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Abstract

The suprachiasmatic nucleus (SCN) is the master clock that directly dictates

behavioural rhythms to anticipate the earth’s light/dark cycles. Although post-

transcriptional regulators called microRNAs have been implicated in physio-

logical SCN function, how the absence of the entire mature miRNome impacts

SCN output has not yet been explored. To study the behavioural consequences

of miRNA depletion in the SCN, we first generated a mouse model in which

Dicer is inactivated in the SCN by crossing Syt10Cre mice with Dicer flox mice to

study behavioural consequences of miRNA depletion in the SCN. Loss of all

mature miRNAs in the SCN shortened the circadian period length by

�37 minutes at the tissue level and by �45 minutes at the locomotor activity

level. Moreover, knockout animals exhibited a reduction in the precision of

the circadian rhythm with more variable activity onsets under both LD 12:12

and DD conditions. We also observed that knockouts with higher onset varia-

tions were inclined to develop ultradian rhythms under constant light. In a

second mouse model, recombination of Dicer flox via Cre delivery specifically in

the SCN resulted in loss of behavioural rhythms in some animals depending

on the injection efficiency. Together, our observations highlight the impor-

tance of microRNAs for a physiological SCN function and their pivotal role in

robust circadian oscillations.
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1 | INTRODUCTION

Circadian rhythmicity relies on a hierarchical system of
clocks coordinated by a master clock residing in the brain
region called the suprachiasmatic nucleus (SCN) (Moore,
1995). This small nucleus lies just above the optic chiasm
and receives direct photic information from the ganglion
cells of the retina (Abrahamson & Moore, 2001). The
utmost outputs of the SCN are vital behaviours such as
sleep/wake cycles, and feeding/fasting rhythms (Kalsbeek
et al., 2006; Patton & Hastings, 2023; Weaver, 1998). At
the molecular level, the output of all autonomous clocks
present throughout the body is rhythmic gene expression
with a period of about 24 hours (Partch et al., 2014).
Interestingly, a large proportion of the transcriptome,
�43% in mouse (Zhang et al., 2014), 44% in humans
(Ruben et al., 2018) and 82% in primates (Mure et al.,
2018), is rhythmically expressed somewhere in the body.

Circadian gene expression originates not only from
circadian transcription but also from circadian post-
transcriptional and post-translational mechanisms (Anna
& Kannan, 2021; Crosby & Partch, 2020). A recent meta-
analysis and modelling approach estimated that 30% of
circadian transcripts are regulated post-transcriptionally
in mouse liver (Lück et al., 2014). Among the known
post-transcriptional mechanisms, the short (19–25 nucle-
otides) non-coding RNA molecules coined microRNAs
(miRNAs) play a crucial role in shaping the dynamics of
gene expression, by regulating both mRNA degradation
and translation of a multitude of target genes. There are
more than 1000 miRNA genes in the human genome that
target up to 60% or protein-coding genes (Helwak
et al., 2013; Krol et al., 2010), with one miRNA targeting
from a dozen to hundreds of mRNA targets (Liu & Wang,
2019). In the last two decades, miRNAs have emerged as
important players in regulating all kinds of biological
processes, including circadian rhythms, from the molecu-
lar to the behavioural level.

The involvement of miRNAs in circadian oscillations
has been reported in cell lines (Park et al., 2020), in
peripheral tissues (Xu et al., 2007), as well as in the SCN
(Alvarez-Saavedra et al., 2011; Mehta & Cheng, 2013).
However, most studies focus on the role of an individual
miRNA in a specific context. Informative as it may be,
this approach often cannot showcase the magnitude of
miRNA influence on a biological system. We previously
demonstrated a comprehensive view of miRNA regula-
tion of the hepatic transcriptome employing a genetic
mouse model in which miRNA biosynthesis was inacti-
vated (liver-specific Dicer knockout) (Du et al., 2014). In
our hands, miRNAs played an essential role in adjusting
the phase and amplitude of 30% of the circadian tran-
scriptome in mouse liver.

To study the roles of miRNA ensemble in shaping
the function of the master clock, we have now extended
the use of the tissue-specific Dicer knockout model from
the liver to the SCN. We report here circadian beha-
vioural phenotypes of Dicer knockout in the SCN in two
different mouse models, conditional and inducible
knockout models. We also provide suggestive evidence
for sex differences in the conditional knockout model.

2 | MATERIALS AND METHODS

2.1 | Animals

All animal experiments were performed according to the
cantonal guidelines of either the Canton of Vaud,
Switzerland, license 2376.1, or the Canton of Zurich,
Switzerland, license 060/2017. Animals were allowed to
access food and water ad libitum under a 12:12-hr light-
dark (LD) cycle, unless otherwise stated. Dicer flox mice
(IMSR_JAX:006366) were gift from Professor David
Gatfield (Du et al., 2014), Syt10Cre knock-in mice
(MGI:5286607) were gift from Dr. Henrik Oster (Husse
et al., 2011), Period2::Luciferase (Per2::Luc) knock-in mice
(MGI:3040876) were gift from Dr. Joseph Takahashi (Yoo
et al., 2004). Genotype of the animals was examined by
PCR as described in the original publication of each mouse
strain. Due to the expression of Syt10 in the testis, males
homozygous for Syt10Cre should not be used for mating
with Dicer flox mice because this will create whole-body
knockout. Therefore, the male of genotype Dicerflox/flox;
Syt10+/+ were crossed with female Dicerflox/flox; Syt10Cre/+

to create knockout of genotype Dicerflox/flox; Syt10Cre/+,
dubbed conditional knockouts and control of genotype
Dicerflox/flox; Syt10+/+. Due to the low pregnancy rate that
prevented the use of same age animals, males aged
between 2 and 6 months were used for various experi-
ments. Litter mates or animals of similar ages were used
for the same experimental conditions.

2.2 | Genotyping

Polymerase chain reaction (PCR) was used for genomic
DNA extracted from either the tail, ear or olfactory
bulb to genotype each tissue or animal. To genotype
alleles of Dicer, the following two primers were used:
DicerR1, AAACATGACTCTTCAACTCAAACTCAAACG,
and DicerF1, AATATTAATCCTGACAGTGACGGTC-
CAAAG. To confirm deletion of exon 23 using PCR,
primer DicerF1 and DicerDel, GGGCAGCCCCATCTC
AAAGGCCTACCTGAG were used. To genotype alleles of
Syt10, the following three primers were used: Syt10 F,

DU ET AL. 6635



AGACCTGGCAGCAGCGTCCGTTGG; Syt10 R, AAGA-
TAAGCTCCAGCCAGGAAGTC; Syt10 KI, GGCGAGG-
CAGGCCAGATCTCCTGTG. To genotype alleles of
Per2::Luc, the following three primers were used: P1,
CTGTGTTTACTGCGAGAGT; P2, GGGTCCATGTGAT-
TAGAAAC; P3, TAAAACCGGGAGGTAGATGAGA.

2.3 | RT-qPCR confirmation of
recombination

cDNA was synthesized from 60 ng of total RNA from the
SCN of KO and control mice (for both conditional and
inducible models), using random hexamers and Super-
Script IV reverse transcriptase (Cat #18090010, Invitro-
gen) according to manufacturer’s instructions. cDNA was
PCR-amplified using PowerUp™ SYBR™ Green Master
Mix (Cat #A25741, Thermo Fischer Scientific). To quan-
tify the appearance of exon 23–25 spliced transcript upon
knockout of exon 24, we used primers targeting the junc-
tion between exon 23 and 25: E23/25_3 (Forward:

AACACTATCACTGCTTAGGAGAT and Reverse:
TGGGGACTTCGATATCCTCTTC). Expression of the
skipped exon 23–25 was normalized to that of exon
21, taken as an internal reference (Forward: GAGT-
CACCTGCTAAGCTCCA and Reverse: ACATTCATTG
CTGGGCTTGG). Exon 21 expression was normalized to
three reference genes: Eef1a1 (Forward:

TCCACTTGGTCGCTTTGCT and Reverse: CTTCTT
GTCCACAGCTTTGATGA),

Nudt4 (Forward: AAGTTCAAGCCCAACCAGACG
and Reverse: TCCTGGGACAATCCATTGGTC) and
Trip12 (Forward: TCCCTGGGATCTACAACACCA and
Reverse:

ATCATCTCTGCTATGCTGCAAG). The mean expres-
sion level for each exon in KO samples was expressed
relative to that of the control samples (n = 2/genotype).

2.4 | Tissue explants and
bioluminescence recording and analysis

Dicer flox; Syt10Cre mice were crossed to Per2::Luc mice for
bioluminescence recording of tissue explants. Except
for the preliminary results of female explants, all other
explants were from males. To prepare tissue explants,
animals were sacrificed and each tissue was collected into
ice-cold HBSS (Cat# 14025, Life Technologies, CA) with
10 mM Hepes (Cat# H0887, Sigma, MO). For SCN and
pituitary, brains were sliced at 300 μm intervals with a
McILWAIN Tissue Chopper, and each area was isolated
separately in ice-cold HBSS buffer with Hepes. For
kidney, liver, tail and lung, pieces of tissues were sliced at

300 μm interval. Each tissue explant was cultured on
either a Millicell (#PICMORG, Merckmillipore, MA) or a
piece of hydrophilic PTFE-membrane (#BGCM00010,
Merckmillipore, MA) submerged with DMEM (Cat#
D2902, Sigma, MO) with 0.035% Sodium bicarbonate
(Cat# S8761, Sigma, MO), 10 mM Hepes (Cat# H0887,
Sigma, MO), 4.5 g/l D-glucose (Cat# G8769, Sigma, MO),
1.0% Penicillin–Streptomycin (Cat# 15070–063, Life
Technologies, CA), 2% B27 (Cat# 17504044, Gibco) and
0.1 mM D-Luciferin (Promega, WI). Circadian biolumi-
nescence was recorded with photomultiplier tubes
(PMTs) every 48 mins at 34.5�C with 5% CO2. To assess
the period length of the bioluminescence ex vivo, the
original data were subtracted with a 24-hr running
average and sinusoidal curve fitting was applied using
Lumicycle analysis software (Actimetrics).

2.5 | Locomotor activity recordings and
analysis

Male mice were individually housed in cages containing
running wheels, or with infrared detectors as indicated,
with ad libitum access to food and water. Light intensity
at the cage level was 60 lx. Locomotor activity was
recorded as counts per minute using ClockLab software
(Actimetrics). To analyse the locomotor activity, the
activity counts were binned to every five minutes and
exported as a csv file. The text files were used for further
analysis in R. Actograms were plotted using geom_densi-
ty_ridges function from ggridges package in R. To
analyse activity onsets, actograms were plotted using the
shiny package in addition to the above-mentioned pack-
ages. To obtain consistent onset time, the first three or
four days after being transferred to each light-dark condi-
tion were removed, and then the onset time for seven to
ten days afterwards was used for analyses. In case the
animals were under light/dark conditions, activity onset
time was compared to the light-off time as reference time.
In case the animals were in constant darkness, activity
onset time was compared to CT12 as reference time. Note
that CT12 in constant darkness is defined with the free-
running period of each animal obtained from chi-square
in ActogramJ and the last light-off time (ZT12) in LD
directly before DD. For each animal, the absolute
difference between onset time and reference time was
calculated, dubbed onset deviation. For each animal, the
standard deviation of the absolute difference between
onset time and reference time was calculated, dubbed
daily onset variation. To obtain a periodogram, the first
three or four days after being transferred to each light-
dark condition were removed, then the activity data of
the ten days afterwards were analysed in ActogramJ v1.0
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(Schmid et al., 2011). The activity counts were smoothed
with a Gaussian kernel set to 15 to avoid many small
sharp peaks. The Gaussian value was applied to all three
methods: chi-square, Lomb-Scargle and Fourier. The
phase shift half-time was defined as the time at which
half the phase shift was completed and was extracted
using drda R package (Malyutina et al., 2023).

2.6 | Histological assessment

Animals were deeply anaesthetized with Pentobarbital
and intracardially perfused with 10 ml of ice-cold saline,
followed by 20 ml of ice-cold 4% paraformaldehyde/0.1 M
phosphate buffer (PB, pH 7.4). Brains were collected and
post-fixed in 4% paraformaldehyde with 0.1 M PB for
overnight at 4�C followed by cryoprotection in 20%
sucrose/0.1 M PB for 48 hrs at 4�C. The brains were sec-
tioned by 30 μm with cryostat at �17�C and washed in
0.1 M PB at room temperature. The sections were incu-
bated in DAPI/0.1 M PB, washed in 0.1 M PB, mounted
onto gelatin-coated microscope slides, air-dried and then
dehydrated with Fluoromount™ Aqueous Mounting
Medium (Cat# S3023, Dako). Fluorescent images were
obtained with a widefield microscope Apotome (Zeiss,
Germany). Sections were acquired from the same coronal
plane, as assessed by the presence of other topological
landmarks, such as the paraventricular nucleus (PVH)
and the optic chiasm.

2.7 | Injection of AAV constructs
expressing hSyn-Cre in the SCN

Male Dicer flox mice (12–16 weeks old) were stereotacti-
cally (Kopf Instruments, CA, USA) injected under
isofluorane anaesthesia, bilaterally at the SCN (ML = ±
0.18 mm; AP = 0.46 mm; DV = 5.8 mm; relative to
bregma). The following viruses were injected at a volume
of 300 nl with a rate of 150 nl/min: for knockouts
(n = 6), ssAAV9/2-hSyn1-chl-mCherry_2A_iCre-WPRE-
SV40p(A) (produced by Viral Vector Facility at the
University of Zurich, 7.9 � 1012 viral particles/ml; iCre:
Addgene #24593) and for controls (n = 7), ssAAV9/2-h-
Syn1-chl-mCherry-WPRE-SV40p(A) (produced by Viral
Vector Facility at the University of Zurich, 4.8 � 1012

viral particles/ml). Post-surgery, mice were returned to
the housing cage, and allowed to recover. Following the
completion of the activity recording using a running
wheel, mice were perfused with 4% paraformaldehyde,
their brains were extracted and sites of injection were
confirmed through mCherry expression with confocal
microscopy.

3 | RESULTS

3.1 | Generation of a mouse model with
inactivated Dicer in the SCN

To study the function of miRNAs in the SCN, we gener-
ated a mouse model in which miRNA biogenesis is inacti-
vated in the majority of the SCN cells. We bred mice
carrying conditional knockout alleles for the Dicer1 gene
(referred to as Dicerflox in the following), and mice carry-
ing Cre recombinase cDNA inserted into the Synaptotag-
min 10 locus (referred to as Syt10Cre), a gene strongly
expressed in the SCN (Husse et al., 2011), and obtained
Dicerflox; Syt10Cre mice, called here conditional Dicer
knockout (KO) mice. It is worth noting that although
Syt10 is abundantly expressed in the SCN, it is also found
in neuronal cells in other brain regions such as the olfac-
tory bulb, the pituitary, the cortex, the hypothalamus, the
cerebellum and the spinal cord (Husse et al., 2011; Lein
et al., 2007; Roper et al., 2015). In addition to neuronal
cells, Syt10 is expressed in the seminiferous tubules of the
testis but not in any other peripheral tissues (Husse
et al., 2011). The insertion of the Cre recombinase gene in
the Syt10 locus results in a knockout of endogenous Syt10.
The Dicerflox mouse carries loxP sites flanking exon
24, which encodes most of the second RNaseIII domain of
the Dicer1 gene (Harfe et al., 2005). We evaluated recombi-
nation using two methods. For the first method, due to the
small size of the SCN and potential contamination from
surrounding tissues that limits its use in PCR analysis, the
olfactory bulb, which also expresses Syt10, was used for
PCR analysis to confirm successful recombination at the
Dicerflox locus (Figure S1A, B). PCR analysis of the ear
showed no detection of the recombined allele as expected.
For the second method, we quantified the splicing of exon
23 onto exon 25 using RT-qPCR as previously described
(Mang et al., 2015). While the expression of exon 21 in the
SCN (Figure S1C, left panel), served as positive control,
and was detected similarly in controls (n = 3) and knock-
outs (n = 2), exon 23–25 splicing was higher in knockouts
compared to controls (Figure S1C, middle and right
panel). Note that the CT values for controls were close to
the detection limit (34.84 ± 0.97) while the CT values for
knockouts were much lower (28.15 and 28.61).

3.2 | Conditional Dicer knockout mice
showed shorter free-running period with
variable onsets

We found that conditional knockout animals had shorter
free-running periods than control animals (Figure 1).
Three different methods were used to calculate the
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free-running period from the actogram: chi-square
periodogram, Fourier analysis and Lomb-Scargle periodo-
gram, which all gave similar results. The period lengths
of knockouts were 23.00 ± 0.50 h, 23.00 ± 0.51 h and
23.02 ± 0.49 h, by chi-square periodogram, Fourier analy-
sis and Lomb-Scargle periodogram, respectively. The
period lengths of controls were 23.77 h ± 0.24 h, 23.74
± 0.26 h and 23.77 ± 0.26 h, by chi-square periodogram,

Fourier analysis and Lomb-Scargle periodogram, respec-
tively. Welch two-sample t-tests revealed a statistically
significant difference between the mean period length of
knockouts and controls calculated by all three methods
(p < 0.0005). Because the period length calculated by the
three methods was similar to each other, for the rest of
the activity recordings, only results for the chi-square
periodogram were used for further analyses.

F I GURE 1 Conditional Dicer knockouts have shorter period length. (a) Representative actograms and periodograms under constant

darkness (DD). Yellow part in the actograms denotes when light was on. (b) Free running period length in constant darkness calculated by

three different methods: chi-square periodogram (Chi), Fourier analysis (Fourier) and Lomb-Scargle periodogram (LS).
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We next evaluated the re-entrainment of conditional
knockouts to jetlag. A subset of animals used for Figure 1
was used for this purpose. We found that knockout
animals re-entrained almost immediately to a new light–
dark cycle after 6 h phase advance (Figure 2a–c). Phase
shift half time, i.e., time required to reach half of the

phase shift, was analysed in two different ways to
quantify jetlag re-entrainment. When all animals were
analysed as a group, the phase shifts half-time for the
knockout group (n = 5) and the control group (n = 9)
were 1.15 days and 2.48 days, respectively (Figure 2b).
When the phase shift half-time was calculated for each

F I GURE 2 Conditional Dicer

knockouts re-entrain faster to jetlag.

(a) Representative actograms with detected

onsets (red circles) under 6 h-advance

jetlag. Yellow part in the actograms denotes

when light was on. (b) Activity onsets

under 6 h-advance jetlag was plotted

against day since jetlag. Y-axis shows onset

time with ZT12 before jetlag as time 0. X-

axis shows the day since jetlag with day

0 as the day when the light was shifted 6 h

in advance. The fitted curve shows the

dynamic of onset time for the whole animal

population. The vertical lines show the

phase-shift half-time of the population

calculated from the fit. The horizontal lines

show the corresponding onset times

calculated from the fit. (c) Phase shift half

time of 6 h-advance jetlag calculated for

each animal separately. (d) Representative

actograms with detected onsets (red circles)

under 6 h-delay jetlag on day 0. Yellow part

in the actograms denotes when light was

on. (e) Activity onsets under 6 h-delay

jetlag was plotted against day since jetlag.

Y-axis shows onset time with ZT12 before

jetlag as time 0. X-axis shows day since

jetlag with day 0 as the day when the light

was shifted 6 h delay. The fitted curve

shows the dynamic of onset time for the

whole animal population. The vertical lines

show the phase-shift half-time of the

population calculated from the fit. The

horizontal lines show the corresponding

onset times calculated from the fit. (f)

Phase shift half time of 6 h- delay jetlag

calculated for each animal separately. **:

p < 0.01.
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animal, the values for the controls and the knockouts
were 1.27 ± 0.59 days and 2.75 ± 1.06 days, respectively
(Figure 2c). A Welch two-sample t-test revealed a statisti-
cally significant difference between the two groups,
T(11.98) = 3.35, p = 0.006. When animals were placed
under 6 h phase delay schedule (Figure 2d), there was no
statistically significant difference between knockouts and
controls. The phase shift half times as a group for knock-
out (n = 3) and control (n = 5) were 0.61 days and
0.51 days, respectively (Figure 2e). The average phase
shift half times for each animal for knockouts and con-
trols were 1.74 ± 1.18 days and 0.70 ± 0.31 days, respec-
tively (Figure 2f). A Welch two-sample t-test revealed
that there was no statistically significant difference
between the two groups, T(2.10) = 1.52, p = 0.26.

We noticed that knockouts had more variable onsets
than controls. Due to the limited availability of running
wheel recording apparatus, although all animals were
kept in LD 12:12 for 2 weeks before being released under
DD, not all animals in Figure 1 had recordings under
LD 12:12. We thus analysed onsets for a subset of ani-
mals presented in Figure 1 whose activities under LD
12:12 were available. Under LD 12:12, daily activity-
onsets could precede or follow dark-onset for both con-
trol and knockout mice (Figure S2A). Knockout mice,
however, had a broader distribution of onset time than
controls which we further quantified. To remove the
direction of the relationship between activity-onsets and
dark-onset, we calculated the absolute difference
between activity-onsets and dark-onset for every day,
dubbed onset deviation and took the average of these
values for each animal. We found that knockouts
showed an onset deviation of 62.42 ± 23.65 minutes,
while controls showed only 8.44 ± 4.04 minutes activity-
onset deviation (Figure 3a, T[4.10] = 5.07, p = 0.007,
Welch two-sample t-test). In addition to the larger devia-
tion of activity onsets to the dark onset, knockout ani-
mals showed larger variation in their daily activity
onsets compared to control animals. For each animal,
from the daily onset deviations, we calculated the stan-
dard deviation of these values. Under LD = 12:12, the
standard deviation of onset for each animal was 50.29
± 25.78 minutes for knockouts and 6.96 ± 6.72 minutes
for controls (Figure 3b, T[12.14] = 3.93 p = 0.002, Welch
two-sample t-test). Since the running wheel might
change the animals’ behaviours, we measured the onset
in another cohort of animals using an infrared detector
under LD 12:12 (Figure 3c, Figure S2B). In spite of the
different devices, we found again that knockout animals
had a larger deviation of onset time to the light-off time
(41.87 ± 18.86 minutes), compared to controls (5.79
± 4.34 minutes, Figure 3c, T[3.18] = 3.77, p = 0.03,
Welch two-sample t-test). Though no significant

differences were observed (Figure 3d; T[3.14] = 2.07,
p = 0.13, Welch two-sample t-test), there was a tendency
toward larger standard deviation of activity onsets in
knockouts (30.32 ± 22.94 minutes) vs controls (6.25
± 4.68 minutes). In conclusion, the precision of onset

F I GURE 3 Conditional KO mice have larger onset variation

than controls. (a) Absolute difference to light-off time under LD

12:12 condition measured with a running wheel (RW). (b) Standard

deviation of difference to light-off time under LD 12:12 condition

measured with RW. (c) Absolute difference to light-off time under

LD 12:12 condition measured with infrared sensor (IR).

(d) Standard deviation of difference to light-off time under LD

12:12 condition measured with IR. (e) Absolute difference to CT12

under constant darkness condition (DD) measured with

RW. (f) Standard deviation of difference to CT12 under constant

darkness condition (DD) measured with RW.
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time under LD 12:12, either quantified by deviation to
the light-off time, or by daily variation for each animal,
was lower for knockouts compared to controls.

Interestingly, the larger variation of activity onsets in
knockouts vs controls was also observed under the DD
condition. For each animal, circadian time under DD
was calculated based on its free-running period length
and the last light-off time in LD directly before DD.
Similar to when under LD, daily activity onsets could
precede or be after CT12 for both controls and knockouts
(Figure S2C). We calculated the absolute difference
between activity-onsets and CT12 for each animal,
i.e. onset deviation. Knockouts showed activity onsets
that were different absolutely to CT12 by 101.32 ± 44.60
minutes, while controls showed only 51.05 ± 38.01
minutes differences (Figure 3e, T[24.55] = 3.49,
p = 0.002, Welch two-sample t-test). Under DD, the
standard deviation of onset deviation was 54.87 ± 23.63
minutes for knockouts and 23.89 ± 16.51 minutes for
controls (Figure 3f, T[21.07] = 4.29, p = 0.0003, Welch
two-sample t-test). The more variable onsets in knock-
outs under both LD 12:12 and DD conditions suggested
that the circadian clocks in knockouts are less precise
than those in controls.

3.3 | Lack of mature miRNAs in the SCN
caused heterogeneous phenotypes under
constant light condition that correlated
with their onset variations

Reasoning that less precise clocks would be more easily
disrupted under challenging conditions, we placed ani-
mals under different light schedules. Since constant light
condition (LL) is known to disrupt circadian rhythms
(Ohta et al., 2005), activities of mice lacking Dicer in
their SCN (n = 10) and controls (n = 11) were recorded
under LL condition (Figure 4). We observed that control
animals under LL exhibited longer period lengths that
changed with time (Figure 4, Figure S3). The period
lengths of circadian rhythm from day 4 to day 13 in LL
were 24.79 ± 0.35 h, and became shorter to 24.31
± 0.60 h during day 14 to day 23 in LL (T[16.15] = 2.25,
p = 0.04, Welch two sample t-test). In contrast, knock-
out animals showed three different phenotypes based on
the activities from day 14 to day 23 in LL (Figure 4,
Figure S3). Three knockouts showed ultradian rhythms
of very low chi-squared statistical amplitudes (Figure 4,
KO1 as representative, and Figure S3). These three
knockouts had a tendency towards higher activities over

F I GURE 4 Conditional KO mice show heterogeneous phenotypes under constant light (LL). Representative actograms (upper panel)

and periodograms (middle and lower panel) are shown. Yellow part denotes when light was on. Periodograms were plotted for the two

durations, from day 4 to day 13, and from day 14 to day 23.
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24 h (18,993 ± 10,081 counts) than controls (7160
± 5591 counts) but did not reach statistical significance,
T(2.35) = 1.95, p = 0.17, Welch two-sample t-test. Four
animals showed ultradian rhythms of high chi-squared
statistical amplitudes that fell into three main period
lengths, one between 7 and 10 h, one between 15 and
20 h and one between 24 and 29 h (Figure 4, KO2 as
representative, and Figure S3). Because the ultradian
rhythms changed over time, we also analysed the data
in three consecutive windows, day 3–9, day 10–16 and
day 17–23 (Figure S3B, KO2–1 to KO2–4). The ultradian
rhythms in the last window, day 17–23 remained similar
to those during day 14–23. We could also see that the
ultradian rhythms started to form on day 10–16. In
terms of total activity, these four knockouts had higher
activity over 24 h (18,235 ± 6010 counts) than controls
(7160 ± 5591 counts), T(5.04) = 3.21, p = 0.02, Welch
two-sample t-test. Lastly, three animals showed one
main period length (24.28 ± 0.33 h, Figure 4, KO3 as
representative, and Figure S3) that was similar to con-
trols (24.31 ± 0.60 h, Welch two-sample t-test, p = 0.9),
dubbed control-like. Although the period length pheno-
types were similar to controls, these three knockouts
also had higher activity over 24 h (19,394 ± 10,158
counts) than controls (7160 ± 5591 counts), T(3.26)
= 3.43, p = 0.04, Welch two-sample t-test. Overall, the
different behavioural phenotypes of knockouts in LL
suggested that they have larger inter-individual differ-
ences than controls.

The three behavioural phenotypes of knockouts in LL
ranged from less robust ultradian period length, to more
robust ultradian with three main period lengths, to
robust one main period length as similarly observed in
controls. We, therefore, hypothesized that their pheno-
types in LL correlate with the precision of their clock
evaluated by onset variations. Among the 10 knockouts
kept in LL, 9 of them had been recorded under DD condi-
tion. Due to the low animal number, the two phenotypes
that were different to controls, i.e., those that had ultra-
dian under LL, were grouped together, dubbed “other”
phenotype. We found that compared to a control-like
group, animals in group “other” had a higher deviation
of onset time to the light-off time (Table S1, Figure S4A,
127.71 ± 46.26 minutes and 57.34 ± 19.10 minutes for
“other” and control-like, respectively), Welch two-sample
t-test, T(6.97) = 3.22, p = 0.015. Similarly, animals
in group “other” had a higher standard deviation of
daily onset time (Table S1, Figure S4B, 64.42 ± 20.79
minutes) vs control-like (26.98 ± 8.73 minutes), T(6.98)
= 3.79, p = 0.007, Welch two-sample t-test. Thus,
animals with less precise clocks exhibited less robust LL
phenotypes.

3.4 | Conditional Dicer knockout
reduced their activities during light phase
less than controls under challenging light
conditions

It is known that nocturnal animals reduce activity
under constant light conditions. We observed that con-
trols reduced their daily total activities by 78.2 ± 24.3%
under LL compared to LD 12:12. In contrast, knockouts
reduced their activities much less than controls, by
only 35.0 ± 20%, Welch two-sample t-test, T(9.96)
= 3.48, p = 0.006. In addition, we also observed that
already under LD 12:12, knockouts had higher activi-
ties during the light phase compared to the controls.
To remove the difference in total activities, we calcu-
lated the ratio of activities during the light phase to
those in the dark phase for each animal. Knockouts
had higher ratio (0.083 ± 0.051) than controls (0.029 ±
0.033), T(12.71) = 3.06, p = 0.009, Welch two-sample
t-test.

Reduced activity can be observed during the light
phase under other light conditions such as in LD 3:3 or
LD 2:2 as well. A new cohort of animals was placed
under the LD 3:3 or LD 2:2 condition. When control
animals were placed under LD 3:3, their activities were
reduced during light phases. In addition, they chose
one of the light phases as the starting time for their
“night time”, and reduced their activities in the third
or/and fourth light phase after this starting time. They
also exhibited a period length slightly longer than 24 h
(Figure 5, Figure S5, n = 5, 24.17 ± 0.33 h), although to
a lesser extent than was reported previously (Oishi
et al., 2015). In contrast, knockout animals showed two
different phenotypes (Figure 5, Figure S5). Seven
knockouts reduced their activities during light phases
similarly to control animals (Figure 5, KO1 as represen-
tative, and Figure S5). In order to remove the differ-
ences in total activity levels, we calculated the ratio of
activity levels during the light phases to those during
the dark phases. We did not find a statistically signifi-
cant difference between these seven knockouts and con-
trols. However, in contrast to controls, these knockouts
were active during all dark phases, which resulted in
ultradian rhythms with period lengths close to multiples
of six, i.e., period lengths of around 6, 12, 18 and
24 hours. In addition to these animals, we found five
knockouts free-ran with a period length shorter than
24 h, and more similar to their shorter free-running
period measured under DD (Figure 5, KO2 as represen-
tative, and Figure S5, n = 5, 22.25 ± 0.47 h). We again
calculated the ratio of activity during the light phases to
those during the dark phases for these five knockouts.
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We found that these knockouts had higher ratios (0.48
± 0.20) than controls (0.22 ± 0.12), T(6.43) = 2.51,
p = 0.043, Welch two-sample t-test.

When control animals were placed under LD 2:2, they
seemed to switch their night starting time gradually and
as a result exhibited a longer period length (n = 3,
Figure 6, 24.92 ± 0.25 h), similar to what was reported
under LD 4:4 (Park et al., 2012). However, knockout ani-
mals again showed heterogeneous phenotypes. Four
knockouts showed ultradian rhythms with random
period lengths that are not related to multiples of four
(Figure 6, KO 3 to KO 6). These four animals were the
ones that had ultradian rhythms that are multiples of six
under LD 3:3. One knockout showed arrhythmicity
(Figure 6, KO 2) while it was rhythmic with a period
length of 22.42 h under LD 3:3 (Figure S5B, KO 2–5).
One knockout (Figure 6, KO1) showed a shorter period
length that is close to the shorter period length when the
animals were placed under LD 3:3 (Figure S5B, KO 2–4).
Interestingly, while controls still reduced their activities
during the light-on times, knockouts seemed to mostly
ignore when the light was on. For all knockouts, the ratio
of activity during light phases to those during dark
phases was higher (0.66 ± 0.29) when compared to
controls (0.27 ± 0.16), T(6.60) = 2.44, p = 0.046, Welch
two-sample t-test. Overall, these results suggested that
knockout animals could perceive light and respond to it
by reducing their activities under some light conditions,
but their responses were different and more heteroge-
neous than controls.

3.5 | SCN tissue explants from
conditional Dicer knockout also showed
shorter period length

To confirm if the short circadian period in the behaviour
of knockout animals was due to the disrupted SCN, we
bred Dicer flox; Syt10Cre mice with Period2::Luciferase
(Per2::Luc) knock-in mice and cultured their tissue
explants from different tissues (Figure 7). SCN from
knockout animals indeed showed shorter period length
compared to controls (Figure 7a left panel, knockout =
24.21 ± 0.58 h, control = 24.83 ± 0.45 h, T[25.4] = 3.46,
p = 0.002, Welch two sample t-test). We next evaluated
the period lengths measured in other tissues. For this
analysis, we chose animals whose explants from all three
tissues, SCN, lung and pituitary were available from the
same animals (Figure 7a right panel). A two-way mixed
analysis of variance was performed to analyse the effect
of genotype and tissue on period length. We found that
the interaction effect between genotype and tissue on
period length was not significant, F (2,16) = 3.43,
p = 0.058. We then compared the period lengths of differ-
ent tissues within each genotype. Within controls’ tissue
explants, there was no statistically significant difference
in period lengths. Within knockouts’ tissue explants,
SCN ones had a shorter period length (24.59 ± 0.52 h)
than lung ones, where Syt10 is not expressed (Husse
et al., 2011), (25.67 ± 0.50 h, T (5) = 7.45, p < 0.01, paired
t-test). Interestingly in knockout animals, pituitary
explants, where Syt10 is expressed (Roper et al., 2015),

F I GURE 5 Conditional KO mice show heterogeneous phenotypes with reduced activities during light phases under LD 3:3.

Representative actograms and periodograms are shown. Yellow part denotes when light was on.
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also had shorter period length (23.78 ± 0.49 h) than lung
ones (25.67 ± 0.50 h, T (5) = 47.75, p < 0.001, paired
t-test). Finally, knockout pituitary explants had shorter
period length (23.78 ± 0.49 h) than SCN ones (24.59
± 0.52 h, T (5) = 5.00, p < 0.05, paired t-test). It is worth
noting that during SCN explant preparation, SCN from
knockout animals detached more easily from the optic
chiasm. We also evaluated the damping rate and ampli-
tude of the SCN explants’ oscillations (Figure 7b,c).
Welch two-sample t-test revealed that there was no statis-
tically significant difference in the damping rate between
knockouts and controls (p = 0.17). However, knockout
explants showed lower amplitude (30.86 ± 39.98 AU)

than controls’ ones (111.27 ± 85.53 AU, T[31.73] = 3.84,
p = 0.0006, Welch two sample t-test).

3.6 | Inducible SCN-specific Dicer
knockout showed heterogeneous
behavioural phenotypes that correlated
with Cre injection efficiency

To rule out the effect of extra-SCN expression of Syt10, as
well as the effect of possible developmental process, on
the period length phenotype observed in our knockout
model, we induced Dicer knockout in the SCN by

F I GURE 6 Conditional KO mice showed heterogeneous phenotypes but more towards ultradian rhythms/arrhythmic under LD 2:2.

Actograms and periodograms of all animals are shown. Yellow part denotes when light was on.
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injecting AAV expressing hSyn-Cre to the SCN. Induction
of Cre recombination was tested 50 days after injection
(two knockouts and two controls) by RT-qPCR as has

been done for conditional knockout. Expression of exon
21 (Figure S7A) was similar between knockouts (1.57 and
0.66 [AU]) and controls (0.48 and 2.08 [AU]). Splicing of

F I GURE 7 SCN explants in culture from conditional KO mice have shorter period length. (a) Period lengths of Per2::Luc are shown.

Tissue explants from the same animals share the same colours and are connected by lines. (b) Damping rate of circadian oscillation.

(c) Amplitude of circadian oscillation. (d) Representative rhythms from SCN and lung. SCN rhythms from KO mice were more difficult to

obtain than those from controls. **: p < 0.01, ***: p < 0.001.
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exon 23 onto exon 25 normalized to reference genes
(Figure S7B) was higher in knockouts (3.29 and 11.34
[AU]) vs controls (0.40 and 2.48 [AU]). When exon 23–25
splicing was normalized to the expression of exon
21, knockouts (2.10 and 17.45 [AU]) still showed higher
levels than controls (0.84 and 1.20 [AU]). Similar to con-
ditional knockouts, one should be careful when interpret-
ing the fold change of exon 23–25 splicing products
between knockouts (CT values were 33.90 and 31.09) and
controls due to low levels in controls (CT values were
35.54 and 34.04). In addition, although the fold changes
of exon 23–25 splicing between knockouts and controls
could not be reliably compared, the fold changes for the
tested inducible knockouts were lower than the tested
conditional knockouts.

Another cohort of animals was injected to investigate
behaviours of induced SCN-specific Dicer knockout. Two
weeks after injection, the free-running period length
under DD was assessed by recording wheel-running
activities (Figure 8, Figure S6). In contrast to animals
with control injection (n = 6, free-running period length
= 23.88 ± 0.07 h), we found that hSyn-Cre injected
animals exhibited heterogeneous phenotypes. Two
knockout animals showed rhythms that could be catego-
rized as arrhythmic (one did not have any period length
above the threshold, the other had one period length just
above the threshold [12% above a threshold, while the
values for controls were 600 ± 90%]). Three knockout
animals showed period length of slightly longer than
24 hours (24.08 ± 0.14 h). Four knockout animals
showed a period length shorter than 24 hours (23.44
± 0.57 h), with one animal having 22.58 h period length.

At the end of the recording, we confirmed injection
efficiency in a subset of animals that represented each

phenotype by confirming the area of expression of the
reporter gene mCherry at the injection site (Figure S8).
In the control group (Figure S8A), three out of six ani-
mals were imaged and they showed successful targeting
in at least one lateral side of the SCN. SCN of all three
imaged animals were well preserved. Thus, we did not
detect any damage due to the injection procedure. For
the Cre injection, we found that two animals with period
lengths shorter than 24 h did not express mCherry in the
SCN, and the SCNs were well preserved, suggesting
that the injection missed the SCN (Figure S8B). This
explained the normal period length of these animals
(23.67 h and 23.75 h). For the animal with a very short
period length (22.58 h) that is close to the period length
of conditional knockout animals, Cre injection was con-
firmed in at least one side of the SCN (Figure S8C). In
addition, the SCN was much less well preserved than any
of the above-mentioned animals. For all three knockouts
with period lengths slightly longer than 24 h, mCherry
expression was confirmed in part of the two SCNs
(Figure S8D). The SCNs of these animals were less well
preserved than the animals with missed or control injec-
tion, suggesting that successful Cre injection affected the
SCN, potentially underlying the slightly longer period
length observed. Finally, for the two animals with
arrhythmic phenotype, Cre injection was confirmed on
both sides of the position where the SCN should be
(Figure S8E). Considering the surrounding structures,
such as the optic chiasm and paraventricular nucleus, a
typical SCN structure in the brain sections could not be
detected. This suggests that a completely successful Cre
injection resulted in the destruction of the SCN structure.
Therefore, it is likely that the heterogeneous phenotypes
of the Cre-injected animals were likely caused by

F I GURE 8 KOs induced by injection of Dicerflox mice with AVV expressing hSyn-Cre have variable phenotypes including arrhythmic.

Representative actograms and periodograms are shown. Yellow part denotes when light was on.
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different injection efficiencies, with successful Dicer inac-
tivation in both SCNs of adult mice resulting in arrhyth-
micity, a typical SCN lesion phenotype.

3.7 | Altered SCN structure in
conditional knockouts

The different SCN structures observed in inducible
knockout animals prompted us to investigate the
structure in conditional ones. DAPI staining of brain slices
from control confirmed the presence of SCN structure
(Figure S9A). In contrast, we found a much smaller
SCN structure in the slices from knockout animals
(Figure S9B). Therefore, together with the morphology
phenotype in inducible knockouts, these results suggest
that a large portion of the SCN cells died upon conditional
miRNA depletion in the SCN during early development.

3.8 | Preliminary observations of
conditional knockout females

We observed that conditional knockout females reached
extreme weight (Figure S10A at 13-month-old, knockout
females weighed 59.9 g, while control females weighed
32.7 g, both n = 2). Knockout females were also less
fertile. Over a period of one year, from 10 breeding pairs
between control males and knockout females, one pair
produced 4 litters, four pairs produced 2 litters and five
pairs produced only one litter before pausing pregnancy.
Regarding the circadian period, SCN tissue explants from
KO females showed a tendency towards shorter periods
compared to controls, similar direction as in males
(Figure S10B, knockout SCN = 24.50 ± 0.90 h, control
SCN = 25.36 ± 0.41 h, T[2.2] = 1.60, p = 0.12, Welch
two sample t-test). Surprisingly, we found that tissue
explants from pituitary gland of control females (23.07
± 0.55 h) showed shorter period compared to their SCN
counterparts (25.68 ± 0.82 h, T (2) = 4.15, p = 0.03,
paired t-test), while the two tissues from control males
showed similar period (male pituitary = 24.74 ± 1.02 h,
male SCN = 24.83 ± 0.45 h, p > 0.05, paired t-test). In
contrast, in knockout females, tissue explants from the
pituitary gland exhibited similar period length (knockout
female pituitary = 24.33 ± 1.40 h) compared to their
SCN counterparts (24.50 ± 0.90 h, p > 0.05, paired t-test).

4 | DISCUSSION

In the current study, we explored the circadian conse-
quences of depleting mature miRNAs in the master clock

of the mouse brain. We report here a shorter period
length at the locomotor activity level which was corrobo-
rated at the tissue level in the SCN explants in condi-
tional knockout animals. Interestingly, the shorter period
length was also observed in pituitary explants, where
Syt10 is also expressed. We reported previously that
conditional Dicer knockout in the liver leads to a
tendency towards longer period length in hepatocytes
(Du et al., 2014). Thus, the shorter period length observed
in explants from two brain regions suggested that the
impact of Dicer knockout on period length phenotype is
tissue-specific. In addition, conditional knockouts also
re-entrained faster to a 6-hour phase advance of light
onset compared to controls, which was probably due to
their faster clocks. Although not statistically significant,
knockouts also appeared slower in adjusting to the phase
delay compared to controls, which would be consistent
with their shorter period length. This empirical observa-
tion should be confirmed in future studies with a larger
number of animals.

To complement the disadvantage of the conditional
knockout model (since Dicer was knocked out in the
olfactory bulb, pituitary gland and testis in addition to
the SCN, and potential compensation during the develop-
ment process), we attempted to confirm the period length
phenotype in an inducible model. Molecular validation of
the recombination suggested that it is less efficient in the
inducible knockout animals used for this experiment
than the conditional ones. Moreover, inducible knockout
animals showed heterogeneous phenotypes that seemed
to correlate with injection efficiency evaluated by expres-
sion of the reporter gene mCherry.

We observed smaller SCN structures for some of the
conditional knockout animals for which histological
assessments were performed. The inducible knockout
model also showed SCN structure changes that correlate
with injection efficiency and thus probably with miRNA
depletion efficiency. In the cases when injection was
successful in both SCNs for two inducible knockouts, the
SCN structure was hardly detected, and the animals
showed arrhythmicity that resembles an SCN lesion.
Overall, these results suggest that Dicer inactivation in
the SCN leads to loss of SCN cells: for the conditional
knockout a partial loss, and for the inducible knockout a
Cre dose-dependent cell loss.

Relatively mild behavioural phenotype and less cell
loss in the SCN in conditional knockout animals suggest
incomplete deletion of Dicer in the SCN of the condi-
tional knockouts compared to the inducible ones. Indeed,
it was previously shown that when using a Syt10Cre

mouse model to obtain SCN-specific Bmal1 knockouts,
BMAL1 expression was deleted in the SCN in a Cre dose-
dependent manner (Husse et al., 2011). However, due to
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the expression of Syt10 in the testis and that whole-body
Dicer knockout is embryonic lethal (Bernstein et al.,
2003; Chen et al., 2013; Husse et al., 2011), it is not possi-
ble to obtain tissue-specific Dicer knockout mice that are
homozygous for Syt10Cre. Complete Dicer deletion might
then lead to cell apoptosis in the SCN as has been seen in
the excitatory forebrain neuron-specific Dicer knockout
model (Davis et al., 2008). We cannot exclude the possi-
bility that conditional knockouts did not show arrhyth-
micity under DD due to compensation by neuronal
plasticity during development. This can be confirmed, for
example, by knocking out Dicer in neonatal SCN slices by
infection with AAV expressing hSyn-Cre. It would be
interesting then to compare different doses of AAV infec-
tion with the resulting period lengths.

Despite a large portion of the SCN structure was
missing, the conditional knockout animals could still
maintain rhythmic behaviours. It would be important to
investigate if the whole structure, or only a specific SCN
region, was reduced in size. It was shown that AVP defi-
ciency does not affect behavioural period length in males,
but increases period in females (Rohr et al., 2021). At the
tissue level, SCN explants from both AVP deficient males
and females had longer period length compared to control
ones. However, the deletion of VIP neurons renders mice
shorter period length (Mazuski et al., 2020), which is
similar to the shorter period length expressed by our con-
ditional Dicer knockout animals. For future studies, one
can assess Dicer inactivation in a VIP-Cre mouse at the
level of SCN to confirm whether Dicer loss in VIP neurons
is mainly responsible for our observed phenotypes.

Surprisingly, the genetic Dicer knockout also exhib-
ited a female-specific phenotype, namely obesity and
compromised fertility. As reported in the original paper
(Husse et al., 2011) and elsewhere, Syt10 is highly
expressed in the SCN, although it can be found also in
the olfactory bulb and in the pituitary (Husse et al., 2011;
Roper et al., 2015). Therefore, we cannot rule out that the
expression of Syt10 outside of the SCN contributed to
the above female Dicer knockout phenotypes. Further-
more, we found that wild-type female mice’s tissue
explants from the pituitary showed shorter period length
compared to the SCN tissue explants from the same
animals, a phenotype that was not observed in wild-type
males. In fact, sex differences in circadian phenotypes
have been described previously. For example, females re-
entrain to a new light–dark cycle rapidly at proestrus
than at metestrus (Pilorz et al., 2020). The fast re-
entrainment of locomotor activity is accompanied by fast
clock phase shifts in peripheral tissues but not the SCN.
The observed phenotypes could be conveyed also via pro-
opiomelanocortin (POMC) neurons, which receive direct
input from the SCN, and have been previously implicated

both in hyperphagia and obesity (Jais et al., 2020), as well
as sexually dimorphic functions in the context of energy
homeostasis (Wang et al., 2018). Future studies should
explore the relationship between SCN and extra-SCN
regions when using Syt10Cre mouse model, in both males
and females.

Determining the responsible miRNA(s) is direct evi-
dence to understand miRNA-dependent regulation of the
SCN functions. Recently, whole-body deficiency in miR-
183/96/182 cluster was shown to affect locomotor activity
as well as circadian oscillations at tissue levels (Zhou
et al., 2021). However, in this mouse model, even though
the mice are behaviourally arrhythmic under constant
darkness, SCN tissue explants are rhythmic with the
same period length as controls. Taking into consideration
that miR183/96/182 cluster was inactivated throughout
the whole body, it is therefore highly unlikely that they
are driving the behavioural alterations and SCN cell loss
observed in our Dicer deficient models. Nevertheless,
several miRNAs, such as miR-219 (Cheng et al., 2007),
miR-132 (Cheng et al., 2007) and miR-17 (Gao et al.,
2016), have recently been reported to be expressed rhyth-
mically in the SCN. miR-7a, whose predicted targets
include GABA B receptor 1, and Cry2, is reported to be
enriched in the SCN (Herzer et al., 2012). It might be also
interesting to explore the role of miRNAs whose func-
tions are specific to different regions in the SCN. Explor-
ing a broad set of responsible miRNAs working
synergistically and profiling transcriptomic changes upon
miRNA depletion in different SCN neuronal populations
will help to answer the open questions that could not be
addressed in our previous studies.

Although the usage of conditional or inducible Dicer
knockouts in the exploration of miRNA function allows
for a topologically more accurate approach than whole-
body genetic knockouts, it does not come without limita-
tions. Inactivation of Dicer during early development
may prevent the physiological formation of neuronal
networks, and even cause cell death. Moreover, Syt10 is
expressed as early as E13.5 during mouse development
(Thompson et al., 2014), and knocking out Syt10 has pre-
viously been reported to result in reduced neuron and
synapse numbers (Cao et al., 2011; Greenman et al.,
2013). We thus have to be explicit that some of our
observed phenotypes in the two Dicer knockout mouse
models may be potentially not specific to the absence of
mature miRNAs, but rather due to a postnatally underde-
veloped SCN network or loss of Syt10-expressing neu-
rons. In the same context, Dicer function is involved not
only in miRNA biogenesis but also in the production of
some non-coding RNA such as tRNAs or tRNA-like
precursors (Babiarz et al., 2008), small nucleolar RNAs
(Ender et al., 2008) or small nuclear RNA-like viral
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RNAs (Cazalla et al., 2011). Therefore, we cannot exclude
the possibility that the phenotypes observed here were
not exclusively related to miRNAs. Our observations
should thus be validated in future studies by knocking
out other miRNA biosynthesis regulators such as Drosha
or DGCR8, or via the use of targeted miRNA inhibitors,
which could provide evidence that are more strictly
related to miRNA-based regulation.
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