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A homozygous nonsense mutation in the cereblon (CRBN) gene results in autosomal recessive, nonsyndromic intellectual disability that
is devoid of other phenotypic features, suggesting a critical role of CRBN in mediating learning and memory. In this study, we demon-
strate that adult male Crbn knock-out (Crbn KO) mice exhibit deficits in hippocampal-dependent learning and memory tasks that are
recapitulated by focal knock-out of Crbn in the adult dorsal hippocampus, with no changes in social or repetitive behavior. Cellular
studies identify deficits in long-term potentiation at Schaffer collateral CA1 synapses. We further show that Crbn is robustly expressed in
the mouse hippocampus and Crbn KO mice exhibit hyperphosphorylated levels of AMPK� (Thr172). Examination of processes down-
stream of AMP-activated protein kinase (AMPK) finds that Crbn KO mice have a selective impairment in mediators of the mTORC1
translation initiation pathway in parallel with lower protein levels of postsynaptic density glutamatergic proteins and higher levels of
excitatory presynaptic markers in the hippocampus with no change in markers of the unfolded protein response or autophagy pathways.
Acute pharmacological inhibition of AMPK activity in adult Crbn KO mice rescues learning and memory deficits and normalizes hip-
pocampal mTORC1 activity and postsynaptic glutamatergic proteins without altering excitatory presynaptic markers. Thus, this study
identifies that loss of Crbn results in learning, memory, and synaptic defects as a consequence of exaggerated AMPK activity, inhibition
of mTORC1 signaling, and decreased glutamatergic synaptic proteins. Thus, Crbn KO mice serve as an ideal model of intellectual disability
to further explore molecular mechanisms of learning and memory.
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Significance Statement

Intellectual disability (ID) is one of the most common neurodevelopmental disorders. The cereblon (CRBN ) gene has been linked
to autosomal recessive, nonsyndromic ID, characterized by an intelligence quotient between 50 and 70 but devoid of other
phenotypic features, making cereblon an ideal protein for the study of the fundamental aspects of learning and memory. Here,
using the cereblon knock-out mouse model, we show that cereblon deficiency disrupts learning, memory, and synaptic function
via AMP-activated protein kinase hyperactivity, downregulation of mTORC1, and dysregulation of excitatory synapses, with no
changes in social or repetitive behaviors, consistent with findings in the human population. This establishes the cereblon knock-
out mouse as a model of pure ID without the confounding behavioral phenotypes associated with other current models of ID.
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Introduction
Intellectual disability (ID) is the most common childhood neu-
rodevelopmental disorder that affects learning ability, impairs
cognitive functioning, and is defined by an intelligence quotient
(IQ) below 70. Clinically, ID is classified into syndromic ID, which
co-occurs with other phenotypic features, or nonsyndromic ID,
with cognitive impairment as the sole abnormality. In recent
years, ID has been predominantly studied as a component of
syndromic neurodevelopmental disorders such as fragile X syn-
drome, Down syndrome, Rett syndrome, and autism spectrum dis-
order (ASDs). However, given that these ID-associated disorders
manifest with deficits in multiple brain processes, studying nonsyn-
dromic ID can provide a foundation to understand the fundamental
aspects of learning and memory formation.

Approximately 25% of genetic forms of ID are inherited as
autosomal recessive traits (Khan et al., 2016). One such autosomal
recessive nonsyndromic ID (ARNSID) is caused by a homozygous
nonsense variant in the human cereblon gene (CRBN:c.1255C�T;
p.Arg419Ter; NM_016302.3) located on chromosome 3p26.2
(OMIM:609262) and characterized by IQs between 50 and 70
(Higgins et al., 2004a,b). In recent years, CRBN has been identi-
fied as a substrate receptor of the E3 ubiquitin ligase complex in
multiple systems (Ito et al., 2010; Chang and Stewart, 2011) in-
cluding the mouse brain (Del Prete et al., 2016). The CRBN gene
encodes a 442 amino acid protein with the nonsense variant re-
sulting in a premature stop codon that generates truncated
CRBN, lacking the last 24 amino acids. While still able to assem-
ble into the E3 ubiquitin ligase complex, truncated CRBN under-
goes proteosomal degradation due to an enhanced level of
autoubiquitination (Xu et al., 2013). This suggests that deficient
CRBN levels and function may be the underlying cause of ID in
patients harboring this mutation. This is supported by animal
studies showing impaired hippocampal-dependent fear memory
in Crbn-deficient mice (Rajadhyaksha et al., 2012). However, the
mechanisms by which defects in CRBN affect cognitive processes
remain unknown.

Previous studies have highlighted multiple cellular functions
for Crbn in addition to its role in ubiquitination (Kim et al., 2016).
One potential mechanism for Crbn’s role in learning and mem-
ory involves the AMP-activated protein kinase (AMPK). AMPK,
well known for its role as an energy sensor in multiple systems
(Hardie et al., 2012), has been implicated in numerous brain
disorders, including memory-related deficits in Alzheimer’s dis-
ease mouse models (Ma et al., 2014). Under normal conditions,
Crbn directly binds the catalytic subunit AMPK, reducing its
affinity for its regulatory � subunit, resulting in suppression of its
phosphorylation at Thr172 and subsequent activity (Xu et al.,
2013; Lee et al., 2014). Heightened activity of AMPK under con-

ditions of metabolic stress impairs learning, memory, and synap-
tic plasticity via coordination of several downstream pathways,
including suppression of dendritic mRNA translation through
inhibition of mTOR (Inoki et al., 2003; Hoeffer and Klann, 2010;
Rosso et al., 2016) and eEF2 kinase pathways (Horman et al., 2002;
Hardie, 2004), as well as activation of the unfolded protein response
(UPR) (Appenzeller-Herzog and Hall, 2012) and autophagy
(Nixon, 2006; Hegde, 2017). These pathways have been linked to
neuronal processes, such as long-term potentiation (LTP), den-
dritic protein synthesis, excitatory/inhibitory (E/I) balance, and
spine dysgenesis (Hoeffer and Klann, 2010; Buffington et al.,
2014; Santini and Klann, 2014; Mullins et al., 2016), which are
dysregulated in disorders with deficits in learning and memory.

Given that the CRBN R419X mutation results in loss of pro-
tein (Xu et al., 2013), in this study, we use Crbn knock-out
(Crbn KO) mice to examine behaviors related to learning and
memory in addition to processes downstream of AMPK, includ-
ing the mTOR pathway, the eEF2 kinase pathway, UPR, and au-
tophagy. We report that loss of Crbn leads to deficits in learning
and memory via hyperphosphorylated AMPK and downstream
inhibition of mTORC1-mediated mRNA translation of glutama-
tergic postsynaptic proteins within the hippocampus, while hav-
ing no effect on the eEF2 pathway, UPR activity, or autophagy.

Materials and Methods
Animals. Male Crbn KO mice and wild-type littermates, on the C57Bl/6J
(Jackson Laboratory) background, were generated by crossing Crbn-
floxed mice [B6(Cg)-Crbntm1.1Jjh/J; Jackson Laboratory] with Cag cre/�

deleter mice to generate mice where Cre recombinase deletes Crbn in all
tissues (i.e., germ line). All mice were 8 –12 weeks old at the start of the
experiments. Animals were group housed, maintained on a 12 h light/
dark cycle, and had food and water available ad libitum. All animal pro-
cedures were conducted in accordance with the institution’s Animal Care
and Use Committee following the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals.

Stereotaxic viral vector delivery. Focal deletion of Crbn in the dorsal
hippocampus was achieved using bilateral stereotaxic microinjection as
described previously (Burgdorf et al., 2017). Briefly, either AAV2/2-GFP
or AAV2/2-Cre-GFP (Vector Biolabs) was microinjected into the dorsal
hippocampus of adult Crbn-floxed mice at a rate of 0.1 �l/min for a total
volume of 0.2 �l/hemisphere. Stereotaxic coordinates for the dorsal hip-
pocampus were �3.5 mm anteroposterior, �2.8 mm mediolateral, and
�4.2 mm dorsoventral, angled 4° toward the midline in the coronal
plane (Paxinos and Franklin, 2004). Behavioral experiments began after
a minimum of 3 weeks to allow for maximal gene deletion. Fluorescence
immunohistochemistry for GFP was used to confirm injection place-
ment (1:5000 chicken anti-GFP primary antibody, AB_10000240, Aves
Labs; 1:400 goat anti-chicken Alexa Fluor 488, AB_2534096, Invitrogen).
Animals with improper bilateral injection placement were excluded from
behavioral data analysis. Efficiency of Crbn deletion was evaluated using
quantitative real-time PCR (qRT-PCR) to measure Crbn mRNA levels
using Crbn-specific primers (QT00159285; Qiagen).

Drugs. Compound C (EMD Chemicals) was dissolved in saline (1%
DMSO) at a concentration of 1 mg/kg and was injected intraperitoneally
at 0.01 ml/g body weight for a final dose of 10 mg/kg. Compound C was
injected 25 min before the start of behavioral testing or tissue collection.

Generation of Crbn antibody. Rabbit polyclonal antibody was gener-
ated against a peptide (YLGADMEEFHGRTLHDDDS) corresponding
to the cereblon protein’s amino acids 62– 80 in mouse (accession number
NP_780566.1) and rat (accession number EDL91471.1) and amino acids
58 –76 in human (accession number AAH67811.1). For animal immuni-
zations, a cysteine was added to the amino terminus of the peptide to
use the thiol group of this amino acid for conjugation to keyhole
limpet hemocyanin (ProSci). Following animal immunization and
collection of antiserum, anti-cereblon antibodies were affinity puri-
fied (ProSci).
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Immunohistochemistry. Mice were first perfused with �20 –30 ml of
Sorenson’s buffer followed by 30 –50 ml of 4% paraformaldehyde (PFA)
fixative. Brains were quickly removed and fixed in 4% PFA in Sorenson’s
buffer overnight at 4°C. Brains were sectioned (30 �m thick) with a
vibratome, and slices were washed with PBS and incubated for 90 min
with preblocking agent containing 10% normal goat serum in PBS and
0.2% Triton. Slides were washed in PBS and incubated overnight with
primary antibodies NeuN (1:300, AB_2149209, Millipore) and Crbn (1:
200) prepared in preblocking agent solution. After washes, sections were
incubated with secondary Alexa Fluor 488 and 594 fluorescent antibodies
(Invitrogen) at room temperature for 2 h. After washes, slices were fixed
on glass slides and incubated with ProLong Gold antifade (Invitrogen).
Images were captured using an SP5 confocal microscope (Leica) under
10� mosaic magnification.

Morris water maze. A modified version of the Morris water maze (MWM)
was used (Morris et al., 1982). For data in Figure 2, A and B, a pool (diameter,
96.6 cm; depth, 36.8 cm) was filled with water (25�26°C) and clouded with
nontoxic white tempura paint to conceal the position of an underwater
escape platform, which was submerged 1–1.5 cm beneath the surface.
Extramaze cues were placed surrounding the maze. The maze was virtu-
ally divided into three zones, with one designated the “goal” for each
mouse. Each zone surrounded the potential location of the platform
during training. Mice were given 60 s to habituate to the MWM and then
underwent 4 d of training with three trials each day. For experiments in
Figure 3, B and C, the maze (diameter, 183 cm; depth, 36.8 cm) was
virtually divided into four zones. Training consisted of 5 d with four trials
on each day. Latency to locate the platform was recorded. Forty-eight
hours after the last training trial, mice were given a long-term memory
probe test, during which the hidden platform was removed and the time
spent in each zone of the maze was recorded. All trials were videotaped
using a camera mounted above the maze, and behavior was tracked using
ANY-maze software (Stoelting).

Water-based Y maze. The water-based Y maze was used to measure
learning and long-term memory. The apparatus consisted of three equally
sized plastic arms (33.0 � 7.6 � 38.1 cm), separated by a 120° angle. The
maze was filled with water (25�26°C) to a height of �22.9 cm and
clouded with nontoxic white tempura paint. Each mouse was given three
60 s habituation trials on day 1, followed by seven training trials on day 2,
during which a hidden platform was submerged below the opaque water
and the mouse was placed in an adjacent arm. The starting location and
location of the platform remained consistent throughout trials for each
mouse, but were randomized between animals. Latency to locate the
hidden platform was recorded. Long-term memory (five trials) was
tested 24 h after the final training trial.

Spontaneous alternation. Spontaneous alternation was used to mea-
sure working memory. The Y-maze apparatus was used (see above,
Water-based Y maze). Mice were placed in the center of the apparatus
and allowed to explore for 5 min. Each animal’s path was recorded by the
experimenter. A spontaneous alternation occurred whenever a mouse
entered all three arms of the maze in succession without repeating entry
into any of the arms. Percentage of spontaneous alternations was
calculated [100 * (number of spontaneous alternations/number of
potential alternations)]. The maze was cleaned with 70% ethanol
between subjects.

Three-chambered social interaction and social preference. Social interac-
tion and social preference tests were conducted to analyze sociability in a
rectangular plastic apparatus (67.3 � 41.9 � 22.9 cm) containing three
separate chambers, which could be divided by removable Plexiglas walls
(40.6 � 15.2 cm). With the walls in place, mice were allowed a 60 s
habituation to the center chamber. Following, the walls were removed,
and mice were given a 5 min habituation to the entire three-chamber
apparatus. During the social interaction test, a cup containing a stranger
mouse and a cup containing a novel object were placed in the outer
chambers of the apparatus. The experimental mouse was given 5 min to
explore freely, and times spent interacting with the cup containing the
stranger mouse and the cup containing the novel object were recorded
using ANY-maze software (Stoelting). During the social preference test, a
cup containing a stranger mouse and a cup containing a familiar mouse
were placed in the outer chambers of the apparatus, and the experimental

mouse was given 5 min to explore freely. Time spent with each cup was
recorded. The apparatus and cups were cleaned with 70% ethanol be-
tween subjects.

Grooming assay. Mice were habituated to the test chamber for 30 min
and videotaped for 5 min to assess their baseline activity. Mice were then
sprayed three times on the head with a handheld water spray bottle and
videotaped for a 5 min period of time. Video clips were viewed and
scored by independent and blinded investigators, and the amount of time
spent grooming was recorded with a stopwatch.

Contextual fear conditioning. Contextual fear conditioning was con-
ducted as described by Rajadhyaksha et al. (2012). On day 1, mice were
placed in the conditioning apparatus containing a shock chamber en-
closed by a sound-attenuated box (Coulbourn). Animals were given 90 s
for habituation, followed by five conditioning trials, each consisting of a
30 s tone presentation (2.9 kHz, 84 dB) that coterminated with a 1 s foot
shock (0.7 mA). Conditioning trials were separated by increasing inter-
trial intervals. The shock chamber was cleaned between animals with
ethanol and a 0.1% peppermint scent. On day 2, mice were placed back
into the shock chamber scented with 0.1% peppermint, and after 1 min
of habituation, freezing was measured during a 4.5 min contextual recall
test. Behavior was recorded using a camera mounted above the appara-
tus, and freezing was measured using FreezeView automated analysis
(Coulbourn Instruments).

Long-term potentiation. LTP and input– output curves were obtained
as published previously (Xia et al., 2011). Brains were quickly dissected in
a semifrozen sectioning solution that contained the following (in mM):
175 sucrose, 7 MgCl2, 2.5 KCl, 1.2 NaH2PO4, 0.5 CaCl2, 26 NaHCO3, and
25 glucose. Brains were sliced at 350 �m thickness while submerged in an
ice-cold sectioning solution. Sagittal sections were transferred to beakers
that contained artificial CSF (aCSF) and incubated at 30 � 1°C for at least
30 min. Slices were then transferred to the recording chamber that was
maintained at 30 � 1°C, and 95% O2/5% CO2 bubbled continuously
during dissection, incubation, and recording. A concentric bipolar stim-
ulating electrode was placed in the Schaffer collateral pathway of Crbn WT

and Crbn KO hippocampal slices to evoke synaptic responses, and extra-
cellular field EPSPs were recorded in the striatum radiatum of CA1 with
a glass Ag/AgCl electrode filled with aCSF. A baseline stimulus–response
curve was constructed by recording fEPSPs after stimulating the slice
with increasing voltages. LTP was induced by two high-frequency stim-
ulation trains (100 Hz, 1 s duration) separated by a 20 s intertrain inter-
val. Data acquisition and analysis were performed using Calmpex and
Calmpfit 8.2 software (Molecular Devices).

Hippocampal primary neuronal cultures. Hippocampal neurons from
postnatal day 0 (P0)–P1 pups were generated as described previously
(Beaudoin et al., 2012). Briefly, hippocampi from P0 –P1 pups from Crbn
wild-type or knock-out mice were dissociated in 0.05% trypsin and
plated on poly-L-lysine-coated six-well plates (Costar, catalog #3516) in
Neurobasal medium containing B27 (Invitrogen, catalog #17504044).
Cultures were transfected with human CRBN (NM_016302.2) subcloned
into the perceiver-M06 expression vector (GeneCopoeia) containing a
hemaglutinin (HA) epitope tag (Higgins et al., 2010) using Lipofectamine
2000 (Invitrogen, catalog #11668019) at day in vitro (DIV) 4 and used for
experiments on DIV 14. Lysates were collected and processed for PSD
fractions. Expression of CRBN was confirmed by detection of HA using
Western blots (data not shown).

Chemical LTP induction protocol. Chemical LTP (cLTP) induction was
performed as published previously (Diering et al., 2014). Briefly, hip-
pocampal cultured neurons were preincubated for 15 min in cLTP buffer
(125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 33 mM glucose,
25 mM HEPES, pH 7.4, 20 mM bicuculline, 500 nM TTX, and 1 mM

strychnine) before 5 min cLTP induction in magnesium-free cLTP buffer
supplemented with 200 �M glycine. Neurons were allowed to recover in
cLTP buffer without glycine for 15 min before harvesting in lysis buffer
(1� PBS, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 supplemented
with protease and phosphatase inhibitors).

PSD preparation from primary hippocampal cultures. Postsynaptic den-
sity fractions were generated as described previously (Hussain et al.,
2014). Cultured hippocampal neurons were harvested and homogenized
in lysis buffer (320 mM sucrose, 10 mM HEPES, pH 7.4, 5 mM sodium
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pyrophosphate, 1 mM EDTA, protease inhibitor cocktail; Sigma) using a
26.5 gauge needle. Homogenate was centrifuged at 800 � g for 10 min,
resulting in P1 and S1 fractions. S1 was centrifuged at 17,000 � g for 20
min to yield P2 and S2 fractions. P2 was resuspended in 4 mM HEPES, pH
7.4, followed by 30 min mixing at 4°C on a nutator. The lysed P2 fraction
was collected by centrifugation at 12,000 � g for 20 min. The resulting
pellet was resuspended in 50 mM HEPES, pH 7.4, and an equal volume of
1% Triton X-100 and incubated on a nutator for 10 min. PSD fractions
were obtained by centrifugation at 12,000 � g for 20 min.

Subcellular fractionation of hippocampal tissue. Bilateral hippocampi
were dissected and homogenized in 0.5 ml sucrose buffer (0.3 M sucrose/
0.01 mM HEPES) containing protease and phosphatase inhibitors. Sub-
cellular fractionation was performed as described previously (Knackstedt
et al., 2010). Homogenized lysates were spun at 1000 � g for 10 min at
4°C. The supernatant was collected, and the pellet was resuspended in
sucrose buffer and spun at 1000 � g for 10 min. The combined superna-
tants were spun at 1000 � g for 6 min, and the supernatant was collected
and spun at 12,000 � g for 20 min. The supernatant was saved as the
cytoplasmic fraction, and the pellet was resuspended in 100 �l HEPES/
EDTA buffer (4 mM HEPES, 1 mM EDTA buffer, pH 7.4) and spun at
12,000 � g for 20 min. The supernatant was discarded and the pellet was
resuspended in 100 �l HEPES/EDTA buffer (4 mM HEPES, 1 mM EDTA
buffer, pH 7.4), and an aliquot was saved as the synaptosomal fraction
before being spun at 12,000 � g for 20 min. The supernatant was dis-
carded and the pellet was resuspended in 100 �l G-actin buffer (4 mM

HEPES, 100 mM NaCl, pH 7.2). Samples were spun at 12,000 � g for 20
min. The supernatant was collected and spun at 12,000 � g for 20 min,
and the pellet was resuspended in 100 �l of F-actin buffer (4 mM HEPES,
150 mM NaCl, pH 7.5) and was placed on a nutator at 4°C for 1 h. Samples
were spun at 10,000 � g for 15 min, and the supernatant was collected
and spun again at 1000 � g for 5 min. The supernatant was collected and
saved as the Triton-insoluble PSD protein fraction.

Western blot analysis. Gel electrophoresis of 10 –20 �g of protein was
performed on a 10% SDS-polyacrylamide gel. The protein was trans-
ferred to PVDF membrane. Blots were probed with IgG anti-rabbit or
anti-mouse primary antibodies (Table 1) overnight on a rotator at 4°C,
and were then incubated with goat anti-rabbit or horse anti-mouse
peroxidase-labeled IgG for 1 h on a rotator at room temperature. Protein
bands were visualized using chemiluminescence (PerkinElmer). Preci-
sion Plus Protein Dual Color Standards (Bio-Rad) were used for protein

size determination. For quantification, samples were normalized to
GAPDH as a loading control. Intensity of the protein bands was mea-
sured using ImageJ software (NIH).

Quantitative real-time PCR. RNA was isolated from unilateral hip-
pocampus using the RNeasy Mini Kit and reagents (Qiagen). cDNA was
synthesized from purified RNA, using the High-Capacity RNA-to-cDNA
Kit (Applied Biosystems), and quantified by qRT-PCR using mRNA-
specific primers (CaMK2a, QT00129164; Gria1, QT01062544; Gria2,
QT00140000;Grin1,QT01751477;Grin2a,QT00093562;Grin2b,QT00169281;
Qiagen) on an ABI PRISM 7000 Sequence Detection System with SYBR-
Green PCR Master Mix (Applied Biosystems). Amplification was per-
formed for 40 cycles (95°C for 15 s; 60°C for 30 s; 72°C for 30 s; extension,
72°C for 10 min). Each reaction was performed in triplicate, and values
were averaged. Threshold (Ct) values were normalized to mouse Gapdh
using the following formula: �Ct 	 Ct (gene) � Ct (Gapdh). The �Ct
method was used to assess the relative mRNA expression. Expression
levels were calculated relative to controls using the following formula:
��Ct 	 �Ct (treated) � �Ct (control). The final expression levels were
obtained using the formula 2 (���CT).

Statistics. Behavioral and molecular data were analyzed by two-way
ANOVA or independent samples t test. Data that showed a significant
interaction by two-way ANOVA were subsequently analyzed by Bonfer-
roni post hoc analysis. LTP data were analyzed using a linear regression
and independent samples t test. All statistical analyses were performed
using Prism 6 (GraphPad) software.

Results
Cereblon is highly expressed in the mouse hippocampus
As the hippocampus is critically involved in learning and
memory formation, we performed Western blot analysis using
hippocampal protein lysates from Crbn WT and Crbn KO mice
(Fig. 1A). As expected, Crbn protein was detected at 51 kDa in
Crbn WT mice, with the band absent in CrbnKO mice. Immunohis-
tochemical staining of CrbnWT and CrbnKO hippocampus using an-
tibodies to NeuN, a neuronal marker, revealed that CrbnKO brains
have normal gross morphology at postnatal week 8 (Fig. 1B). Low-
magnification analysis indicated that Crbn is expressed in all hip-
pocampal circuits, including the CA1 neurons and the stratum

Table 1. List of antibodies used for the immunoblots

Protein Company/reference Catalog number RRID Antibody concentration Molecular weight (kDa)

p-AMPK T72 Cell Signaling Technology 2535s 331250 1:1000 62
AMPK Cell Signaling Technology 2532s 330331 1:1000 62
mTOR Cell Signaling Technology 2972 330978 1:1000 250
p-mTOR S2448 Cell Signaling Technology 2971 330970 1:1000 250
S6 Cell Signaling Technology 2217 331355 1:1000 32
p-S6 S235/236 Cell Signaling Technology 2211 331679 1:1000 32
4EBP1 Cell Signaling Technology 9452 331692 1:1000 15–20
p-4EBP1 T37/46 Cell Signaling Technology 9459 330985 1:1000 15–20
eEF2 Cell Signaling Technology 2332 2098292 1:1000 95
p-eEF2 Thr56 Cell Signaling Technology 2331 2277755 1:1000 95
ATG5 Cell Signaling Technology 12994 1:1000 55
ATG12 Cell Signaling Technology 4180 1903898 1:1000 55
CAMKII pan Cell Signaling Technology 3362 2067938 1:1000 50, 60
GluA1 Millipore Ab1504 2113602 1:1000 100
GluA2 Millipore Mab397 2113875 1:1000 100
GluN1 Millipore Ab9864 10807557 1:1000 120
GluN2A NeuroMab 75-288 2307331 1:1000 170
GluN2B Millipore 06-600 310193 1:1000 180
PSD-95 NeuroMab 75-028 2307331 1:1000 95
Synaptophysin Abcam Ab23754 778203 1:1000 38
VGLUT1 NeuroMab 75-066 2187693 1:1000 52
VGLUT2 NeuroMab 75-067 2239153 1:1000 60
VGAT Synaptic Systems 131002 887871 1:1000 55
GAPDH Abcam Ab22555 447153 1:10,000 36
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radiatum containing the CA3 projections (Schaffer collaterals) to
CA1 neurons (Fig. 1B).

Loss of cereblon results in learning and memory deficits
To test the role of Crbn in hippocampal-based learning and
memory, we used the MWM test and the water-based Y-maze
test. In the MWM, mice were trained to locate a submerged plat-
form with the help of extramaze cues. Crbn KO mice took signifi-
cantly longer to locate the submerged platform than did Crbn WT

mice during training (Fig. 2A; main effect of genotype, F(1,18) 	
10.53, p 	 0.005; main effect of day, F(3,54) 	 3.37, p 	 0.02;
two-way repeated measures ANOVA), indicating a deficit in learn-
ing in CrbnKO mice. Long-term memory was assessed 48 h following
the final training session, and Crbn WT mice spent significantly
more time in the goal zone compared to the other two zones (Fig.
2B; main effect of zone, F(2,27) 	 13.26, p 
 0.0001; one-way
ANOVA), while Crbn KO mice did not (Fig. 2B).

In the water-based Y-maze task, mice were trained to locate a
submerged platform in one of three arms of the Y-maze appara-
tus, and latency to locate the platform was recorded. During

training, Crbn KO mice took significantly longer to locate the plat-
form compared to Crbn WT mice (Fig. 2C; main effect of geno-
type, F(1,12) 	 8.50, p 	 0.01; main effect of day, F(6,72) 	 3.00,
p 	 0.01; two-way repeated measures ANOVA). Long-term
memory was then assessed 24 h following the last training trial.
During the memory test, Crbn KO mice took significantly longer
to locate the platform than did Crbn WT mice (Fig. 2D; t(14) 	
2.35, p 	 0.03, independent-samples t test), indicating a deficit in
memory in Crbn KO mice.

To examine the role of Crbn in working memory, we chose the
spontaneous alternation task (Wietrzych et al., 2005). No differ-
ence in percentage of spontaneous alternations between Crbn KO

and Crbn WT mice was observed (Fig. 2E). The above results dem-
onstrate that Crbn is necessary for hippocampal learning and
memory but not for working memory.

Loss of cereblon has no effect on social or repetitive behavior
As CRBN has been linked to ASDs (Pinto et al., 2010), we next
examined whether loss of Crbn alters social behavior, a core symp-

A

B

Figure 1. Validation of cereblon antibody by Western blot analysis and immunohistochemistry. A, Western blot with total hippocampal protein lysates from Crbn WT and Crbn KO mice. A band at
the expected 51 KDa size present in Crbn WT mice but absent in CrbnKO mice confirms the specificity of the antibody. B, Representative images of hippocampal sections stained for NeuN (left) and
cereblon (middle). Cereblon staining is visible in all subregions of the Crbn WT but not the Crbn KO hippocampus.
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tom of ASDs. We conducted the three-chamber social interaction
and social preference tests (Silverman et al., 2010). Examination
of basal locomotion revealed no difference in locomotor ac-
tivity between Crbn WT and Crbn KO mice (Crbn WT, n 	 6,
9030 � 580.4 cm vs CrbnKO, n 	 6, 10845 � 878.5 cm; t(10) 	 1.72,
independent samples t test). During the social interaction task, in
which sociability was defined as time spent interacting with a
novel conspecific mouse versus a novel object, both Crbn KO and
Crbn WT mice spent significantly more time with the stranger
mouse than with the object (Fig. 2F; main effect of contact zone,
F(1,40) 	 20.8, p 
 0.0001, two-way ANOVA), indicating normal

sociability. Additionally, in the social preference task, in which
sociability was defined as the time spent interacting with a new
stranger mouse versus a familiar mouse, both CrbnKO and CrbnWT

mice spent more time with the stranger mouse than the familiar
mouse (Fig. 2G; main effect of contact zone, F(1,40) 	 23.2, p 

0.0001, two-way ANOVA). These results indicate that loss of
Crbn has no effect on social behavior.

Repetitive behaviors are another core symptom of ASDs, and
thus, we next determined whether loss of Crbn alters repetitive
grooming behavior. No difference in repetitive grooming behavior
was found between CrbnKO and CrbnWT mice (Fig. 2H), indicating

A B

C D E

F G H

Figure 2. Crbn KO mice demonstrate learning and memory deficits in the Morris water maze and water-based Y-maze tests, with no deficits in a working memory test. A, In the MWM training,
Crbn KO mice displayed increased latency to find a hidden platform compared to Crbn WT mice (n 	 10/genotype). B, In the MWM probe test, Crbn WT mice spent significantly more time in the goal
zone compared to either zone 1 or zone 2, whereas CrbnKO mice did not. ***p 
 0.001 (n 	 10/genotype). C, In the Y-maze training, Crbn KO mice demonstrated increased latency to find the hidden
platform compared to Crbn WT mice (n 	 7/genotype). D, During the Y-maze probe test, Crbn KO mice took longer to locate the submerged platform compared to Crbn WT mice. *p 
 0.05 (n 	
7/genotype). E, Crbn KO mice did not show impaired working memory in the spontaneous alternation task compared to Crbn WT mice (Crbn WT, n 	 11; CrbnKO, n 	 10). F, In the social interaction
task, both Crbn WT and CrbnKO mice spent significantly more time with the stranger mouse compared than the empty cup. G, In the social preference test, both Crbn WT and Crbn KO mice spent
significantly more time with the novel stranger mouse than the familiar mouse. H, Crbn WT and Crbn KO mice showed no differences in repetitive grooming behavior (Crbn WT, n 	 7; Crbn KO, n 	 8).
Data are displayed as mean � SEM.
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that the CrbnKO mouse lacks typical ASD-like phenotypes as mea-
sured in mouse models.

Loss of Crbn within the dorsal hippocampus results in
learning and memory deficits
As we saw deficits in hippocampal-dependent learning and mem-
ory tasks in Crbn KO mice, we next tested the role of Crbn within
the dorsal hippocampus in these behavioral tasks. We generated
mice with a focal knockdown of Crbn primarily within the CA1
subregion within the dorsal hippocampus by stereotaxic micro-
injection of AAV-Cre into bilateral dorsal hippocampus of Crbn-
floxed mice (Fig. 3A). This resulted in significantly lower levels of
Crbn mRNA compared to control AAV-GFP-injected mice (Fig.
3B; t(12) 	 2.77, p 	 0.02, independent samples t test). Deletion of

Crbn in the dorsal hippocampus significantly impaired learning
in the MWM; mice injected with AAV-Cre took significantly
longer to locate the hidden platform compared to control mice
injected with AAV-GFP (Fig. 3C; main effect of day, F(4,60) 	
8.76, p 
 0.0001; main effect of treatment, F(1,60) 	 14.96, p 	
0.0003; two-way ANOVA). Additionally, deletion of Crbn in the
dorsal hippocampus impaired memory in the MWM probe test,
as AAV-GFP mice spent significantly more time in the goal zone
compared to the other zones (Fig. 3D; main effect of zone, F(3,20) 	
7.077, p 	 0.002, one-way ANOVA) while AAV-Cre mice did not
(Fig. 3D).

Similarly, deletion of Crbn in the dorsal hippocampus signif-
icantly increased latency to find the hidden platform during
Y-maze training (Fig. 3E; main effect of trial, F(6,84) 	 3.68, p 	
0.003; main effect of treatment, F(1,84) 	 52.06, p 
 0.0001; two-
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Figure 3. Focal knockdown of CRBN in the dorsal hippocampus induced deficits in learning and memory. A, Representative image of GFP expressed by microinjection of AAV-Cre into
the dorsal hippocampus of CRBNfl/fl mice. B, Injection of AAV-Cre into the dorsal hippocampus of CRBNfl/fl mice resulted in a significant decrease in Crbn mRNA expression in the dorsal
hippocampus compared to injection of AAV-GFP (AAV-GFP, n 	 6; AAV-Cre, n 	 8). C, In the MWM training, knockdown of CRBN in the dorsal hippocampus increased latency to find a
hidden platform during 5 d of training (AAV-GFP, n 	 6; AAV-Cre, n 	 8). D, In the MWM probe test, mice injected with AAV-GFP spent significantly more time in the goal zone compared
to zone 1, zone 2, or zone 3 (AAV-GFP, n 	 6; AAV-Cre, n 	 8), while mice injected with AAV-Cre did not. E, During the Y-maze training, mice injected with AAV-Cre displayed increased
latency to find a hidden platform compared to mice injected with AAV-GFP (AAV-GFP, n 	 6; AAV-Cre, n 	 8). F, During the y-maze probe test, mice injected with AAV-Cre demonstrated
increased latency to find the hidden platform compared to mice injected with AAV-GFP (*p 
 0.05; AAV-GFP, n 	 6; AAV-Cre, n 	 8). G, In a test of contextual fear conditioning, mice
injected with AAV-Cre spent a significantly lower percentage of time freezing compared to mice injected with AAV-GFP (AAV-GFP, n 	 6; AAV-Cre, n 	 8). *p 
 0.05; **p 
 0.01
(Bonferroni post hoc). Data are displayed as mean � SEM.
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way ANOVA) and 24 h probe test (Fig. 3F; t(12) 	 2.22, p 	 0.04,
independent samples t test).

We previously showed that Crbn KO mice demonstrate a mem-
ory deficit in contextual fear conditioning (Rajadhyaksha et al.,
2012), so we next tested the role of dorsal hippocampus Crbn on
contextual fear memory. Mice were trained to associate a condi-
tioned stimulus, a novel context, with an unconditioned stimu-
lus, a foot shock. During a 24 h contextual fear conditioning test,
mice were placed back into the context and freezing was re-
corded. Deletion of Crbn in the dorsal hippocampus significantly
reduced the percentage of time freezing (Fig. 3G; t(12) 	 3.65, p 	
0.003), indicative of a memory deficit.

Crbn KO mice demonstrate deficits in hippocampal
long-term potentiation
Hippocampal LTP at the Schaffer collateral to CA1 pathway is a
commonly used synaptic model of learning and memory (Malenka,
2003). Given our finding that Crbn is required for hippocampal
learning and memory, we sought to investigate the role of Crbn in
the induction of LTP in the hippocampus. To measure a baseline
stimulus–response curve, fEPSPs were recorded in the striatum
radiatum of CA1 following stimulation of the Schaffer collateral
pathway at varying intensities (0 – 4 mV). No differences in base-

line input/output curves were found between CrbnKO and CrbnWT

mice at any intensity (Fig. 4A). LTP was induced by two 100 Hz
stimulation trains (1 s duration, 20 s interval), and fEPSPs were
recorded for 60 min. LTP was quantified as the fEPSP slope as a
percentage of baseline (Fig. 4B), and Crbn KO mice displayed a
significant deficit in LTP compared to CrbnWT mice (Fig. 4B; t(13) 	
2.49, p 	 0.03, independent samples t test). We confirmed these
findings using cLTP in hippocampal cultures from Crbn WT and
Crbn KO mice (Fig. 4C). We induced cLTP using a standard pro-
tocol (Diering et al., 2014) in which cells were incubated with
glycine to selectively activate synaptic NMDA receptors and in-
duce insertion of AMPA receptors into synapses. We found that
cLTP induced a significant increase in PSD expression of GluA1
in Crbn WT mice but not in Crbn KO mice, and that this deficit in
cLTP could be rescued by overexpression of Crbn (Fig. 4C; sig-
nificant interaction of group � cLTP, F(3,32) 	 6.63, p 	 0.001,
two-way ANOVA).

Crbn KO mice exhibit exaggerated levels of activated AMPK�
in the hippocampus
Of the Crbn targets that have been identified (Lee et al., 2014),
AMPK serves as an intriguing target in the hippocampus given its
link to multiple downstream pathways (Horman et al., 2002;

A B

C

Figure 4. Crbn KO mice have impairments in long-term potentiation and synaptic plasticity. A, Input/output curves expressed as EPSP slopes (in millivolts per millisecond) plotted against stimulus
intensity (in millivolts). No differences between genotypes were found (n 	 5/genotype). B, LTP represented as the normalized fEPSP slope over the course of 60 min. Crbn KO mice showed a
significant deficit in LTP during the first 40 min compared to Crbn WT mice (n 	 5/genotype). C, Crbn KO mice displayed a deficit in chemical LTP-induced increase in GluA1 protein levels in the PSD,
which was rescued by overexpression of human CRBN (n 	 5/genotype). #p 
 0.05 (Bonferroni post hoc test, WT basal vs KO basal); *p 
 0.05; **p 
 0.01, ****p 
 0.0001 (Bonferroni post hoc
test, basal vs chemical LTP). Data displayed as mean � SEM.
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Inoki et al., 2003; Rosso et al., 2016) and its potential to impact
learning, memory, and synaptic deficits (Ma et al., 2014; Han et
al., 2016) in Crbn KO mice (Fig. 5A). We first measured levels of
phosphorylated AMPK� in hippocampal synaptosomal fractions
to examine changes in AMPK� phosphorylation at Thr172 (p-
AMPK), which generates the active form of AMPK�. Crbn KO

mice had significantly higher levels of p-AMPK� compared to
Crbn WT mice, with a more than twofold increase in levels, indi-
cating robust control of AMPK� phosphorylation in the synap-
tosome by Crbn (Fig. 5B; t(22) 	 3.99, p 	 0.0006, independent
samples t test). No difference in total AMPK� protein level was
observed (Fig. 4B), confirming AMPK� phosphorylation as a
target of Crbn in the mouse hippocampus.

Loss of Crbn does not activate the unfolded protein response
in the hippocampus
AMPK has been implicated in activation of the UPR via phosphor-
ylation of eukaryotic initiation factor 2� (eIF2�; Appenzeller-
Herzog and Hall, 2012; Liu-Bryan and Terkeltaub, 2015). EIF2�,
when phosphorylated at S51, inhibits initiation of general mRNA
translation and activates UPR-specific genes (Buffington et al.,
2014). UPR activation has been implicated in models of Alzhei-
mer’s disease, and inhibition of this mechanism attenuates mem-
ory deficits in these models (Ma et al., 2013). Therefore, we chose
to examine whether Crbn KO mice show differences in UPR. Anal-
ysis of hippocampal synaptosomal tissue revealed no differences
in levels of eIF2� or p-eIF2� between Crbn KO and Crbn WT mice
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Figure 5. Crbn KO mice show altered mTORC1 signaling in the hippocampus. A, Schematic of proposed molecular mechanism. B, Compared to Crbn WT mice, CrbnKO mice displayed significantly
higher synaptosomal levels of phosphorylated AMPK� (Thr172) in the hippocampus (CrbnWT, n 	 10; Crbn KO, n 	 14), with no difference found in levels of total AMPK� (Crbn WT, n 	 6; Crbn KO,
n 	 7). C, Crbn WT and Crbn KO mice displayed similar levels of synaptosomal eIF2� and phosphorylated eIF2� well as cytoplasmic ATG5 and ATG12 in the hippocampus (n 	 5/genotype). D, Crbn KO

mice displayed decreased levels of synaptosomal phosphorylated mTOR (n 	 5/genotype), phosphorylated S6 (Crbn WT, n 	 9; Crbn KO, n 	 12), and phosphorylated 4E-BP1 (Crbn WT, n 	 4;
Crbn KO, n 	 7) compared to Crbn WT mice, with no differences found in total mTOR (n 	 5/genotype), S6 (Crbn WT, n 	 11; Crbn KO, n 	 12), or 4E-BP1 (Crbn WT, n 	 5; Crbn KO, n 	 6) between
Crbn WT and Crbn KO mice. Crbn WT and Crbn KO mice displayed similar levels of phosphorylated eEF2 Thr56 and total eEF2 (n 	 5/genotype). *p 
 0.05; **p 
 0.01; ***p 
 0.001. Data are displayed
as mean � SEM. Western blot images are representative samples taken from the same blot.

2788 • J. Neurosci., March 14, 2018 • 38(11):2780 –2795 Bavley, Rice et al. • Crbn, AMPK-Regulated mTORC1 Translation, and ID



(Fig. 5C), indicating that loss of Crbn does not impact eIF2�-
mediated UPR downstream of AMPK.

Loss of Crbn does not induce activation of autophagy in
the hippocampus
AMPK, via inhibiting mTORC1, is well known for activating
autophagy (Nixon, 2006; Picard et al., 2016), a mechanism linked
to memory deficits (Hegde, 2017), including those seen in neu-
rodegenerative disorders such as Alzheimer’s disease (Kiriyama
and Nochi, 2015). Autophagy has also been shown to regulate
spine pruning associated with cognitive deficits (Tang et al., 2014;
Kim et al., 2017). Thus, we next examined levels of the autophagy
markers ATG5 and ATG12, which form a complex necessary for
formation of the autophagasome and promotion of autophagy
(Walczak and Martens, 2013). Within cytoplasmic fractions of the
hippocampus, we observed no differences in ATG5 protein levels
or ATG12 levels at the 55 kDa band, which quantifies levels of
ATG12 bound to ATG5, between CrbnKO and CrbnWT mice (Fig.
5C), suggesting that loss of Crbn does not activate autophagy down-
stream of AMPK.

Crbn KO mice demonstrate downregulation of mTORC1
mRNA translation initiation factors in the hippocampus
AMPK regulates dendritic protein synthesis via mTORC1 (Inoki
et al., 2003; Hoeffer and Klann, 2010; Rosso et al., 2016) and the
eEF2 pathway (Horman et al., 2002; Hardie, 2004), both of
which, via regulating initiation and elongation of mRNA transla-
tion, respectively, play a critical role in consolidating long-term
synaptic plasticity and long-term memory (Graber et al., 2013;
Taha et al., 2013). Heightened activity of AMPK has been shown
to repress mRNA translation by inhibition of mTORC1 (Inoki et
al., 2003). Similarly, upregulation of AMPK phosphorylates and
thereby inhibits eEF2, also leading to a decrease in mRNA trans-
lation (Horman et al., 2002).

To examine the effect of loss of Crbn and hyperphosphoryla-
tion of AMPK on mTORC1 activity, we used Western blot anal-
ysis of synaptosomal fractions of the hippocampus. Crbn KO mice
displayed significantly lower levels of phosphorylated mTOR
S2448 (Fig. 5D; t(8) 	 3.24, p 	 0.01, independent samples t test),
a marker of mTORC1 activity, and its downstream mRNA initi-
ation factors, phosphorylated S6 S235/236 (Fig. 5D; t(11) 	 4.45,
p 	 0.001, independent samples t test) and phosphorylated 4E-
BP1 T37/46 (Fig. 5D; t(9) 	 2.53, p 	 0.03) in the synaptosome
compared to Crbn WT mice. No differences in total protein levels
of mTOR, S6, or 4E-BP1 were observed (Fig. 5D), indicating that
downregulation of mTORC1 pathway most likely occurs through
direct inhibition by AMPK (Fig. 5A). In contrast to downregula-
tion of mTORC1-dependent initiation factors, no differences
were found in the levels of the elongation factor eEF2 or phos-
phorylated eEF2 Thr56 between Crbn WT and Crbn KO mice (Fig.
5D), suggesting that loss of Crbn specifically targets mTORC1-
dependent initiation of mRNA translation via AMPK�.

Loss of Crbn results in downregulation of excitatory
postsynaptic proteins in the hippocampus
We next examined changes in excitatory glutamatergic synaptic
proteins that play a central role in LTP and learning and memory
(Nicoll and Malenka, 1999; Malinow and Malenka, 2002) and are
regulated by mTOR-mediated mRNA translation (Buffington et
al., 2014; Leal et al., 2014; Phillips and Pozzo-Miller, 2015). For
these studies, we examined synaptic protein levels using PSD
fractions prepared from hippocampal tissue. Crbn KO mice had
lower levels of CAMKII� (Fig. 6A; t(21) 	 2.9, p 	 0.009, inde-

pendent samples t test), CAMKII� (Fig. 6A; t(11) 	 3.63, p 	
0.004, independent samples t test), GluA1 (Fig. 6A; t(21) 	 2.73,
p 	 0.01, independent samples t test), GluA2 (Fig. 6A; t(11) 	 2.5,
p 	 0.03, independent samples t test), GluN1 (Fig. 6A; t(21) 	
3.68, p 	 0.0014, independent samples t test), GluN2A (Fig. 6A;
t(6) 	 2.76, p 	 0.03, independent samples t test), and GluN2B
(Fig. 6A; t(20) 	 3.99, p 	 0.0007, independent samples t test) in
the hippocampal PSD. Examination of hippocampal mRNA lev-
els by qRT-PCR revealed no differences between Crbn KO and
Crbn WT mice (Fig. 6B), suggesting that these proteins are altered
at the level of mRNA translation and that Crbn deficiency results
in downregulation of excitatory glutamatergic synaptic proteins.

Loss of Crbn results in higher levels of markers of excitatory
glutamatergic synapses
Both AMPK and mTOR signaling are known to regulate spine num-
ber and spine density (Swiech et al., 2008; Li et al., 2010; Amato et al.,
2011; Mairet-Coello et al., 2013; Han et al., 2016). Therefore, we
next examined molecular markers of spines using synaptosomal
fractions from the hippocampus. Surprisingly, Crbn KO mice had
higher levels of both postsynaptic spine marker PSD-95 (Fig. 6C;
t(11) 	 2.62, p 	 0.02, independent samples t test) and the pre-
synaptic maker synaptophysin (Fig. 6C; t(11) 	 2.29, p 	 0.04,
independent samples t test).

As an imbalance in excitatory and inhibitory synapses has
been found to be disrupted in several animal models of intellec-
tual disability (Verpelli et al., 2014; Gao and Penzes, 2015; Mull-
ins et al., 2016), we examined protein levels of excitatory and
inhibitory presynaptic markers, vesicular glutamate (VGLUT1/
VGLUT2) and GABA (VGAT) transporters, respectively, using
synaptosomal fractions isolated from the hippocampus. Crbn KO

mice had higher levels of VGLUT1 (Fig. 6C; t(12) 	 3.49, p 	
0.005, independent samples t test) and VGLUT2 (Fig. 6C; t(12) 	
2.86, p 	 0.014, independent samples t test), with no difference in
VGAT levels (Fig. 6C). Furthermore, Crbn KO mice showed in-
creased ratios VGLUT1/VGAT (Fig. 6C; t(12) 	 2.38, p 	 0.04,
independent samples t test) and VGLUT2/VGAT (Fig. 6C; t(12) 	
2.84, p 	 0.015, independent samples t test), an indirect molec-
ular measure used previously as a correlate of E/I ratio (Hines et
al., 2008), suggesting an imbalance between excitatory and inhib-
itory synapses. These findings of higher markers of presynaptic
and postsynaptic glutamatergic spines but lower levels of post-
synaptic glutamatergic proteins suggest that loss of Crbn dys-
regulates density and function of excitatory glutamatergic
synapses.

Pharmacological inhibition of exaggerated AMPK activity
rescues learning and memory in Crbn KO mice
To directly test whether the learning and memory deficits and
changes in hippocampal synaptic protein levels in Crbn KO mice is
due to enhanced AMPK activity, adult Crbn WT and Crbn KO mice
were treated with either Compound C (10 mg/kg, i.p.), a specific
inhibitor of AMPK, or vehicle, 25 min before behavioral testing.
Remarkably, in the water-based Y maze, Compound C was
sufficient to rescue the learning and memory deficits observed
in Crbn KO mice. During training, as demonstrated previously
(Fig. 2C), vehicle-treated CrbnKO mice displayed learning deficits
compared to CrbnWT mice, while Compound C–treated CrbnKO

mice found the platform with a latency similar to that seen in
Crbn WT mice (Fig. 7A; main effect of trial, F(6,140) 	 5.90, p 	

0.0001; main effect of Compound C, F(3,140) 	 10.82, p 

0.0001; two-way ANOVA). During the Y-maze probe test, vehicle-
treated CrbnKO mice displayed a memory deficit compared to
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CrbnWT mice, while Compound C–treated mice found the platform
with a latency similar to that of Crbn WT mice (Fig. 7B; significant
interaction of genotype � drug, F(1,20) 	 4.75, p 	 0.04, two-way
ANOVA). Of note, Compound C had no effect on learning (Fig. 6A)
or memory (Fig. 6B) in CrbnWT mice.

In a test for contextual fear memory, vehicle-treated Crbn KO

mice froze significantly less than Crbn WT mice, while Compound
C–treated Crbn KO mice froze as much as Crbn WT mice (Fig. 7C;
significant interaction of genotype � drug, F(1,18) 	 6.57, p 	
0.02, two-way ANOVA), indicating a rescue of deficient contex-
tual memory by Compound C. The drug had no effect in Crbn WT

mice.

Pharmacological inhibition of exaggerated AMPK activity
normalizes mediators of mTORC1 translation initiation
pathway and postsynaptic glutamatergic proteins
Next, we tested whether Compound C could normalize the re-
duced levels of hippocampal proteins observed in Crbn KO mice.
Behaviorally tested Crbn WT and Crbn KO mice were treated with
either vehicle or Compound C, and bilateral dorsal hippocampus
were dissected 25 min later. Treatment with Compound C reduced
p-AMPK in CrbnKO mice to levels similar to those in CrbnWT mice
(Fig. 7D; significant interaction of genotype � Compound C, F(1,18) 	
4.43, p	0.05), with a corresponding increase in mTORC1 activity
(Fig. 7D; main effect of genotype, F(1,16) 	 4.65, p 	 0.047; main
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Figure 6. Crbn KO mice show decreased levels of synaptic proteins in the hippocampus. A, PSD enriched hippocampal fractions from Crbn KO mice showed lower protein levels of CaMKII� (Crbn WT,
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hippocampi of Crbn WT and Crbn KO mice (n 	 7/genotype). C, Compared to Crbn WT mice, Crbn KO mice displayed significantly increased synaptosomal protein levels of PSD-95 (Crbn WT, n 	 7;
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7/genotype). Crbn KO mice displayed a significantly higher VGLUT1/VGAT ratio and VGLUT2/VGAT ratio compared to Crbn WT mice (n 	 7/genotype). *p 
 0.05; **p 
 0.01; ***p 
 0.001. Data
displayed as mean � SEM. Western blot images are representative samples taken from the same blot.
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Figure 7. Pharmacological inhibition of AMPK rescues learning and memory deficits in Crbn KO mice. A, During the Y-maze training, Compound C–treated Crbn KO mice displayed decreased
latency to find the hidden platform compared to vehicle-treated Crbn KO mice, similar to the level observed in Crbn WT mice. Compound C had no effect on latency in Crbn WT mice (Crbn WT � vehicle,
n 	 8; Crbn WT � Compound C, n 	 4; Crbn KO � vehicle, n 	 7; Crbn KO � Compound C, n 	 5). B, During the Y-maze probe test, treatment with Compound C significantly reduced the latency
of Crbn KO mice to find a hidden platform, to a level similar to that of Crbn WT mice (Crbn WT � vehicle, n 	 8; Crbn WT � Compound C, n 	 4; Crbn KO � vehicle, n 	 7; Crbn KO � Compound C, n 	
5). *p 
 0.05 (Bonferroni post hoc test, WT � vehicle vs KO vehicle); #p 
 0.05 (Bonferroni post hoc test, KO � vehicle vs KO � Compound C). C, In a test of contextual fear conditioning, treatment
with Compound C significantly increased percentage of time freezing in Crbn KO mice to the level of Crbn WT mice (Crbn WT � vehicle, n 	 8; Crbn WT � Compound C, n 	 4; Crbn KO � vehicle, n 	
7; Crbn KO � compound C, n 	 5). *p 
 0.05 (Bonferroni post hoc test, WT � vehicle vs WT � Compound C); #p 
 0.05 (Bonferroni post hoc test, Crbn KO � vehicle vs Crbn KO � Compound C).
D, Treatment with Compound C decreased synaptosomal expression of phosphorylated AMPK in Crbn KO mice but not in Crbn WT mice (Crbn WT � vehicle, (Figure legend continues.)
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effect of Compound C, F(1,16) 	 6.29, p 	 0.023) and down-
stream expression of phosphorylated S6 (Fig. 7D; main effect of
genotype, F(1,18) 	 5.74, p 	 0.03; main effect of Compound C,
F(1,18) 	 7.45, p 	 0.01) and phosphorylated 4E-BP1 (Fig. 7D;
main effect of genotype, F(1,16) 	 10.93, p 	 0.005; main effect of
Compound C, F(1,16) 	 21.57, p 	 0.0003). Examination of PSD
glutamatergic proteins revealed that in Crbn KO mice, Compound
C increased PSD protein levels of GluA1 (Fig. 7E; main effect of
genotype, F(1,18) 	 17.06, p 	 0.0006; main effect of Compound
C, F(1,18) 	 10.68, p 	 0.004), GluA2 (Fig. 7E; main effect of
genotype, F(1,18) 	 10.43, p 	 0.005; main effect of Compound C,
F(1,18) 	 15.27, p 	 0.001), GluN1 (Fig. 7E; significant interaction
of genotype�Compound C, F(1,18) 	9.25, p	0.007), and GluN2B
(Fig. 7E; main effect of genotype, F(1, 18) 	 14.93, p 	 0.001; main
effect of Compound C, F(1,18) 	 11.1, p 	 0.004), with no effect on
GluN2A (Fig. 7E).

Interestingly, treatment with Compound C had no effect on
the higher synaptosomal protein levels of excitatory presynaptic
markers VGLUT1 (Fig. 7F; main effect of genotype, F(1,18) 	
13.16, p 	 0.002) and VGLUT2 (Fig. 7F; main effect of genotype,
F(1,18) 	 14.82, p 	 0.001) in Crbn KO mice, and did not alter
inhibitory presynaptic marker VGAT (Fig. 7F) or the ratio of
VGLUT1/VGAT (Fig. 7F; main effect of genotype, F(1,17) 	 15.24,
p 	 0.001) or VGLUT2/VGAT (Fig. 7F; F(1,17) 	 12.68, p 	
0.002), suggesting that normalization of postsynaptic glutama-
tergic proteins is sufficient to rescue behavioral deficits in Crbn KO

mice.
In Crbn WT mice, even though no effect of Compound C on

basal p-AMPK levels was observed (based on detection by West-
ern blot analysis), it robustly increased p-S6 and p-4E-BP1 levels
(Fig. 7D), as well as GluA1, GluA2, and GluN2B (Fig. 7E), with no
effect on VGLUT1, VGLUT2, or VGAT (Fig. 7F). However, in-
terestingly, the increase in these glutamatergic proteins by Com-
pound C in Crbn WT mice did not enhance learning or memory in
the Y maze (Fig. 7A,B) or contextual fear conditioning (Fig. 7C).

Discussion
In this study, we establish the Crbn KO mouse model as a model of
intellectual disability, with deficits in hippocampal-dependent
learning and memory behaviors and hippocampal synaptic plas-
ticity, revealed by deficits in LTP and synaptic protein expression.
These mice demonstrate normal working memory and social be-
haviors and show no repetitive behaviors. Crbn KO mice addition-
ally do not exhibit altered anxiety-like behavior (Rajadhyaksha et
al., 2012). Importantly, the learning- and memory-related behav-

ioral deficits observed in Crbn KO mice can be recapitulated by
focal deletion of Crbn within the dorsal hippocampus, and im-
pairments in hippocampal chemical LTP can be rescued by over-
expression of human CRBN, suggesting a critical role of Crbn
specifically within the hippocampus. In agreement with a previ-
ous report (Lee et al., 2014), molecular studies confirm that
CrbnKO micehaveexaggerated levelsofphosphorylatedAMPK� in the
hippocampus, in parallel with downregulation of the mTORC1
pathway, a downstream target of AMPK. We extend these findings
to show that these molecular changes occur within hippocampal
dendritic neurosynaptosomes. We further demonstrate a specific
deficit in synaptosomal mTORC1-mediated mRNA translation
initiation factors with no effect on the mRNA elongation factor
eEF2. We show that, as opposed to other rodent models with
memory deficits, we find no effect of loss of Crbn on AMPK-
regulated UPR or autophagy pathways.

Consistent with a defect in dendritic mTORC1 mRNA transla-
tion, examination of hippocampal postsynaptic density proteins in
CrbnKO mice finds significantly lower levels of glutamatergic sig-
naling proteins known to be critical mediators of learning and
memory. Interestingly, using molecular dendritic synaptosomal
spine markers, we find that Crbn deficiency leads to higher levels
of excitatory glutamatergic synapses, with no change in inhibi-
tory GABAergic synapses, suggesting dysgenesis and dysfunction
of glutamatergic synapses. Importantly, we find that behavioral
and molecular deficits observed in these mice can be corrected by
treatment of adult Crbn KO mice with the AMPK inhibitor, Com-
pound C, indicating that enhanced AMPK phosphorylation me-
diates the intellectual disability-related phenotype in these mice.
Taken together, these findings establish the Crbn KO mouse as a
useful model to further study the fundamental cellular and mo-
lecular mechanisms of learning and memory with no confound-
ing behavioral or molecular phenotypes often associated with
current models of ID.

CrbnKO mice as a model of ID
The specific deficits in learning and memory in the Morris water
maze and the water-based Y maze, in addition to our previous
report of deficient contextual fear memory in Crbn KO mice (Ra-
jadhyaksha et al., 2012), are consistent with the pure ID pheno-
type observed in humans with ARNSID. Previous studies have
shown that CRBN is the primary target of thalidomide (Ito et al.,
2010), a compound known for its teratogenic effects on the de-
veloping fetus. ASDs have been associated with fetal exposure to
thalidomide at 20 –24 d gestation (Strömland et al., 1994) and
variations in CRBN copy number (Pinto et al., 2010). While
Crbn KO mice show hippocampal-dependent learning and mem-
ory deficits, they do not demonstrate changes in social or repeti-
tive behavior, and, as reported previously by Rajadhyaksha et al.
(2012), they show unaltered anxiety-like behavior, hallmarks of
ASDs. The absence of these behaviors in Crbn KO mice suggests
that the Crbn KO mouse is a model to study isolated intellectual
disability (Higgins et al., 2000, 2004a, b).

AMPK, mTORC1, learning/memory, and synaptic plasticity
AMPK�, the predominant brain-specific AMPK catalytic sub-
unit, is highly expressed selectively in neurons in the hippocam-
pus (Han et al., 2016), but studies describing the role of AMPK�
in learning and memory behaviors and synaptic plasticity remain
sparse. Our results show that heighted AMPK activity via hyper-
phosphorylated AMPK� (p-AMPK) in the hippocampus of CrbnKO

mice correlates with hippocampal-dependent learning and memory
behavioral deficits as well as altered synaptic protein levels, and

4

(Figure legend continued.) n 	 5; Crbn WT � Compound C, n 	 6; Crbn KO � vehicle, n 	 5
Crbn KO � compound C, n 	 6). Treatment with Compound C increased phosphorylated
mTORC1 (WT � vehicle, n 	 5; WT � Compound C, n 	 5; KO � vehicle, n 	 4; KO �
Compound C, n 	 6), phosphorylated S6 (WT � vehicle, n 	 5; WT � Compound C, n 	 6;
KO � vehicle, n 	 5; KO � Compound C, n 	 6), and phosphorylated 4E-BP1 (WT � vehicle,
n 	 5; WT � Compound C, n 	 5; KO � vehicle, n 	 5; KO � Compound C, n 	 4) in Crbn WT

and Crbn KO mice. *p 
 0.05 (Bonferroni post hoc test, Crbn KO � vehicle vs Crbn KO � Com-
pound C). E, Treatment with Compound C increased protein levels of GluA1, GluA2, and GluN2B,
but not GluN2A (WT � vehicle, n 	 5; WT � Compound C, n 	 6; KO � vehicle, n 	 5; KO �
Compound C, n 	 6) in the hippocampal PSD of Crbn WT and Crbn KO mice, and increased
expression of GluN1 in Crbn KO mice. **p 
 0.01 (Bonferroni post hoc test, KO � vehicle vs
KO � Compound C). F, Treatment with Compound C did not alter synaptosomal protein levels
of VGLUT1 or VGLUT2 in Crbn WT or Crbn KO mice (WT � vehicle, n 	 5; WT � Compound C, n 	
6; KO � vehicle, n 	 5; KO � Compound C, n 	 6), nor did it alter the ratio of VGLUT1/VGAT or
VGLUT2/VGAT (WT � vehicle, n 	 5; WT � Compound C, n 	 6; KO � vehicle, n 	 5; KO �
Compound C, n 	 5). Data are displayed as mean � SEM. Western blot images are represen-
tative samples taken from the same blot.
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that pharmacological inhibition of p-AMPK in adult Crbn KO

mice can correct these deficits. These data are consistent with the
finding that pharmacological and genetic enhancement of AMPK
in the CA1 impairs long-term fear memory (Han et al., 2016) and
spatial memory formation (Dash et al., 2006), while pharmaco-
logical correction of higher p-AMPK mends CA1 LTP deficits in
an AD mouse model (Ma et al., 2014).

Consistent with hyperphosphorylated AMPK�, we find de-
creased mTORC1 signaling in synaptosomal fractions of the CrbnKO

hippocampus. A number of ID-associated neurodevelopmental
disorders have been linked to aberrant mTOR activity (Huber et
al., 2015); while hyperactivation of mTOR has been linked to
disorders such as fragile X syndrome and tuberous sclerosis, our
finding of lower mTORC1 signaling in the Crbn KO mice mirrors
lower mTORC1 signaling observed in the MeCP2 knock-out Rett
syndrome mouse model, a neurodevelopmental disorder associ-
ated with ID and dendritic spine abnormalities (Troca-Marín et
al., 2012). Consistent with a role of the mTOR pathway in medi-
ating local dendritic mRNA translation of proteins in excitatory
synapses (Buffington et al., 2014), a process required for LTP and
memory formation (Santini and Klann, 2014), we find that
decreased mTORC1 activity and its downstream translation ini-
tiation proteins are associated with lower levels of synaptic gluta-
matergic AMPA (GluA1 and GluA2) and NMDA receptor
subunits (GluN1, GluN2A, and GluN2B) in the hippocampi of
adult Crbn KO mice. This is in line with mTORC1-mediated
translation regulating dendritic AMPAR and NMDAR transla-
tion (Troca-Marín et al., 2012; Huber et al., 2015) and spine
dysgenesis (Huber et al., 2015; Phillips and Pozzo-Miller, 2015)
linked to learning and memory. We show that Compound C is
able to normalize levels of postsynaptic GluA1, GluA2, GluN1, and
GluN2B in parallel with correcting behavioral deficits without nor-
malizing GluN2A. The lack of effect of Compound C on GluN2A
levels suggests that GluN2B-containing NMDARs may be critical
for the rescue of learning and memory in Crbn KO mice. Even
though studies on GluN2B and learning/memory remain limited,
our finding is consistent with genetic variants in the GluN2B
gene, GRIN2B, being linked to ID (Hu et al., 2016). GluN2B
subunit expression predominates during early development,
with a critical role in neuronal circuit development and synaptic
plasticity (Cohen and Greenberg, 2008), and transgenic mice over-
expressing GluN2B demonstrate enhanced hippocampal LTP and
learning/memory in contextual fear conditioning and the Morris
water maze when tested during adulthood (Tang et al., 1999). Future
studies will address the sufficiency of GluN2B-containing NMDARs in
rescuing learning/memory deficits in CrbnKO mice. Given our
chemical LTP data showing that NMDAR-dependent trafficking
of GluA1 is altered in cultured hippocampal neurons from
Crbn KO mice, we additionally hypothesize that dysfunction of
NMDAR neurotransmission and trafficking of AMPARs may un-
derlie the deficits in learning and memory observed in Crbn KO

mice. Future studies will further parse out the sufficiency of
AMPA versus NMDA receptors for correcting behavior.

Surprisingly, other AMPK-regulated pathways are unaltered
in the hippocampus as a consequence of Crbn deficiency, includ-
ing the eEF2K/eEF2 mRNA elongation pathway, the UPR system,
and autophagy, all previously linked to memory deficits particularly
in neurodegenerative animal models (Ma et al., 2014; Maiese, 2016;
Remondelli and Renna, 2017). In particular, the lack of changes
in phosphorylated eIF2�, which we used as a marker of UPR
activation, was unexpected because cultured mouse embryonic
fibroblasts generated from Crbn KO mice show enhanced phos-
phorylation of eIF2� and its kinase PKR-like ER kinase (Lee et al.,

2015). The discrepancy could be attributable to use of cultured
embryonic fibroblasts versus adult hippocampus. Additionally,
the lack of alteration of the above pathways as a consequence of
hyperphosphorylated AMPK in Crbn KO mice may reflect differ-
ential mechanisms contributing to memory deficits in neurodegen-
erative disorders versus those involved in developmental disorders
such as intellectual disability. Based on our findings, deficits in
CrbnKO mice appear to be specific to AMPK-mediated inhibition of
mTORC1 mRNA initiation pathway.

We also found an increase in excitatory glutamatergic presynap-
tic (VGLUT1/2) markers in CrbnKO mice and an overall increase in
E/I balance, measured as a ratio of VGLUT1/2 over VGAT, observed
in several animal models of learning and memory (Verpelli et al.,
2014; Gao and Penzes, 2015; Mullins et al., 2016). Interestingly,
inhibition of AMPK hyperactivity in Crbn KO mice that corrected
behavioral deficits did not normalize the higher levels of the ex-
citatory spine markers, suggesting that normalizing postsynaptic
changes is sufficient to rescue behavior in adult Crbn KO mice.
Whether glutamatergic postsynaptic changes correct imbalances
in E/I neurotransmission observed in several ID (Verpelli et al.,
2014; Gao and Penzes, 2015; Mullins et al., 2016) and other neu-
rodevelopmental mouse models (Gao and Penzes, 2015; Nelson
and Valakh, 2015) remains unknown and will be addressed in
future studies. The lack of an effect of Compound C on spine
markers in Crbn KO mice and particularly Crbn WT mice suggests
that AMPK may not directly regulate levels of presynaptic mark-
ers. A possible reason for heightened presynaptic excitatory spine
markers could be dysregulation of an alternative Crbn mecha-
nism such as the ubiquitination pathway, given Crbn’s role as an
E3 ubiquitin ligase substrate (Ito et al., 2010; Chang and Stewart,
2011). Supporting this hypothesis, it is interesting to highlight
these recent findings suggesting that CRBN may mediate ubiq-
uitination of presynaptic proteins, including VGLUT1. Impor-
tantly, though, Compound C was able to rescue learning and
memory-related behaviors without impacting these spine markers,
suggesting that specifically targeting mTOR-mediated mRNA trans-
lation of postsynaptic glutamatergic proteins can improve cogni-
tive deficits even when changes in spine dynamics are not altered.

In summary, our results support a model in which the loss of
Crbn leads to hyperactivity of AMPK, resulting in a decrease in
dendritic mTOR-mediated mRNA translation in the hippocam-
pus, dysregulated glutamatergic signaling, and learning and
memory deficits that can be corrected by pharmacologically tar-
geting hyperactive AMPK in adult CrbnKO mice.
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