binding of effectors and reduced stability of
Rab3A and rabphilin3A proteins

Previous in vitro studies of Rab3A involved analysis of a series of mutations in rat Rab3A
and a yeast ortholog Ypt1, including their effects on intrinsic GTPase activity, GDP
dissociation rate and GDP or GTP binding (Becker et al. 1991; Brondyk et al. 1993;
Burstein et al. 1992; Wagner et al. 1987). Mutations in the aspartic acid of the Asp-X-X-Gly
(DXXG) motif common to all GTP-binding proteins have not been reported in any Rab3A
ortholog. The crystal structures of the GppNp-bound Rab3A and Ypt1-GDI complexes
implicate the role of D77 in Rab3A and D63 in Ypt1 in Mg2+ binding, which is important
for nucleotide binding and hydrolysis (Ostermeier & Brunger 1999; Rak et al. 2003).
Functional consequences are known for mutations in the corresponding amino acid in
human H-Ras; H-RasD57Y shows higher affinity for GDP than for GTP (Jung et al. 1994),
and H-RasD57A has increased GDP binding and reduced GTPase activity (John et al. 1993).
However, replacement of the same aminoacid by asparagine (H-RasD57N) did not alter the
biochemical properties of H-Ras (Farnsworth & Feig 1991). Our studies of mouse Rab3A
showed that replacement of aspartic acid by glycine in Rab3AD77G lowers the affinity for
both GTP and GDP but leaves GTPase activity intact. On the basis of these findings, we
postulate that under physiological conditions, the Ebd mutation shifts Rab3A away from its
active form.

In the Rab3A-null mutant, the absence of Rab3A protein leads to a decreased level of
rabphilin3A protein (Li et al. 1994). We have also observed reduced levels of rabphilin3A in
Ebd mutants, and the reduction seems to be comparable to that caused by the null mutation.
Co-immunoprecipitation revealed reduced binding between rabphilin3A and Rab3AD77G,
suggesting that the binding of rabphilin3A to functional Rab3A protein is required for its
stability. This, in accord with previous studies of synapsin I and synapsin II (Rosahl et al.
1995), illustrates that in a presynaptic neuron, loss of specific protein–protein interactions
can lead to protein instability and degradation. Though the absence of rabphilin3A does not
affect neurotransmission in hippocampal neurons in mice (Schluter et al. 1999), rabphilin3A
does potentiate SNARE function independently of Rab3A (Staunton et al. 2001).
Furthermore, it has been shown that phosphorylated rabphilin3A is region-specifically
distributed in rat brain, with the highest levels in the cerebellum, midbrain and medulla
(Foletti & Scheller 2001). It is possible therefore that the reduction of rabphilin3A protein
perturbs the function of a subset of synapses in some specific brain regions. Rab3AD77G also
has reduced binding affinity for Rab GDI and Rab GAP, though neither the Ebd nor the null
mutations of Rab3A affected the protein levels of these Rab3A effectors. Rab GDI retrieves
GDP bound form of Rab proteins from the membrane by forming a heterodimer that serves
as a cytosolic reservoir for inactive Rabs (Sasaki et al. 1990). Systematic expression
profiling indicates that Rab3A is the most abundantly expressed Rab family member in the
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brain (Gurkan et al. 2005) and thus represents the major substrate for Rab GDI. The reduced
affinity between Rab3AD77G and Rab GDI may cause an increase of inactive Rab3AD77G

bound to the membrane, which may interfere with normal vesicle trafficking. It is important
to note that mutations in GDI1 have been implicated in X-linked non-specific mental
retardation (D’Adamo et al. 1998), and Gdi1-deficient mice show altered associative
memory and social behavior (D’Adamo et al. 2002). On the basis of the genetic evidence,
we suggested that the Ebd mutation represents a dominant negative allele of Rab3a
(Kapfhamer et al. 2002). Although our results describe biochemical changes in several
Rab3A effectors caused by the D77G substitution; further studies are required to show
which, among a large number of Rab3A interacting proteins, are responsible for the robust
behavioral consequences of the mutation.

Mutations of Rab3A do not cause robust changes at the transcriptome level
Expression profiling of Ebd and Rab3a−/− mice and their wildtype littermates revealed
subtle, if any, changes caused by the presence of the Rab3A mutations. Therefore, we
conclude that disruption of Rab3A function, either by its absence or a mutation in the GTP-
binding domain, leads to molecular changes and behavioral anomalies mainly through
changes at the post-transcriptional level. For example, our microarray experiment, as well as
Q-PCR, showed that the reduced level of rabphilin3A is not caused by a reduced level of
mRNA but rather by the stability of rabphilin3A protein. We do not attribute the absence of
global changes in gene expression in Rab3A mutants to technical problems or our inability
to detect subtle changes in gene expression by microrrray technology because of the
successful detection of 18 genes that are differentially expressed between the 129/Sv and
C57BL/6J in the congenic line. We also considered that the lack of transcriptional changes
may be explained by functional redundancy between the Rab3a, Rab3b, Rab3c and Rab3d
genes; however, in our microarray experiment, we did not detect changes in the expression
levels of these paralogs in Rab3a−/− or Ebd mice.

It is remarkable that the only robust changes in gene expression between mutant Rab3a−/−

and wild-type mice can be attributed to differences in genetic background. Two mutant lines
were originally generated on two different chromosomes, Ebd on C57BL/6J and Rab3a−/−

on 129/Sv. Both lines were backcrossed to C57BL/6J for three generations; however, in the
case of Ebd, the series of backcrosses followed an original outcross to C3H/HeJ. Therefore,
during backcrossing and selection for a mutant Rab3a−/− locus, remnants of the 129/Sv
(donor strain) were inherited as so-called passenger loci. In Ebd mice, differential
chromosomal segments are scattered throughout the genome. On the basis of the
calculations (Flaherty 1981; Silver 1995) as well as empirical data, we expected that a three-
generation backcross of the Rab3a−/− line on a 129/Sv chromosome to a C57BL/6J
background would leave a large segment (approximately 50 cM) of the donor chromosome
(129/Sv) around the Rab3a locus that serves as a target in selection. Through genotyping of
all lines used for microarray analysis, we showed that the differential chromosomal segment
in Rab3a−/− covers > 14 Mb and contains 178 genes according to ENSEMBL (mouse m33
version). This high gene number supports reports that this segment of mouse chromosome 8,
and the orthologous region on human chromosome 19, represents the most gene-dense
region in the mammalian genome (Dehal et al. 2001). Furthermore, our finding that 18
among 178 genes show differential expression between 129/Sv and C5BL/6J chromosomes
may be explained by an exceptionally high degree of nucleotide variation, including non-
synonymous coding SNPs and stop codons, between these two genomes (Adams et al.
2005).
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Rab3A is involved in learning and memory as well as in emotional regulation
In our original publication, we reported that Ebd and Rab3a−/− mice have shortened
circadian period and decreased response to sleep loss (Kapfhamer et al. 2002). Mutants with
sleep and circadian anomalies provide useful models for the analysis of a link between these
neurobiological systems and mood disorders in humans. For example, Clock mice have sex-
specific changes in exploratory and escape-seeking behavior, with no changes in anxiety and
depression-like behavior (Easton et al. 2003). Moreover, studies of circadian mutants in
Drosophila showed that the period gene plays a key role in long-term memory formation
(Sakai et al. 2004). Therefore, we conducted a comparison of two alleles, Ebd and
Rab3a−/−, using a comprehensive battery of behavioral tests, including those for anxiety,
sensorimotor gating, response to stress and learning and memory.

Electrophysiological experiments in Rab3a knockout mice established a role for Rab3A in
hippocampal mossy fiber LTP and LTD (Castillo et al. 1997; Geppert et al. 1997), two
forms of synaptic plasticity generally accepted as necessary for the consolidation of certain
types of long-term memory. On the basis of these LTP/LTD phenotypes, one might predict
that Rab3a mutant mice would exhibit altered performance in hippocampal-dependent
learning paradigms. However, both contextual FC and performance in the Morris water
maze were normal in Ebd and Rab3a knockout mice, indicating that hippocampal-dependent
learning/memory does not require Rab3A. Both contextual and cued FC depend on the
amygdala, whereas contextual FC also involves the hippocampal system, depending on the
exact nature of the FC protocol followed (Kim & Fanselow 1992; Matus-Amat et al. 2004;
Phillips & LeDoux 1992). The observed deficit in cued FC in both Ebd/Ebd and Rab3a−/−

mice suggests that alterations in Rab3A-meditated neurotransmission may underlie this
deficit and provides evidence for a role of Rab3A in memory processes outside the
hippocampus. Our results to some extent support a role for Rab3A in LTP in the cortical
pathway to the amygdala as observed by Huang et al. (Huang et al. 2005), but how this
explains the selective deficits in cued but not contextual conditioning remains unclear. Other
studies failed to detect an effect on cued FC in the Rab3a knockout line (D’Adamo et al.
2004; Hensbroek et al. 2003; Powell et al. 2004), probably due to differences in genetic
background of the mice used in the studies, differences in age of tested mice and/or
experimental environments (see below). Although one may question the validity of our
findings for the Rab3a knockout mice due to differential expression of >18 genes in the 129/
Sv chromosomal segment surrounding the Rab3a gene, anomalies in cued FC detected in the
Ebd allele are more likely to be due to the disruption of the Rab3a gene because in Ebd
mutants a small contributions from the C3H-derived genome (6%) is randomly distributed in
both mutant and wild-type progeny. It is interesting that our studies reveal impairments in
cued FC but not in contextual conditioning. This suggests that different neuronal circuits
(perhaps within the amygdala) may mediate these distinct forms of FC, an idea that is
supported by several other studies in which a similar phenotype of impaired cued FC but
normal contextual conditioning was observed (Barnes & Good 2005; Gould & Feiro 2005)
as well as the finding of distinct QTLs for cued and contextual conditioning (Owen et al.
1997a).

In contrast to the Rab3a knockout line, Ebd mice exhibited altered performance in the zero
maze, forced swim and startle tests, which may be due either to a dominant-negative effect
of the Ebd mutation or a background effect that masks the phenotypes in Rab3a knockout
mice. The reduced anxiety-like behavior is consistent with impaired performance in cued
FC, given the fact that both fear and anxiety involve the amygdala (Charney & Deutch 1996;
Davis 1998) and the same mesolimbic dopaminergic pathways (Pezze & Feldon 2004).
However, the enhanced acoustic startle response seems to be inconsistent with decreased
anxiety in Ebd mice, because anxiety enhances the acoustic startle response in both rodents
and humans (Koch 1999). A possible resolution lies in the fact that the neuronal circuits
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mediating acoustic startle response and anxiety are different. The acoustic startle response
circuit is located in the lower brainstem with the caudal pontine reticular nucleus playing a
key role in the primary acoustic startle response pathway, and both excitatory transmitter
glutamate and inhibitory GABA are involved (Koch 1999). Anxiety, by contrast, is
regulated by the limbic-hypothalamic-pituitary-adrenal axis (Lopez et al. 1999), and a
pivotal role for the amygdala was suggested in the transmission and interpretation of fear
and anxiety (Charney & Deutch 1996).

Although the main purpose of behavioral studies reported in this paper is to compare
anomalies in two Rab3a alleles, Ebd and Rab3a−/−, we can compare or calibrate our
findings to several previously reported behavioral studies of Rab3a−/− mice (D’Adamo et al.
2004; Hensbroek et al. 2003; Powell et al. 2004). The most consistent finding observed by
all four studies is normal hippocampus-dependent learning and memory in contextual FC
assay (D’Adamo et al. 2004; Hensbroek et al. 2003; Powell et al. 2004). Moreover, all
reports are consistent with normal spatial learning performance of Rab3a−/− mutants in the
conventional form of the Morris water maze (D’Adamo et al. 2004; Hensbroek et al. 2003;
Powell et al. 2004), although D’Adamo et al. (D’Adamo et al. 2004) reported moderately
impaired platform reversal learning in the water maze in reference memory and episodic-
like memory tasks. Hensbroek et al. found reduced exploratory behavior in Rab3a knockout
mice, while D’Adamo et al. reported the opposite result (D’Adamo et al. 2004; Hensbroek
et al. 2003), and we detected no anomalies in exploratory behavior tested in the hole board
(data not shown). We and D’Adamo et al. report reduced anxiety-like behavior, which was
not detected by Powell et al. (D’Adamo et al. 2004; Powell et al. 2004). What makes the
behavioral phenotypes in Rab3a−/− mutants so different? First, mutant lines examined in
these studies have different genetic backgrounds. Hensbroek et al. used mice on a 129/Sv
background, except for (C57BL/6JolaHsd X 129/SvImJ) F1 hybrids used in the Morris
water-maze test (Hensbroek et al. 2003). The other three studies used hybrid 129/Sv/
C57BL/6J mice with a different number of backcrossed generations, which may account for
the discrepancies observed among these behavioral studies. These disparate results indicate
that genetic background has a strong effect on behavioral phenotypes in Rab3a knockout
mice. Another potential explanation for differences between the current study and those of
D’Adamo et al. (D’Adamo et al. 2004), Powell et al. (Powell et al. 2004) and Hensbroek et
al. (Hensbroek et al. 2003) is the age at which the mice were tested. D’Adamo and Powell et
al. tested adults, beginning behavioral testing at or after age 12 weeks, whereas our study
used younger mice (ages 6–10 weeks). Finally, as previously reported, experimental
environments in different laboratories may also contribute to different behavioral
observations (Crabbe et al. 1999).

Our studies show that the Ebd and loss-of-function mutations of Rab3A have subtle, if any,
effects on the overall level of gene transcription. However, they have significant effects on
the stability of Rab3A and rabphilin3A, as well as the binding of Rab3A to its effectors. We
therefore conclude that the associated changes in behavior, including learning and memory,
emotion, and the previously described anomalies in circadian rhythm and response to sleep-
loss, are mediated by mutation-induced changes in the stability of and the interaction
between Rab3A and its effectors. Our comparison of two Rab3a alleles illustrates the utility
as well as challenges in linking different genetic lesions in the same gene to behavioral
phenotypes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biochemical analysis of wild-type (WT) and earlybird mutant (EBD) ras-associated
binding (Rab) protein 3A
(a) [α-32P]guanosine triphosphate (GTP) overlay assay was performed by blotting wild-type
and mutant proteins to PVDF membranes, which were either incubated with [α-32P]GTP to
examine GTP binding (upper panel) or subjected to immunoblotting to visualize protein
content (lower panel). (b) A saturation GTP binding assay was performed by incubating
Rab3A proteins with various concentrations of [γ-35S]GTP. Figure shown is a representative
result of three independent experiments. (c) A [3H]GDP binding assay was performed in a
similar manner as [γ-35S]GTP binding assay described in (b). (d) The GDP dissociation
assay was started by adding an extra amount of GTP and GDP after loading proteins with
[3H]GDP. The radioactivity was normalized to time zero and plotted as a function of time.
*P < 0.01, student’s t-test. (e) GTPase activity assessed using thin layer chromatography
(TLC) method. The GDP amount generated was plotted against time of incubation. The
control experiments contain no protein. The intersect shows a representative TLC image.
Data shown are means ± SD of three independent experiments. (f) GTPase activity assessed
using the charcoal method. The amount of Pi released was plotted against time of
incubation. No protein was included in the control experiments. Data represent means ± SD
of two independent experiments in duplicates.
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Figure 2. Protein stability of ras-associated binding (Rab) protein 3A and its effectors and their
interactions in mutant mice
(a) Rab3A protein levels were examined by immunoblotting with anti-Rab3A in
homogenates from the hippocampus of earlybird (Ebd) and Rab3a null mice. The upper two
panels show the representative Western blots for indicated wild-type and mutant strains of
mice. The protein levels were quantified using ImageJ and normalized to β-tubulin. The
mRNA levels of Rab3A measured by real-time quantitative polymerase chain reaction. Data
are means ± SD. *P < 0.001, student’s t-test. (b) Rabphilin3A protein levels (upper and
middle panels) and mRNA levels (lower) in the hippocampus of Ebd and Rab3a-null mice
were examined similarly as described in (a). (c) Protein levels of Rab GDI and Rab GAP in
the cortex of Ebd and Rab3a-null mice were examined by Western blot using anti-Rab GDI1
and anti-Rab GAP p130 antibodies. Beta-tubulin was also examined as a control for sample
input. (d) Co-immunoprecipitation in the cortex homogenates. Rab3A was
immunoprecipitated with anti-Rab3A antibodies, and Rab3A-bound rabphilin3A, Rab GDI
and Rab GAP were detected using respective antibodies in Western blot. Anti-Rab3A
antibodies were used to examine the sample input (lower panel). (e) Co-
immunoprecipitation in the lysates of HEK 293 cells co-transfected with His-tagged Rab3A
and Myc-tagged rabphilin3A.
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Figure 3. Global profiling of the 36 microarray samples from cortex and hippocampus of
earlybird (Ebd) and Rab3a-null mutants and their wild-type littermates
(a) Hierarchical clustering of the 20975 genes across 36 samples. Pearson correlation was
used to construct the gene tree and the condition tree (only the condition tree is shown).
Normalized expression values are displayed according to the vertical color bar. The
horizontal bars beneath indicate the sample information: C, cortex; H, hippocampus; E, Ebd
line; R, Rab3a null line; EM, Ebd/Ebd;EW, +/+ (wild-type controls of Ebd/Ebd); RM,
Rab3a−/−; RW, Rab3a+/+. (b–d) Principle Component Analysis on these 36 samples. (b)
Different brain regions are distributed along the first component that contributed 24.09% to
the overall variance in the gene expression among these 36 samples. (c) Genetic
backgrounds are distributed along the second component that had a contribution of 10.08%.
(d) The four different genotypes do not show clear distribution pattern, indicating that Ebd
or Rab3a-null mutation had subtle effect on gene expression.
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Figure 4. Differentially expressed genes in Rab3a−/− mice map to a congenic chromosomal
region derived from the 129 strain
(a) Distribution of differentially expressed genes on chromosome 8. The map position of the
differential genes in the cortex and the hippocampus of Rab3a−/− mice showed a
distribution similar to normal distribution as indicated by the curve. The distribution
centered at the Rab3a locus. (b) Genotypes of the Rab3a+/+ and Rab3a−/− mice at 9 loci
around Rab3a gene. The positions of the markers are indicated by the arrows along
chromosome 8. To the right of the markers are numbers of the animals that were
homozygous for C57BL/6J (B6), homozygous for 129/Sv (129) or heterozygous (B6/129) at
markers indicated.
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Figure 5. Learning and memory deficits in earlybird (Ebd) and Rab3a−/− mice
(a) Spatial learning and memory in the hidden platform version of the Morris water-maze
test. The upper panels show the performance of Ebd (left) and Rab3a−/− (right) mice in the
training trials. The lower panels show the performance in the probe trial. (b) Fear
conditioning (FC). Hippocampal-dependent learning was examined by measuring freezing
behavior upon presentation of the chamber (contextual FC), and amygdala-dependent
learning was assessed by presentation of the white noise stimulus (cued FC). Data shown are
means ± SEM. *P < 0.05; **P < 0.01, Tukey HSD test after one-way analysis of variance.
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Figure 6. Earlybird (Ebd) mice but not Rab3a−/− mice showed abnormal emotional status
(a) Both the Ebd mice and the Rab3a-null mice have normal motor co-ordination on the
accelerated rotarod. (b) Ebd mice displayed reduced anxiety-like behavior in the zero maze
test. (c) Ebd mice showed reduced immobility in the Forced swim test. (d) Ebd mice had
increased startle response compared to wild-type controls but showed normal prepulse
Inhibition. Data shown are means ± SEM. *P < 0.05; **P < 0.01, Tukey HSD test after one-
way analysis of variance.
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