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Epilepsy is a neurological disorder characterized by unpredict-
able seizures, which are bursts of electrical activity that tempo-
rarily affect the brain. Cereblon (CRBN), a DCAFs (DDB1 and
CUL4-associated factors), is a well-established protein associa-
ted with human mental retardation. Being a substrate receptor
of the cullin-RING E3 ubiquitin ligase (CRL) 4 complex, CRBN
mediates ubiquitination of several substrates and conducts multi-
ple biological processes. In the central nervous system, the large-
conductance Ca**-activated K* (BKc) channel, which is the sub-
strate of CRBN, is an important regulator of epilepsy. Despite
the functional role and importance of CRBN in the brain, di-
rect injection of pentylenetetrazole (PTZ) to induce seizures in
CRBN knock-out mice has not been challenged. In this study,
we investigated the effect of PTZ in CRBN knock-out mice.
Here, we demonstrate that, compared with WT mice, CRBN
knock-out mice do not show the intensification of seizures by
PTZ induction. Moreover, electroencephalography recordings
were also performed in the brains of both WT and CRBN knock-
out mice to identify the absence of significant differences in
the pattern of seizure activities. Consistently, immunoblot analy-
sis for validating the protein level of the CRL4 complex con-
taining CRBN (CRL4“™) in the mouse brain was carried out.
Taken together, we found that the deficiency of CRBN does
not affect PTZ-induced seizure. [BMB Reports 2020; 53(9): 484-
489]

INTRODUCTION

Epilepsy is a serious brain disorder characterized by spontaneous
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and recurrent seizures (1). Seizures may result from intense
neuronal discharges generated by the synchronous activity of a
large number of neurons in different brain regions, which result
from an imbalance between excitatory and inhibitory neuro-
transmission (2). The large-conductance Ca®*-activated K*
(BKca) channel is extensively distributed in the central ner-
vous system (CNS) and is considered as vital regulator for
the pathogenesis of epilepsy (3). Pentylenetetrazole (PTZ) is
a well-known noncompetitive GABA4 receptor antagonist
(4). A single injection of PTZ is widely used to induce
seizures. In in vivo studies, the seizure activity induced by
PTZ is classified into four stages: stage 1 is defined as the
resting position, stage 2 is partial clonus, stages 3 and 4 are
fully-induced whole body clonus and even death (5-7).
Cereblon (CRBN), initially identified as a target protein of
mild autosomal recessive non-syndromic mental retardation
(ARNSMR) (8), was subsequently revealed to regulate several
different cellular functions. Being a substrate receptor of the
cullin-RING E3 ubiquitin ligase (CRL) 4 complex, CRBN induces
teratogenicity as the primary target for thalidomide (9) and ren-
ders anti-myeloma activity of immunomodulatory drugs (IMiDs)
(10). In addition, CRBN directly interacts with the catalytic sub-
unit of the AMP-activated protein kinase (AMPK) to negatively
regulate its activity (11). The CRL4 complex containing CRBN
(CRL4“™ directly mediates the glutamine-induced degradation
of glutamine synthetase (GS) (12), which is associated with
diseases including Alzheimer’s disease (13) and cancer (14).
CRBN is also known to interact with various channel proteins
such as voltage-gated chloride channel-2 (CIC-2) (15), which it
degrades to control muscle excitability (16). CRBN also contri-
butes to regulation of CD4+ T-cell activation via epigenetic
regulation of Kv1.3 expression (17). The scope of research and
subsequent reporting on the CRBN protein is gradually increasing.
CRBN is widely expressed in the post-mitotic period in most
regions of the rodent brain, including the hippocampus, cere-
bral cortex, and cerebellum (18). The CRBN knockout (Crbn-KO)
mouse generated by our research group (19) showed that al-
tered activity of the BKc, channel causes synaptic and cogni-
tive dysfunction, which can be recovered with a BKc, channel
blocker. Despite altered synaptic function, these mice show
minor but significant differences in terms of learning and memory
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(20). CRBN was initially characterized as a regulator of G pro-
tein signaling (RGS) motif-containing novel protein interacting
with the BKc, channel in the rat brain (18). CRBN was then
found to play an important role in the assembly and surface
expression of functional BKc, channels without altering its total
protein amount through direct interaction with the cytosolic
C-terminus of the alpha subunit. It has been suggested that the
genetic ablation of DNA damage-binding protein 1 (DDB1) in
post-mitotic neurons of the hippocampus and cerebral cortex
increases susceptibility to PTZ-induced seizures (7). Further-
more, the role of the K™ channel in epileptogenesis has been
considered important for many years.

Despite the significant role of CBRN in brain function, as
described above, it has never been elucidated whether Crbn-
KO mice are more sensitive to the induction of seizures by
PTZ injection. In this study, we investigated the susceptibility
to PTZ-induced seizure in Crbn-KO mice compared to that of
wild-type controls.

RESULTS

Deletion of Crbn had no obvious effects on susceptibility to
PTZ-induced seizures

PTZ is a well-known chemical used for experimentally-induced
seizures; we assessed its efficacy and resulting seizures in a
dose-dependent manner in Crbn-KO mice, previously generated
by our research group (19). Several concentrations of PTZ (20-
200 mpk) had been used for susceptibility testing, and a well-
established seizure stage scoring method was used for WT and
Crbn-KO mice. Following 20 mpk PTZ, both WT and Crbn-KO
mice exhibited seizures classified as stage 1 and stage 2 (Fig.
1A); mice were in a resting position with their abdomens com-
pletely touching the base of the cage. In some mice, we obser-
ved partial clonus throughout the body of the mice, including
the head (Supplementary Video 1). Meanwhile, following a
high dosage of PTZ (80 mpk), both WT and Crbn-KO mice
exhibited severe seizures classified in stages 3 and 4 (Fig. 1B).
These mice showed maximal clonus, seizures, and even death
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(Supplementary Video 2). Moreover, following a higher dosage
of PTZ (more than 120 mpk), both WT and Crbn-KO mice
were inevitably led to death after maximal seizures (Supple-
mentary Video 3). To summarize, the results showed that there
were no significant differences between the WT and Crbn-KO
mice in terms of the seizure stages and behaviors.

In a previous study, Ddb1-KO mice, lacking a core component
of the CUL4 E3 ligase and a CRBN-binding partner, were
reported to show relatively high sensitivity to PTZ injection
(19). However, EEG recordings have never been performed
using the Crbn-KO mouse. To visualize actual seizure activities,
EEG were acquired after injection of PTZ into WT and Crbn-
KO mice. The signals were recorded from the motor cortex
and hippocampus (Fig. 2B) using a couple of optimized devices,
such as electrodes and connectors. Following 80 mpk PTZ, the
pattern of seizure activities recorded by EEG was similar in
both groups (Fig. 2A). These observations are in line with the
scoring of the seizure stages. Taken together, CRBN deficiency
does not affect susceptibility to PTZ-induced seizures.
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Fig. 1. PTZ-induced seizure stages. Scoring of seizure stages after
(A) 20 mpk and (B) 80 mpk of PTZ. WT and Crbn-KO mice (C57BL/
6) background, n = 8 for each group) were injected i.p. and re-
corded on video. Error bars indicate SEM and P-values are indicated.
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Fig. 2. EEG recording of PTZ-induced seizure. (A) EEG signal was recorded from the motor cortex and hippocampus of WT and Crbn-KO
mice. Both genotypes showed similar seizure patterns on EEG after 80 mpk PTZ (black: WT, red: Crbn-KO). EEG recordings confirmed
that the degree of seizure activity across genotypes was not significantly different. (B) To verify that EEG signals were measured from the
correct sites, brain slices were obtained. As shown above, implanted depth electrodes reached the motor cortex and hippocampus
perfectly.
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Crbn-KO in the mouse brain does not change the protein
expression of E3-ubiquitin ligase machinery

One of the most extensively studied functions of CRBN is its
role as a substrate receptor for the CRL4 E3 ligase, which
recognizes specific targets for their ubiquitination and degrada-
tion (21). CRBN forms an E3 ligase with DDB1, CUL4A, and
regulator of cullins-1 (ROCT1) to ubiquitinate many endogenous
substrates. Since it is essential to check the protein level of E3
ligase machinery, Western blotting analysis was performed to
analyze expression of DDB1 and CUL4 in the brain (cerebral
cortex) of Crbn-KO mice (Fig. 3A). The kidney was used as a
comparative tissue (Fig. 3F). The protein bands of CRBN in WT
mice were obtained using a CRBN-specific polyclonal anti-
body with the exact molecular size (53 kDa), and deficiency of
CRBN in the brain and kidney of Crbn-KO mice were vali-
dated simultaneously. Overall, no statistical differences were
found in the protein expression of CUL4 and DDB1, the major
components of CRL4“™-machinery, in the brain (Fig. 3B-D),
and in the kidney (Fig. 3G-l); thus, confirming that despite
CRBN deletion, the protein levels of DDB1 and CUL4 in the
brain were not significantly changed. The protein level of BKc,
channel was simultaneously confirmed in each tissue of Crbn-
KO mice. We found that the protein expression of BKc. chan-
nel was also unaffected by the deletion of CRBN and there
was no change in its expression (Fig. 3E and 3)).

DISCUSSION

In this study, we investigated the effects of CRBN ablation on
the electrical activity in the mouse brain using EEG recordings.
We found that the lack of CRBN does not affect PTZ-induced
seizures. However, several questions remain to be answered.
First, we need to consider why our data showing that Crbn-KO
mice do not show increased susceptibility to PTZ differs from
that reported in Ddb1-KO mice, which shows vulnerability
(19) despite relatively low concentrations of PTZ. In fact, CRBN
and DDBT1 are widely expressed throughout the rodent brain,
including the hippocampus, cerebellum, and cerebral cortex
(22). The aforementioned results showed that there was no
difference in the expression of both proteins in the cerebral
cortex of Crbn-KO mice. This indirectly implies that the abla-
tion of DDB1 in mice might have a larger repercussion effect
in the case of seizures. One plausible interpretation is that the
complete disparity between the two knockouts effects from the
functions of each respective protein. It stands to reason that
the knockout effect of either DDB1 or CRBN in the CRLs is
obviously different. CRBN is one of the diverse substrate
receptors, called DCAFs. CUL4“™ is one of the CRL E3-ubiqui-
tin ligases, which encompass the largest E3 ligase family in
eukaryotes and ubiquitinate a wide range of substrates that are
responsible for numerous cellular processes (23). There are
seven cullins (CULT, 2, 3, 4A, 4B, 5, and 7) in vertebrates, and
each cullin acts as a scaffold to interact with specific adapters,
including DDB1, and diverse substrate receptors, including
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Fig. 3. Immunoblot analysis confirming the protein expression of components of the CRL4A“™ complex following the loss of CRBN. (A)

and (F) Western blot analysis confirming that loss of CRBN expression does not affect the protein levels of CUL4A, DDB1, and BKca
channel in the brain (cerebral cortex) and kidney of the Crbn-KO mice. GAPDH was used as the loading control (n = 4 for each group).
(B-E) Relative protein band intensities of DDB1, CUL4A, and BKc, channel of the blots in (A) measured by densitometer. (GJ) Relative
protein band intensities of DDB1, CUL4A, and BKc, channel determined by densitometric analysis of the blots in (F). The asterisk (*) in
(B) and (Q) indicates the depletion of CRBN in the tissue of the Crbn-KO mouse. Error bars indicate SEM. Statistical significance of diffe-
rences was assessed using two-tailed Student’s t-test.
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CRBN, in a combinatorial manner. In fact, there are numerous
biochemical and structural properties of DCAFs that are
tailored for the versatile CUL4-DDB1 core ubiquitin ligase
(24).

A protein docking model of the CUL4-DDB1-CRBN complex
derived from previously reported X-ray crystal structures (25-
27) is shown in Fig. 4. Other substrate receptors, such as
Cockayne syndrome group A (CSA) and WD repeat-containing
protein 5 (WDR5), were also shown for comparison. The PDB
ID of each protein is reported in the figure legend. Over 50
DCAFs and their binding moiety with DDB1 have been
reported with their expected functions (24). For example, CSA
interacts with WDA40 repeats that were originally characterized
to engage in nucleotide excision repair along with DDB1 but
are now recognized to also function as substrate receptors of
the CUL4-DDB1 ubiquitin ligase (26). In addition to CRBN,
each DCAF can recruit various cellular targets for their own
functions as a substrate receptor. For this reason, we should
consider the knockout-effect of each component in CRLs more
carefully.

Considerable efforts have been made to identify new target
proteins of CRBN and their roles in the normal and patho-
physiology of the cell. Clinically, CRL4“™ have been recognized
as an important therapeutic target for several diseases,
including multiple myeloma, leprosy, and hematopoietic cancer
(28-30). CRBN is likely to affect a variety of brain-related
functions and diseases; however, the physiological function of
CRBN in the brain is still unclear. Thus, it is critical to under-
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stand the effects of CRBN modulation in terms of brain elec-
trical activity and subsequent functional effects. The differen-
tial susceptibility to PTZ in Crbn-KO mice could provide a
basis for a prudential approach to targeting CRL4“™". In order
to ensure that the deletion of CRBN directly affects seizures
induced by PTZ, we first need to select a group of protein
candidates that are confirmed to have involvement in epileptic
pathogenesis. It should then be verified that these candidate
proteins conform to the control and regulation mechanism by
CRLA“™ using electrophysiological and molecular biological ex-
periments. Thus, our findings showing that Crbn-KO mice are
not differentially susceptible to PTZ-induced seizure may pro-
vide a valuable example that the functional roles of E3 ligases
should be interrogated at their individual substrates and sub-
strate receptors, not the core components of the enzyme.

MATERIALS AND METHODS

Western blottingg

For protein preparation, mice were terminally anesthetized using
ketamine, and blood was removed from the organs by perfu-
sion. The mouse tissues were lysed with a 1:10 ratio of Tris-Cl
buffer (20 mM Tris-Cl [pH 7.4], 0.32 M sucrose, 1 mM EDTA,
1 mM EGTA) using a homogenizer (Thomas Scientific). Protein
samples were boiled with 2X sample buffer (24 mM Tris-Cl
[pH 6.8], 10% Glycerol, 0.04% Bromophenol blue, 0.8% SDS)
to produce samples for Western blot analysis. Proteins were
separated in 6-10% SDS-PAGE gels at 80-90 V in the stacking

Epileptic seizure

PTZ

CRBN KO

Fig. 4. Structural modeling of CRL4-DDB1-CRBN with Cockayne syndrome group A (CSA) and WDA40 repeat-containing protein 5 (WDR5).
Protein modeling and structural interactions were determined using bioinformatics tools. The protein structure was determined by X-ray
crystallography and found in PDB ID CUL4: 2HYE, DDB1: 2HYE and 4Cl1, CRBN: 4Cl1, CSA: 6FCV, and WDR5: 4CY1.
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gel and 140-150 V in the running gel until the target protein
reached the medial part of the gel. The proteins were subse-
quently transferred to a PVDF membrane (GE Healthcare Life
Sciences, #10600021). Membranes were blocked with 3% BSA
prepared in 1X TBS-T (10 mM Tris-HCI, 100 mM NacCl, and
0.2% Tween 20, pH 7.5) for 50 min. The blots were then
incubated with the following primary antibodies: CRBN (HPA
045910), DDB1 (Ab9194), CUL4 (Ab71548), BKc, channel alpha
(sc-374142), and TUBULIN (#2144S). After washing twice in 1X
TBS-T for 15 min, the membranes were incubated with pero-
xidase-conjugated anti-rabbit IgG (Jackson ImmunoResearch La-
boratories, #111-035-003) or anti-mouse 1gG (Jackson Immuno
Research Laboratories, #115-035-003) for 50 min at room tem-
perature. After washing twice in 1X TBS-T for 15 min, proteins
were developed using enhanced chemiluminescence detec-
tion reagent (GE Healthcare Life Sciences, #RPN2209).

Experimental animals

C57BL/6) WT mice and Crbn-KO mice (19) (8 weeks, male)
were housed in a room with a standard chow diet and water
ad libitum in specific pathogen-free conditions (IVC-system)
with a 12-h light-dark cycle. The mice in both groups did not
show abnormal behaviors such as seizures without the appli-
cation of chemoconvulsant. All materials for maintenance of
animals were provided by the Gwangju Institute of Science
and Technology Animal Care and Use Committee. All animal
experiments were conducted according to the institutional
guidelines of the Gwangju Institute of Science and Technology
(GIST). This study was approved by the Animal Care Committee
of GIST.

Electroencephalography (EEG) recording and data analysis
Mice were anesthetized with a mixture of ketamine hydrochlo-
ride and xylazine (0.2mg/g, IM) and fixed to a stereotaxic
frame (RWD Life Science Co., Shenzhen, China) using ear bars
and a tooth bar. Depth electrodes were implanted into the
right motor cortex (AP: +2.0 mm, ML: +2.0 mm, DV: —1.5)
and hippocampus (AP: —2.8 mm, ML: +3.0 mm, DV: —3.5).
For referencing and grounding, two microelectrodes were
implanted into the frontal lobe and cerebellum. The depth
electrodes were made of twisted stainless-steel wires (Leico
Industries, New York, USA) and the microelectrodes were made
of stainless-steel screws and silver wires (Leico Industries, New
York, USA). After recovery (7-10 days), EEG signals were
acquired for 15 min after injection of PTZ at a sampling rate of
1000 Hz using the Plexon system (Plexon Inc, Dallas, TX,
USA). Data analysis was performed using Matlab. To remove
artifact signals, band-pass filtering (1 Hz-120 Hz) and notch
filtering (60 Hz and 120 Hz) were applied. From the filtered
signals, ictal periods were selected to represent the EEG patterns
of seizure activity.

Pentylenetetrazole-induced seizure
PTZ was injected intraperitoneal at several different concentra-
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tions (20-200 mpk [milligram per kilogram]) to figure out the
appropriate dose that induces seizures. Mice were then moved
to empty cages and their behavior recorded for 30 min. Seizures
were classified into four stages using a well-established seizure
stage scoring method, as previously described (5-7). Stage 1
was characterized by the mice being in the resting position
with their abdomen touching the bottom of the cage. Stage 2
was defined as partial clonus. Stage 3 was described as genera-
lized clonus of all four limbs. Stage 4 was defined as maximal
seizures involving death.

Bioinformatic data analysis

We used the open source database PDB (Protein Data Bank,
https://www.rcsb.org/) and PYMOL program for Cul4-DDB1-
CRBN E3 ubiquitin ligase modeling. The modeling for protein
docking was performed using HEX (hex.loria.fr).

Statistical analysis

Data were quantified using Image) (31), and graphs were pro-
duced with Microsoft Office PowerPoint 2013 and Origin 9.1.
Data are expressed as mean + SEM. Significant differences be-
tween groups were determined by two-tailed unpaired Student’s
t-test.
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