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Thalidomide exerts its teratogenic and immunomodulatory effects
by binding to cereblon (CRBN) and thereby inhibiting/modifying
the CRBN-mediated ubiquitination pathway consisting of the
Cullin4-DDB1-ROC1 E3 ligase complex. The mechanism of thalido-
mide’s classical hypnotic effect remains largely unexplored, how-
ever. Here we examined whether CRBN is involved in the hypnotic
effect of thalidomide by generating mice harboring a thalidomide-
resistant mutant allele of Crbn (Crbn YW/AA knock-in mice). Tha-
lidomide increased non-REM sleep time in Crbn YW/AA knock-in
homozygotes and heterozygotes to a similar degree as seen in
wild-type littermates. Thalidomide similarly depressed excitatory
synaptic transmission in the cortical slices obtained from wild-type
and Crbn YW/AA homozygous knock-in mice without affecting
GABAergic inhibition. Thalidomide induced Fos expression in
vasopressin-containing neurons of the supraoptic nucleus and re-
duced Fos expression in the tuberomammillary nuclei. Thus, tha-
lidomide’s hypnotic effect seems to share some downstream
mechanisms with general anesthetics and GABA,-activating seda-
tives but does not involve the teratogenic CRBN-mediated
ubiquitin/proteasome pathway.

cereblon | sleep | electroencephalography/electromyography (EEG/EMG) |
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Insomnia, a subjective inability to get sufficient sleep (1), is a
common complaint in the context of disturbed sleep (2). A
variety of GABAa-enhancing hypnotics have been developed
and prescribed for patients suffering from insomnia (3). Their
side effects include tolerance, addictive potential, motor dis-
coordination, and excessive central nervous system depression
that can lead to lethality. In the 1950s, thalidomide was devel-
oped as a nonbarbiturate hypnotic agent supposedly with a much
better side effect profile. In rodent safety tests, thalidomide
showed extremely low acute toxicity with no lethality even at the
maximal dose that could be administered orally (5 g/kg) (4).
Thalidomide was also commonly taken by pregnant women with
morning sickness. Tragically, thalidomide caused severe birth
defects in humans, including phocomelia, a dramatic develop-
mental limb malformation (5-9). Thalidomide eluded preclinical
toxicologic tests at that time because it does not induce phoco-
melia or other birth defects in rodents; it is teratogenic only in
certain species, including chicken, rabbits, and some primates,
including humans (10-12). After the initial market withdrawal,
researchers reported clinically favorable effects in patients with
erythema nodosum leprosum (13) and HIV infection (14, 15).
Thalidomide was also found to have antiangiogenic (16) and
immunomodulatory effects (17, 18). Thalidomide and its deriv-
atives have been reintroduced as immunomodulatory drugs to
treat certain malignant diseases, especially multiple myeloma, a
therapy-resistant neoplastic blood disease (19-21).

Cereblon (CRBN) has been identified as a target molecule for
thalidomide-induced teratogenicity (22), and recent reports
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revealed that CRBN is also the target for thalidomide’s thera-
peutic effect in multiple myeloma (23, 24) and myelodysplastic
syndrome with 5q del (25). Crbn, originally discovered as a re-
sponsible gene for autosomal recessive mild mental retardation
in humans (26), encodes one of the substrate receptors forming
the Cullin4-DDB1-ROCI1 ubiquitin E3 ligase complex. Thalid-
omide binds human and mouse CRBN with comparable affinity
(27), inhibits CRBN autoubiquitination, and can increase
CRBN-mediated ubiquitination of other substrates. The thalid-
omide derivative dBET1, an inhibitor of bromodomain and
extraterminal domain protein (BET), binds to mouse and human
CRBN at the thalidomide-binding domain (27) and directs E3
ligase activity toward bromodomain-containing 4 (BRD4) (28).
Thus, the thalidomide-binding and E3 ligase activities of verte-
brate CRBN are conserved, but different substrates are recruited
for ubiquitination, resulting in species-specific teratogenic effects
(27). Thalidomide-sensitive CRBN signaling, such as regulation
of AMP-activated protein kinase activity (29) and of calcium-
activated potassium channels (30), has also been reported in
mice and rats, respectively.

The mechanism of thalidomide’s hypnotic effect is not clear,
however. Somers (4) reported that thalidomide did not alter
autonomic function or induce respiratory depression or loss of
coordination in mice. Kanbayashi et al. (31) reported that tha-
lidomide aggravated symptoms in narcoleptic canines but did not
bind or modulate receptors of neurotransmitters that affect
sleep/wake, such as orexin, serotonin, histamine, noradrenalin,
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and GABA. Systematic investigations of thalidomide’s actions on
brain function are missing.

Protein degradation via the ubiquitin/proteasome pathway
could potentially play an important role in the regulation of sleep
homeostasis. In forward genetic screening in Drosophila, insomniac
was identified as a responsible gene of a mutant showing severely
reduced duration and consolidation of sleep (32). Insomniac en-
codes an adaptor protein, INC, for Cullin3 (CUL3), one of the
cullin-family ubiquitin E3 ligases (32, 33). CUL3 interacts with INC
and regulates sleep homeostasis (33). This suggests the possibility
that a CRBN-containing Cullin complex mediates thalidomide’s
hypnotic effect. The involvement of CRBN-dependent and -inde-
pendent signaling pathways is best investigated in a system in which
thalidomide can no longer interact with CRBN. A mutated version
of human CRBN with amino acid substitutions Y384A and W386A
(YW/AA) loses the binding affinity to thalidomide while main-
taining the ubiquitin ligase activity. Consequently, Crbn YW/AA-
mutated chickens and zebrafish are resistant to thalidomide-
induced teratogenicity (22).

Here we examined whether the CRBN-mediated ubiquitin/
proteasome pathway was involved in the hypnotic effect of tha-
lidomide. To resolve this question, we generated Crbn YW/AA
knock-in (KI) mice and confirmed that the mutant mouse CRBN
is resistant to thalidomide by testing thalidomide-mediated de-
pression of auto-ubiquitination. We recorded electroencepha-
lography/electromyography (EEG/EMG) signals of Crbn YW/AA
KI mice treated with thalidomide and determined whether tha-
lidomide had a hypnotic effect in these mutants. We also studied
the effect of thalidomide on the balance between synaptic exci-
tation and inhibition in the brain, a typical mechanism for a
range of hypnotics, and investigated immediate to early gene
expression in hypothalamic areas known to be affected by clas-
sical sedatives (34).

Results

Hypnotic Effects of Thalidomide in C57BL/6N Mice. The sleep-
inducing effect of thalidomide in mice has not been reported
in detail. Thalidomide (i.p. at ZT12) increased total non-REM
sleep time in a dose-dependent manner and did not reduce total
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REM sleep time during the 12-h dark phase (Fig. 14). A
400 mg/kg dose of thalidomide reduced total REM sleep time
during the subsequent light phase, accompanied by small in-
creases in total wake time and total non-REM sleep time during
that period (Fig. 14 and B).

An analysis of the time spent in each state at 3-h intervals
showed that 100 and 200 mg/kg thalidomide increased non-REM
sleep time and decreased wake time in the first 3 h, with no
significant difference in wake or non-REM sleep time over the
next 3 h (Fig. 1B). Thus, increased non-REM sleep time during
the first 3 h after treatment reflected the initial hypnotic effect of
thalidomide. We performed spectral analysis of the EEG in each
state during the first 3 h after treatment (Fig. 1C). In the wake
state, thalidomide dose dependently increased the EEG power
density in the 2- to 3-Hz band. Treatment with 100 or 200 mg/kg
thalidomide did not alter the EEG power spectrum during REM
sleep. No REM sleep state epochs were detected over the 3 h
after administration of 400 mg/kg thalidomide. The EEG spec-
trum during non-REM sleep after thalidomide treatment showed
a peak at 2 Hz, corresponding to delta activity. EEG delta power
during non-REM sleep after thalidomide treatment was in-
creased compared with that after vehicle treatment (Table 1).

Thalidomide Shifts the Excitation-Inhibition Balance in Mouse Cortex.
We tested the effects of thalidomide (100 pM) on neural network
activity in mouse cortex by recording spontaneous synaptic ac-
tivity in acute brain slice preparations in vitro. Thalidomide
caused a significant reduction in the amplitude of spontaneous
excitatory postsynaptic currents (SEPSCs) (n = 3; T = 4.68, P =
0.043) and an increase in the interevent interval (IEI) (n = 3;
T= -2.95, P = 0.098)(Fig. 1D). There was no significant effect of
thalidomide on spontaneous inhibitory synaptic currents
(sIPSCs) (n = 5; T = 1.16, P = 0.311 for amplitude and n = 5;
T = -0.035, P = 0.974 for IEI) (Fig. 1E).

Thalidomide Inhibits Autoubiquitination of Mouse CRBN"'™ but Not of
CRBNY"W/AA Thalidomide does not cause severe birth defects in
rodents including mice (11). This insensitivity to thalidomide-
induced malformation in mice could have been due to a resis-
tance of mouse CRBN to thalidomide. Therefore, we verified
whether mouse CRBN was inhibited by thalidomide. Mouse
CRBN has been demonstrated to bind thalidomide in previous
studies (22, 27). Human CRBN forms Cullin4-DDB1-ROCI li-
gase complex and is autoubiquitinated when its specific sub-
strates are absent (22). Therefore, we biochemically assessed the
extent of autoubiquitination of mouse FLAG-HA-tagged CRBN
(FH-CRBN), FH-CRBNV", and FH-CRBNYV*4 Both FH-
CRBNYT and FH-CRBNYWA were autoubiquitinated in the
presence of the proteasome inhibitor MG132 (Fig. 2B). Thalid-
omide attenuated autoubiquitination of FH-CRBN™' in a
concentration-dependent manner, whereas autoubiquitination of
FH-CRBNYW/AA was not affected even at high concentrations of

Table 1. Delta (1 to 6 Hz) and theta (7 to 11 Hz) power as a
percentage of total EEG power for increasing doses of
thalidomide in WT mice

Dose Delta power, % Theta power, %
Vehicle 674+ 1.8 226 + 1.3
Thal 100 mg/kg 73.7 + 1.3* 17.8 + 0.8*
Thal 200 mg/kg 76.1 + 1.5% 15.7 + 1.2%
Thal 400 mg/kg 77.6 + 1.3* 14.8 + 0.9*

Data are mean + SEM.
*Indicates significant differences from vehicle (n = 8; delta power, F = 9.09,
P < 0.001; theta power, F = 10.52, P < 0.001, one-way ANOVA, post hoc
comparison to vehicle condition using Tukey'’s correction).

23108 | www.pnas.org/cgi/doi/10.1073/pnas. 1917701117

A fifa A
L"‘..‘"W.I\I‘ib \LLI[\]\ STOP

[cmn ] TATGCATGG
i E E ﬁ \vi.i‘[:l "

GCTGCAGCG

coTBeAGeS
o

(v7)d-0aN-zaBpiBd | [

\ FRT sites deleted by flippase

Crbn YW/AA

H—-)

b

B IP: FLAG (CRBN)
FH-CRBN WT YW/AA
Thal (M) 0 0O 1030100 0O O 10 30 100
MG132 -+ o+ o+ o+ -+ o+ o+ o+

IB: HA (CRBN)
Load: 1x
IB: HA (CRBN)
Load: 0.1x -----l |----'-|
WT * YW/AA
2500 -_— 2500
__ 2000 __ 2000
3 3
© ©
g 1500 g 1500
8 1000 8 1000
500 500
0
Thal (UM) 0 0 10 | 30 | 100 0 0 10 | 30 | 100
MG132 - + + + + - + + + +

Fig. 2. Crbn YW/AA Kl mice. (A) Generation of Crbn YW/AA Kl mice. Direct
sequencing data at the mutated portion of exon 11 are shown. (B) HEK293A cells
stably expressing mouse FH-CRBN, FH-CRBN"", or FH-CRBNYWA* were incubated
with the indicated concentrations of thalidomide and MG132. Cell lysates were
immunoprecipitated with anti-FLAG antibody and immunoblotted. (C) Densi-
tometry quantification of immunoblots in arbitrary units (a.u.). (Left) FH-CRBNWT
autoubiquitination is inhibited by thalidomide in a dose-dependent manner (n =
5 F = 4.22, P = 0.03, one-way repeated-measures ANOVA; *0 uM vs. 100 uM
thalidomide, n = 5; P = 0.03, Bonferroni-corrected, paired Student’s t test).
(Right) FH-CRBNYW/A* autoubiquitination is not affected by thalidomide (n = 5;
F = 0.83, P > 0.5, one-way repeated-measures ANOVA).

thalidomide (Fig. 2 B and C). Thus, mouse CRBNYV** showed
a resistance to thalidomide-induced inhibition of CRBN autou-
biquitination, consistent with loss of thalidomide binding (22).

Thalidomide Exerts Similar Hypnotic Effects in Crbn YW/AA Kl and
Wild-Type Mice. We next analyzed whether thalidomide has a
hypnotic effect on Crbn YW/AA KI mice. There was no signifi-
cant difference among the genotypes in total time of wake or
non-REM sleep in the 12-h dark phase following thalidomide
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treatment (Fig. 34) (Wake: dose, F = 28.222, P < 0.001; geno-
type, F = 2.219, P = 0.122; interaction dose X genotype, F =
2.317, P = 0.052. non-REM sleep: dose, F = 29.612, P < 0.001;
genotype, F = 1.738, P = 0.189; interaction dose x genotype, F =
2.051, P = 0.081). Time spent in each vigilance state showed little
difference among Crbn YW/AA homozygotes, heterozygotes, and
wild-type (WT) mice (Fig. 3B). EEG delta and theta power
during non-REM sleep was not significantly different among the
three genotypes (Table 2) (delta power: dose, F = 9.378, P <
0.001; genotype, F = 1.492, P = 0.237; interaction dose X ge-
notype, F =0.243, P = 0.960. theta power: dose, F = 10.660, P <
0.001; genotype, F = 2.523, P = 0.093; interaction dose X ge-
notype, F = 0.263, P = 0.951). These results indicate that tha-
lidomide similarly induces sleep in Crbn YW/AA KI homozygotes
and heterozygotes compared with WT littermates.

Excitatory Synaptic Transmission Is Similarly Inhibited in Cortical
Slices from Crbn YW/AA Kl Mice. In acute brain slice preparations
in vitro, thalidomide (100 pM) depressed evoked excitatory
synaptic transmission in the cortex (n = 19; F = 18.015, P = 0.01)
without a significant interaction between genotype and thalido-
mide effect (WT, n =9, Crbn YW/AA, n = 10; F= 0.184, P = 0.6)

Hirose et al.

and after (red) the addition of thalidomide.

(Fig. 3 C and D). The paired-pulse ratio was significantly in-
creased by thalidomide (n = 19, F = 6.253, P = 0.023), again
without a significant interaction between genotype and thalido-

mide effect (wt, n = 9, Crbn YWJAA, n = 10, F = 3.903, P >
0.065) (Fig. 3D).

Thalidomide Induces Fos Expression in Vasopressin Neurons of the
Supraoptic Nucleus. GABA, receptor-activating sedatives, such
as benzodiazepines, produce hypothalamic Fos staining patterns
similar to those observed in sleep (35). Drugs inducing general
anesthesia also induce Fos expression in a core set of hypotha-
lamic neurons (34). Anti-Fos immunoreactivity was assessed in
brain slices obtained after thalidomide (200 mg/kg i.p.) treat-
ment and compared with vehicle treatment. Unbiased screen-
ing of whole-brain serial sections revealed a specific and
significant increase in Fos-positive neurons in the supraoptic
nuclei (SON) after thalidomide treatment. In addition, Fos
expression was significantly reduced in the tuberomammillary
nuclei (TMN) (Fig. 4). Furthermore, increased Fos staining was
observed in vasopressin-containing, but not oxytocin-containing,
SON neurons (Fig. 4 E-G).
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Table 2. Power in different frequency bands for increasing doses of thalidomide for WT (m/m), YW/AA Kl heterozygous (m/+), and

YW/AA KI homozygous (*'*) mice

m/m m/+ A
Dose Delta power, % Theta power, % Delta power, % Theta power, % Delta power, % Theta power, %
Vehicle 68.6 + 2.9 21.5+2.0 65.5+ 1.3 245+ 1.0 67.9 + 3.3 227 +£24
Thal 100 mg/kg 73.8 + 3.1 17.7 + 2.2 723 + 0.8 193 +0.6 722 + 2.1 193+ 15
Thal 200 mg/kg 752 +2.9 16.8 + 2.1 734+ 0.9 18.4 + 0.6 73.1+1.9 186 + 1.4
Thal 400 mg/kg 78.0 + 2.5 14.7 + 1.6 75.6 + 1.1 16.7 £ 0.8 736 +£0.9 18.2 + 0.6

Delta (1 to 6 Hz) and theta (7 to 11 Hz) power as a percentage of total EEG power (m/m, n = 4; m/+, n = 5; **, n = 4). Data are mean + SEM.

Discussion

In the present study, lower doses of thalidomide increased non-
REM sleep time without reducing REM sleep time in WT mice.
This is consistent with effects reported in other species. For
example, thalidomide was found to increase non-REM sleep
time and REM sleep time in narcoleptic canines (31) and healthy
human volunteers (36). Classical sedatives, acting by increasing
GABA, receptor signaling, produce patterns of Fos labeling in
the hypothalamus that resemble those found here under thalid-
omide (35). Reduced Fos immunoreactivity in the TMN, im-
plying a reduced histaminergic tone, is widely shared among
sedatives and found during sleep (35). There were very few
previous reports implicating the SON in sleep regulation, al-
though lesions in the SON were observed after severe sleep
deprivation (37). Recently, however, increased Fos expression
was observed in the SON and para-SON regions after treatment
with general anesthetics such as isoflurane, propofol, ketamine,
and dexmedetomidine. Furthermore, selective activation of these
Fos-positive neurons produced sleep (34). The resemblance of
thalidomide-induced Fos expression patterns to those evoked by a
number of general anesthetics suggests that thalidomide may ac-
tivate a common hypothalamic pathway leading to sleep (34).
General anesthetics have been found to activate both vasopressin-
containing neurons and oxytocin-containing neurons in the SON
(34); however, in the present study, thalidomide did not activate
oxytocin neurons in the SON. General anesthetics induce anal-
gesia and unresponsiveness when given in sufficient doses. In
contrast, thalidomide has no analgesic effect and does not induce
unresponsiveness even with high doses (4). The aforementioned
difference in hypothalamic Fos activation patterns may reflect the
distinct pharmacologic effects of thalidomide and general anes-
thetics. Indeed, oxytocin has been implicated in pain relief
(38, 39).

Sedatives generally shift the excitation-inhibition balance to-
ward inhibition, typically by increasing the function of inhibitory
GABA, receptors (40). Here we observed a shift in the
excitation-inhibition balance due to the depression of excitatory
synaptic transmission in the cortex; the effect on the paired pulse
ratio indicates at least a partially presynaptic effect. Consistent
with a previous report, we found no effect of thalidomide on
inhibitory synaptic transmission (31). Further efforts to clarify
the interaction of thalidomide with the neural circuits that con-
trol sleep and waking and its effect on excitatory synaptic
transmission are clearly needed.

We show that both mouse FH-CRBNY' and mouse FH-
CRBNYWAA are autoubiquitinated when their specific sub-
strates are absent, suggesting that they form normal Cul4-DDB1-
ROCI1 E3 ligase complexes (27). Human CRBNYWY/A4 [oses the
ability to bind thalidomide while maintaining normal ubiquitin
ligase activity (22). We show that thalidomide similarly inhibits
autoubicl}vlitination of mouse FH-CRBNYT, but not of mouse FH-
CRBN"/*A. This indicates that mouse CRBN* VA is indeed no
longer sensitive to thalidomide (22), consistent with a previous
report on thalidomide-induced inhibition” of autoubiquitination
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(41). However, thalidomide had an indistinguishable hypnotic ef-
fect in Crbn YW/AA KI mice compared with WT mice, indicating
that no involvement of CRBN-dependent ubiquitination or other
CRBN-dependent signaling in thalidomide’s hypnotic effect.

In summary, whereas thalidomide no longer affected mouse
CRBNYW/AA it had identical hypnotic effects and exerted the
same depressant effect on excitatory synaptic transmission in
Crbn YW/AA KI mice compared with WT mice. Thus, the
mechanisms mediating the hypnotic effect of thalidomide do not
rely on the CRBN-dependent pathways mediating its teratogenic
effect and may involve (i) activation of vasopressin neurons in
the SON, which is also observed after application of a wide range
of sedatives and anesthetics, and (ii) reduced excitatory synaptic
transmission in the cortex. Therefore, it should be possible to
develop thalidomide-like hypnotic drugs without thalidomide’s
teratogenic burden.

Materials and Methods

Reagents. Thalidomide (Wako) is poorly soluble in water. For i.p. adminis-
tration in vivo, thalidomide was suspended in 0.5% methylcellulose (Wako,
Japan). For cell treatment and in vitro electrophysiology, thalidomide was
dissolved in dimethyl sulfoxide (DMSO) at 100 mM stock concentration.
N-ethylmaleimide (Sigma-Aldrich) was dissolved in 100% ethanol at 400 mM
immediately before use (22).

Animals. All animal experiments were approved by the Animal Experimental
Committee and the Recombinant DNA Experiment Safety Committee at the
University of Tsukuba. Animals were housed on a 12:12-h light/dark cycle
(with the light automatically turned on at 9:00) at a stable temperature
(24.5 + 0.5 °Q), with free access to food and water. Male mice age 10 to 14
wk were used for behavioral experiments, and mice age 21 to 42 d were
used for in vitro physiology experiments.

Generation of Crbn YW/AA Kl Mice. Crbn is highly conserved in a variety of
species (26); Y384 and W386 residues in human CRBN are homologous to
mouse Y387 and W389. A genomic fragment containing the Crbn locus was
isolated from a C57BL/6 genomic BAC library (Advanced Geno Tech). A tar-
geting vector carrying the YW/AA mutation on exon 11 was constructed as
shown in Fig. 2A. The targeting vector was linearized and electroporated
into the C57BL/6N embryonic stem cell line RENKA. Correctly targeted clones
were injected into the eight-cell stage ICR mouse embryos, which were
cultured to produce blastocysts and later transferred to pseudopregnant ICR
females. The resulting male chimeric mice were crossed with female C57BL/
6N mice to establish the Crbn YW/AA-neo line. To remove the neo cassette,
Crbn YWIAA-neo mice were crossed with Actb-FLP KI mice (42).

EEG/EMG Recording and Sleep Analysis. EEG/EMG recordings and sleep/wake
analysis were performed as described previously (43). In brief, mice were
anesthetized with isoflurane, and EEG/EMG electrodes were implanted and
fixed to the skull with dental cement. After >7 d of recovery, mice were
moved to recording cages, individually housed in the recording room, and
acclimatized to the recording environment for >5 d. The mice were allowed
to freely move in the cage while connected to the recording wire. EEG/EMG
signals were amplified and filtered (EEG, 0.3 to 300 Hz; EMG, 30 to 300 Hz)
using an amplifier AB-611J (Nihon Kohden), then digitized at a sampling
rate of 250 Hz and acquired using our SleepyDAC software. States for each
20-s epoch were classified as wakefulness (wake), non-rapid eye movement
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Fig. 4. Effect of thalidomide on hypothalamic FOS expression. Immunos-
taining against FOS after thalidomide (200 mg/kg i.p.). (A) Coronal section of
mouse brain with DAB labeling of FOS-expressing neurons. (B and C) En-
larged area marked in A after vehicle treatment (B) and after thalidomide
treatment (C) (Scale bars: 1 mm in A; 200 um in B and C.) Blue circle marks
the supraoptic nucleus. (D) Quantification of the effect of thalidomide on
FOS expression (mean + SEM) in different brain regions. Data are mean +
SEM. SON, supraoptic nucleus; PVHm, paraventricular hypothalamic nucleus,
magnocellular division; PVHp, paraventricular hypothalamic nucleus, parvi-
cellular division; VLPO, ventrolateral preoptic nucleus; SCN, suprachiasmatic
nuclei; MRN, median raphe nucleus; DR, dorsal raphe nucleus; TMN, tuber-
omammillary nucleus. (E) Double immunofluorescence staining in SON
against FOS (red) and neurophysin 1 (oxytocin [OT]) (green) (Scale bar: 100
pum.) (F) Double-immunofluorescence staining in SON against FOS (red) and
copeptin (vasopressin [VP]) (green) (Scale bar: 100 pm.) (G) Fraction of FOS-
OT and FOS-VP double labeled neurons after vehicle and thalidomide
treatment (OT, n =8, T=-1.66, P=0.149; VP, n =8, T = -5.29, P = 0.002;
unpaired Student’s t test. Interaction treatment*cell type (OT/VP), n =16, F =
22, P = 0.001, two-way ANOVA.

(REM) sleep, or REM sleep, using our SleepyScore software, according to fast
Fourier transformation (FFT) and visual inspection.

EEG Spectral Analysis. The power density at each frequency of the EEG signal
was calculated as the ratio of the EEG power at each frequency relative to the
total EEG power during each state. EEG delta and theta power were de-
termined as the ratio of the integral between 1 to 6 Hz and 7 to 11 Hz EEG
power relative to total EEG power, respectively.

Protocols for Thalidomide Treatment. Before the start of EEG/EMG recordings,

mice were habituated to i.p. injection by performing two sham injections (one
injection per day at ZT12 for 2 consecutive days). We administered the drugs
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at dark onset (ZT12). Vehicle and thalidomide suspensions at different
concentrations were administered i.p. in a volume of 5 pl/g body weight.
EEG/EMG signals during the 24 h following drug application were analyzed.
Thalidomide treatments were performed every other day.

Establishing Cell Lines Stably Expressing FLAG-HA-Tagged CRBN (FH-CRBN). \We
extracted total RNA from the brain of Crbn YW/AA KI homozygous and WT
mice, and the cDNA was synthesized by RT-PCR (Takara Bio). The sequences
of Crbn were subcloned into the pcDNA3 0.1(+) vector (Invitrogen), with
N-terminal FLAG (DYKDDDDK) and HA (YPYDVPDY) tags inserted by inverse
PCR. HEK293A cells were transfected with the pcDNA3.1-FLAG-HA-Crbn WT
or YW/AA using linear polyethyleneimine Max (Polysciences) (44). After G-
418 sulfate (Wako) selection, we established cell lines stably expressing FH-
CRBN"T or FH-CRBNYW/A4,

Biochemical Assessment of Thalidomide's Effects on CRBN. The assay was
performed as described previously (22). In brief, cells stably expressing FH-
CRBN"T or FH-CRBNYW/AA were cultured in DMEM containing FBS (HyClone)
and penicillin/streptomycin. We added vehicle or thalidomide at various
concentrations to the medium. At 1 h after incubation with thalidomide, we
added MG132 (10 pM; Sigma-Aldrich), proteasome inhibitor. After incuba-
tion with MG132 for 4 h, cells were lysed in RIPA buffer (20 mM Tris-HCI pH
7.4, 150 mM NacCl, 1 mM EDTA, 1% Triton X-100, and 0.1% SDS) containing
25 uM MG132, 10 mM N-ethylmaleimide, and protease inhibitor mixture
(ProteoGuard; Takara Bio). Lysates were immunoprecipitated by anti-
DYKDDDDK antibody (rabbit; Wako) using DynaBeads Protein G (Thermo
Fisher Scientific). The samples were then immunoblotted with anti-HA an-
tibody (rat, 3F10; Roche), or anti-multiubiquitin antibody (mouse, FK2; MBL).
Immunoblots from five independent sets of experiments were quantified
using the Fusion Solo S imager and Evolution-Capt densitometer software
(Vilber-Lourmat), and the effect of thalidomide was statistically examined.

In Vitro Electrophysiology. Mice of either sex were deeply anesthetized with
enflurane, and their brains were promptly removed and placed in ice-cold
artificial cerebrospinal fluid (ACSF), composed of 124 mM NaCl, 26 mM
NaHCO3, 3 mM KCl, 2 mM CaCl, 1 mM MgSO,, 1.25 mM KH,PO,4, 10 mM
glucose, 300 to 310 mOsm, equilibrated with 95% O, and 5% CO,. The
brains were mounted on the stage of a vibrating microtome (Leica VT1200 S)
with cyanoacrylate. Coronal sections (250 pm thick) were obtained and
allowed to recover in ACSF at room temperature. Slices were submerged in a
perfusion chamber placed under an upright microscope (BX51W!I; Olympus)
fitted with a custom LED IR illumination and Nomarski interference contrast.
Slices were superfused with ACSF at a rate of 1 mL/min. Neurons in layers 2/3
and 5/6 of the cortex with a pyramidal cell morphology were patched under
visual control. The intracellular solution for current clamp recordings con-
tained 130 mM K gluconate, 1 mM EGTA, 10 mM Hepes, 5 mM MgATP,
0.5 mM NaGTP, and 5 mM NaCl. The pH was adjusted to 7.3 with KOH and
osmolarity to 290 to 300 mOsm. The intracellular solution for voltage-clamp
recordings contained 130 mM Cs gluconate, 1 mM EGTA, 10 mM Hepes,
5 mM MgATP, 0.5 mM NaGTP, and 5 mM NacCl. The pH was adjusted to 7.33
with CsOH and osmolarity was 285 to 300 mOsm. Borosilicate patch pipettes
were pulled to an open-tip resistance of 2 to 4 MQ. Signals were amplified
(Axopatch 700A; Molecular Devices) and then digitized using customized
routines in commercial software (IGOR Pro; WaveMetrics). Evoked synaptic
responses were produced through extracellular stimulation with monopolar
glass pipette electrodes filled with ACSF. Spontaneous events were detected
post hoc (Mini Analysis Software; Synaptosoft). Excitatory synaptic currents
were measured at holding potentials of —60 mV for evoked events
and —70 mV for spontaneous events; inhibitory synaptic currents were
measured at a 0-mV holding potential.

Thalidomide-Induced Fos Expression. Mice were treated with a 200 mg/kg dose
of thalidomide or vehicle at dark onset (ZT12). At 2 h after treatment, mice
were anesthetized with isoflurane and transcardially perfused with 4%
paraformaldehyde and 0.1 M phosphate buffer (PB), pH 7.4 (4% PFA). Dis-
sected brains were fixed overnight in 4% PFA at 4 °C. Brains were sectioned
into 40-pm-thick coronal sections with a vibratome (VT1000S; Leica) and
harvested every three sections. Brain sections were washed three times in
0.1 M PB, 0.5% BSA, and 0.25% Triton X-100 (blocking solution). Sections
were treated with rabbit anti-FOS antibody (1:10,000, Merck Millipore)
overnight at 4 °C. Sections were washed three times in blocking solution and
incubated in biotinylated goat anti-rabbit IgG antibody (1:1,000; Vector Labs)
for 2 h. Sections were treated with the VECTASTAIN ABC Elite Kit (Vector Labs)
and the DAB Peroxidase HRP Substrate Kit (Vector Labs). Sections were then
mounted onto MAS-coated glass slides (Matsunami), coverslipped, dehydrated
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in alcohol, cleared in xylene, and scanned with a NanoZoomer digital slide
scanner (Hamamatsu) and an Axio Imager microscope (Carl Zeiss).

Double Immunostaining. Brain sections were prepared as described above.
Sections were incubated overnight at 4 °C in rabbit anti-Fos antibody
(1:10,000), goat anti-copeptin (biomarker of vasopressin) antibody (1:400,
Santa Cruz Biotechnology), or goat anti-neurophysin 1 (biomarker of oxy-
tocin) antibody (1:400, Santa Cruz Biotechnology). Sections were washed
three times in blocking solution and then incubated with Alexa Fluor 594
chick anti-rabbit 1I9G antibody (1:1,000; Thermo Fisher Scientific) and Alexa
Fluor 488 donkey anti-goat IgG antibody (1:1,000; Thermo Fisher Scientific).
Confocal laser scanning was performed with an LSM700 laser scanning
confocal microscope (Carl Zeiss).

Statistical Analysis. Statistical analyses were done using SPSS software (IBM).
The behavioral data for C57BL/6N mice were analyzed using one-way
ANOVA. The data comparing WT and Crbn YW/AA Kl mice were analyzed
using two-way ANOVA. Data on synaptic transmission were analyzed using
the paired Student t test. The effect of thalidomide on the number of cells
expressing FOS was analyzed using the unpaired Student t test. The effect of
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