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Postnatal Ablation of Synaptic Retinoic Acid Signaling
Impairs Cortical Information Processing and Sensory
Discrimination in Mice
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Retinoic acid (RA) and its receptors (RARs) are well established essential transcriptional regulators during embryonic development.
Recent findings in cultured neurons identified an independent and critical post-transcriptional role of RA and RAR� in the homeostatic
regulation of excitatory and inhibitory synaptic transmission in mature neurons. However, the functional relevance of synaptic RA
signaling in vivo has not been established. Here, using somatosensory cortex as a model system and the RAR� conditional knock-out
mouse as a tool, we applied multiple genetic manipulations to delete RAR� postnatally in specific populations of cortical neurons, and
asked whether synaptic RA signaling observed in cultured neurons is involved in cortical information processing in vivo. Indeed,
conditional ablation of RAR� in mice via a CaMKII�-Cre or a layer 5-Cre driver line or via somatosensory cortex-specific viral expression
of Cre-recombinase impaired whisker-dependent texture discrimination, suggesting a critical requirement of RAR� expression in L5
pyramidal neurons of somatosensory cortex for normal tactile sensory processing. Transcranial two-photon imaging revealed a significant
increase in dendritic spine elimination on apical dendrites of somatosensory cortical layer 5 pyramidal neurons in these mice. Interestingly, the
enhancement of spine elimination is whisker experience-dependent as whisker trimming rescued the spine elimination phenotype. Addition-
ally, experiencing an enriched environment improved texture discrimination in RAR�-deficient mice and reduced excessive spine pruning.
Thus, RA signaling is essential for normal experience-dependent cortical circuit remodeling and sensory processing.
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Introduction
Retinoids are an essential nutrient for the development of the
vertebrate CNS (Morriss-Kay and Sokolova, 1996; Janesick et al.,

2015). Although retinal is important for photo-transduction in
the retina, retinoic acid (RA) mediates virtually all other known
functions of retinoids in the CNS. The most well known function
of RA is transcriptional regulation of neurodevelopmental pro-
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Significance Statement

The importance of synaptic RA signaling has been demonstrated in in vitro studies. However, whether RA signaling mediated by
RAR� contributes to neural circuit functions in vivo remains largely unknown. In this study, using a RAR� conditional knock-out
mouse, we performed multiple regional/cell-type-specific manipulation of RAR� expression in the postnatal brain, and show that
RAR� signaling contributes to normal whisker-dependent texture discrimination as well as regulating spine dynamics of apical
dendrites from layer (L5) pyramidal neurons in S1. Deletion of RAR� in excitatory neurons in the forebrain induces elevated spine
elimination and impaired sensory discrimination. Our study provides novel insights into the role of RAR� signaling in cortical
processing and experience-dependent spine maturation.
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cesses, which is mediated by nuclear RA receptors (RARs; Mark et
al., 2009).

In contrast to RA’s well established roles in embryonic devel-
opment, RA signaling in the adult brain is less understood. RA
and RAR� have been shown to regulate homeostatic synaptic
plasticity in cultured hippocampal neurons (Maghsoodi et al.,
2008; Sarti et al., 2013; Chen et al., 2014b). During normal excit-
atory synaptic transmission, RAR� acts as a translational repres-
sor through direct binding to substrate mRNAs and keeps them
translationally dormant. During synaptic inactivity, the resulting
reduction in dendritic calcium level triggers synthesis of RA
(Wang et al., 2011; Arendt et al., 2015b), which in turn binds to
RAR� and reduces its affinity for mRNA, thus releasing the brake
on substrate mRNA translation (Poon and Chen, 2008). One of
the mRNAs regulated by RA signaling is the AMPA receptor (AMPAR)
subunit GluA1 (Poon and Chen, 2008). De-repression of mRNA
translation allows for dendritic protein synthesis (including GluA1)
and insertion of GluA1-containing AMPAR subunits into the post-
synaptic membrane, thus increasing the excitatory synaptic strength
(Maghsoodi et al., 2008). A concomitant depression of inhibitory
synaptic transmission by RA through a protein synthesis-dependent
mechanism has also been described (Sarti et al., 2013). Thus, RA
rapidly readjusts the balance of synaptic excitation/inhibition in
response to synaptic silencing. Although initially described in the
context of homeostatic plasticity, RA’s potential impact on Heb-
bian synaptic plasticity is now also beginning to emerge (Arendt
et al., 2015a). Together, these in vitro studies suggest that synaptic
signaling mediated by RA and RAR� may impact synaptic plas-
ticity beyond homeostatic synaptic regulation (Yee et al., 2017).
Whether and how synaptic RA signaling mediated by RAR� im-
pacts function of a neural circuit in vivo, however, remains largely
unknown.

More than 90% of excitatory synapses in the mammalian
brain are formed on dendritic spines (Gray, 1959). As the receiv-
ing side of synaptic inputs, dendritic spines contain the molecular
components necessary for synaptic signaling and plasticity in the
postsynaptic compartment; these include neurotransmitter re-
ceptors, postsynaptic scaffold proteins, cytoskeletal and adaptor
proteins, and various signaling molecules (Nimchinsky et al., 2002;
Sheng and Kim, 2011; Colgan and Yasuda, 2014). Spine morphology
and density vary among neuronal types, across developmental
stages, and in response to experiences such as sensory manipula-
tion, environmental enrichment (EE), and learning (Nimchinsky
et al., 2002; Konur et al., 2003; Lee et al., 2007; Chen et al., 2015;
Zhou et al., 2017). In the past 2 decades, live imaging studies have
revealed a dynamic picture of spine formation and elimination, as
well as their morphological changes (Holtmaat and Svoboda, 2009;
Fu and Zuo, 2011; Chen and Nedivi, 2013; Chen et al., 2014a).
Achieved through postsynaptic receptor trafficking in and out of
the synaptic membrane, multiple forms of long-term synaptic
plasticity involve changes of postsynaptic neurotransmitter re-
ceptor abundance (Huganir and Nicoll, 2013), which has been
shown to correlate with sizes of spines (Hering and Sheng, 2001).
Because RA signaling modulates local translation of synaptic pro-
teins and affects synaptic strength (Maghsoodi et al., 2008; Poon
and Chen, 2008), it is conceivable that its impact at synapses may
also manifest as changes in spine morphology and dynamics.

In this study, we investigated the role of RA signaling in cor-
tical circuits. Using RAR� conditional knock-out mice (Chapel-
lier et al., 2002; Sarti et al., 2012) for regional/cell-type-specific
deletion of RAR� in the postnatal brain, we found that expression
of RAR� in postnatal S1 excitatory neurons is required for normal
whisker-dependent texture discrimination. Deletion of RAR� in all

forebrain excitatory neurons not only impairs somatosensory
processing at the behavioral level, but also elevates spine elimina-
tion on apical dendrites from layer (L)5 pyramidal neurons (PNs)
in S1. Interestingly, the increase in spine elimination required
normal whisker sensory inputs. Additionally, enhanced sensory
experience with an EE reverses excessive spine elimination and
rescues texture discrimination in the mutant mice. These data
suggest that RAR� signaling participates in multifaceted synaptic
remodeling in response to sensory experiences and influences
cortical function.

Materials and Methods
Mice
Postnatal day (P)27–P38 male and female littermates were used for this
study. Breeding colonies were maintained and animal experiments were
performed following protocols approved by Administrative Panel on
Laboratory Animal Care at Stanford University and University of Cali-
fornia Santa Cruz. Mice were group-housed with littermates and main-
tained under a 12 h daylight cycle. The RAR� fl/fl mice (C57BL/6
background) were a generous gift from Dr. Pierre Cambon and Norbert
Ghyselinck (IGBNC, Stasbourg, France; Chapellier et al., 2002). These
mice were crossed to the Thy1-YFP-H line (stock 003782, The Jackson Lab-
oratory) and an additional cross to either CaMKII�-Cre (Tsien et al., 1996;
B6.Cg-Tg(CaMKII�-Cre)T29-1Stl/J; The Jackson Laboratory) or Rbp4-Cre
(GENSAT; RRID:MMRRC_031125-UCD; Gerfen et al., 2013) driver mice to
obtain yellow fluorescent protein (YFP)-expressing conditional KO
mice.

Stereotaxic surgery
Stereotaxic injections were performed on P0–P3 male and female RAR� fl/fl

pups. Purified AAV-DJ viruses expressing GFP-tagged active Cre or
truncated-inactive Cre recombinase (mCre) driven by a synapsin pro-
moter (Kaeser et al., 2011) were injected into either S1 or visual cortex
(V1). Pups were anesthetized by hypothermia for 3 min, and placed in a
clay mold to position and fix the head below the stereotaxic apparatus.
The stereotaxic frame was aligned with the pups at bregma using visual
landmarks and 20 nl of adeno-associated viruses (AAVs) were injected.
Using the center of bregma to zero the x (anterior–posterior) and y
(medial–lateral) coordinates, and the skin surface to zero the z (depth)
coordinate, the injection coordinates were (x, y, z in mm): S1 (�1.6, 1.5,
�0.75) and V1 (�1.3, 0.5, �0.75). Mice were recovered on a heated pad
and returned to their home cages when ambulatory.

Histology
To verify sites of viral injection following behavioral studies, mice were
perfused with 4% paraformaldehyde in PBS and incubated in 30% su-
crose and 4% paraformaldehyde in PBS overnight. Coronal sections and
tangential sections of S1 were made to observe the barrels at different
angles. Tangential sections were cut as previously described (Welker and
Woolsey, 1974). S1 was dissected and placed between two slide glasses
with 1.2 mm spacers in 4% paraformaldehyde solution overnight. The
brains were then sliced with a cryostat into 50 �m coronal or tangential
sections. For visualization of barrels in S1, 50 �m brain slices were incu-
bated with cytochrome c solution [0.008% cytochrome c (Sigma-Aldrich,
type III, C-2506), 0.05% diaminobenzidine tetrachloride, 4% sucrose,
and 100 mM sodium phosphate buffer, pH 7.4] overnight at 4°C. The
slices were washed with PBS three times for 10 min and mounted on
slides with Vectashield containing DAPI (Vector Laboratories). Images
of 3– 4 slices were taken per animal. Three animals were analyzed for each
genotype. Images were acquired using an Olympus BX61US microscope
with Olympus UPlanSAPO 10� objective. Area of the barrels in the
tangential sections were analyzed by outlining the barrels in NIH ImageJ
software (RRID:SCR_003070) and measuring the area of barrels and
septa.

Single-cell RT-qPCR
Single cells and mRNA were amplified using the protocol previously
described (Földy et al., 2016). Acute slices were obtained from P30 mice
and single pyramidal cells were extracted from the somatosensory cortex
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L5. Cell extract volume was minimized to 1 �l. mRNA obtained from the
extracts were amplified using Superscript III One-Step RT-PCR System
with Platinum Taq High Fidelity DNA polymerase (Invitrogen, cata-
log #12574035). RT-qPCR was then performed using TaqMan Gene
Expression Master Mix (Applied Biosystems, catalog #4369016) with
TaqMan primers from Life Technologies; RAR� (Mm00436262_m1),
actin� (Mm02619580_g1), GFAP (Mm01253033_m1), and Rbfox3
(Mm01248771_m1). Actin was the endogenous control. RbFox3 was
used as a neuronal marker and GFAP was used as a glial cell marker.
Those cells expressing GFAP were excluded from the sample. The num-
ber of cells per animal (5– 8 cells per animal) was averaged and compared
across three animals.

Behavior
Open field test. Mice were placed in a 40 (L) � 40 (W) � 40 cm (H)
open-field chamber. Locomotor activity was recorded for 30 min using
an overhead digital camera and tracked using Viewer III tracking system
(BioServe). Time spent in the center was measured by a 10 � 10 cm area
in the center.

Texture preference test. Mice were habituated in the testing chamber
[40 (L) � 40 (W) � 40 cm (H) open-field chamber] for 30 min on the
first day. The next day, the mice were presented with two different tex-
tures for 5 min in the testing chamber. Textures were present on 50 ml
conical tubes wrapped with the corresponding sandpaper grains (220,
320, or 400 grit). The roughest sandpaper grain is 220 grit and the
smoothest is 400 grit. Smooth texture (SM) is 220 grit wrapped with
cellophane so that it has a similar visual appearance to 220 grit but with a
completely smooth texture. The other three textures (400, 320, and 200
grit) were chosen also based on their very similar visual appearance (i.e.,
color) of the grains. The conical tubes were weighted down with 50 ml of
water. The time of the nose spent within 2 cm perimeter of each texture
was recorded using an overhead digital camera and tracked using Viewer
III tracking system (BioServe).

Novel texture discrimination test. Mice were habituated in the above-
mentioned testing chamber for 30 min on the first day. On the second
day, mice were presented with two columns with identical textures for 5
min in the testing chamber and then placed in a holding cage for 5 min.
For the test phase, both columns were replaced; one with the same tex-
ture presented before and the other with a novel texture, and the mice
explored the chamber freely for 5 min. The time of the nose spent within
2 cm perimeter of each texture was recorded using an overhead digital
camera and tracked using Viewer III tracking system (BioServe). Dis-
crimination of novel texture was quantified as percentage of time spent
on each texture as well as discrimination ratio (time spent on novel
texture/time spent on familiar texture).

Novel object discrimination test. Mice were habituated in the above
testing chamber for 30 min on the first day. For the trial phase starting the
next day, mice were presented with two identical objects (identical Lego
pieces) for 10 min and then placed in a holding cage for 5 min. For the test
phase, one of the objects was replaced with a novel object (Lego pieces
with different shapes and colors) and the mice were allowed to explore
the chamber freely for 10 min. The time of the nose spent within 2 cm
perimeter of each object was recorded using an overhead digital camera
and tracked using Viewer III tracking system (BioServe). Discrimination
of novel object was quantified as percentage of time spent on each object
as well as discrimination ratio (time spent on novel object/time spent on
familiar object).

Y-maze task. A plastic Y maze (Stoelting) was used to measure spatial
working memory indicated by the percentage of spontaneous alternation
of arm exploration. Individual mice were placed in the center of the Y
maze and allowed to freely explore for 5 min. The sequence of the entries
into each arm was recorded. Spontaneous alternation was calculated as
the percentage of the consecutive entry into each arm as triplets to the
total number of possible alternations.

In vivo transcranial imaging and data analysis
Transcranial two-photon imaging and analysis of spine density and dy-
namics of apical dendritic tufts were performed as previously described
(Zuo et al., 2005a; Xu et al., 2009; Yu and Zuo, 2014). Spines were clas-

sified into four categories (mushroom, stubby, thin, and other spines)
based on their lengths and head diameters using previously published
criteria (Hodges et al., 2017). All images were analyzed using ImageJ.
Spine density was calculated by dividing the number of spines by the
length of the dendritic segment on which they reside. Percentage of
spines eliminated or formed was calculated as the number of spines
eliminated or formed over the total spines counted in the images ob-
tained during the first imaging session.

Sensory deprivation
Whisker trimming was performed as previously described (Zuo et al.,
2005b). Mystacial vibrissae on one side of the face (contralateral to the
imaging area) were cut to skin level daily between the two images sessions
(P30 –P37). Control mice were handled similarly daily without whisker
trimming.

Environmental enrichment
EE protocol was performed and adapted from a previous protocol
(Benaroya-Milshtein et al., 2004). For imaging, following the first imag-
ing session, mice were placed in cages (48 � 25 � 18 cm) filled with toys
that vary in size, shape, material, texture, and color; these included items
such as igloos with saucer type wheels, plastic tunnels, plastic tubing
mazes, wooden logs, and metal running wheels for the mice to interact
with. Before placement of the toys in the EE cage, toys went through a
cage wash and were wiped with 30% ethanol before being patted dry with
a paper towel. To create a novel environment for the mice, the toy loca-
tion and type of toy was changed every day in the morning.

Experimental design and statistics
One-way or two-way ANOVA was used for statistical analysis (unless
otherwise stated) using Prism 7. Statistical analyses for spine data were
performed using SigmaPlot 11 (RRID:SCR_003210). Total spine densi-
ties of WT and CaMKII�-RAR� cKO mice were directly compared using
an unpaired two-tailed Student’s t test. A two-way ANOVA followed by
Holm–Sidak post hoc pairwise comparisons was used to compare the
distribution of spine morphologies of WT and CaMKII�-RAR� cKO
mice at P30, and to analyze whether genotype and condition affected
dynamics of total spines or different spine types. Statistical significance
was defined as p � 0.05.

Results
Altered texture preference in mice lacking RAR� expression
in CaMKII�-RAR� cKO
To examine RAR�’s function in cortical circuits, we selectively
deleted RAR� in mature forebrain excitatory neurons by crossing
the floxed RAR� conditional knock-out (RAR� fl/fl) mice (Chapel-
lier et al., 2002; Sarti et al., 2012) with CaMKII�-Cre driver mice
(Tsien et al., 1996). Cre expression in the line of CaMKII�-Cre we
used starts during the third postnatal week (Tonegawa et al.,
1996), thus ensuring normal RAR� expression during brain de-
velopment. We further crossed these mice (hereinafter referred
to as CaMKII�-RAR� cKO mice) with thy1-YFP-H mice (Feng et
al., 2000) that express YFP in a subset of L5 PNs, making it pos-
sible to monitor dendritic spine dynamics in vivo by transcranial
two-photon imaging. The number of RAR�-expressing neurons
in S1 L5 PNs was reduced by �80% in CaMKII�-RAR� cKO
mice compared with wild-type (WT; RAR� fl/fl without Cre allele)
littermates at postnatal day 30 (P30), as quantified by single-cell
RT-qPCR (Fig. 1A). CaMKII�-RAR� cKO mice exhibited
normal barrel formation and a normal gross morphology of
S1 (Fig. 1B).

Rodents distinguish different textures using their whiskers,
which relies on normal sensory processing in the S1. Thus, we
probed somatosensory processing using a texture preference test.
Mice were presented with two textures (i.e., commercial sandpa-
per with different roughness characterized by differences in grain
size), and the percentage of time spent exploring each texture was
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Figure 1. Altered texture preference in P30 CaMKII�-RAR� cKO mice. A, Quantification of percentage of L5 PN expressing RAR� mRNA measured by single-cell RT-qPCR of P30 WT and
CaMKII�-RAR� cKO mice. *p � 0.05, n � the number of cells used from three mice per genotype. B, Representative images of P30 WT and CaMKII�-RAR� cKO S1 cortices visualized
by cytochrome c staining in coronal and tangential sections. Quantification of S1 surface area outlined in images. Scale bar, 500 �m. C1–F1, Texture discrimination tests with different
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significance was determined using one-way ANOVA.
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measured (Fig. 1C1–E1). Four different textures with similar
color but increasing roughness were used in this study: SM (220
grit sandpaper wrapped with cellophane), and 400, 320, and 220
grit (note that roughness is inversely correlated to grit number).
We found that both WT and CaMKII�-RAR� cKO mice pre-
ferred 220 grit sandpaper to SM (Fig. 1C1). WT mice also pre-
ferred 220 grit sandpaper to 400 grit (less rough) sandpaper, but
CaMKII�-RAR� cKO mice did not differentiate between 400 and
220 grit (Fig. 1D1). Neither WT nor CaMKII�-RAR� cKO mice
showed a preference when offered the choice between 320 and
220 grit paper, which are very similar in roughness (Fig. 1E1).
Bilateral whisker trimming eliminated the preference between
SM and 220 grit in both WT and CaMKII�-RAR� cKO mice (Fig.
1F1), confirming that texture detection behavior is whisker-
dependent. This behavior was not specific to gender (Fig. 1C2–
F2) and the total time the mice spent with the different textures
were comparable (Fig. 1C3–F3).

Deficient texture discrimination in CaMKII�-RAR�
cKO mice
In addition to decreased ability for sensory perception, other
factors (e.g., motivational and emotional states) could also

contribute to the altered texture preference exhibited by CaMKII�-
RAR� cKO mice. Thus we further investigated whisker-dependent
texture discrimination using a previously established paradigm
with slight modifications (Wu et al., 2013). We chose the two
textures (220 and 320 grit) for which WT and CaMKII�-RAR�
cKO mice showed no baseline preference (Fig. 1E). After being
presented with two columns with identical textures (220 grit) for
5 min, the mice were put into a holding cage for a 5 min break
when both columns were replaced, one with the same texture
(familiar, 220 grit) and the other with a finer texture (novel, 320
grit; Fig. 2A). The mice were then brought back to the test cham-
ber and allowed to explore freely for another 5 min. Whereas the WT
mice preferred the novel texture in the test phase, evidenced by
significantly more time spent exploring the novel texture and an
increase in the discrimination ratio, the CaMKII�-RAR� cKO
mice showed no such preference (Fig. 2A), suggesting an impair-
ment in texture discrimination. Importantly, when the novel tex-
ture discrimination test was repeated with two textures of greater
difference (i.e., SM and 220 grit), both WT and CaMKII�-RAR�
cKO mice showed normal discrimination (Fig. 2B), indicating
that CaMKII�-RAR� cKO mice have normal working memory
as well as motivation for exploration, and that the impaired novel
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Park, Tjia et al. • Sensory Processing Requires Cortical RA Signaling J. Neurosci., June 6, 2018 • 38(23):5277–5288 • 5281



texture discrimination observed with the 220 and 320 grit sur-
faces is likely due to their inability to tell the two similar textures
apart.

To further test the possibility that impaired short-term work-
ing memory is responsible for the lack of texture discrimination
in the CaMKII�-RAR� cKO mice, we subjected the mice to the
novel object recognition test (NOR; using Lego pieces with dif-
ferent shapes and colors), and to the spontaneous Y-maze test. As
mice typically prefer exploring a novel object over a familiar one
(in the NOR test) and exploring a new arm instead of returning to
the arm previously entered (in Y maze), these behavioral tasks
evaluate working memory and motivation for exploration. Both
WT and CaMKII�-RAR� cKO mice preferred the novel object
during the test phase of the NOR test (Fig. 2C), and showed
comparable percentages of alternations and number of entries in
the spontaneous Y-maze test (Fig. 2D), indicating that short-
term working memory is intact and exploration behavior is nor-
mal in the CaMKII�-RAR� cKO mice. Additionally, WT and
CaMKII�-RAR� cKO mice showed similar locomotive and anx-
iety levels as indicated by comparable running velocity, average
track length, and time spent in the center of the chamber in the
open-field test (Fig. 2E). Together, these data establish that selec-
tive deletion of RAR� in mature forebrain excitatory neurons
causes impaired information processing in the somatosensory
cortical circuits.

Region-specific deletion of RAR� in somatosensory cortices
or L5 PNs impairs texture discrimination
Because the CaMKII�-Cre driver line targets excitatory neurons
throughout the forebrain, it is unclear whether the diminished
texture discrimination in the CaMKII�-RAR� cKO mice is due
to the loss of RAR� within S1. To delete RAR� selectively in S1,
we bilaterally injected AAVs encoding Cre recombinase fused
with GFP (GFP-Cre) under control of the synapsin promoter
(Kaeser et al., 2011) into S1 of RAR� fl/fl mice at P0 (hereinafter
referred to as S1-RAR� cKOs; Fig. 3C). Injection of AAVs en-
coding inactive mutant GFP-Cre (mCre) was used as a con-
trol. Reduction of RAR� expression by GFP-Cre expression was
confirmed with single-cell qRT-PCT (Fig. 3A). The barrel forma-
tion was unaffected by viral injection and acute deletion of RAR�
through viral expression of Cre (Fig. 3B). When tested at P30,
control mice preferred the rougher surface between 400 and 220
grit, whereas S1-RAR� cKO mice showed no preference (Fig.
3D). As an additional control, RAR� fl/fl mice receiving bilateral
injections of mCre- or Cre-expressing AAVs into V1 were sub-
jected to the same test, and were found to behave similarly to WT
mice (Fig. 3F,G). Both S1-RAR� cKO and V1-RAR� cKO mice
performed normally in the Y-maze test (Fig. 3E,H). Moreover,
texture discrimination test in S1-RAR� cKO mice revealed an
impaired ability to discriminate textures of smaller differences in
roughness (220 vs 320 grit; Fig. 3I) but not textures of greater
differences (220 vs SM; Fig. 3J), which is consistent with our
findings in the CaMKII�-RAR� cKO mice (Fig. 2A,B). Thus,
RAR�-dependent synaptic RA signaling is specifically required in
S1 cortex for normal sensory discrimination.

L5 PNs constitute one of the major outputs of the sensory
cortex (Veinante et al., 2000; Aronoff et al., 2010; Feldmeyer,
2012; Harris and Shepherd, 2015), leading us to ask whether
RAR� expression in L5 PNs is required for normal texture pref-
erence. We crossed the L5-specific Cre-driver line Rbp4-Cre (De-
Nardo et al., 2015) with the RAR� fl/fl mouse (hereinafter referred
to as L5 PN-RAR� cKO mouse) and confirmed reduction in
RAR� mRNA levels (Fig. 4A). Again, these mice had normal

barrel formation (Fig. 4B) and normal Y-maze performance
(Fig. 4D) but lacked texture preference (Fig. 4C), similar to
what we observed in the CaMKII�-RAR� cKO (Fig. 1D) and
S1-RAR� cKO mice (Fig. 3D). Together, these data indicate
that postnatal RAR� expression in L5 PNs of S1 is needed for
normal texture preference.

It is worth pointing out that unlike the CaMKII-RAR� line,
where Cre expression starts at �P19 in the cortex and hippocam-
pus (Tsien et al., 1996), Cre expression in the P0 S1-injected and
Rbp4-RAR� lines is turned on much earlier (i.e., perinatally;
Grant et al., 2016). Thus, there may be unexpected developmen-
tal effects due to early deletion of RAR� in S1 neurons or L5 PNs.
The normal gross morphology of the barrel cortex and similar
behavioral outcomes from mice with the three different genetic
manipulations, however, argues that either the developmental
effect of early postnatal deletion of RAR� is minimal, or that the
developmental effect of RAR� deletion does not contribute to the
performance of the behavior tests chosen for this study.

RAR� plays a role in experience-dependent spine elimination
We next asked what mechanism may underlie the impairment in
sensory discrimination induced by loss of synaptic RA signaling
in S1 pyramidal neurons. Changes in synaptic connectivity
through formation and elimination of dendritic spines correlate
with functional changes in the brain (Kasai et al., 2010; Hayashi-
Takagi et al., 2015). Recent work showed that spine loss and
atrophy of S1 L5 PN apical dendrites correlated with defects in
texture discrimination in mice (Chen et al., 2017). Thus, we in-
vestigated whether structural dynamics of dendritic spines are
altered in the CaMKII�-RAR� cKO mice. Using in vivo two-
photon imaging, we followed the same apical dendritic branches
of YFP� L5 PNs in the superficial layer of S1 over 7 d (Fig. 5A).
We found that CaMKII�-RAR� cKO mice had normal spine
density (Fig. 5B) and distribution of different spine types (i.e.,
spines with different morphology; Fig. 5C) at P30. However, a
closer examination revealed a small but significant increase in
spines elimination over 7 d in CaMKII�-RAR� cKOs compared
with WT littermates (Fig. 5D,E). By contrast, spine formation
was comparable (Fig. 5G). As experience-dependent postnatal
spine elimination is important for the refinement of neuronal
circuits (Zuo et al., 2005b), we next asked whether elevated spine
elimination in CaMKII�-RAR� cKO mice requires sensory in-
puts. To do so, we trimmed the whiskers unilaterally and imaged
the contralateral S1. Consistent with previous studies (Zuo et al.,
2005b; Yu et al., 2013), we found that whisker trimming signifi-
cantly reduced spine elimination, but not formation, in WT and
even more so in CaMKII�-RAR� cKO mice (Fig. 5E,G). As a
result, whisker-trimmed WT and whisker-trimmed CaMKII�-
RAR� cKO mice exhibited similar spine dynamics (Fig. 5E,G),
suggesting that sensory inputs are required for the elevated spine
elimination observed in CaMKII�-RAR� cKO mice.

As the morphology of dendritic spines correlate with their
function and stability (Harris and Stevens, 1989; Schikorski and
Stevens, 1999; Matsuzaki et al., 2001; Kasai et al., 2003), we ana-
lyzed the dynamics of imaged spines according to their morpho-
logical types (i.e., mushroom, thin, stubby and others). We found
that thin spines were significantly more likely to disappear over
7 d than other types of spines in WT mice (Fig. 5F), consistent
with the earlier finding that thin spines have a higher turnover
rate and thus are more transient (Holtmaat et al., 2005; Bourne
and Harris, 2007). The CaMKII�-RAR� cKO mice showed a
comparable level of thin spine elimination to the WT mice (Fig.
5F). However, a significantly higher percentage of mushroom
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and stubby spines were eliminated in the CaMKII�-RAR� cKO
mice compared with WT mice (Fig. 5F). By contrast, formation
of all spine types was similar between WT and CaMKII�-RAR�
cKO mice (Fig. 5H). As mushroom spines are believed to be more
functionally mature and stable (Harris et al., 1992; Bourne and
Harris, 2007), our data suggest that disrupting RA signaling se-
lectively affects the maintenance of stable, mature spines.

We next asked whether sensory deprivation also affects differ-
ent types of spines differentially. In WT mice, unilateral whisker
trimming significantly reduced the elimination of thin spines,
but not of other spine types (Fig. 5F). In CaMKII�-RAR� cKO
mice, by contrast, whisker trimming did not affect thin spine
elimination, but decreased the elimination of mushroom and
stubby spines to the same level as in whisker-trimmed WT mice
(Fig. 5F). Moreover, we found that whisker trimming did not

significantly alter the formation of any spine types in WT or
CaMKII�-RAR� cKO mice (Fig. 5H). Together, these data sug-
gest that RAR� involvement in experience-dependent spine re-
modeling depends on the spine type.

Enriched environment improves sensory discrimination and
alters spine dynamics in CaMKII�-RAR� cKO mice
An EE provides rich sensory and motor stimulation, promotes
neurogenesis and synaptic plasticity in various brain regions, and
improves cognitive performance in many behavioral tasks (Eck-
ert and Abraham, 2013). In a final set of experiments, we sought
to determine how an EE affects RA-dependent sensory process-
ing. We performed the novel texture discrimination tests after 7 d
of EE, using two similar textures (220 vs 320 grit). The WT ani-
mals did not have any obvious improvement in their discrim-
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Figure 3. Specific role of RAR� in barrel cortex in texture preference and novel texture discrimination. A, Quantification of percentage of L5 PN expressing RAR� mRNA measured by single-cell
RT-qPCR of P30 WT and S1-RAR� cKO mice (***p � 0.001, one-way ANOVA; n � the number of cells used from 3 mice per genotype). B, Representative images of P30 WT (mCRE) and S1-RAR�
cKO (CRE) cortices visualized by cytochrome c staining in tangential sections and quantification of S1 surface area outlined in images. Scale bar, 500 �m. C, Representative image of stereotaxic
injection into S1 of RAR� fl/fl mice of AAV virus expressing synapsin promoter driven active Cre or inactive mCRE. Scale bar, 500 �m. D, Quantification of texture preference in S1-RAR� cKO mice. Bar
graphs show percentage of time spent at texture 400 and 220 (left; ***p � 0.001, one-way ANOVA) and discrimination ratios of the two textures of S1-RAR� cKO mice (right; **p � 0.01, one-way
ANOVA). E, Quantification of Y-maze test in S1-RAR� cKO mice. Bar graphs show quantification of percentage of alternation (left) and number of entries (right). F, Representative image of
stereotaxic Cre or mCre injection into V1 of RAR� fl/fl mice. Scale bar, 500 �m. G, Quantification of texture preference in V1-RAR� cKO mice. Bar graphs show percentage of time spent at texture 400
and 220 (left; **p � 0.01, ***p � 0.001, one-way ANOVA) and discrimination ratios of the two textures of V1-RAR� cKO mice (right). H, Quantification of Y-maze test in V1-RAR� cKO mice. Bar
graphs show quantification of percentage of alternation (left) and number of entries (right). I, J, Schematics (top) and quantification (bottom) of novel texture discrimination in S1-RAR� cKO mice
with two different texture pairs. Bar graphs show percentage of time spent at each texture during the trial and test phase (bottom left; **p � 0.01, ***p � 0.001, one-way ANOVA) and
discrimination ratios between the two textures during the corresponding phase (right; *p � 0.05, **p � 0.01, two-way ANOVA). In all graphs, data represent mean values � SEM, and n represents
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ination index after this short-term EE
paradigm (compared with the perfor-
mance of WT animals in Fig. 2A, although
one must note that the experiments were
performed in different cohorts of animals).
Moreover, we found that CaMKII�-RAR�
cKO mice after EE performed similarly to
WT controls regardless of the identity of
the familiar and novel texture (Fig. 6A,B),
indicating improved sensory discrimina-
tion ability in RAR� cKO mice after EE
experiences.

Might the effect of EE on texture dis-
crimination be explained in terms of spine
dynamics in the CaMKII�-RAR� cKO
mice? We first imaged spines at P30, then
subjected the mice to EE, and reimaged
the same spines 7 d later (Fig. 7A). Consis-
tent with previous findings, EE increased
both spine formation and elimination in
WT mice (Fig. 7B,D; Yang et al., 2009; Fu
et al., 2012; Yu et al., 2013). Interestingly,
EE decreased spine elimination without
changing spine formation in CaMKII�-
RAR� cKO mice, rendering the spine dy-
namics comparable with that of WT mice
raised in standard cages (Fig. 7B,D). Fur-
ther analysis revealed that EE significantly
increased the elimination of mushroom
and stubby spines in the WT mice, but
paradoxically reduced the elimination of
stubby spines in the CaMKII�-RAR�
cKO mice (Fig. 7C). Additionally, EE in-
creased mushroom spine formation in
WT mice, but not in CaMKII�-RAR�
cKO mice (Fig. 7E). Together, EE affects
spine dynamics of CaMKII�-RAR� cKO and WT mice in different
ways: CaMKII�-RAR� cKO mice housed under EE condition exhibit
comparable spine dynamics to WT mice housed in standard cages.

Discussion
The importance of RA signaling in synaptic function and plastic-
ity has been well established in vitro (Chen et al., 2014b; Arendt et
al., 2015a). Here, we tested the in vivo significance of synaptic RA
signaling by examining the impact of postnatal RAR� deletion on
sensory information processing and dendritic spine dynamics in pyra-
midal neurons of the somatosensory cortex. We observed behav-
ioral deficits in texture discrimination with three different RAR�
deletion strategies: deletion of RAR� in all forebrain excitatory
neurons with a CaMKII�-Cre driver line, deletion of RAR� in
cortical S1 neurons with AAV-Cre injection, and deletion of
RAR� in L5 PNs with Rbp4-Cre driver line. The normal locomo-
tion and short-term working memory in these mice indicate that
the texture discrimination deficit represents a specific impair-
ment caused by an important, but subtle impairment in cortical
circuit function in S1. More specifically, synaptic dysfunction in
S1 L5 PNs, in which RAR� expression is reduced by 80% (Fig.
1A), is likely the main contributor to the observed phenotype
because it is the only neuronal population affected by all three
genetic manipulations. This notion is further supported by our in
vivo imaging data examining spine dynamics on the apical den-
drites of L5 PNs. Defects in mushroom spine elimination in the
CaMKII�-RAR� cKO suggests that RAR� signaling may be

involved in mature spine maintenance in L5 PNs. Following
whisker trimming, CaMKII�-RAR� cKO and WT mice show
comparable spine dynamics of all spine categories, suggesting
that the impact of RAR� on spine elimination is activity-
dependent (i.e., in the absence of sensory input, spine mainte-
nance does not require RAR� function). Introduction of an EE
experience to the CaMKII�-RAR� cKO mice rescued the texture
discrimination phenotype and partially restored spine dynamics
back to those of WT with standard cage experience, suggesting
that both RAR�-dependent and RAR�-independent plasticity
processes are at play in parallel to support cortical circuit functions.
Together, our data demonstrate that normal cortical circuit-
dependent sensory information processing and experience-driven
spine remodeling in S1 require normal RAR� function.

How does impaired RA signaling through RAR� deletion
contribute to impaired texture discrimination? Whisker move-
ment across textures generates complex whisker micromotions,
from which information is extracted and processed in S1 (Jadhav
et al., 2009). Three main theories have been proposed to explain
how textures are encoded in S1: the mean speed theory, the slip-
stick theory and the differential resonance theory (Jadhav and
Feldman, 2010). It is generally believed that texture information
is encoded by L2/3 neurons (Garion et al., 2014), but it remains
unknown how this texture information is integrated into and
processed within L5 PNs whose activity eventually guides the
behavioral output. Despite the largely unexplored mechanism of
whisker-dependent texture encoding, it is conceivable that RAR�
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deletion in L5 PNs impairs experience-dependent homeostatic
synaptic plasticity that fine-tunes the strength of active synapses
(i.e., a balance maintained through elimination of immature thin
spines and maintenance of mature mushroom-type spines), and
subsequently affects L5 PNs’ ability to integrate sensory input
from L2/3 neurons and to generate appropriate behavioral out-
put. It is worth noting that different mechanisms may be used to
encode texture differences that are large or finer (Diamond et al.,
2008; Jadhav et al., 2009). In our hands, RAR� deletion only
affects discrimination of texture differences that are finer but not

large, thus synaptic RA signaling likely
contributes to fine texture discrimination.

RA signaling is thought to be essential
for synaptic plasticity and memory for-
mation in adult brain (Chiang et al., 1998;
Cocco et al., 2002), thus it may be surpris-
ing that in the CaMKII�-RAR� KO and
Rbp4-RAR� KO mice, where RAR� dele-
tion is not confined to S1, no memory def-
icit was observed. Previous studies have
focused on hippocampal synaptic plastic-
ity and hippocampus-dependent memory
tasks. In our hands, we also found altered
hippocampal synaptic plasticity and hippo-
campus-dependent long-term memory defi-
cit in RAR�-deficient mice (unpublished
observation). The working memory as-
says used in this study (Y maze and novel
object recognition) use short retention
time, which was designed specifically to
allow direct comparison with and control
for the texture discrimination tasks used
to probe S1 sensory processing. Working
memory tests with short retention inter-
vals do not require hippocampal function
(Smith et al., 2014), thus our results of
normal working memory do not contra-
dict previous reports on hippocampal
memory deficits, neither do they indicate
that there is no deficit in long-term mem-
ory related to other sensory modalities.

To gain a mechanistic understanding
of the sensory discrimination deficit in the
RAR�-deficient mice, we probed spine
dynamics on the apical dendrites of S1 L5
PNs. Morphological classifications of spines
showed that the RAR� deletion led to a
selective increase in the elimination of
mushroom and stubby spines, with no
obvious effect on thin spines. This obser-
vation may be explained by several possi-
ble hypotheses: (1) RAR� deletion causes
mushroom-type spines to be transformed
into thin-type spines. This would predict
that thin-type spines occupy a higher pro-
portion of the total spines in neurons with
RAR� deletion, which is not consistent
with our observation (Fig. 5C). (2) RAR�
deletion leads to an aberrant decrease in the
survival/maintenance of mushroom spines.
In general, mushroom-shaped spines are
thought to be more functionally mature
and remain stable for a longer period

compared with thin spines (Harris et al., 1992; Holtmaat et al.,
2005; Bourne and Harris, 2007). The fact that RAR� deletion
specifically targets this population of spines suggests that RAR�
functions at spines that are normally mature and active. This
may explain why the spine elimination phenotype is rescued in
whisker-trimmed mice because the lack of sensory input elimi-
nates/reduces the activity differences between strong (mush-
room) and weak (thin) spines. The function of synaptic RA
signaling was initially discovered in the context of homeostatic
plasticity (Maghsoodi et al., 2008), and RAR� is thought to be a
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translational suppressor that inhibits dendritic protein synthesis
under normal synaptic transmission and elevated dendritic cal-
cium levels (Poon and Chen, 2008; Wang et al., 2011). Thus, it is
reasonable to speculate that deletion of RAR� will have a signif-
icant impact on the function of active synapses, which are formed
usually on mature spines.

It remains to be understood how EE impacts sensory discrim-
ination and spine dynamics in RAR� deletion mice. Given how
sensory deprivation through whisker trimming reverses the ex-
cessive spine elimination observed in RAR�-deficient mice raised
in standard cage conditions, it is counterintuitive that EE im-
proves sensory discrimination: why does not EE further impair
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sensory discrimination and exacerbate abnormal spine dynam-
ics? A key conceptual realization here is that EE is not simply a
behavioral experience opposite to whisker trimming. In other
words, compared with total sensory deprivation, EE does not
merely increase sensory input and cortical circuit activation, but
enhances behaviorally meaningful sensory input and provides
structured activation of cortical circuits. Previous reports show
that EE enhances learning and social interactions and improves
cognitive performance (Nithianantharajah and Hannan, 2006).
Distinct from artificial stimulation paradigms that induce a single
type of plasticity at a particular set of synapses (e.g., theta burst or
tetanus stimulation in CA1 synapses induces LTP), EE provides a
wide spectrum of natural stimuli to synapses in many neural circuits
involved in sensory processing, motor generation, memory forma-
tion and other cognitive and emotional functions. Thus, it is
conceivable that multiple forms of synaptic plasticity are induced
by EE, including Hebbian and non-Hebbian plasticity; and that
these synaptic changes rewire neural circuits to enable the mouse
to better adapt to its environment. Our previous work showed
that synaptic RA signaling is specific for homeostatic synaptic
plasticity, and is not directly involved in Hebbian plasticity (i.e.,
normal LTP in RAR� KO neurons; Arendt et al., 2015a). Thus,
enhanced sensory experience by EE may invoke intense Hebbian
plasticity within and outside of S1 despite abnormal homeostatic
synaptic plasticity, all of which could contribute to differences of
EE-induced spine dynamics between WT and RAR�-deficient
mice and restoration of sensory discrimination in the RAR�-
deficient mice.

Acting through a molecular mechanism distinct from its well
known genomic regulation (Chambon, 1996), RA rapidly changes ex-
citatory and inhibitory synaptic strength under the influence of
activity (Maghsoodi et al., 2008; Sarti et al., 2013), thus impacting
Hebbian plasticity through an altered synaptic excitation/inhibi-
tion balance (Arendt et al., 2015a; Yee et al., 2017). Indeed, vita-
min A deficiency (which depletes RA) impairs hippocampal
Hebbian plasticity and learning (Chiang et al., 1998; Misner et al.,
2001; Cocco et al., 2002). Moreover, a study using a dominant-
negative form of RAR� expressed in the adult forebrain demon-
strated impairments in AMPAR-mediated synaptic transmission,
hippocampal LTP, hippocampal-dependent social recognition,
and spatial memory (Nomoto et al., 2012). Our study took ad-
vantage of the rich array of mouse genetic tools to dissect the
function of RAR� in sensory discrimination in an in vivo setting,
and provides hopefully compelling evidence for a role of synaptic
RA signaling in experience-dependent spine dynamics and corti-
cal circuit function. Much additional work is necessary to eluci-
date how regulation of synaptic and spine function is achieved
through synaptic RA signaling, and how altered RA signaling
leads to aberrant circuit activity that gives rise to altered behav-
ioral output.
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