Nomoto et al. Molecular Brain 2012, 5:8
http://www.molecularbrain.com/content/5/1/8

w Molecular Brain

RESEARCH Open Access

Dysfunction of the RAR/RXR signaling pathway in
the forebrain impairs hippocampal memory and
synaptic plasticity
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Abstract

and examined the effects of RAR/RXR loss.

hippocampus impairs social recognition memory.

Background: Retinoid signaling pathways mediated by retinoic acid receptor (RAR)/retinoid X receptor (RXR)-
mediated transcription play critical roles in hippocampal synaptic plasticity. Furthermore, recent studies have shown
that treatment with retinoic acid alleviates age-related deficits in hippocampal long-term potentiation (LTP) and
memory performance and, furthermore, memory deficits in a transgenic mouse model of Alzheimer's disease.
However, the roles of the RAR/RXR signaling pathway in learning and memory at the behavioral level have still not
been well characterized in the adult brain. We here show essential roles for RAR/RXR in hippocampus-dependent
learning and memory. In the current study, we generated transgenic mice in which the expression of dominant-
negative RAR (dnRAR) could be induced in the mature brain using a tetracycline-dependent transcription factor

Results: The expression of dnRAR in the forebrain down-regulated the expression of RARB, a target gene of RAR/
RXR, indicating that dnRAR mice exhibit dysfunction of the RAR/RXR signaling pathway. Similar with previous
findings, dnRAR mice displayed impaired LTP and AMPA-mediated synaptic transmission in the hippocampus. More
importantly, these mutant mice displayed impaired hippocampus-dependent social recognition and spatial
memory. However, these deficits of LTP and memory performance were rescued by stronger conditioning
stimulation and spaced training, respectively. Finally, we found that pharmacological blockade of RARa in the

Conclusions: From these observations, we concluded that the RAR/RXR signaling pathway greatly contributes to
learning and memory, and LTP in the hippocampus in the adult brain.

Background
Retinoic acids (RAs) are biologically active metabolites
of vitamin A, an essential nutrient factor [1-3]. Vitamin
A-RA signaling pathways play essential roles in a wide
range of biological functions such as reproduction,
growth, differentiation, development, vision, and home-
ostasis of various tissues, including the brain [2,4].
All-trans-RA and 9-cis-isomers of RA bind to their
nuclear receptor, i.e., RA receptors (RARa, B3, and vy)
and retinoid x receptors (RXRa, B, and y), which func-
tion as ligand-inducible transcription factors [4,5]. RA
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binding to RAR and RXR, respectively, forms a heterodi-
mer of RAR/RXR or a homodimer of RXR/RXR and
regulates the transcription of target genes by binding to
retinoic acid responsive elements in their promoter
regions, thereby regulating various biological phenom-
ena [4,6].

RAR and RXR, especially RARa are highly expressed in
a wide range of central nervous system tissues including
the mature brain [7,8]. Moreover, there is growing evi-
dence that vitamin A-RA signaling pathways have an
impact on higher brain function; furthermore, an impair-
ment of these signaling pathways is implicated in the
etiology of Alzheimer’s disease and psychiatric disorders
such as schizophrenia [9-15]. Indeed, recent studies using
mice have shown that age-related memory deficits are
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associated with the hypo-function of vitamin A-RA sig-
naling pathways and these deficits are restored by treat-
ment with RA or supplementation of vitamin A [16,17].

Importantly, deletion of the RARB or RARB/RXRy
genes leads to deficits in hippocampal synaptic plasticity,
e.g., long-term potentiation (LTP) and long-term depres-
sion (LTD) [18]. Similarly, vitamin A-deficient mice dis-
play impaired hippocampal LTP that is rescued by
treatment with RA [19,20]. These findings strongly sug-
gest that the RAR/RXR signaling pathway plays critical
roles in hippocampal LTP and LTD. However, the roles
of the RAR/RXR signaling pathway in learning and mem-
ory have not been well characterized in the mature brain,
especially in the hippocampus. Indeed, previous genetic
studies have shown that mice lacking the RARfB or
RARB/RXRy genes displayed deficits in motor coordina-
tion that made it difficult to estimate their learning and
memory abilities [21]. However, these studies suggested
that loss-of-function of the RAR/RXR signaling pathway
impairs spatial learning and memory [18]. Additionally,
these studies did not exclude the possibility that genetic
depletion of the RAR/RXR genes leads to some develop-
mental changes in the brain.

In the current study, we tried to understand the roles
of the RAR/RXR signaling pathway in hippocampus-
dependent learning and memory and in hippocampal
synaptic plasticity. To do this, we generated conditional
mutant mice in which the expression of a dominant-
negative mutant of RARa could be induced in the fore-
brain using a tetracycline-dependent transcription factor,
and performed electrophysiological experiments and
hippocampus-dependent memory tasks using these
transgenic mice. Furthermore, we examined the effects
of pharmacological inhibition of RARa in the hippocam-
pus on memory performance.

Results

RARSs, especially RARa, are abundantly expressed in the
forebrain, including the hippocampus [7,8]. To under-
stand the roles of the RAR/RXR signaling pathway in
learning and memory and synaptic plasticity, we exam-
ined the effects of impaired RAR/RXR function in the
forebrain. To do this, we generated mutant mice in
which a dominant-negative mutant of RARa (dnRAR)
was expressed specifically in the forebrain using a tetra-
cycline system [22-25]. This mutant protein, lacking the
C-terminus (amino acid (aa) 403-462) of RARa (aa 1-
462), forms a heterodimer with RXR, but is unable to
induce transcriptional activation [26]. In these mutant
mice, a tetracycline-dependent transcriptional activator
(tTA) expressed in the forebrain activates the expression
of dnRAR specifically in this brain region in the absence
of tetracycline, whereas the expression of dnRAR is sup-
pressed when the mice are administrated doxycycline
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(Dox), a derivative of tetracycline, in their drinking water
(Figure 1A).

Generation of dnRAR mice

We first generated two lines (H02 and H06) of mutant
mice that express dnRAR fused with an HA-tag at the N-
terminus under the control of a tetracycline-responsive
element (TRE)-dependent promoter (TRE-dnRAR mice)
[27]. These mutant mice were crossed with transgenic
mice that express tTA in the forebrain under the control
of the o CaMKII promoter, which displays strong activity
in the forebrain including the hippocampus, cortex, and
amygdala (CaMKII-tTA mouse) [24], generating 2 lines
of CaMKII-tTA/TRE-dnRAR double transgenic mice
(dnRAR HO2 and HO06 mice).

To decrease the effects of dnRAR expression on the
development of the forebrain, transgenic mice and wild-
type (WT) littermates were treated with Dox until they
were 8 weeks old and they were then housed without
Dox-treatment to induce the expression of dnRAR
(transgene OFF - transgene ON; OFF/ON; Figure 1B).
For the control groups, dnRAR HO06 mice were treated
with Dox throughout their lifetime (transgene OFF; OFF-
dnRAR mice) and OFF/ON-dnRAR HO06 mice were trea-
ted again with Dox for 4 weeks following withdrawal of
Dox for 4 weeks (transgene OFF-transgene ON-trans-
gene OFF; OFF/ON/OFF-dnRAR mice; Figure 1B).

We next performed expression analysis of dnRAR in
the forebrain and hippocampus of dnRAR H02 and H06
mice. Northern blot analysis using a specific probe for
the 3’-untranslated region (UTR) of dnRAR mRNA
revealed that dnRAR mRNA was expressed in the fore-
brain and hippocampus of the 2 OFF/ON double trans-
genic lines (Figure 1C). Importantly, dnRAR HO2 mice
displayed higher levels of dnRAR mRNA expression than
the dnRAR HO06 mice. Consistently, Western blotting
using an anti-HA antibody showed the expression of
dnRAR in the hippocampus of OFF/ON-dnRAR H06
mice (Figure 1D). Importantly, the expression of dnRAR
was not detectable in the hippocampus of OFF/ON/OFE-
dnRAR HO06 mice. These observations indicated that the
dnRAR mice express dnRAR in the forebrain, including
the hippocampus, in a Dox-dependent manner.

We finally examined the effects of dnRAR expression on
RAR/RXR-dependent gene expression in the forebrain. To
do this, we analyzed the expression levels of RAR, a tar-
get gene of RAR/RXR [1,28], in the forebrain and hippo-
campus using Northern blotting and quantitative RT-PCR
(qRT-PCR) (Figure 1E, F, respectively). One-way analysis
of variance (ANOVA) of the Northern blotting results
revealed a significant effect of genotype on RARP expres-
sion (F (521) = 5.953, p < 0.05; Figure 1E). The post hoc
Newman-Keuls test revealed that the expression levels of
RARP mRNA in the forebrain of OFF/ON-dnRAR HO02
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Figure 1 dnRAR mice displayed Dox-dependent expression of dnRAR and down-regulation of RARP expression in the forebrain. (A)
Schematic representation of Dox-dependent regulation of dnRAR in the forebrain. (B) Experimental design. Schedule for the treatment of dnRAR
mice with Dox. The mice were treated with Dox throughout their lifetime (OFF) or until they were 8 weeks old (OFF - transgene ON; OFF/ON).
OFF/ON-dnRAR mice were treated again with Dox for 4 weeks following the withdrawal of Dox for 4 weeks (OFF/ON/OFF). (C) Northern blot
analysis of dnRAR mRNA in the forebrain and hippocampus of dnRAR H06 and HO2 mice and WT littermates (WT). The upper and lower panels
shows the expression of dnRAR mRNA (2.8 kbp) and GAPDH mRNA (1.3 kbp) as an internal control, respectively. (D) Western blot analysis of
dnRAR protein in the hippocampus of dnRAR HO6 mice and WT littermates. The upper panel shows the expression of a 50-kDa protein
corresponding to dnRAR. The upper arrow indicates non-specific binding and the lower arrow indicates dnRAR protein. The lower panel shows
the expression of a-tubulin as an internal control. (E) Northern blot analysis of RARB mRNA in the forebrain of dnRAR H06 and HO2 mice and
WT littermates. The lower panel indicates the quantification of RARB mRNA levels in the forebrain of dnRAR HO6 and HO2 mice and WT
littermates (WT, n = 8; H06, n = 8; H02, n = 8). The levels of RARB mRNA were normalized according to the GAPDH signal. *p < 0.05, compared
with WT littermates. (F) gRT-PCR analysis of RARB mRNA in the hippocampus of dnRAR HO6 and H02 mice and WT littermates. Quantification of
RARB mMRNA levels in the hippocampus of OFF/ON-dnRAR HO6 mice, OFF/ON/OFF-dnRAR H06 mice, and WT littermates (WT, n = 29; OFF/ON, n
= 24; OFF/ON/OFF, n = 16). The levels of RARB mRNA were normalized according to the levels of GAPDH mRNA. *p < 0.05, compared with the
other groups. Error bars indicate SEM.
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and HO6 mice were significantly lower than in WT mice
(p < 0.05). Additionally, dnRAR-H06 mice displayed
slightly lower expression levels of RARB mRNA than
dnRAR-HO02 mice, although this difference was not statis-
tically significant. Similarly, qRT-PCR showed that OFF/
ON-dnRAR HO06 mice displayed significantly lower
expression levels of RARB mRNA in the hippocampus
than WT mice (p < 0.05; Figure 1F). Importantly, this
decreased expression of RARB mRNA in the hippocampus
was rescued when these OFF/ON mice were treated again
with Dox for 4 weeks (OFF/ON/OFF-dnRAR mice; OFF/
ON/OFF vs. OFF/ON, p < 0.05; OFF/ON/OFF vs. WT,
p > 0.05), indicating that the down-regulation of RARB
mRNA is dependent on the expression of dnRAR. Collec-
tively, these observations indicated that the expression of
dnRAR decreases RARP mRNA levels in the forebrain,
including the hippocampus, suggesting that dnRAR
expression leads to dysfunction of the RAR/RXR signaling
pathway in these brain regions. Our results indicate that
the expression levels of dnRAR in the OFF/ON-dnRAR
HO06 mice are sufficient to downregulate RAR/RXR-target
gene expression; therefore, the subsequent electrophysio-
logical and behavioral analyses were performed using the
dnRAR-HO6 transgenic line.

Basal synaptic transmission and LTP in the hippocampus
of dnRAR mice

Previous studies have shown that genetic deletion of one
or two RAR/RXR subtypes impaired LTP in the CA1
region of the hippocampus [18]. To examine the effects
of the impaired RAR/RXR signaling pathway on synaptic
plasticity, we recorded extracellular field potentials in the
CAL1 region of hippocampal slices from OFF/ON-dnRAR
HO06 mice and WT littermates.

We investigated basal synaptic transmission in dnRAR
HO06 mice. We first analyzed the input-output relation-
ships of AMPA receptor-mediated excitatory postsynap-
tic potentials (EPSPs) evoked by various stimulus
intensities (Figure 2A). We applied a low concentration
of CNQX (1 pM) to partially block the AMPA receptors
because the fiber volleys were usually much smaller than
the EPSPs [29,30]. dnRAR HO6 mice showed significantly
small AMPA synaptic responses at each presynaptic fiber
volley amplitude (PSFV) compared with WT mice (p <
0.05 at each PSFV). These results suggest that AMPA
receptor-mediated synaptic responses were decreased in
dnRAR HO06 mice.

We next analyzed paired-pulse facilitation (PPF), a
presynaptic form of short-term synaptic plasticity, in
dnRAR HO6 mice (Figure 2B). PPF was induced by a
pair of afferent fiber stimulations at short intervals (50,
100, 200, or 300 ms). dnRAR H06 mice showed compar-
able PPF at each inter-pulse interval compared with WT
mice, suggesting that the probability of release of the
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neurotransmitter glutamate from the presynaptic term-
inal is normal in dnRAR HO06 mice (each interval, p >
0.05). We also analyzed post-tetanic potentiation (PTP),
which is a presynaptic phenomenon (Figure 2C) [31].
PTP was induced by conditioning stimulation (100 Hz,
1 s) in the presence of D-APV (50 uM), an NMDA
receptor antagonist. The magnitude of PTP following
stimulation was comparable between dnRAR and WT
mice, suggesting that short-term plasticity induced by
conditioning stimulation was normal in dnRAR mice
(p > 0.05 at each time point).

Next, we analyzed LTP in dnRAR H06 mice. LTP was
induced using a single high-frequency stimulation (one
100 Hz, 1 s train; Figure 2D and 2E). It is important to
note that the stimulus strength was adjusted to obtain
similar initial EPSP slope values (0.10-0.15 mV/ms) in
each experiment because dnRAR H06 mice displayed
impaired AMPA receptor-mediated input-output relation-
ships compared with WT mice (Figure 2A). WT mice
displayed significant synaptic potentiation following high-
frequency stimulation compared with their baseline
responses (p < 0.05; Figure 2D), indicating that single con-
ditioning stimulation was sufficient to induce LTP in the
hippocampal slices from WT mice. Conversely, dnRAR
HO06 mice also displayed significant LTP compared with
their baseline responses (p < 0.05). However, the magni-
tude of LTP in these mutant mice was significantly lower
at 51-60, 111-120, and 171-180 min following the induc-
tion of LTP compared with WT littermates (p < 0.05;
Figure 2E), although the magnitude was comparable at 21-
30 min between dnRAR H06 and WT mice (p > 0.05),
suggesting that dnRAR H06 mice failed to maintain LTP
even though LTP was induced normally. These observa-
tions indicated that dnRAR H06 mice displayed impaired
LTP in the CA1l region of the hippocampus.

We examined whether stronger conditioning stimula-
tion rescues the impaired LTP observed in the dnRAR
HO06 mice. To do this, LTP was induced by four high-fre-
quency stimulations (four 100 Hz, 1 s trains at 5 min
intervals; Figure 2F and 2G). WT and dnRAR H06 mice
displayed significant LTP compared with their baseline
responses (p < 0.05). In contrast to the results from single
conditioning stimulation, dnRAR HO6 mice displayed a
comparable magnitude of LTP at each time point com-
pared with WT mice. These observations suggest that
strong conditioning stimulation rescued the impaired
LTP observed in dnRAR HO06 mice. However, we could
not exclude the possibility that strong conditioning sti-
mulation led to saturated levels of LTP, thereby masking
differences in the magnitude of LTP between WT and
dnRAR HO06 mice.

We finally examined short-term potentiation (STP; Fig-
ure 2H). STP was induced by using shorter conditioning
stimulation (100 Hz for 100 ms) than that used to induce
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Figure 2 Basal synaptic transmission and LTP in the hippocampus of dnRAR mice. (A) The input-output relationships of AMPA receptor-
mediated EPSP in WT (n = 9) and dnRAR HO6 (n = 8) mice. The sample traces in the inset represent the responses evoked with the five
different stimulus intensities and the stimulus artifacts were truncated. The data were first sorted by the amplitude range of the fiber volleys, and
then the EPSP slopes were averaged within each range. (B) PPF induced by stimulating afferent fibers twice at intervals of 50, 100, 200, and 300
ms in WT (n = 9) and dnRAR H06 (n = 8) mice. (C) PTP induced by high-frequency stimulation (one 100 Hz, 1 s train) in the presence of D-APV
(50 pM) in WT (139.2 + 3.5% of baseline; n = 12) and dnRAR H06 (137.2 + 4.1% of baseline; n = 10) mice. (D) LTP induced by single conditioning
stimulation (one 100 Hz, 1 s train) in WT (n = 30) and dnRAR H06 (n = 16) mice. The initial EPSP slopes were measured, and the values were
normalized in each experiment to the averaged slope value measured during the control period (-30 to 0 min). Conditioning stimulation was
applied at 0 min. The sample traces in the inset represent the EPSPs (average of 10 consecutive responses) of WT and H06 mice recorded at the
times indicated by the letters. The stimulus artifacts were truncated. (E) Summary of LTP induced by single conditioning stimulation in WT and
dnRAR HO6 mice (21-30 min: WT, 149.5 + 2.0%; HO6, 143.9 + 3.5%; 51-60 min: WT, 144.1 + 2.4%; H06, 133.6 + 3.8%; 111-120 min: WT, 1333 +
2.9%; H06, 118.6 £ 3.6%; 171-180 min: WT, 125.0 + 3.3%; H06, 106.0 + 4.2% of baseline) (t test, *p < 0.05). (F) LTP induced by strong conditioning
stimulation (four 100 Hz, 1 s trains at 5 min intervals) in WT (n = 6) and dnRAR HO6 (n = 9) mice. The initial EPSP slopes were measured, and the
values were normalized in each experiment to the averaged slope value measured during the control period (-30 to 0 min). Conditioning
stimulation was applied at 0 min. The sample traces in the inset represent the EPSPs (average of 10 consecutive responses) of WT and H06 mice
recorded at the times indicated by the letters. The stimulus artifacts were truncated. (G) Summary of normalized LTP induced by strong
conditioning stimulation in WT and dnRAR HO6 mice (21-30 min: WT, 1814 + 3.6%; H06, 179.2 + 3.9%; 51-60 min: WT, 169.9 + 4.6%; H06, 169.0 +
3.6%; 111-120 min: WT, 155.3 + 5.3%; H06, 151.9 + 5.5%; 171-180 min: WT, 141.7 + 7.7%; H06, 136.3 + 6.6% of baseline). (H) STP induced by short
conditioning stimulation (one 100 Hz, 100 ms train) in WT (116.2 + 5.1% of baseline; n = 5) and dnRAR H06 (120.6 + 8.1% of baseline; n = 5)
mice. The initial EPSP slopes were measured, and the values were normalized in each experiment to the averaged slope value measured during
the control period (-30 to 0 min). Conditioning stimulation was applied at 0 min. Error bars indicate SEM.
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LTP (100 Hz for 1 s). The magnitude of STP after induc-
tion was comparable between dnRAR H06 mice and WT
littermates (p > 0.05). These observations suggest that
dnRAR HO06 mice displayed normal STP.

Taken together, our observations confirmed previous
observations that dysfunction of the RAR/RXR signaling
pathway results in impaired hippocampal LTP and
extended these findings by demonstrating that this dys-
function also leads to an impaired AMPA receptor-
mediated synaptic response. However, we could not
exclude the possibility that impaired AMPA receptor-
mediated EPSPs observed in dnRAR H06 mice contribu-
ted to the failure of LTP maintenance.

Impaired social memory in dnRAR mice and its rescue by
stronger training

To investigate the effects of the impaired RAR/RXR sig-
naling pathway on learning and memory, we performed a
hippocampus-dependent social recognition memory task.
This task measures the difference in the time taken to
investigate a juvenile mouse by comparing between the
first (training) and second (test) exposures to the mouse
[32,33]. We first examined 2 h-short-term memory
(STM; Figure 3A). Mice were exposed to a juvenile
mouse for 1.5 min during the training and test sessions,
which were performed 2 h apart. We measured the social
investigation time of WT and OFF/ON-dnRAR HO06
mice with the juvenile mouse during the training and test
sessions and assessed the recognition index (i.e., the ratio
of the social investigation time at the test relative to the
training). One-way ANOVA with genotype (dnRAR and
WT) revealed a significant effect of genotype (F 27 =
12.107, p < 0.05). The post hoc Newman-Keuls test
revealed that dnRAR HO06 mice showed a significantly
worse recognition index than the WT mice (p < 0.05).
Consistently, comparison of the social investigation time
from the training and test sessions indicated that WT
mice, but not OFF/ON-dnRAR HO06 mice, displayed a
significant decrease in social investigation time during
the test compared to the training, indicating that WT
mice formed STM, while OFF/ON-dnRAR HO06 mice did
not. These results indicated that OFF/ON-dnRAR H06
mice have impaired STM.

Our finding that the impaired LTP observed in OFF/
ON-dnRAR H06 mice was rescued by stronger condi-
tioning stimulation raised the possibility that stronger
training could also rescue the impaired STM in OFF/
ON-dnRAR HO06 mice. To examine this, the mice were
tested using a stronger training protocol in which they
were exposed to a juvenile mouse for 3 min during the
training and test sessions (Figure 3B) [33]. In contrast to
the results shown above, one-way ANOVA revealed no
significant effect of genotype (F(;,16) = 0.006, p > 0.05).
Consistently, WT and OFF/ON-dnRAR HO06 mice

Page 6 of 15

displayed a significant decrease in social investigation
time during the test compared with the training, indicat-
ing that both groups formed STM. These observations
indicated that stronger training rescued the impaired
STM observed in dnRAR HO6 mice.

We next examined the effects of dnRAR expression on
the formation of long-term memory (LTM; Figure 3C).
The mice were exposed to a juvenile mouse for 3 min
during the training and test sessions, which were per-
formed 24 h apart. In this experiment, OFF-dnRAR HO06
mice that were administered Dox throughout their life-
time were also tested as a control group to clarify the
effect of dnRAR expression. One-way ANOVA revealed
an effect of group (F(365) = 7.992, p < 0.05). OFF/ON-
dnRAR HO06 mice displayed a significantly worse recogni-
tion index than the WT and OFF-dnRAR HO06 mice (p <
0.05), which displayed comparable recognition indices
(p > 0.05). Consistently, the control groups (p < 0.05),
but not OFF/ON-dnRAR H06 mice (p > 0.05), displayed
significant decreases in social investigation time during
the test compared with the training, indicating that the
control groups formed L'TM, while dnRAR H06 mice did
not. These observations indicated that dnRAR H06 mice
display impaired LTM in a dnRAR expression-dependent
manner.

On the basis of our observations in the STM experi-
ment, we examined whether a stronger training protocol
rescues the impaired LTM observed in dnRAR H06 mice
(Figure 3D). To do this, we used a spaced training proto-
col because a previous study demonstrated that the
impaired LTM observed in mutant mice was rescued by
a spaced, but not massed, training protocol [34]. The
mice were trained with exposure to a juvenile mice for 3
min twice with an interval of 0 min (massed training),
10 min, or 1 h (spaced training), and 24 h later, they were
tested with exposure to the same juvenile mouse for 3
min (test). We assessed the recognition indices, i.e., the
ratio of the social investigation time during the test rela-
tive to the first exposure during training. Two-way
ANOVA with the duration of the interval (0 and 10 min,
and 1 h) and genotype revealed an effect of genotype
(F1,67) = 11.930, p < 0.05), suggesting that, similar with
the result shown in Figure 3C, dnRAR mice displayed
impaired LTM. Consistently, the post hoc Newman-Keuls
test revealed that massed-trained OFF/ON-dnRAR HO06
mice displayed a significantly worse recognition index
than the other groups (p < 0.05), indicating that massed-
trained dnRAR mice exhibited significantly impaired
LTM. However, spaced-trained dnRAR mice (10 min or
1 h) displayed a comparable recognition index with the
other groups of WT mice (p > 0.05), suggesting that
these groups of spaced-trained mutant mice exhibited
normal LTM. Consistently, although all groups displayed
significant decreases in social investigation time during
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Figure 3 Impaired social recognition memory in dnRAR mice and its rescue by stronger training. (A) STM formed by training for 1.5 min
(WT, n = 14; HO6, n = 15). Recognition index (left panel). *p < 0.05, compared with WT. Investigation time (right panel). *p < 0.05, compared
with training. (B) STM formed by training for 3 min (WT, n = 8; H06, n = 10). Recognition index (left panel). *p < 0.05, compared with WT.
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17). Recognition index (left panel). *p < 0.05, compared with the other groups. Investigation time (right panel). *p < 0.05, compared with
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first exposure during training. (E) LTM formed by training for 3 min in WT (n = 11) and dnRAR HO02 (n = 13) mice. Recognition index (left panel).
*p < 0.05. Investigation time (right panel). *p < 0.05, compared with training. Error bars indicate SEM.
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the test compared with the first exposure during training
(p < 0.05), massed-trained OFF/ON-dnRAR H06 mice
displayed a significant, but small, decrease in their social
investigation time. These observations indicated that the
impaired LTM observed in OFF/ON-dnRAR HO06 mice
was rescued by spaced, but not massed, training with an
interval of 10 min-1 h.

We also performed a social recognition test using
another transgenic line (dAnRAR H02 mice) that displays
higher expression levels of dnRAR (Figure 3E). The mice
were trained and then tested 24 h later with exposure to a
juvenile mouse for 3 min. Consistent with the result for
dnRAR HO06 mice, one-way ANOVA revealed a significant
effect of genotype (F(1 22) = 23.568, p < 0.05). OFF/ON-
dnRAR-HO02 mice showed a significantly worse recogni-
tion index than WT mice (p < 0.05). Consistently, WT,
but not OFF/ON-dnRAR H02, mice exhibited a significant
decrease in social investigation time during the test com-
pared with training (p > 0.05). These observations con-
firmed that the expression of dnRAR in the forebrain leads
to impaired social recognition memory.

Taken together, our observations indicated that
dnRAR mice have impaired ST- and LT-social recogni-
tion memories. Importantly, these memory impairments
are rescued by stronger training.

Impaired spatial memory in dnRAR mice and its rescue by
stronger training

To examine whether the memory impairment caused by
dnRAR expression can be generalized to other hippocam-
pus-dependent memories formed by different sensory,
motivational, and performance demands, we performed
the Morris water maze test. In this task, the mice formed
a spatial memory of the position of a hidden platform in
a swimming pool using spatial cues around the pool. The
mice were trained with 2 trials at 1 min intervals per day
for 7 days (Figure 4A). Two-way repeated ANOVA with
genotype (WT and dnRAR) and time (days 1-7) revealed
significant effects of genotype and time (genotype, F(; »6)
= 25.402, p < 0.05; time, F(5156) = 23.833, p < 0.05). The
post hoc Newman-Keuls test revealed that OFF/ON-
dnRAR HO06 mice displayed significantly longer escape
latencies than WT mice at days 2-7. These results indi-
cated that dnRAR HO06 mice displayed a worse perfor-
mance during training than WT mice. To examine the
formation of spatial memory, we performed a probe test
at day 8 after training for 7 days. In the probe test, the
mice were allowed to swim for 60 s, and we assessed the
time spent in each quadrant of the pool (Figure 4A).
Planned comparisons using a paired ¢ test revealed that
WT mice spent significantly more time in the target
quadrant (TQ) compared with the other quadrants [TQ
vs. opposite (OP), adjacent right (AR), or adjacent left
(AL); p < 0.05], while OFF/ON-dnRAR H06 mice did not
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(p > 0.05), indicating that only WT mice formed spatial
memory. These observations indicated that OFF/ON-
dnRAR HO06 mice have impaired spatial memory.

On the basis of the observations in the social recogni-
tion task, it is possible that spaced training could rescue
the impaired memory performance observed in dnRAR
HO06 mice. To examine this, the mice were trained with 2
trials at 1 h intervals per day for 7 days (Figure 4B). In
contrast to the previous results, two-way repeated
ANOVA revealed a significant effect of time, but not
genotype (genotype, F 25 = 2.872, p > 0.05; time, Fg ;50
= 46.768, p < 0.05), indicating that both groups of mice
displayed a comparable improvement of memory perfor-
mance as both groups showed decreases in escape latency
with training days. Consistently, the results of the probe
test revealed that WT and OFF/ON-dnRAR H06 mice
spent significantly more time in the TQ compared with
the other quadrants, indicating that both groups formed
spatial memory. These results indicated that the impaired
spatial memory observed in OFF/ON-dnRAR HO06 mice
was rescued by spaced training. Collectively, these obser-
vations indicated that OFF/ON-dnRAR HO06 mice have a
deficit in spatial memory, but this deficit is rescued by
stronger training, and confirmed our findings in the
social recognition task.

It is important to note that WT and OFF/ON-dnRAR
HO06 mice showed normal locomotor activity and anxi-
ety-related behaviors (time spent in the center of field) in
the open field test (Additional file 1, Figure S1). Further-
more, OFF/ON-dnRAR HO06 mice displayed normal
swim speed (Additional file 2, Figure S2) and social inves-
tigation time during the training session in social recog-
nition test (Figure 3), compared to WT mice. These
observations strongly suggest that memory impairments
observed in dnRAR mice does not attribute to abnormal
locomotor and/or emotional behaviors such as social and
anxiety-related behaviors.

Pharmacological loss-of-function of hippocampal RARo
impairs social recognition memory

Our observations that dnRAR expression in the forebrain
led to impairments of hippocampal synaptic transmission
and plasticity and the formation of two different types of
hippocampus-dependent memories suggest that the RAR/
RXR signaling pathway plays a crucial role in hippocam-
pus-dependent memory. To further understand the roles
of RARa in the hippocampus, we examined the effects of
the pharmacological blockade of RARa in the hippocam-
pus on LT-social recognition memory using a micro-infu-
sion of Ro41-5253 (Ro41), a selective antagonist of RARa,
into the dorsal hippocampus. WT mice were trained and
tested 24 h later with exposure to a juvenile mouse for 3
min. The mice received a micro-infusion of vehicle (VEH)
or Ro41 (242 pg/side) into the dorsal hippocampus at 1, 4,
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Figure 4 Impaired spatial memory in dnRAR mice and its rescue by spaced training. (A) Escape latencies during training with a 1 min
interval (left panel; WT, n = 18; H06, n = 12). Data are indicated in blocks of 2 trials. Probe test at day 8 (right pane\) p < 0.05 compared with
the other 3 quadrants. (B) Escape latencies during training with a 1 h interval (left panel; WT, n = 15; H06, n = 12). Data are indicated in blocks
of 2 trials. Probe test at day 8 (right panel). *p < 0.05 compared with the other 3 quadrants. Error bars indicate SEM.

or 24 h, respectively, before training (Figure 5A). One-way
ANOVA revealed a significant effect of group (F(353) =
5.460, p < 0.05). The mice infused with Ro41 at 4 h before
training displayed a significantly worse recognition index
than the other groups (p < 0.05), which displayed compar-
able recognition indices (p > 0.05). Consistently, the mice
infused with Ro41 at 4 h before training failed to decrease
their social investigation time during the test compared
with training, while the other groups displayed significant
decreases in their social investigation time. These observa-
tions indicated that the microinfusion of Ro41 into the
hippocampus impairs social recognition memory within a
time window that impairs memory performance. We also
examined the dose-dependent effects of Ro41 on the
impairment of LT-social recognition memory. WT mice
received a low-dose microinfusion of Ro41 (24 pg/side)
into the dorsal hippocampus at 4 h before training. One-
way ANOVA with drug (VEH and the low and high dose
groups) revealed a significant effect of group (Fy41) =
8.046, p < 0.05). The mice that received a high dose of
Ro41 displayed a significantly worse recognition index

than the VEH group (p < 0.05), whereas the mice that
received a low dose of Ro41 displayed a comparable recog-
nition index with the mice infused with VEH or a high
dose of Ro41 (p > 0.05). Consistently, the mice that were
infused with a low dose of Ro41 displayed a significant
decrease in social investigation time during the test com-
pared with training, while the mice infused with a high
dose of Ro41 did not. These observations indicated that
the micro-infusion of Ro41 into the hippocampus impairs
social recognition memory in a dose-dependent manner.
Collectively, our observations indicated that the blockade
of RARa in the hippocampus impairs social recognition
memory, suggesting that the RAR/RXR signaling pathway
in the hippocampus is crucial for social recognition
memory.

Discussion

In this study, we characterized the roles of the RAR/
RXR signaling pathway in the forebrain during learning
and memory. To do this, we generated conditional
mutant mice in which the expression of dnRAR was
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Figure 5 Impaired social recognition memory by the pharmacological inhibition of hippocampal RARa. Recognition index (left panel).
Effects of micro-infused Ro41-5253 (Ro41; 242 pg/side) into the dorsal hippocampus at 1, 4, or 24 h before training and the effects of micro-
infused low-dose Ro41 (24 pg/side) on 24 h LT-social recognition memory (VEH, n =38; 1 h,n =12; 4 h-low, n = 11;4 h,n = 13; 24 h,n = 12).
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induced only in the forebrain of adult mice using a tet- pathway plays critical roles in hippocampus-dependent
racycline-dependent transcription factor expression sys- memory. Taken together, our observations strongly sug-
tem. These mutant mice induced dnRAR expression in  gest that the RAR/RXR signaling pathway is required for
a Dox-dependent manner and down-regulated RARB  synaptic transmission and plasticity and learning and
gene expression, a target gene of RAR/RXR, in a dnRAR  memory in the forebrain, especially the hippocampus.
expression-dependent manner, suggesting that these Memory consolidation is a process that generates LTM
mutant mice only display a dysfunction of the RAR/  [35-37]. Previous studies have shown that the inhibition
RXR signaling pathway in the forebrain when dnRAR is  of gene expression blocks the formation of LTM without
expressed. Similarly with previous findings, these affecting STM [38-40]. Indeed, the activation of CREB-
dnRAR mice displayed impaired LTP, especially the mediated transcription plays an essential role in memory
maintenance of LTP in the hippocampus; however, this  consolidation and LTP [33,39]. In this study, we showed
deficit of LTP was rescued by stronger stimulation. that dysfunction of the RAR/RXR signaling pathway
Furthermore, we observed an impaired AMPA receptor-  impairs STM and LTM. These observations suggest that
mediated synaptic response in dnRAR mice. These find- RAR/RXR play distinct roles from CREB in hippocam-
ings suggest that the dysfunction of the RAR/RXR sig- pus-dependent memory; it is unlikely that RAR/RXR
naling pathway impairs synaptic transmission as well as  greatly contribute to memory consolidation via learning-
potentiation in the hippocampus. Conversely, dnRAR  induced RAR/RXR-mediated transcription, as CREB
mice displayed deficits in ST- and LT-social recognition  does. Indeed, our finding that loss of RAR/RXR function
memory without an effect on immediate memory (see  impairs not only LTP but also the AMPA receptor-
Figure 3D). Interestingly, these impairments of STM  mediated synaptic response raises the possibility that
and LTM in the dnRAR mice were rescued by stronger =~ RAR/RXR contribute to leaning/memory via basal synap-
or spaced training, respectively. Consistently, dnRAR tic transmission as well as long-term plasticity.

mice displayed normal spatial learning and memory in Interestingly, we observed that RAR/RXR dysfunction
the Morris water maze when they were spaced trained, impaired the hippocampal LTP induced by a single con-
but not when they were massed trained. Furthermore, ditioning stimulus and hippocampus-dependent social
pharmacological inhibition of RARa in the hippocampus and spatial memories. However, stronger stimulation
impaired social recognition memory. These behavioral  (four conditioning stimuli) and stronger or spaced train-
observations suggest that the RAR/RXR signaling ing rescued these impairments in LTP and memories,
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respectively. The similarity of the observations at the cel-
lular and behavioral levels strongly suggests the impor-
tance of the RAR/RXR signaling pathway in the
hippocampus for both plasticity and learning and mem-
ory. Furthermore, this importance is supported by our
observations that the pharmacological inhibition of
RARa function in the hippocampus blocked the forma-
tion of social recognition memories. Further studies are
required to examine the correlation between synaptic
plasticity and learning/memory ability in the hippocam-
pus of dnRAR mice, and the roles of RAR-mediated
long-term plasticity in memory performance.

Recent reports have shown that RARa is present in the
dendrites located in the hippocampus and induces the
translation of GluA1l in a RA-dependent manner, resulting
in the increased membrane insertion of GluA1l [41,42].
Interestingly, this regulation of GluA1 by RARa is inde-
pendent of transcriptional regulation [42,43]. In the
absence of RA, cytoplasmic RARa directly binds with
GluA1 mRNA localized in dendrites via its C-terminal F-
domain and represses its translation [44]. In the presence
of RA, RA binding to RARa releases the GluA1l mRNA
that is trapped by RARa, leading to the translational acti-
vation of GluA1 [44]. The dominant-negative mutant of
RARo used in this study lacks the C-terminus, including
the F-domain that is required for its interaction with
GluAl mRNA [26]. Therefore, it is possible that the
dnRAR used in this study not only inhibits RAR/RXR-
mediated transcription but also affects the translational
regulation of GluAl. dnRAR might block the RA-depen-
dent release of GluA1 mRNA in dendrites by trapping RA
and inhibiting the translational activation of GluAl
mRNA, resulting in the down-regulation of AMPA-
mediated synaptic transmission.

The findings in this and other studies showed that the
dysfunction of RAR/RXR leads to impairments of mem-
ory and LTP in the hippocampus [18-20]. Conversely,
previous studies have suggested that the age-related
down-regulation of RAR/RXR-mediated gene expression
is implicated in the cognitive decline of aged mice
[16,17]. Importantly, these studies demonstrated that the
administration of RA alleviates the down-regulated
expression of RA-target genes in the hippocampus, age-
related deficits in hippocampal LTP, and memory perfor-
mance. Furthermore, the administration of RA prevents
the deposition of A and rescues memory deficits in a
transgenic mouse model of Alzheimer’ disease [45].
Taken together, these observations raise the possibility
that the RAR/RXR signaling pathway positively regulates
memory performance and, moreover, that the activation
of this signaling pathway improves learning and memory.
Further studies are required to examine the effects of
gain of RAR/RXR function on learning and memory by
the genetic enhancement of RAR/RXR.
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A previous genetic study showed that the deletion of
the RARB or RARB/RXRy genes leads to disrupted LTP
and LTD in the CA1 region of the hippocampus without
affecting basal synaptic transmission [18]. In contrast,
our results indicated that dysfunction of the RAR/RXR
signaling pathway by the expression of dnRAR impairs
the maintenance, but not induction, of CA1-LTP and the
AMPA receptor-mediated synaptic response. The differ-
ences between these two studies may reflect distinct roles
of RAR/RXR subtypes in synaptic transmission and
potentiation in the hippocampus [6,46]. Additionally,
there is a possibility that the protocols used to induce
LTP contributed to the different findings of these two
studies.

In summary, we found that dysfunction of the RAR/
RXR signaling pathway leads to the down-regulation of
RARP expression and impairment of AMPA-mediated
synaptic transmission and LTP in the hippocampus and
hippocampus-dependent social recognition and spatial
memories. More interestingly, stronger conditioning sti-
mulation and training rescued these impairments of LTP
and memory performance, respectively. Furthermore, we
showed that blocking the function of RARa in the hippo-
campus disrupted social recognition memory. These
observations strongly suggested that the RAR/RXR sig-
naling pathway in the hippocampus plays critical roles in
synaptic plasticity and memory performance.

Materials and methods

Mice

Mice were housed in cages of 5 or 6, maintained on a 12
h light/dark schedule, and allowed ad libitum access to
food and water in their home cages. All of the experi-
ments were conducted during the light phase of the cycle
in an illuminated testing room according to the Guide for
the Care and Use of Laboratory Animals, Japan Neu-
roscience Society and Tokyo University of Agriculture. All
of the experiments were conducted blind to the treat-
ment condition of the mouse. Animal behavior was
recorded using a video camera.

Plasmid construction

Generation of the dominant-negative RARa mutant
(dnRAR) lacking the C-terminal region of RARa (aa 403-
462) was performed as described previously [26]. To gen-
erate dnRAR c¢DNA, 2 separate fragments of the dnRAR
¢DNA (nucleotides 1-438 and 433-1206) were amplified
by reverse transcription-polymerase chain reaction (RT-
PCR) using mouse brain cDNA as a template with the fol-
lowing primers: 1/438 primers (sense, gggggatccagatc-
tatggccagcaatagcagttc; antisense, ggggaattcctgcagecgge
agtactggc); 433/1209 primers (sense, gggggatccctgeagaa
atgtttcgacgt; antisense, ggggaattcacgcgtaagctttcagatctc-
catcttcaatg; the termination codon to generate dnRAR is
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underlined). The resulting RT-PCR fragments were sub-
cloned into the BamHI-EcoRI sites of pBluescript II (SK+)
(Agilent Technologies, CA, USA), generating pBS-dnRAR.
The Bglll-HindIll fragment encoding dnRAR from pBS-
dnRAR was ligated with the Bg/lI-HindIlI fragment from
pTRE-dnBMALL [27], generating pTRE-dnRAR.

Generation of transgenic mice

pTRE-dnRAR was digested with M/ul, and transgenic
mice were generated by injecting the purified insert into
the pronuclei of C57BL/6N zygotes. TRE-dnRAR foun-
ders were crossed with C57BL/6N mice (Charls River
Japan, Kanagawa, Japan). These founders were crossed
with mice (CaMKII-tTA) expressing the tTA transgene
under the control of the aCaMKII promoter [24], gener-
ating double-transgenic mice (dnRAR TgM). Genotyping
was performed by Southern blot analysis using specific
probes derived from the 0.5 kbp NotI-Ndel fragment
containing the TRE-promoter region from pcisTRE [27]
and the 0.6 kbp EcoRI-HindlIll fragment containing the
tTA-coding region from pcDNA3-TetR-KRAB [27].

Administration of doxycycline

TRE promoter-dependent transgene expression was
regulated using the animal’s drinking water containing 1
pug/mL doxycycline (Dox) (Sigma, MO, USA) dissolved
in 5% sucrose to mask the bitter taste of Dox.

Biochemical experiments

Northern blot analysis was performed as described pre-
viously [39,47]. Total RNA was prepared as described
previously [39,47]. To generate a specific probe for TRE
promoter-dependent transcripts, the 0.3 kbp HindIII-
Xbal fragment containing the 3’-UTR from pTRE-
dnRAR was used. The filters were hybridized with a
specific probe for the 3’-UTR and then re-hybridized
with GAPDH ¢DNA as an internal control. qRT-PCR
was performed as described previously [47]. qRT-PCR
was performed on an ABI PRISM 7000 using the Power
SYBR Green PCR Master Mix (Applied Biosystems, CA,
USA) according to the manufacturer’s protocol. The
reaction was first incubated at 50°C for 2 min, then at
95°C for 10 min, followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min. All measurements were performed in
triplicate. The levels of GAPDH mRNA were used to
normalize the relative expression levels of target mRNA.
The PCR primers used were as follows (5’ to 3’): RARB
forward, tcctggatcaatgccaccte; RARP reverse, acacgetg-
gactgtgctct; GAPDH forward, atggccttcegtgttectac; and
GAPDH reverse, gcctgettcaccaccttctt. Western blot ana-
lysis using a rabbit polyclonal anti-HA antibody (1:1000;
Santa Cruz Biotechnology, CA, USA) and a mouse
monoclonal anti-a.-tubulin antibody (1:1000; Santa Cruz
Biotechnology, CA, USA) was performed as described
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previously [48,49]. Equal protein loading was confirmed
by reprobing with the anti-o-tubulin antibody. The
protein bands were detected using the ImmunoStar LD
system (Wako, Osaka, Japan) according to the manufac-
turer’s protocol, and the chemiluminescence signals were
analyzed with the ChemiDoc XRS detection system and
QuantityOne software (Bio-Rad Laboratories, CA, USA).

Behavioral experiments

Before the commencement of the behavioral experi-
ments, the mice were individually handled for 2 min
each day for 1 week. Individual mice were used for all
experiments.

Social recognition test

The social recognition test was performed as described
previously [32,33]. Adult mice were placed into individual
plastic cages in an experimental room under dim light.
The cages were identical to those in which mice were
normally housed (plastic, 30 x 17 x 12 cm). After a per-
iod of 60 min, a juvenile mouse was placed into a cage
with a subject for a training trial that lasted for 1.5 min
(see Figure 3A) or 3 min (see Figures 3B, C, E, 5A). The
duration of social investigation behavior exhibited by the
adult mouse was determined using a hand-held stop-
watch. Social investigation was measured as described
previously [50]. Memory was reassessed at 2 h or 24 h
later by recording the length of the investigation time
exhibited by the subject to the same juvenile (test). To
evaluate the differences in the ability to form social mem-
ory between the groups of mice, we calculated a recogni-
tion index, i.e., the ratio of the duration of the second
and first investigation times. When massed or spaced
training was performed, the subjects were trained with 2
trials lasting 3 min at intervals of 0 min (massed-training)
and 10 min, 1 h (spaced training) on the first trial day.
Memory was reassessed at 24 h after the training as
described above. The recognition index was calculated as
the ratio of the social investigation time during the test
relative to the first exposure during training.

Morris water maze test

The Morris water maze test was performed as described
previously [33,40,51]. The mice were trained with 2
trials at intervals of 1 min (see Figure 4A) or 1 h (see
Figure 4B) per day for 7 days. The mice were tested at
approximately the same time everyday. In the probe test
at 24 h after 7 d of training, the platform was removed,
and the mice were allowed to swim for 60 s. We mea-
sured the time that the mice spent in each quadrant.

Surgery for drug microinfusion
Surgery was performed as described previously [51-54].
Under Nembutal anesthesia and using standard
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stereotaxic procedures, stainless steel guide cannulae (22
gauge) were implanted into the dorsal hippocampus
(-1.8 mm, + 1.8 mm, -1.9 mm). Ro41-5253 (Ro41) (Enzo
Life Sciences, NY, USA), an RARa-selective antagonist,
was dissolved in dimethyl sulfoxide (DMSO) (Wako,
Osaka, Japan), and then dissolved in vehicle solution
(VEH) [artificial CSF (ACSF)] with a final DMSO con-
centration of 0.01%. Micro-infusions into each brain
region (0.5 puL) were made at a rate of 0.25 pL/min. The
injection cannula was left in place for 2 min after the
infusion.

Electrophysiology

Electrophysiology was performed as described previously
[30,55]. All experiments were performed to compare
dnRAR mice with WT mice in a blind fashion using lit-
termates. Three- to 5-month-old dnRAR and WT mice
were decapitated under deep halothane anesthesia, and
both hippocampi were removed. Hippocampal slices
(400-pm thick) were cut with a Vibratome tissue slicer
and placed in a humidified interface-type chamber for at
least 1 h. A single slice was then transferred to the
recording chamber, which was maintained at 25°C, and
submerged beneath a continuously perfusing medium
(119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO,, 2.5 mM
CaCl,, 1.0 mM NaH,PO,, 26.2 mM NaHCOs3, and 11
mM glucose) that had been saturated with 95% O, and
5% CO,. All perfusing solutions contained picrotoxin
(100 pM) to block gamma-aminobutyric acid A receptor
(GABA-A-R)-mediated inhibitory synaptic responses.
Field potential recordings were made using a glass elec-
trode filled with 3 M NaCl and placed in the stratum
radiatum of the hippocampal CA1 region.

To evoke synaptic responses, a bipolar stimulating
tungsten electrode was placed in the stratum radiatum,
and Schaffer collateral/commissural fibers were stimu-
lated at 0.1 Hz (test pulses). An Axopatch 200B ampli-
fier (Molecular Devices, Sunnyvale, USA) was used, and
the signal was filtered at 1 kHz and digitized at 10 kHz,
and stored on a personal computer. The stimulus
strength was adjusted so that it gave rise to AMPA
receptor-mediated EPSPs with a slope value between
0.10 and 0.15 mV/ms. For the analysis of EPSPs, we
measured their early rising phase to avoid contamina-
tion from voltage-dependent components as much as
possible. Each data point represents the averaged slope
value for 1 min that was normalized to the baseline
slope value. For LTP recording, L'TP was induced using
1 or 4 high-frequency stimulations (one 100 Hz, 1 s
train or four 100 Hz, 1 s trains at 5 min intervals,
respectively). For STP recording, STP was induced using
a single high-frequency stimulation (one 100 Hz, 100
ms train). To record the input-output relationships, D-
2-amino-5-phosphonovaleric acid (D-APV, 25 uM) was
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present to block N-methyl-D-aspartate receptor
(NMDA-R)-mediated synaptic responses. A low concen-
tration of 6-cyano-7-nitro-quinoxaline-2,3-dione
(CNQX, 1 pM) was also present to partially block
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate
receptor (AMPA-R)-mediated synaptic responses
because the fiber volleys were usually much smaller
than the EPSPs. This enables more accurate measure-
ments of the input-output relationships, since the pre-
sence of low concentrations of CNQX reduces the
nonlinear summation of field EPSPs when strong stimu-
lus strengths are used. For the measurement of PPF,
afferent fibers were stimulated twice at intervals of 50,
100, 200, and 300 ms in the presence of D-APV (25
uM). For PTP recordings, PTP was induced using a sin-
gle high-frequency stimulation (one 100 Hz, 1 s train) in
the presence of D-APV (50 pM). Data were collected
using Clampex 5.0 and analyzed with pClamp 9.0 soft-
ware. Picrotoxin and D-APV were purchased from
Sigma (MO, USA) and CNQX was purchased from
Tocris Cookson (Avonmouth, UK).

Data analysis

Data were analyzed with ANOVA. One-way ANOVA
analysis followed by the post hoc Newman-Keuls com-
parison was used to analyze the effects of genotype,
time, and drug. Two-way ANOVA analysis followed by
the post hoc Newman-Keuls comparison was used to
analyze the effects of genotype, time, and duration of
the interval. All values in the text and figure legends
represent the mean + SEM. A paired ¢ test was used to
analyze the differences in the social investigation times
within each group between training and test in the
social recognition test, and to analyze the differences of
the time spent in the TQ compared with the other
quadrants in the Morris water maze test. Student’s ¢ test
(two-tailed, unpaired) was used to determine whether
there was a significant difference in the means between
two sets of data in the electrophysiological experiments.

Additional material

Additional file 1: Figure S1. Locomotion and anxiety-related
behaviors of dnRAR mice in the open field test. The open field test
was performed as described previously [47]. Mice were placed into the
center of a square open field chamber (40 cm long x 40 cm wide X 40
cm high) that was surrounded by white acrylic walls. The total length of
the path mice traveled (locomotor activity) and the time they spent in a
center square (24 cm X 24 cm;% center) were measured over the course
of 5 min using an automatic monitoring system (Neuroscience Inc,
Tokyo, Japan). (A) The total path length for 5 min. (B) The percent of
time spent in the center for 5 min. WT (n = 8) and OFF/ON-dnRAR H06
mice (n = 8) showed comparable total path and percentage of time
spent in the center of the field (one-way ANOVA; locomotor activity, F
a4 = 0035, P > 0.059% center, F 14 = 0597, P > 0.05). These results
suggested that OFF/ON-dnRAR HO6 mice display normal locomotor
activity and anxiety-related behaviors. Error bars are SEM.
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Additional file 2: Figure S2. Comparison of swim speed between
WT and dnRAR mice. Mice were allowed to swim in the pool used in
Morris water maze test. The total length of the path for 1 min (total
path) using an automatic monitoring system (Neuroscience Inc., Tokyo,
Japan) and then swim speed was calculated. WT (n = 11) and OFF/ON
dnRAR HO6 (n = 15) mice showed comparable swim speed (one-way
ANOVA; F( 54y = 0023, P > 0.05). Error bars are SEM.

List of abbreviations
tTA: tetracycline-controlled transactivator; aCaMKIl: a-calcium/calmodulin-
dependent protein kinase Il.
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