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Abstract

A nonsense mutation in the human cereblon gene (CRBN) causes a mild type of autosomal 

recessive non-syndromic intellectual disability (ID). Animal studies show that crbn is a cytosolic 

protein with abundant expression in the hippocampus (HPC) and neocortex (CTX). Its diverse 

functions include the developmental regulation of ion channels at the neuronal synapse, the 

mediation of developmental programs by ubiquitination, and a target for herpes simplex type I 

virus in HPC neurons. To test the hypothesis that anomalous CRBN expression leads to HPC-

mediated memory and learning deficits, we generated germ-line crbn knock-out mice (crbn−/−). 

We also inactivated crbn in forebrain neurons in conditional knock-out mice in which crbn exons 3 

and 4 are deleted by cre recombinase under the direction of the Ca2+/calmodulin-dependent 
protein kinase II alpha promoter (CamKIIcre/+, crbn−/−). crbn mRNA levels were negligible in the 

HPC, CTX, and cerebellum (CRBM) of the crbn−/− mice. In contrast, crbn mRNA levels were 

reduced 3- to 4-fold in the HPC, CTX but not in the CRBM in CamKIIcre/+, crbn−/− mice as 

compared to wild type (CamKIIcre/+, crbn+/+). Contextual fear conditioning showed a significant 

decrease in the percentage of freezing time in CamKIIcre/+, crbn−/− and crbn−/− mice while motor 

function, exploratory motivation, and anxiety-related behaviors were normal. These findings 
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suggest that CamKIIcre/+, crbn−/− mice exhibit selective HPC-dependent deficits in associative 

learning and supports the use of these mice as in vivo models to study the functional consequences 

of CRBN aberrations on memory and learning in humans.
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1. Introduction

The identification of the genetic causes of rare human disorders that affect critical steps in 

cognition has greatly facilitated our understanding of the molecular mechanisms involved in 

developmental disabilities. The effects of mutated human genes in mild, non-syndromic 

neurogenetic disorders provide the foundation to create optimal animal models to study the 

fundamental aspects of human memory and learning because the phenotype does not involve 

other processes or systems besides the brain. To date, however, there are few such models. 

For this reason, we developed a mouse model that exhibits selective cognitive deficits that 

mimic the human condition. The human gene, cereblon (CRBN), on chromosome 3p26.2, is 

associated with a non-syndromic type of mental retardation/intellectual disability (ID). A 

homozygous nonsense CRBN mutation (p.R419X) causes a recessively inherited phenotype 

with intelligent quotients (IQs) between 50 and 70 without physical anomalies, or other 

neuropsychiatric features [1–3]. Besides CRBN’s direct role in the genetics of non-

syndromic ID in humans, it is the primary target for the teratogenic effects of thalidomide 

[4–7]. Thalidomide mainly causes limb anomalies but it is also responsible for isolated ID 

when fetal exposure occurs at 20–24 days post conception [8]. The cereblon protein (CRBN) 

forms an E3 ubiquitin ligase complex with damaged DNA-binding protein-1 (DDB1) and 

cullin 4A (CUL4A). Thalidomide’s binding to the CRBN–DDB1–CUL4A complex inhibits 

its associated ubiquitin ligase activity and disrupts downstream pathways involved in 

physical and mental development [4]. The CRBN protein also binds to the UL14 protein of 

the herpes simplex virus type 1 (HSV1) [9], a virus with a neurotropism for the 

hippocampus (HPC) [10–12]. CRBN’s abundance in HPC neurons with prominent 

expression in the hilus and granule cell layer of the dentate gyrus [13], correlates with the 

topography of HSV1’s selective regional damage to the HPC [10]. Thus, CRBN may be a 

target for HSV1 mediated HPC injury and participate in the pathogenesis of the memory 

deficits in patients who survive HSV1 encephalitis [10–12]. The observation that activation 

of the NF-E2-related factor 2 (Nrf2)/antioxidant response element site in the promoter 

region of crbn is responsible for the in vitro increase in crbn expression during hypoxic 

stress, suggests that crbn has a role in the selective vulnerability of HPC neurons to hypoxic 

ischemic injury [14]. These converging lines of experimental evidence indicate that CRBN is 

a key intermediary in human nervous system development and that anomalous CRBN gene 

expression leads to HPC-mediated memory and learning deficits by molecular mechanisms 

that are currently unknown.
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CRBN cDNA encodes a 442-amino acid protein with a Lon protease domain, a ‘regulators 

of G protein-signaling’ (RGS)-like domain, a leucine zipper motif, four putative protein 

kinase C phosphorylation sites [3,15], and C-terminal binding sites for thalidomide [4] and 

the HSV1 UL14 protein [9]. In rodents, crbn protein is strongly expressed in the HPC and 

neocortex (CTX) [13,15] but is distributed in many other tissues [16]. There are at least four 

transcripts corresponding to 4.4 kb, 4.3 kb, 2.7 kb and 2.6 kb generated by differential 

splicing in the 5′-coding region and the utilization of two different polyadenylation sites 

[15]. Although two transcripts (4.4- and 2.7-kb) are found in the brain, the longer transcript 

is the predominant variant [15]. The crbn protein is localized to the cytosol and plasma 

membrane and developmentally regulates the neuronal surface expression of ionic channels 

including the large-conductance calcium-activated potassium (BKCa) and the voltage-gated 

chloride (ClC-2) channels [15,17,18]. In human lymphoblastoid cell lines, mutant CRBN 
expressing the nonsense p.R419X mutation causes the continued expression of an immature 

BKCa channel splice variant [19] and alters Ca2+-mediated signal transduction; a mechanism 

that is critical for the core processes of learning such as synaptic maturation and connectivity 

[20].

In order to understand the in vivo role of crbn in learning and memory, we generated both 

germ-line crbn knock-out mice and conditional crbn knock-out mice under the direction of 

the Ca2+/calmodulin-dependent protein kinase II alpha (CamKII) promoter [21,22] to 

inactivate crbn in forebrain neurons. Behavioral testing of these mice in a number of tasks 

shows selective forebrain impairments. These findings provide validation for the use of this 

mouse model to study the molecular mechanisms underlying learning and memory 

associated with human ID.

2. Material and methods

2.1. Construction and validation of the conditional targeting vector for cereblon

The targeting construct was generated using a high fidelity Red/ET recombineering method 

[23–25] and the mouse C57BL/6 bacterial artificial chromosome (BAC) clone 

(RPCI-23-24F3) containing the crbn gene. A construct derived from the BAC clone was 

subcloned into the vector pSP72 (Promega, Madison, WI) containing an ampicillin selection 

cassette for retransformation of the construct prior to electroporation. The construct was 

designed such that the short homology arm (SA) extended 3.66 kilobases (kb) 5′ to exon 3. 

The long homology arm (LA) ended 3′ to exon 4, and is 5.34 kb long (Fig. 1A). The FRT-
PGK-EM7-NeobpA-FRT-loxP (Neo) cassette [26] was inserted 227 base pairs (bp) upstream 

of exon 3 in the antisense direction as shown in Fig. 1A. The polymerase II promoter driven 
diphtheria toxin gene (DTV840) (Lexicon Genetics, Woodlands, TX) was inserted 5′ to the 

targeting construct to select against non-homologous recombinants. The single loxP site, 

containing an engineered NcoI site, was inserted 225 bp downstream of exon 4. The target 

region was 1.46 kb and included exons 3 and 4 (Fig. 1A). The targeting vector was 

confirmed by restriction analysis and sequencing after each modification step. P6 and T7 

primers annealed to the vector sequence and read into the 5′ and 3′ ends of the BAC sub 

clone. The n1 and n2 primer pairs anneal to the 5′ and 3′ ends of the Neo cassette and 

sequence the SA and LA, respectively. The following PCR primers were used for 
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sequencing: P6 5′ -GAGTGCACCATATGGACATATTGTC-3′; T7 5′-

CGATAAGCCAGGTTAACCTGCATTA-3′; n1 5′-

TGCGAGGCCAGAGGCCACTTGTGTAGC-3′; n2 5′-TTCCTCGTGCTT-

TACGGTATCG-3′; loxP 5′-CACTGCAAACAAGCAAGCATCTTC-3′. A forward primer 

5′ to the SA (f 5′-TACACCTGTCATCTGTCCAG-3′) and the n1 primer were used to 

genotype for the integration of the SA. A reverse primer (r 5′-

TCACAGCTTACAGTATGAGC-3′) and the n2 primer were use to link the single loxP site 

in the LA to the Neo cassette. Two NcoI restriction sites outside the construct permitted the 

identification of the 16.9 kb wild type (WT) allele by Southern blot analysis using the 

external pb9 (PCR primers: sense 5′-CTTTCACTGCAACTTAGACGGAGC-3′; antisense 

5′-GACCTGTGCAGAGCAGACAAGATT-3′) or internal pb3 (PCR primers: sense 5′-

CTCCTGTCAATGCTTGCTTCCTAC-3′; antisense 5′-

TGTTGAGGCCTTGTGACAATGAG-3′) probes (Fig. 1A). The additional of NcoI sites at 

the loxP site and within the Neo cassette allowed the identification of a 10.4 kb fragment 

using the external probe pb9 or a 5.5 kb fragment using the internal probe pb3 (Fig. 1A). 

Fifty micrograms of the targeting vector was linearized using NotI prior to electroporation 

(Bio-Rad Gene Pulser set at 800 V and 3 μF) into embryonic stem cells (ESC) derived from 

albino C57/BL6 mice. G418 selection was applied 24 h after electroporation, and G418-

resistant colonies were isolated on day seven of selection.

Forty-eight resistant colonies (Fig. 1B) were screened for homologous recombination by 

Southern blot analysis using internal and external probes. Eight percent of the ESC clones 

were homologous recombinants (n = 4). These recombinants (Fig. 1B) were chosen for 

injection into blastocysts obtained from C57/BL6 mice and the injected blastocysts were 

transferred into pseudopregnant mothers. From 42 chimeric mice obtained from three of the 

four ESC clones injected, five germline chimeras were identified. Of the 52 albino F1 

offspring genotyped, 26 showed transmission of the targeted crbn allele.

2.2. Generation of mice with a germ-line and conditional deletion of cereblon

Mouse lines derived from two ESC clones (Fig. 1B) were expanded and crossed to excise 

the Neo cassette. Fig. 1C shows the PCR strategy used to genotype the mice. The PCR assay 

shows the results of flp-mediated excision of Neo by deleter mice using three sets of primers 

(F 5′-TTGTTTCAGAACTGCTGGGATGTG-3′, Neo 5′-

GTACTCGGATGGAAGCCGGTCTT-3′, R 5′-AGGTACTACTCAAGAGCACAGAGT-3′). 

Primers that amplify the WT allele (320 bp) were in intron 2 (F) and bridge the junction of 

intron 2 and exon 3 (R). Mice heterozygous for the Neo insertion (HET) using primers F and 

Neo have an allele larger than mice without Neo (ΔNeo). ΔNeo mice were genotyped using 

a PCR assay that detects the insertion (400 bp) or lack (320 bp) of the downstream loxP site 

(loxF 5′-AGGAGCACTGAACGGCTTACAG-3′; loxR 5′-

CGCATGCTGACTGATCACAGC-3′). Cre-mediated excision of crbn exons 3 and 4 was 

confirmed by genotyping genomic DNA of the forebrains of weaned mice from the breeding 

scheme shown in Fig. 1D and tail DNA shown in Fig. 1E. Fig. 1D shows the use of cre 
transgenic mice that contained a cre transgene under the transcriptional control of the 

CaMKII α promoter, termed CamKIIcre/+ [21,22], to yield a conditional knock-out of crbn 
in the forebrain of mice beginning at postnatal day 7. Fig. 1E shows the use of Cagcre/+ 
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deleter mice to generate mice where cre recombinase is active in the ovum [27] and deletes 

crbn in all tissues (i.e. germ-line).

2.3. Quantitative RT-PCR

Mouse brain tissue was sectioned in a cryostat in the coronal plane according to the 

stereotactic coordinates relative to the bregma established by Franklin and Paxinos [28]. 

Quantitative RT-PCR was performed by methods previously published [13]. The differences 

in the mean mRNA levels for each brain region were compared by a one-way analysis of 

variance (ANOVA) with post hoc comparisons using the Fisher’s protected least significant 

difference (PLSD) test.

2.4. Behavioral tests

Behavioral experiments were conducted in adult male mice (P60-P70). Mice were housed 

under a 12 h light/12 h dark cycle with ad libitum access to food and water. All of the 

investigations involving the mice were in compliance with the Weill Cornell Medical 

College Institutional Animal Care and Use Committee. Each animal had baseline 

assessments including home cage observations and general health assessments [29,30]. 

Behavioral assays compared the conditional knock out line, CamKIIcre/+, crbn−/−, to their 

wild type counterpart, CamKIIcre/+, crbn+/+ mice, at P60. The germ-line knockout line, crbn
−/− was compared to their wild type counterpart, crbn+/+ at P60 to validate the results of the 

contextual fear conditioning test. Heterozygous and wild type mice were used as controls for 

the contextual fear conditioning behavioral tests. The data from each mouse line was 

analyzed separately, using control comparisons relevant to the behavioral parameter(s) of the 

specific task. The tests were performed blind to the mouse genotypes.

2.4.1. Basal locomotor activity—Horizontal locomotor activity was assessed by 

computer-based activity monitoring software (Med Associates, St. Albans, VT) in a 

polycarbonate/polypropylene test chamber (27.3 cm × 27.3 cm) equipped with three infrared 

beam arrays. Locomotor activity was measured as sequential adjacent beam breaks and 

reported as a measure of distance (cumulative total of cm. covered). For each test session, 

animals were habituated for 1 h prior to testing and subsequently placed in the chamber 

where locomotor activity was recorded for 2 h without interruption.

2.4.2. Open field test—Mice were placed in a Plexiglas open field arena (38 cm × 54 cm) 

and their activity was monitored for 10 min with a video tracking system using EthoVision 

software (Noldus Information Technology, Leesburg, VA). The duration of time spent in the 

center of the open field (13 cm × 28 cm) and the frequency to enter the center of the open 

field were analyzed.

2.4.3. Contextual fear conditioning—Fear conditioning tests was performed using a 

Coulbourn Habitest Modular Test System (Coulbourn Instruments, Whitehall, PA, USA) 

with a stainless-steel grid floor for administration of the foot shock as published previously 

[31–33]. Mice were habituated to the behavior room for an hour before trials. Before and 

after each trial the apparatus was cleansed with 70% ethanol and 0.1% peppermint as an 

odorant. On the first day, the mice were habituated in the apparatus for 90 s and lights were 
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flashed once at the beginning and at the end of a 30-s 85 dB tone. The second flash directly 

coincided with a 1-s 0.7-mA shock. The mice were allowed to rest for 40 s between four 

consecutive shocks and for 1 min after the fifth shock. Twenty-four hours post-conditioning, 

the mice were placed back into the Habitest apparatus, and habituated for 1 min. Lights were 

flashed once at the beginning of the testing period and freezing time was monitoring for 4.5 

min.

2.4.4. Elevated plus maze—The elevated plus maze was constructed based on that 

previously described [34,35] and was composed of a cross-shaped maze with two open and 

two closed arms (50 cm) elevated to a height of 38 cm above the floor. Mice were placed in 

the intersection of the four arms of the elevated plus maze and the time spent and entries 

made on the open and closed arms were recorded for 5 min. Digitized video recordings (30 

frames/s) using EthoVision software (Noldus Information Technology, Leesburg, VA) were 

used to score the number of entries (all four paws into the arm) into open and closed arms, 

and the time spent in the open and closed arms.

2.5. Data analysis

Data was analyzed using JMP version 5 software (SAS Institute, Cary, NC). The differences 

in the mean mRNA levels for each and brain region were compared by a one-way analysis of 

variance with post hoc comparisons using the Fisher’s protected least significant difference 

test. Behavioral data was analyzed using the two-way ANOVA. All values in the text and 

figures are expressed as means ± SEM. For all comparisons, the level of statistical 

significance was set at P = 0.05.

3. Results

3.1. Generation of mice with a conditional deletion of cereblon

We generated transgenic mice carrying two loxP sites flanking crbn exons 3 and 4 (Fig. 1A–

C, crbnfl/+) to investigate whether a homozygous deletion of crbn in the forebrain influences 

memory and learning in postnatal mice. Two transgenic lines were established by breeding 

the crbnfl/+ mice with two types of deleter mice (Cagcre/+ and CamKIIcre/+) expressing 

different temporal and spatial-specific cre recombinase tissue expression (Fig. 1D and E). 

Mice produced by crossing crbnfl/+ with CamKIIcre/+ mice activate the deletion of crbn in 

the neurons of forebrain regions such as the HPC and CTX by postnatal day 21 (P21) 

(CamKIIcre/+, crbn−/− mice) [22,36] (Fig. 1D). Breeding crbnfl/+ mice with Cagcre/+ mice 

deletes crbn at fertilization [27] to generate crbn−/− mice with a germ-line crbn deletion in 

all tissues (Fig. 1E). Quantitative RT-PCR analysis showed that crbn mRNA levels were 

negligible at P60 in crbn−/− mice (n = 4) in the HPC (0.0008 ± 0.003, mean ± SEM; P = 

0.000004), CTX (0.03 ± 0.02; P = 0.0005), and cerebellum (CRBM; 0.02 ± 0.0009; P = 

0.0006) as compared to wild type (crbn+/+) mice (n = 6, HPC = 1.0 ± 0.05; CTX = 1.0 

± 0.15; CRBM = 1.0 ± 0.001) (Fig. 2A). The crbn mRNA levels were significantly reduced 

in the forebrain regions, HPC (0.33 ± 0.06, P = 0.002) and CTX (0.27 ± 0.06; P = 0.0006), at 

P60 in the CamKIIcre/+, crbn−/− mice (n = 4) but not in the CRBM as compared to their wild 

type counterparts (CamKIIcre/+, crbn+/+; n = 6, HPC = 1.0 ± 0.12; CTX = 1.0 ± 0.10; CRBM 

= 1.0 ± 0.01) (Fig. 2B). Post hoc comparisons using the Fisher’s protected least significant 
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difference (PLSD) test showed that crbn mRNA levels were decreased 3-fold in the HPC (P 
= 0.002), 4-fold in the CTX (P = 0.0006), and were the same in the CRBM of CamKIIcre/+, 

crbn−/− as compared to wild type CamKIIcre/+, crbn+/+ mice.

3.2. CamKIIcre/+, crbn−/− mice exhibit abnormal contextual fear conditioning

Home cage observations and general health were normal in all mouse lines at P60 to P80. 

Several types of neurobehavioral tests were performed to investigate the involvement of crbn 
in forebrain-dependent psychomotor behaviors attributed to memory and learning in mice. 

The results for all behavioral tests in heterozygous CamKIIcre/+, crbn+/− (n = 9) mice, were 

the same as the wild type CamKIIcre/+, crbn+/+ (n = 18). The freezing time on the contextual 

fear conditioning task were the same when heterozygous CamKIIcre/+, crbn+/− (n = 18) were 

compared to heterozygous crbn+/− (n = 7) mice.

3.2.1. Basal locomotor activity—The cumulative distance traveled in centimeters (cm) 

over 2 h between CamKIIcre/+, crbn−/− (n = 10; 12,910 ± 1156) and CamKIIcre/+, crbn+/+ (n 
= 18; 14,360 ± 873) mice were not significantly different [F(1,26) = 1.00, P = 0.3258] (Fig. 

3A).

3.2.2. Anxiety-like behaviors—Both the CamKIIcre/+, crbn−/− and CamKIIcre/+, crbn+/+ 

mice showed similar levels of activity and thigmotaxis in the open field test. There was no 

difference [F(1,26) = 2.36, P = 0.1368] in the percentage of time spent in the center of the 

open field between CamKIIcre/+, crbn−/− (n = 10; 22.4 ± 3.3) and CamKIIcre/+, crbn+/+ (n = 

18; 29.9 ± 3.1) mice (Fig. 3B). In the elevated plus maze the percentage of time spent 

exploring the open arms of the maze was no different [F(1,14) = 0.0917, P = 0.7665] in the 

CamKIIcre/+, crbn−/− (n = 10; 7.7 ± 1.4) compared to the CamKIIcre/+, crbn+/+ (n = 6; 8.4 

± 2.2) mice (Fig. 3D).

3.2.3. Contextual fear conditioning—To investigate the effect of the loss of crbn on 

associative memory in the forebrain, we conducted a contextual fear conditioning task, in 

which robust HPC-dependent associative memory can be acquired in a single trial [37]. In 

this task, mice were trained to associate the conditioned stimulus, the chamber, with an 

unconditioned stimulus, an electric foot shock of 0.7 mA. When mice were exposed to the 

same context 24 h later and freezing behavior without the foot shock was measured, both 

CamKIIcre/+, crbn−/− and crbn−/− mice froze significantly less than CamKIIcre/+, crbn+/+mice 

and wild type crbn+/+ mice. The mean percentage freezing per min showed significant 

differences [F(1,18) = 13.95, P = 0.0015] between the CamKIIcre/+, crbn−/− (n = 10; 33.3 

± 5.8) versus the CamKIIcre/+, crbn+/+ mice (n = 10; 62.3 ± 5.1). The mean percentage 

freezing per min also showed significant differences [F(1,19) = 5.53, P = 0.0296] between, 

and the crbn−/− (n = 12; 22.4 ± 5.3) versus the crbn+/+ mice (n = 9; 41.5 ± 6.1). These results 

show that CamKIIcre/+, crbn−/− and crbn−/− mice have deficits in HPC-dependent associative 

learning (Fig. 3C).

4. Discussion

The results of our study demonstrate that a specific deletion of crbn in forebrain neurons of 

postnatal mice (CamKIIcre/+, crbn−/−) selectively affects HPC-dependent associative or 
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explicit memory without impairment of motor function, exploratory motivation, social 

interaction, or anxiety-related behaviors. Explicit memory is the intentional recollection of 

newly learned information. Implicit memory is the unconscious or unintentional 

remembering of material that was previously learned [38]. Implicit memory is studied in a 

variety of simple reflex systems, including those of invertebrates such as Aplysia californica, 

whereas explicit memory is best studied in mammals such as mice [39–41]. Long term 

storage of implicit and explicit memory in both mice and Aplysia use an essential core 

signaling pathway that includes c-AMP-dependent protein kinase (PKA), mitogen-activated 

protein kinase (MAPK), and the cAMP response element binding protein 1 (CREB-1) [38]. 

Importantly, CRBN, binds to an energy sensor, the alpha1 subunit of AMP-activated protein 

kinase [42], which in turn modulates CREB signaling [43]. Therefore, CREB signaling may 

be a potential molecular mechanism by which crbn affects HPC-mediated memory in mice. 

The results of our study suggest that crbn is an important intermediary in this pathway.

The present study describes a potential model to study how CRBN affects the cascade of 

developmental and molecular events that cause human ID. The major brain areas involved in 

contextual and cued fear conditioning include the amygdala, hippocampus, frontal cortex, 

and cingulate cortex. Although there is evidence that amygdala activity, especially the 

basolateral amygdala, is not necessary for associative learning due to contextual fear 

conditioning [44–47], the heterogeneous distribution of CamKII promoter activity within the 

basolateral complex, central nuclei, and the amygdalo–hippocampal area [48,49] does not 

exclude the amygdala as contributing to the behavioral phenotype in the CamKIIcre/+, crbn
−/− mice. Heterozygous CamKIIcre/+, crbn+/− mice do not exhibit any overt abnormalities on 

the behavioral tests performed in this study suggesting that the expression a single crbn 
allele in the mouse forebrain is not sufficient to cause deficits in HPC-dependent memory, 

motor function, exploratory motivation, or affective behaviors. However, germ-line crbn−/−, 

like the CamKIIcre/+, crbn−/− mice, exhibit abnormal contextual fear conditioning suggesting 

that a homozygous deletion of crbn in forebrain neurons of postnatal mice selectively affects 

HPC-dependent memory and mimics the phenotype of humans with autosomal recessive 

non-syndromic ID (ARNSID) and a homozygous CRBN nonsense mutation [3,13,19].

There are only five other genes besides CRBN that cause ARNSID including neurotrypsin 
(PRSS12; OMIM #249500)[50], coiled-coil and C2 domain-containing 1A 
(CC2D1A;OMIM #608443)[51], glutamate receptor, ionotropic, kainate 2 (GRIK2; OMIM 

#138244)[52], and the tumor suppressor candidate 3 (TUSC3; OMIM #601385)[53]. A 

severe cognitive phenotype characterized by IQs less than 50 is caused by mutations in 

PRSS12, CC2D1A, GRIK2, and TUSC3. However, CRBN gene mutations results in a mild 

phenotype with IQs between 50 and 70 [1,3]. These five genes are expressed in the HPC but 

little is known of their precise role in the pathogenesis in ARNSID. Both PRSS12 and 

GRIK2 are found in the presynaptic nerve endings [50,54]. PRSS12 is a regulatory serine 

protease [50] whereas GRIK2 is glutamate receptor that acts to facilitate synaptic 

transmission [54]. CC2D1A regulates endocytosis and endosomal trafficking of Notch, a 

protein that regulates cell fate during development [55,56]. TUSC3 is involved in 

magnesium transport across the plasma membrane [53]. In summary, these four genetic 

causes of ARNSID directly disturb ion receptors or other synaptic processes including 

proteolysis, endocytosis, and ion transport. Similarly, CRBN regulates the synaptic 
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expression of the BKCa in HCP neurons [15,17] and CIC-2 channels in retinal neurons [18]. 

In human lymphoblastoid cell lines expressing a nonsense CRBN mutation an immature 

BKCa channel isoform (STREX) that is normally found in fetal and early postnatal 

development persists in mutant cell lines compared to wild type [19]. This suggests that 

higher intracellular Ca2+ sensitivity, faster activation, and slower deactivation kinetics of 

STREX channels may contribute to cognitive impairments in individuals with mild 

ARNSID. Studying BKCa channel homeostasis in CamKIIcre/+, crbn−/− mice may show 

alterations in this type of Ca2+-mediated signal transduction accompanied by changes in 

synaptic maturation and connectivity.

5. Conclusions

Our data show that a decrease in crbn expression in the forebrain of mice mimics a human 

ID phenotype caused by a nonsense CRBN mutation. Based on these findings, it is evident 

that CamKIIcre/+, crbn−/− mice are a promising model to study the mechanisms whereby 

crbn leads to alterations in neuronal homeostasis, synaptic maturation, and connectivity. 

Results from studies using the CamKIIcre/+, crbn−/− mice will lead to a better understanding 

of the fundamental aspects of mammalian memory and learning, increase our knowledge of 

the pathogenesis of ID, and serve as models to test therapeutic agents that alter crbn 

homeostasis.
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Fig. 1. 
Generation of a crbn conditional null mutation in C57BL/6 mice. (A) Gene targeting 

strategy. The targeting construct was generated using a high fidelity Red/ET recombineering 

method to insert the polymerase II promoter driven diphtheria toxin gene (DTV840) and the 

FRT-PGK-EM7-NeobpA-FRT-loxP (Neo) cassettes, and a single loxP site, containing an 

engineered NcoI site, 225 bp downstream of exon 4. The short homology arm (SA) extended 

3.66 kilobases (kb) 5′ to exon 3 and the 5.34 kb long homology arm (LA) ended 3′ to exon 

4. The Neo cassette was inserted 227 base pairs bp upstream of exon 3 in the antisense 
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direction. The DTV840 cassette was inserted 5′ to the targeting construct to select against 

non-homologous recombinants. The 1.46 target region, flanked by two loxP sites, included 

exons 3 and 4. The n1 and n2 primer pairs anneal to the 5′ and 3′ ends of the Neo cassette 

and sequence the SA and LA, respectively. The forward primer (f) 5′ to the SA and the n1 

primer were used to genotype for the integration of the SA. A reverse primer (r) and the n2 

primer were use to link the single loxP site in the LA to the Neo cassette. Two NcoI sites at 

the loxP site and within the Neo cassette allowed the identification of a 10.4 kb fragment 

using the external probe pb9 or a 5.5 kb fragment using the internal probe pb3. (B) Southern 

blot confirmation of targeted embryonic stem cell clones derived from albino C57/BL6 

mice. After electroporation of the construct, and positive-negative selection, ESC digested 

with NcoI digest was screened by Southern blot analysis. Four of 48 ESC (starred) showed 

the presence of the 10.4 kb recombined locus using the external probe (pb9). (C) Strategy 

for breeding and genotyping crbn conditional transgenic mice. Mouse lines derived from two 

ESC clones crossed with flp-deleter mice to excise the Neo cassette. Three sets of primers (f, 

neo’, and r) were used for genotyping for the targeted allele. The PCR assay on the right 

shows the results of flp-mediated excision of the Neo cassette by flp-deleter mice. Lane 1 is 

a 100-bp ladder. The wild-type PCR product of 320 bp is amplified by primers f and r (lane 

2). Mice heterozygous for the Neo insertion using primers f and neo’ have an allele larger 

(lane 3) than mice without Neo (lane 4). Mice without Neo mice were genotyped using 

primers loxf and loxr to analyze the floxed allele. The PCR assay on the right shows a 100-

bp ladder (lane 1). Lanes 2 and 4 show the 320 bp PCR product that results from the lack of 

the downstream loxP site. Lane 3 shows the insertion (400 bp) of the downstream loxP site. 

Cre-mediated excision of crbn exons 3 and 4 was confirmed by genotyping genomic DNA of 

the forebrains or tail DNA of weaned mice from the breeding schemes shown in (D) and (E). 

(D) Floxed mice were bred with cre transgenic mice that contained a cre transgene under the 

transcriptional control of the CaMKII promoter, termed CaMKIIcre/+, to yield a conditional 

knock-out of crbn in the forebrain of mice (CaMKIIcre/+, crbn−/−). (E) Floxed mice were 

bred with transgenic mice where cre recombinase is active in the ovum (Cagcre/+) to generate 

mice where crbn is deleted in all tissues (crbn−/−). These mice were used as controls in the 

quantitative RT-PCR experiments to confirm the regional specificity of the forebrain-

deletion in CaMKIIcre/+, crbn−/− mice.
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Fig. 2. 
Quantitative RT-PCR analysis of crbn mRNA levels in the hippocampus (HPC), neocortex 

(CTX), and cerebellum (CRBM) of crbn−/− and CaMKIIcre/+, crbn−/− mice at P60. (A) A 

complete crbn knock-out (crbn−/−) does not show regional specificity of crbn mRNA 

expression in the brain. The crbn mRNA levels were negligible in the HPC, CTX, and 

CRBM (P < 0.001) of crbn−/− mice (n = 4) as compared to wild type (crbn+/+) mice (n = 6). 

(B) The specificity of the crbn conditional knock-out in the forebrain of CaMKIIcre/+, crbn
−/− mice. The crbn mRNA levels were significantly reduced in the HPC (P < 0.01) and CTX 

(P < 0.001) but not in the CRBM in CamKIIcre/+, crbn−/− mice (n = 4) as compared to their 

wild type counterparts, CamKIIcre/+, crbn+/+ (n = 6). The vertical error bars represent a SEM 

of less than 1.0%.
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Fig. 3. 
Performance of wild type and crbn knock-out mice on behavioral tests at P60. There were no 

significant differences between wild type, CamKIIcre/+, crbn+/+ and CamKIIcre/+, crbn−/− 

mice on the (A) 2 h basal locomotor activity, (B) motor activity on the open field box, (C) 

elevated plus maze and (D) social approach tasks. (E) Contextual fear conditioning task was 

assessed in wild type, CamKIIcre/+, crbn+/+ versus the forebrain-specific conditional knock-

out, CamKIIcre/+, crbn−/− mice, and (F) wild type, crbn+/+ and germ-line knock-out, crbn−/− 

mice. The mean percentage freezing per minute was significantly different between the 

CamKIIcre/+, crbn+/+ (n = 10; 62.3 ± 5.1) versus the CamKIIcre/+, crbn−/− [n = 10; mean ± 

SEM, 33.3 ± 5.8] mice, and between the crbn+/+ (n = 9; 41.5 ± 6.1) versus the crbn−/− [n = 

12; 22.4 ± 5.3] mice. The error bars represent the SEM. *P = 0.0015, **P = 0.0296.
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