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Homeostatic synaptic plasticity is a stabilizing mechanism engaged
by neural circuits in response to prolonged perturbation of network
activity. The non-Hebbian nature of homeostatic synaptic plasticity
is thought to contribute to network stability by preventing “run-
away” Hebbian plasticity at individual synapses. However, whether
blocking homeostatic synaptic plasticity indeed induces runaway
Hebbian plasticity in an intact neural circuit has not been explored.
Furthermore, how compromised homeostatic synaptic plasticity im-
pacts animal learning remains unclear. Here, we show in mice that
the experience of an enriched environment (EE) engaged homeo-
static synaptic plasticity in hippocampal circuits, thereby reducing
excitatory synaptic transmission. This process required RARa, a nu-
clear retinoic acid receptor that doubles as a cytoplasmic retinoic
acid-induced postsynaptic regulator of protein synthesis. Blocking
RARa-dependent homeostatic synaptic plasticity during an EE expe-
rience by ablating RARa signaling induced runaway Hebbian plas-
ticity, as evidenced by greatly enhanced long-term potentiation
(LTP). As a consequence, RARx deletion in hippocampal circuits dur-
ing an EE experience resulted in enhanced spatial learning but sup-
pressed learning flexibility. In the absence of RARx, moreover, EE
experience superactivated mammalian target of rapamycin (mTOR)
signaling, causing a shift in protein translation that enhanced the
expression levels of AMPA-type glutamate receptors. Treatment of
mice with the mTOR inhibitor rapamycin during an EE experience
not only restored normal AMPA-receptor expression levels but
also reversed the increases in runaway Hebbian plasticity and
learning after hippocampal RAR«a deletion. Thus, our findings re-
veal an RARa- and mTOR-dependent mechanism by which ho-
meostatic plasticity controls Hebbian plasticity and learning.

retinoic acid receptor | homeostatic synaptic plasticity | mTOR signaling |
enriched environment | Hebbian plasticity

H omeostatic plasticity is a major form of non-Hebbian syn-
aptic plasticity that is thought to maintain the stability of
neural networks. Significant progress has recently been made in
the characterization and mechanistic appreciation of homeo-
static plasticity in vertebrates and invertebrates (1-4). How the
development of homeostatic plasticity impacts synapses and their
ability to undergo subsequent Hebbian plasticity, as well as how
such a synaptic interaction may affect (5-7) an animal’s ability to
learn, remains largely unexplored, however (8, 9).

Retinoic acid (RA) is primarily studied as a classical mor-
phogen regulating gene expression during development, but RA
additionally acts in adult animals as a nongenomic signaling
molecule that controls homeostatic synaptic plasticity (5, 10, 11).
A key player mediating synaptic RA signaling is the RA receptor
RARa, a nuclear DNA-binding receptor that regulates gene
transcription during development (12). In mature neurons,
RAR« partially translocates out of the nucleus into neuronal
dendrites and suppresses dendritic protein synthesis through
direct binding to specific target mRNAs (13-15). During ho-
meostatic plasticity, RA synthesis is triggered by chronic suppression
of synaptic activity and a reduction in dendritic calcium levels (6, 7,
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16). The RA thus synthesized then binds to RARa, changes its
conformation, and thereby disinhibits protein synthesis. This process
leads to enhanced excitatory synaptic transmission and reduced
inhibitory synaptic transmission (5, 11). Conditional deletion of
RARGu selectively impairs homeostatic synaptic plasticity by block-
ing the effect of RA without directly affecting Hebbian plasticity
(10, 16), making RAR« an ideal molecular tool for exploring the
functional impact of homeostatic synaptic plasticity on Hebbian
long-term plasticity and on animal behavior in vivo.

Our previous studies explored RARa’s function in the context
of synaptic RA signaling (action of RA on synaptic function),
and found that RARa mediates RA’s action at synapses during
homeostatic synaptic plasticity (5, 10, 11). However, as an evo-
lutionarily conserved molecule among vertebrate animals, RARa
may have additional functions in the absence of RA (e.g., when
synaptic activity is not suppressed). In the present study, we used
RARa conditional knockout (cKO) mice to specifically in-
vestigate RARa’s role under normal (nonsilent) synaptic trans-
mission, and its relation to homeostatic plasticity. We focused on
RARGa’s function in the hippocampus, a region of the brain where
the behavioral relevance of synaptic function has been well
established by many learning and memory studies (17-21). In
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particular, we explored how an altered activity differentially en-
gages RAR« signaling, using a brief enriched environment (EE)
experience as a behavioral manipulation of synaptic activity in
RARa cKO mice. We found that an EE directly affects excitatory
synaptic transmission in hippocampal CAl neurons. The effect of
an EE required normal RAR« signaling, as evidenced by the fact
that the RARa deletion in CA1 neurons blocks an EE’s effect on
basal synaptic transmission. Although conditional genetic deletion
of RARa from CAl neurons did not alter Hebbian long-term
potentiation (LTP) and long-term depression (LTD) in home
cage control animals, it significantly enhanced LTP and di-
minished LTD in EE-experienced animals, which correlated with
enhanced but less flexible learning in these animals. Moreover,
biochemical analysis showed that the activity of extracellular
signal-related kinase (ERK) and mammalian target of rapamycin
(mTOR) was elevated in EE-experienced neurons after the RAR«
deletion, revealing a previously undescribed signaling pathway
linking RARa to the activity-dependent regulation of protein
synthesis. Together, our study establishes RAR« as a major player
in an activity-dependent metaplasticity mechanism that modulates
animal learning through regulation of Hebbian plasticity.

Results

Enhanced LTP and Reduced LTD in CA1-RARx KO Mice with EE Experience.
To engage homeostatic synaptic plasticity in vivo, we chose a short-
term experience (10 d) in an EE as a behavioral paradigm (S
Appendix, Fig. S14) that alters the synaptic excitation/inhibition (E/I)
state in the hippocampus. EE experience adds sensory, social, and
spatial complexity to the otherwise impoverished home cage envi-
ronment of a laboratory mouse, and has been shown to improve
cognitive functions related to multiple brain regions, including the
hippocampus (reviewed in ref. 22). To investigate the potential
involvement of RA signaling in EE-induced synaptic changes, we
exposed adult RARa cKO mice (10, 23) to an EE (SI Appendix,
Fig. S1B), and used injection of Cre-recombinase—expressing
adeno-associated viruses (AAVs) to selectively delete RARa
expression, thus disrupting RA signaling in the hippocampal
CAl region (SI Appendix, Fig. S1C). Injection of an AAV
expressing an inactive truncated form of Cre, a mutant Cre
(mCre) was applied as a control. Animals from both wild-type
(WT; mCre-infected) and RARa KO (Cre-infected 3 wk before
an EE experience) groups show similarly robust activation in
many regions of the brain by an EE, including CA1 regions, as
indicated by c-Fos immunostaining (SI Appendix, Fig. S1D).
We first investigated whether EE experience in adulthood
[postnatal day 60 (P60)-P70] influences Hebbian long-term syn-
aptic plasticity in an RA signaling-dependent manner. Consistent
with previous findings (16), we found that deletion of RAR« did
not alter LTP induced by high-frequency train stimulation at
Schaffer collateral (SC)-CAl synapses in home cage control mice
(Fig. 1 A, C, and D). Moreover, EE experience did not signifi-
cantly change LTP in WT hippocampus (Fig. 1 A, B, and D).
Unexpectedly, however, EE experience strongly increased the
magnitude of LTP in RARa KO neurons, consistent with “run-
away” LTP in the absence of homeostatic plasticity (Fig. 1 4, C, and
D). The enhanced LTP in EE-exposed, RARa-deficient neurons
resembled classical NMDA receptor (NMDAR)-dependent LTP
found at SC-CALI synapses, as it was completely blocked by the
NMDAR antagonist D-2-amino-5-phosphonovalerate (D-APV) in
interleaved slices (SI Appendix, Fig. S24). To explore whether this
enhanced LTP could be attributed to increased silent synapse for-
mation in EE-exposed conditions, we examined the excitatory post-
synaptic current (EPSC) success rate at —70 mV and +40 mV with a
minimal stimulation protocol (24). Home cage- and EE-experienced
neurons exhibited a similarly higher success rate at +40 mV than
at =70 mV in both WT and RARa KO neurons, suggesting that
the enhanced LTP in EE-exposed RARa KO neurons is not due
to increased silent synapse formation (S Appendix, Fig. S2B).
We next examined LTD. A standard low-frequency stimula-
tion protocol (900 pulses at 1 Hz) induced comparable levels of
LTD at SC-CA1 synapses in both WT and RARa KO neurons
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from mice with home cage experience (Fig. 1 E-H; examined at
P70). After EE experience, however, WT neurons exhibited
significantly greater LTD than RAR« KO neurons (Fig. 1 E-H),
indicating that synaptic RA signaling interacts with EE experi-
ence in LTD. These results suggest that EE experience shifts the
direction of long-term synaptic plasticity in WT mice in a manner
dependent on RA signaling.

The altered Hebbian plasticity in the RARa KO neurons with EE
experience suggests a potentially shifted modification threshold (Oy)
in the Bienenstock—-Cooper-Munro (BCM) theory of synapse mod-
ification (25). Might homeostatic scaling mediated by synaptic RA
signaling, in the context of EE exposure, shift the 0y, of hippocampal
Hebbian plasticity? To test this hypothesis directly, we examined the
response of EPSCs to a weak tetanic stimulus (one train of a 1-s,
100-Hz stimulus). This weak stimulus train did not induce lasting
changes in neurons from WT mice after home cage or EE expe-
rience or in neurons from RARa KO neurons after home cage
experience, but led to significant LTP in the RARa KO neu-
rons after EE experience (Fig. 17). Thus, the entire BCM curve
shifted significantly in RARa KO neurons after EE experience
(Fig. 1I). Taken together, these results indicate that normal RA
signaling engaged by an EE experience shifts the 6y to con-
strain the magnitude of LTP while promoting LTD induction.

EE Experience Reduces Basal Excitatory Synaptic Transmission in an
RARa-Dependent Manner. The observation that experiencing an
EE alters Hebbian plasticity in an RARa-dependent manner
suggests that an EE, as a sensorimotor paradigm, engages RA
signaling and homeostatic synaptic plasticity. Given that RA
signaling is known to participate in homeostatic plasticity, we
asked whether an EE experience indeed alters basal synaptic
transmission in mice in an RARa-dependent manner, as would
be expected during homeostatic plasticity. In WT neurons, an EE
reduced the basal miniature EPSC (mEPSC) amplitude com-
pared with home cage-experienced controls (Fig. 24-C). In Cre-
infected RARa KO neurons that lack RA signaling, however, an
EE no longer had an effect on the mEPSC amplitude (Fig. 2 A-
(). The effect of an EE on basal excitatory synaptic transmission
was confirmed using evoked synaptic transmission. We measured
the EPSC/inhibitory postsynaptic current (IPSC) ratio by moni-
toring postsynaptic responses to stratum radiatum stimula-
tion, which activates SC axons and local inhibitory interneurons.
Dual-component postsynaptic currents (PSCs) were collected at
=50 mV. Pure EPSCs were collected at —80 mV (the reversal
potential of IPSCs) and scaled based on driving force to estimate
EPSCs at —50 mV, which were then subtracted from the dual
PSCs to obtain IPSCs at —50 mV. Consistent with the reduced
mEPSC amplitude, and unaffected miniature inhibitory synaptic
transmission by EE experience (SI Appendix, Fig. S34), we found
a significantly lower E/I ratio in CA1 neurons after EE experi-
ence than after home cage experience (Fig. 2D). Again, in RARa
KO CAL1 neurons, the reduction in E/I ratio by an EE experience
was completely blocked (Fig. 2D). Additionally, the paired-pulse
ratio, a measure of short-term presynaptic plasticity, was not
affected by an EE or by the RARa deletion (SI Appendix, Fig.
S3B), corroborating the previously reported postsynaptic action
of RA signaling at synapses (5, 16). In summary, all our basal
transmission data are consistent with a model positing that in
WT CAL neurons, EE experience induces a homeostatic plasticity
response that reduces postsynaptic AMPA receptor (AMPAR)
abundance, as evidenced by reduced mEPSC amplitudes, and a
reduced E/I ratio. All these changes are blocked by the RARa
KO. Thus, impairing RARa signaling blocks EE-induced ho-
meostatic decreases in overall excitatory synaptic strength.

Enhanced Hippocampus-Dependent Memory but Reduced Learning
Flexibility in CA1-RARx KO Mice with EE Experience. What might
be the behavioral effects of the interplay between Hebbian and
RA-dependent homeostatic synaptic plasticity? To address this
question, we performed a series of behavioral assays that probe
different aspects of hippocampus-dependent learning. Specifically,
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we used classical Pavlovian fear conditioning to examine spatial
memories (26-28) and reversal learning in the water T-maze and
the Barnes maze to examine behavioral flexibility. Additional
behavioral tasks were performed to evaluate animals’ working
memory and general anxiety levels.

EE experience alone or RARa deletion alone had no obvious
effect on fear memory, as indicated by normal contextual or cued
(tone) fear memory tested 24 h or 48 h, respectively, after
training (Fig. 3 A and B). By contrast, EE experience in CAl-
RARa KO mice (i.e., mice with a selective bilateral conditional
deletion of RARa in the CALl region of the hippocampus) sig-
nificantly enhanced both contextual and cued fear memory (Fig.
3 A and B). Since the hippocampus is thought to be required for
both contextual and cued fear memory of delayed fear condi-
tioning (29, 30), the stronger contextual and cued fear memories
are likely supported by enhanced LTP in RARa KO EE hip-
pocampus. Measurement of overall unconditioned responses
during training (SI Appendix, Fig. S4), freezing levels in an al-
tered context (Fig. 3C), and the fear generalization index (Fig.
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graphs represent mean + SEM.

3D) showed that the enhanced conditioned response was not due
to higher intrinsic freezing levels in EE-experienced CA1-RAR«
KO mice. The animals also performed similarly in the Y-maze,
exhibiting normal working memory (SI Appendix, Fig. S5A4).
Open-field and elevated plus maze tests also showed that CAl-
RARa KO mice exposed to an EE did not have increased
nonsocial anxiety (SI Appendix, Fig. S5 B and D), and they did
not display altered social anxiety levels (SI Appendix, Fig. S5C),
indicating that the higher freezing levels of CA1-RARa KO mice
in the memory test were not due to elevated anxiety. Instead, EE
experience in CA1-RARa KO mice likely facilitated spatial
memory formation.

In contrast to hippocampal LTP, which is thought to support
memory formation, hippocampal NMDAR-dependent LTD is
thought to support behavioral flexibility through the weakening
of previously encoded memory traces when new information is
learned (31-33). Using a water T-maze paradigm, we showed
that all naive mice groups exhibited similar learning curves to
find the hidden platform, reaching a criterion of 80% correct
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trials in each session after 3 d of learning (Fig. 3E). However, in
the reversal learning test, where the hidden platform was moved
to the opposite arm, EE-experienced WT mice, which exhibited
enhanced hippocampal LTD compared with EE-experienced
CA1-RARa KO mice, learned to switch significantly faster
than the WT mice with home cage experience and the CAl-
RARa KO mice (Fig. 3E). We observed similar results with
the Barnes maze, another hippocampus-dependent spatial mem-
ory task (Fig. 3F). While the Barnes maze learning curve was
similar between WT and CA1 RARa KO mice after EE experi-
ence (SI Appendix, Fig. S6), CA1-RARa KO mice spent signifi-
cantly more time in the target quadrant and less time in the
opposite quadrant during the probe test performed 24 h after
initial training (Fig. 3G), supporting stronger spatial memory
formation in the KO animals. However, the reversal probe test,
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independent experiments. All graphs represent mean + SEM.

performed 24 h after the last reversal learning sessions (change
of target hole location), showed the opposite results. Not only
did the CA1-RARa KO mice spend significantly less time in the
target quadrant and more time in the wrong quadrant, but it
also took them a much longer time than WT mice to locate the
new target hole (Fig. 3H). Thus, with multiple hippocampus-
dependent learning tasks, we demonstrate that under a more nat-
ural EE (our EE condition), conditional deletion of RARa from
the hippocampal CAl region of adult mice enhances learning but
reduces behavioral flexibility, which is consistent with the enhanced
LTP and decreased LTD observed under these conditions.

EE Experience Enhances LTP in RARx KO Mice by Stimulating AMPAR
Protein Synthesis. What may be the underlying mechanism that
drives changes in synaptic plasticity after ablation of RA-dependent

Hsu et al.
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Fig. 3. Enhanced hippocampus-dependent memory but reduced learning flexibility in CA1-RARa KO mice with EE experience. (A-D) Behavioral quantifi-
cation of contextual and cued fear conditioning. Contextual fear memory (A) and cued fear memory (B) were measured 24 h and 48 h after training, re-
spectively (two-tailed Mann-Whitney U test with Bonferroni correction: *P < 0.05, **P < 0.01). (C) Fear memory generalization in an altered context was
measured 48 h after training. (D) Discrimination index = [Fz (Training Context) — Fz (Altered Context)l/[Fz (Training Context) + Fz (Altered Context)]. Fz,
percent freezing. (E) Performance of WT and CA1-RARa KO mice in the water T-maze. After reaching the 80% learning criteria (T1-T3), the platform was
moved to the opposite arm to start reversal training (R1-R6) the next day. Training was terminated after 4 d of reversal training, with the exception of the
case of the Cre_EE group, where 2 additional days of training were necessary for the animals to reach learning criteria [statistical analysis was performed
using two-way repeated-measures ANOVA: T1-T3: group factor, F(3,46) = 2.012, P = 0.1253; time factor, F(2,92) = 30.67, P < 0.0001; interaction, F(6,92) =
1.389, P =0.2276; R1-R4: group factor, F(3,46) = 9.66, P < 0.0001; time factor, F(3,138) = 72.78, P < 0.0001; interaction, F(9,138) = 3.44, P = 0.0008; Tukey post
hoc test: mCre_EE vs. mCre_HC, **P < 0.01; mCre_EE vs. Cre_EE, ****P < 0.0001]. (F) Schematics of training and testing paradigm for the Barnes maze. (G)
Performance of WT and CA1-RARa KO mice during the first probe test, measured as time to the target hole and time spent in each quadrant (two-tailed
Mann-Whitney U test: *P < 0.05, **P < 0.01). (H) Performance of WT and CA1-RARa KO mice during the second probe test after reversal learning, measured
as time to the target hole and time spent in each quadrant (two-tailed Mann-Whitney U test: **P < 0.01). n/N, number of mice/number of independent litters.
All graphs represent mean + SEM.
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homeostatic plasticity in EE-exposed CA1-RARa KO mice? To
address this question, we focused on the enhanced NMDAR-
dependent LTP in EE CA1-RARa KO mice because of its ro-
bustness. We first tested whether another induction protocol of
LTP, calcium influx via L-type calcium channels induced by post-
synaptic depolarization in the presence of the NMDAR antagonist
D-APV (referred to as voltage-pulse LTP) (34, 35), also pro-
duced enhanced LTP in EE-experienced CA1-RARa KO mice.
Strikingly, voltage-pulse LTP was also significantly enhanced in
EE-experienced CA1-RARa KO mice (Fig. 44), suggesting
that the CA1-RARa KO enhances LTP expression downstream
of LTP induction.

It is generally accepted that postsynaptic LTP is mediated by
an increase in postsynaptic AMPAR abundance (36). Thus, we
examined the effect of RAR« deletion on the expression levels

of the AMPAR subunits GluA1 and GluA2 in CA1 neurons. For
this purpose, we dissected and compared CA1 tissues from lit-
termate RARa cKO mice that lacked (RARa™, no Cre) or
contained a transgene expressing Cre-recombinase under control
of the CaMKIIa promoter (CaMKII-Cre::RARa™™). We chose
this approach instead of bilateral injection of Cre-expressing
AAVs for our biochemical analysis because it allowed us to
obtain tissues that are more genetically homogeneous. Com-
pared with WT home cage controls, RARa KO home cage
CA1 neurons contained significantly higher levels of GluAl, but
not of GluA2 (Fig. 4B), which is consistent with our previous
findings that RARa regulates GluAl, but not GluA2, synthesis
(5, 37). EE experience did not alter expression levels of
GluAl or GluA2 in the CA1 region of WT mice (Fig. 4C), but
dramatically elevated the levels of both GluAl and GIuA2 in
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RARa KO mice (two-tailed Mann-Whitney U test: **P < 0.01).
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t=6.539, df =8, ***P < 0.001; GluA2: t = 4.681, df =8, **P <
0.01). All graphs represent mean + SEM.
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Fig. 5. Overactive mTOR signaling enhances AMPAR expression in EE-
experienced CA1-RARa KO mice. (A) Immunoblot analysis of mTOR and
phospho-mTOR in home cage (HC)- and EE-exposed WT and CaMKII-Cre
RARa KO CA1 [one-way ANOVA with Tukey’s multiple comparison test: F
(4,17) = 6.857, P = 0.0018, **P < 0.01]. (B) Immunoblot analysis of ribosomal
protein S6 and phospho-S6 in CA1 [one-way ANOVA with Tukey’s multiple
comparison test: F(4,22) = 8.143, P = 0.0003, **P < 0.01]. (C) Rapamycin
treatment during EE experience restores AMPAR levels back to normal in the
CA1 of RARa cKO mice. Immunoblot analysis of total GIuA1 and
GIuA2 expression in HC- and EE-experienced RARa KO CA1 with and without
rapamycin [one-way ANOVA with Tukey’s multiple comparison test: GIuA1: F
(2,18) = 8.433, P = 0.0026; GluA2: F(2,18) = 4.558, P = 0.025, *P < 0.05, **P <
0.01]. (D) Immunoblot analysis of MAP kinase ERK and phospho-ERK in CA1
[two-way ANOVA test: HC/EE x WT/KO: F(1,15) = 36.51, P < 0.0001; Tukey
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CaMKII-Cre RARa KO mice (Fig. 4D). By contrast, expression
levels of excitatory postsynaptic scaffold proteins, such as PSD95
and SAP97, remained unperturbed (SI Appendix, Fig. S7). Thus,
the RAR« deletion enhanced GluAl, but not GluA2, levels under
impoverished home cage conditions, and further increased both
GluAl and GluA2 levels under more natural EE conditions, sug-
gesting that synaptic RA signaling operating on RARa normally
serves as a break on GluAl and GluA2 synthesis and correlating
with the altered synaptic plasticity observed under these conditions.

Overactive mTOR Signaling Underlies Enhanced AMPAR Expression,
LTP, and Fear Memory in EE-Experienced RARx KO Mice. We next
asked whether the observed concomitant increases in GluAl and
GluA2 expression in CaMKII-Cre::RARa™" mice are due to
RAR«’s regulation of protein synthesis pathways. For this purpose,
we examined mTOR complex 1 (mTORCI1) activation in CA]
region samples. Strikingly, samples from CaMKII-Cre: ‘RARa™

mice, but not WT mice, with EE experience exhibited significantly
higher levels of mTOR activation (mTOR S2448 phosphorylation
normalized to total mTOR levels; Fig. 54), as well as stronger
activation of the best-characterized downstream mTOR effector,
the p70 ribosomal S6 protein kinase, quantified via phosphorylation
of the ribosomal protein S6 (Fig. 5B). Treating mice with rapamycin
(5-mg/kg daily injection) during the entire EE experience blocked
the effect of the EE experience on mTOR actlvatlon and S6 phos-
phorylation in CAL1 tissue of CaMKII-Cre::RARa™" mice (Fig. 5 4
and B) and restored GluAl and GluA2 expression levels back to
normal (Fig. 5C). These results suggest that in the absence of syn-
aptic RA signaling, EE experience results in increased activation
of mTOR that then causes increased GluAl and GluA2 expression.

Multiple cellular inputs can activate mTORCI1 to promote
growth and energy storage (38). Downstream signaling from
these inputs mainly converges on ERK and on AKT (also known
as protein kinase B), both of which inhibit the activity of the
tuberous sclerosis complex, which is a suppressor of mTORCI.
We found that phosphorylation of ERK, but not of AKT, is se-
lectively elevated in the EE-exposed CA1 region from CaMKII-
Cre::RARa™" mice (Fig. 5 D and E). Thus, in the absence of
RARa, environmental stimulation leads to enhanced activation
of mTORC1 via the ERK pathway.

To test the causality between overactive mTOR signaling and
enhanced LTP and learning in CAl-specific RARa KO EE an-
imals, we administered daily injections of 5 mg/kg of rapamycin
during 10 d of EE experience, which was sufficient to block
mTOR activation (Fig. 5 A and B), and tested LTP and fear
conditioning learning 24 h after the last injection. Whereas slices
from CA1-RARa KO mice with EE experience and DMSO in-
jection exhibited greatly enhanced LTP as expected, rapamycin
injection reversed the greater LTP back to normal (Fig. 64).
Additionally, enhanced fear memory in the CA1-RARa KO EE
animals was blocked by rapamycin treatment without affecting
fear generalization (Fig. 6 B-E). Together, we conclude that
activation of mTOR signaling contributes to enhanced LTP and
learning in the RARa KO EE animals.

Discussion

As one of the best-studied developmental morphogens, RA is
known to modulate gene transcription through nuclear receptors
during embryogenesis (12). The discovery of a nongenomic,
postdevelopmental action of RA in homeostatic plasticity in
mature brain expands the functional repertoire of RA and its
receptors (39). In particular, RAR«, which is highly expressed in
adult brain, has been found to repress synthesis of specific pro-
teins, most prominently AMPARSs, via binding to their mRNAs
(14, 15). Deletion of RARa impairs synaptic RA signaling and
homeostatic synaptic plasticity, but does not affect Hebbian

post hoc test: ****P < 0.0001]. (E) Immunoblot analysis of AKT and phospho-
AKT in CA1 [two-way ANOVA test: HC/EE x WT/KO: F(1,13) = 0.2659, P> 0.5].
All graphs represent mean + SEM.
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Fig. 6. Rapamycin treatment in CA1-RARa KO mice
during EE experience reverses LTP and fear memory
to normal levels. (A) SC-CA1 LTP in EE-experienced
WT and CA1-RARa KO mice treated with rapamycin
(rapa) during an EE experience [one-way ANOVA
with Tukey’s multiple comparison test: F(2,23) =
24.80, P < 0.0001, ***P < 0.001]. n/N, number of
neurons/number of animals. (B-E) Behavioral quan-
tification of contextual and cued fear conditioning in
DMSO- or rapamycin-treated WT and CA1-RARax KO
mice with EE experience. n/N, number of mice/num-
ber of independent litters. (B) Quantification of
contextual memory (two-tailed Mann-Whitney U
test with Bonferroni correction: **P < 0.01). ns, not
significant. (C) Quantification of cued memory (two-
tailed Mann-Whitney U test with Bonferroni cor-
rection: **P < 0.01). (D) Quantification of freezing in
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plasticity directly (5, 16, 24). Previous work had focused on RA
signaling via RARa« in the context of synaptic inactivity-induced
homeostatic synaptic plasticity. However, RARa’s function on its
own in the absence of RA (i.e., when synaptic activity is not
chronically suppressed) has never been explored in an intact
circuit. In this study, we examined the in vivo impact of the
RARa« deletion on basal synaptic transmission, on hippocampal
plasticity, and on learning and memory. A key behavioral element
introduced in this study is an EE experience that better resembles
a normal experience of mice than standard and relatively impov-
erished home cage conditions. An EE enhances behaviorally rele-
vant sensory input and provides structured cortical and hippocampal
circuit activations. Most previous EE experiments were performed
in young animals (34 wk old) for prolonged periods of time (1-

7120 | www.pnas.org/cgi/doi/10.1073/pnas.1820690116

an altered context. (E) Quantification of memory

rapamycin generalization. All graphs represent mean + SEM.

3 mo). The prolonged EE experience paradigm produced mixed
effects on basal synaptic transmission (22) and has been reported to
enhance learning and social interactions and to improve cognitive
performances (40), likely due to developmental effects in young
animals on synaptic plasticity and potential engagement of multiple
forms of synaptic plasticity. For the purpose of this study, we thus
chose a short-term (10 d) EE experience in young adult mice to
minimize developmental effects induced by an EE, thereby allowing
a more focused investigation of how RARa, operating in a relatively
stable and functionally mature circuit, impacts synaptic plasticity in
an activity-dependent manner.

Results from our study suggest four major conclusions. First,
RARGa plays a significant role in downward homeostatic synaptic
plasticity. Consistent with its previously reported action on
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translational repression of GluAl, RARa deletion led to ele-
vated basal levels of GluAl protein and blocked downward ho-
meostatic plasticity in mature neurons. Thus, unlike its action in
upward homeostatic plasticity, which is to trigger local mRNA
translation upon RA synthesis during chronically suppressed
synaptic activity, RAR« is required in downward homeostatic
plasticity as a permissive signal by keeping basal AMPAR ex-
pression levels in check when synaptic activity is elevated. Sec-
ond, RARa-mediated homeostatic plasticity prevents runaway
Hebbian plasticity. This is evidenced by greatly enhanced LTP
after EE experience in RARa-deficient, but not WT, neurons.
Moreover, EE experience enhanced LTD in an RARa-dependent
manner, suggesting that RARa may also play essential roles in
constraining LTD. Note that deletion of RARa does not directly
alter Hebbian plasticity in the absence of chronic activity manip-
ulations, but shifts the BCM curve when the affected circuit is
challenged with altered activity. Thus, RARa-dependent homeo-
static plasticity may be operating as a form of metaplasticity mech-
anism. Third, we demonstrated that shifting Hebbian rules have
behavioral consequences. EE experience not only impacts Hebbian
plasticity but also strongly influences the strength and flexibility of
learning, both in an RARa-dependent manner. Fourth, we un-
covered a previously undescribed connection between RARa and
mTOR signaling. Deletion of RAR« permitted hyperactive ERK/
mTOR activation by EE experience, which leads to greatly en-
hanced AMPAR synthesis and runaway LTP (Fig. 7). Importantly,
blocking hyperactive mTOR signaling with daily administration of
rapamycin in hippocampal RARa KO mice during an EE expe-
rience restored both LTP and learning levels back to normal.
Perhaps the most unexpected finding in our study is the fact
that normal RARa expression is required for stable synaptic
function when synaptic activity is enhanced by EE experience.
Largely influenced by our finding that RAR« acts as an mRNA-
binding protein that suppresses translation of target mRNAs and
that RA disinhibits protein synthesis upon binding to RAR«a
(15), our previous conceptual framework concerning RAR«’s
function in mature neurons had been centered on this RA-
regulated inhibition of protein synthesis. Results from the cur-
rent study, however, suggest that RAR«a’s function in controlling
protein synthesis also has a significant biological role during
active synaptic transmission (thus, in the absence of RA); that is,
RAR« broadly regulates protein synthesis. Importantly, RARa
not only regulates the expression levels of proteins synthesized
from its target mRNAs (e.g., GluAl) but also contributes to
clamping overall mTOR-dependent protein synthesis by acting
on ERK via a previously unidentified signaling pathway. Thus,
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Fig. 7. Schematic model depicting RAR«'s involvement
in regulation of intracellular signaling, protein synthesis,
and synaptic plasticity in postsynaptic neurons. In addi-
tion to its known function in suppressing GIuA1 protein
synthesis, RARa, through an unknown mechanism,
clamps the ERK/mTOR activation pathway in response
to intracellular/extracellular inputs triggered by envi-
ronmental enrichment, thus stabilizing LTP. In the ab-
sence of RARa, GluA1 protein synthesis is derepressed.
Moreover, the ERK/mTOR pathway is overactivated by
environmental enrichment, leading to enhanced GIluA1
and GIuA2 synthesis and greater LTP. Rheb, Ras homo-
log enriched in brain.

while RARa« participates in homeostatic upscaling through RA-
dependent translational derepression, its action in homeostatic
downscaling may be independent of RA. Instead, RARa may
mediate homeostatic downscaling through direct regulation of an
mTOR activation pathway that then limits the pool of AMPARs
available for synaptic insertion during LTP induction. Another
prime example demonstrating the significance of maintaining
normal basal protein synthesis levels is the function of Fragile X
mental retardation protein (FMRP), whose primary role is
identified as an mRNA-binding protein that suppresses mRNA
translation (41-43). In the case of Fragile X syndrome (FXS),
where FMRP expression is absent, dysregulated protein synthesis
leads to multifaceted pathophysiology, including altered synaptic
plasticity (44). Interestingly, in Fmrl KO mice and in human
FMRI mutant neurons, synaptic RA signaling is completely lost
(11, 37, 45), raising the intriguing possibility that compromised
RARa function contributes to some of the synaptic and behav-
ioral phenotypes in FXS. Further investigation is required to
dissect the molecular mechanism of functional interactions be-
tween RARa and FMRP.

Proposed in the 1940s by Donald Hebb, Hebbian plasticity is
probably the most well-known theory for associative learning,
basically postulating that learning involves input-specific, activity-
induced, long-term changes in synaptic strength (i.e., synaptic
plasticity) (46). The BCM model introduced the concept of a
modification threshold, 6y, which is thought to dictate the di-
rection of the synaptic strength change (strengthening or weak-
ening) in response to neuronal activity (25). Physiological evidence
has since validated the BCM model by showing that the activ-
ity history of a neuron determines its current biochemical state
and its ability to undergo future synaptic plasticity (47, 48), a
phenomenon now referred to as metaplasticity, the plasticity
of synaptic plasticity (49). Homeostatic plasticity, conversely, is
a distinct mechanism that stabilizes neural networks through
negative feedback-based modifications. Functionally, Hebbian
and homeostatic plasticity are thought to achieve distinct pur-
poses (associative learning versus network stability). However,
the induction and expression of these two forms of plasticity often
involve modulation of the same biological parameters. Thus, it
may not be surprising that Hebbian and homeostatic plasticity
robustly interact at the biochemical, molecular, and structural
levels, and that homeostatic plasticity strongly impacts Hebbian
plasticity within the same network (8, 9, 16, 24). Given its purpose
of stabilizing neural systems, we suggest that homeostatic plas-
ticity may serve as a form of Hebbian metaplasticity. Results
from our present study reveal the in vivo interactions between
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RARa-dependent homeostatic plasticity and Hebbian plasticity,
suggest the RARa/mTOR signaling pathway as a crucial mo-
lecular mechanism supporting such interactions, and demon-
strate the robust influence of synaptic RAR« signaling on Hebbian
rules for synaptic long-term plasticity and behavioral learning.
Thus, our study establishes that RARa-mediated synaptic regula-
tion is not only a major determinant of synaptic strength in vivo, but
that such regulation is also behaviorally relevant in a defined circuit,
namely, the hippocampal networks mediating contextual learning.

Experimental Procedures
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animal facility at Stanford Medical School following standard procedures
approved by the Stanford University Administrative Panel on Laboratory
Animal Care. The homozygous RARa floxed mice were bilaterally stereo-
taxically injected with AAVs expressing Cre recombinase or a truncated and
inactive version of Cre (mCre). Mice were group-housed with littermates and
maintained under a 12/12-h daylight cycle. Animal experiments were con-
ducted following protocols approved by the APLAC at Stanford University.

Full experimental procedures and associated references are available in
SI Appendix.
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