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Abstract

Circadian oscillators, defined by cellular 24 h clock gene rhythms, are found through-

out the brain. Cerebral cortex-specific conditional knockout of the clock gene Bmal1

(Bmal1 CKO) leads to depressive-like behavior, but the molecular link from clock gene

to altered behavior is unknown. Further, diurnal proteomic data on the cerebral cor-

tex are currently unavailable. With the aim of determining the diurnal proteome pro-

file and downstream targets of the cortical circadian clock, we here performed a

proteomic analysis of the mouse cerebral cortex. Proteomics identified approximately

2700 proteins in both the neocortex and the hippocampus. In the neocortex, 15 pro-

teins were differentially expressed (>2-fold) between day and night, mainly mito-

chondrial and neuronal plasticity proteins. Only three hippocampal proteins were

differentially expressed, suggesting that daily protein oscillations are more prominent

in the neocortex. The number of differentially expressed proteins was reduced in the

Bmal1 CKO, suggesting that daily rhythms in the cerebral cortex are primarily driven

by local clocks. The proteome of the Bmal1 CKO cerebral cortex was dominated by

upregulated proteins expressed in astrocytes, including GFAP (4-fold) and FABP7

(>20-fold), in both the neocortex and hippocampus. These findings were confirmed

at the transcript level. Cellular analyses of astrocyte components revealed an

increased number of GFAP-positive cells in the Bmal1 CKO cerebral cortex. Further,

BMAL1 was found to be expressed in both GFAP- and FABP7-positive astrocytes of

control animals. Our data show that Bmal1 is required for proper cellular composition

of the cerebral cortex, suggesting that increased cortical astrocyte activity may

induce behavioral changes.

Abbreviations: Bmal1, basic helix-loop-helix ARNT like 1 (previously known as Arntl); CKO, conditional knockout; CT, circadian time; DD, dark:dark schedule (darkness); LC–MS/MS, liquid

chromatography–tandem mass spectrometry; LFQ, label-free quantification; qRT-PCR, quantitative reverse-transcription real-time PCR; LD, 12 h light:12 h dark schedule; SCN, suprachiasmatic

nucleus; ZT, Zeitgeber time.
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1 | INTRODUCTION

Circadian rhythms, that is, 24 h endogenous biological rhythms, are

maintained by a molecular circadian clock that enables living organ-

isms to efficiently synchronize physiological functions to the light

regime (Takahashi, 2017). Anatomically, the master clock of mammals

resides in neurons of the suprachiasmatic nucleus (SCN), but the

molecular clock, as defined by oscillating clock gene expression, is a

feature of most if not all cell types (Guilding & Piggins, 2007). In this

regard, oscillating circadian clock gene expression has been reported

in all major regions of the brain, including neurons of the neocortex

(Rath et al., 2013; Rath et al., 2014) and the hippocampus (Honma

et al., 1998; Jilg et al., 2010). While rhythmic clock gene expression in

the cerebral cortex seems to depend on a circadian input from the

SCN (Rath et al., 2013), the functional role of these extrahypothalamic

molecular brain oscillators is far less understood. Evidence from stud-

ies in humans shows a clear correlation between major depressive dis-

order and altered clock gene expression in both neocortical and

hippocampal areas of the cerebral cortex (Li et al., 2013), suggesting

that local changes in clock gene accompanies development of depres-

sion; however, the link between brain disorders and circadian dys-

function is largely correlational (Logan & McClung, 2019).

To clarify a possible causal link from disrupted clock gene expres-

sion in extrahypothalamic circadian oscillators to altered behavior, we

previously generated a mouse strain in which the canonical clock gene

Bmal1 (basic helix–loop–helix ARNT like 1, previously known as Arntl)

was specifically deleted in the cerebral cortex by use of Cre-LoxP

technology (Bering et al., 2018). In this Bmal1 conditional knockout

(CKO) model, the Cre-recombinase is driven by the promoter of Emx1

(Guo et al., 2000), which allows us to specifically disrupt the circadian

clock in the cerebral cortex, including the neocortex and the hippo-

campus, while leaving the master clock of the SCN intact (Bering

et al., 2018). The Bmal1 CKO showed only minor changes in circadian

locomotor rhythmicity, whereas a phenotype with depressive-like

behavior and reduced monoamine signaling was evident, suggesting

that a circadian malfunction of the clock of the cerebral cortex is a

causal component in development of depressive disorder (Bering

et al., 2018; Li et al., 2013); however, the molecular connection from

the circadian clock of the cerebral cortex to affective behavior still

represents a missing link in our understanding of the circadian system

of the brain.

Circadian clock gene expression profiles in the cerebral cortex,

that is, both the neocortex and the hippocampus, are well documen-

ted; also, the daily profiles of gene expression in the mouse neocortex

and the hippocampus have been analyzed by microarray and RNA

sequencing (Hor et al., 2019; Lananna et al., 2018; Renaud

et al., 2015). However, large-scale screening efforts of protein con-

tents of the mouse cerebral cortex so far did not include temporal

profiles (Sharma et al., 2015); therefore, general day-night changes in

the murine neocortical and hippocampal proteome, which would rep-

resent a first-step towards identifying clock-controlled proteins, still

represent a gap in our knowledge on circadian biology of the cerebral

cortex.

With the purpose to determine daily changes in protein

expression in the cerebral cortex and to identify downstream molecu-

lar targets of the Bmal1-dependent circadian clock, we here per-

formed proteomic analyses of the neocortex and the hippocampus of

normal mice and a Bmal1 CKO model, respectively. The results of

these efforts, which would represent an initial link between a dis-

rupted local clock and altered behavior, are presented below.

2 | MATERIALS AND METHODS

2.1 | Animals

Bmal1 conditional knockout mice (Bmal1 CKO; Emx1-Cre+/

Bmal1-flox+/+) and control mice (Emx1- Cre�/Bmal1-flox+/+)

were generated by crossing of a Bmal1-flox carrying strain (B6.129S4

(Cg)-Arntltm1Weit/J; stock number 7668; Bmal1 previously known as

Arntl) (Storch et al., 2007) and a homozygote Emx1-Cre carrying strain

(B6.129S2-Emx1tm1(cre)Krj/J; stock number 5628) (Guo et al., 2000)

obtained from Jackson Laboratories (Charles River, Sulzfeld,

Germany). The Emx1-Cre carrying strain has been previously

characterized and exhibits a high (>90%) LoxP-specific recombination

efficiency (Guo et al., 2000). The mice were housed under controlled

light conditions in a 12 h light:12 h dark (LD) schedule with food and

water ad libitum. Breeding and genotyping were performed as

previously described (Bering et al., 2018). BMAL1 protein was

absent in the neocortex and hippocampus of the Bmal1 CKO, but still

detectable in the SCN (Figure S1). Disrupted clock gene rhythms

in the cerebral cortex and behavioral characterization have been pre-

viously reported (Bering et al., 2018).

For proteomic analyses, a total of 26 mice were sacrificed by

decapitation; the neocortex and the hippocampus were dissected and

immediately frozen on dry ice; animals included Bmal1 CKO mice

sacrificed at Zeitgeber time (ZT) 6 (3 male, 5 female, 24–76 weeks

of age), Bmal1 CKO mice sacrificed at ZT18 (3 male, 4 female,

20–63 weeks of age) and control mice sacrificed at ZT6 (3 male,

2 female, 18–65 weeks of age) and ZT18 (2 male, 4 female,

18–63 weeks of age), respectively. For quantitative reverse-

transcription real-time PCR (qRT-PCR), a total of 48 animals were kept

in darkness (DD) for 2 days and sacrificed by decapitation in three-

hour intervals throughout the presumptive day and night; the neocor-

tex and the hippocampus were dissected and immediately frozen on

dry ice; animals included 24 Bmal1 CKO mice (11 male, 13 female,

13–25 weeks of age) and 24 control mice (15 male, 9 female,

13–23 weeks of age). For radiochemical in situ hybridization, a total
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of 38 mice were sacrificed by decapitation in four-hour intervals; the

brains were removed and frozen in crushed dry ice; animals included

20 Bmal1 CKO mice (10 male, 10 female, 14–17 weeks of age) and

18 control mice (12 male, 6 female, 13–19 weeks of age). Samples

from mice included in the qRT-PCR and in situ hybridization analyses

presented here have also been used in a previous publication (Bering

et al., 2018). For immunohistochemistry, animals were anesthetized

with tribromoethanol (400 mg/kg) at ZT5 and sacrificed by transcar-

dial perfusion with PBS (with heparin) followed by 4% paraformalde-

hyde in 0.1 M phosphate buffer (pH 7). The brains were removed,

postfixed for 48 h in the same fixative, cryoprotected in 25% sucrose

in PBS for 48 h and finally frozen in crushed dry ice; animals included

four Bmal1 CKO mice (3 male, 1 female, 10–13 weeks of age) and

four control mice (1 male, 3 female, 9–22 weeks of age).

All animal experiments were performed in accordance with the

guidelines of EU Directive 2010/63/EU and the specific experiments

in this study were approved by the Danish Council for Animal Experi-

ments (authorization number 2017-15-0201-01190) and the Faculty

of Health and Medical Sciences, University of Copenhagen (authoriza-

tion number P21-146).

2.2 | Proteomics

The experimental approach is summarized in Figure 1. Samples were

prepared for analysis with the suspension trapping method (Zougman

et al., 2014) using S-Trap spin columns (Protifi). Label-free quantifica-

tion (LFQ) liquid chromatography–tandem mass spectrometry (LC–

MS/MS) was performed with the universal methods settings,

essentially as previously described (Ludvigsen et al., 2020). In short,

1 μg of each sample was run in triplicate on a Dionex Ultimate™

3000RSLC system connected to an Orbitrap Fusion Tribrid mass spec-

trometer with an EasySpray™ ion source (Thermo Scientific). Max-

Quant software version 1.6.6.0 (Tyanova, Temu, & Cox, 2016) was

used to perform a search of the raw data files against the reviewed

UniProt Mus musculus database (downloaded on September 2, 2019).

The ProteinGroup data file was subsequently analyzed in Perseus

software version 1.6.6.0 (Tyanova, Temu, Sinitcyn, et al., 2016). Iden-

tification of a protein required at least two unique peptides; quantita-

tive values were log2-transformed. Proteins were identified in at least

70% of the samples in each group compared.

Pathway analyses were performed using the online PANTHER

Overrepresentation Test (pantherdb.org) in annotation version GO

Ontology database DOI: http://doi.org.10.5281/zenodo.6799722

released July 1, 2022. Differentially expressed proteins were tested

for overrepresentation of the annotation data sets “GO biological pro-

cess complete” and “GO molecular function complete.” These

proteins were tested against two separate reference lists, the full Mus

musculus gene database provided in PANTHER, but also the list of

proteins detected in the mass spectrometry. Analyses were set to use

Fisher's Exact test type corrected for calculated false discovery rate.

2.3 | Quantitative RT-PCR

qRT-PCR was performed as previously described (Bering et al., 2017;

Bering et al., 2018; Rath et al., 2014). Briefly, RNA was isolated from

neocortices and hippocampi by use of TRIzol reagent, DNase treated,

F IGURE 1 Flowchart of experimental approach. Figure was created by use of BioRender.
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and 500 ng was reverse transcribed by use of Superscript III (Invitrogen).

PCR reactions were run in a Lightcycler 96 (Roche) with 10 μL reactions

containing 0.5 μM primers (Table 1), FastStart Essential DNA Green

Master (Roche) and 0.2 μL cDNA. Transcript copy numbers were deter-

mined by use of internal 10-fold dilutions of pUC57 plasmids containing

the sequence to be amplified (GenScript) and normalized against the geo-

metric mean of Actb and Gapdh copy numbers.

2.4 | Radiochemical in situ hybridization

Radiochemical in situ hybridization was performed as previously

described (Rath & Moller, 2022). In brief, DNA oligo probes targeting

two regions of the transcript of interest (Table 2) were labeled with

[35S]dATP (Perkin Elmer) by use of terminal transferase (Sigma).

Cryostat sections (12 μm) of unfixed brains mounted on slides were

fixed in formaldehyde, acetylated, dehydrated in a graded series of

ethanol, and delipidated in chloroform. Sections were incubated with

the labeled probe overnight at 37�C, washed in SSC, and exposed to

an x-ray film for 3 weeks. Autoradiographs were digitized and

optical densities of the neocortex and the dorsal hippocampus were

measured in Scion Image and converted to dpm/mg tissue by use of

simultaneously exposed 14C standards (Amersham).

2.5 | Immunohistochemistry

Immunohistochemistry was performed on free-floating cryostat

sections (40 μm) as previously described (Rath et al., 2014). In

brief, sections were blocked in serum and incubated in different

combinations of primary antibodies against FABP7, GFAP, and

BMAL1 overnight (Table 3). Sections were subsequently incubated in

fluorophore-conjugated secondary antibodies (Table 3) or, in case of

FABP7, in a biotinylated secondary antibody, followed by ABC

Vectastain (Vector Laboratories), tyramide signal amplification (TSA)

(Perkin Elmer) and a streptavidin-fluorophore conjugate (Table 3). All

sections were finally stained in DAPI before mounting on slides. Sec-

tions from at least three animals of each genotype (Bmal1 CKO and

controls) were run and analyzed in parallel. Sections were photo-

graphed in an LSM980 inverted laser scanning confocal microscope

(Zeiss). Adjustments of light and contrast and image overlays were

done using ZEN2.3 pro software (Zeiss); images from all animals were

processed using identical settings.

The specificity of the antibodies against GFAP and BMAL1 has been

previously tested (Rath et al., 2014). However, to test the specificity of

the antibody against FABP7, the diluted antibody was preincubated with

the immunogen mouse BLBP peptide (Abcam, catalogue number

ab32422) at a concentration of 100 μg/mL for 6 days prior to incubation

of the sections. Preabsorption completely abolished the immunohisto-

chemical signal in both the neocortex and hippocampus (Figure S2).

To determine the number of GFAP-positive cells, the dentate gyrus

or layer two of the neocortex located above the dentate gyrus were

identified in DAPI staining, the filter set of the microscope was switched

without changing the position of the slide, and the immunohistochemical

signal was photographed. Three brain sections from each mouse were

photographed (total of six photographs per mouse). Each photograph

corresponded to a tissue volume of 561 μm (horizontal) � 361 μm

(vertical) � 40 μm (section thickness). GFAP-immunopositive cell bodies

in the images were counted blinded. In the same photographs, GFAP-

signal intensity was measured in individual cell bodies by use of Scion

Image Beta version 4.0.02 (Scion), also blinded.

2.6 | Statistics

Quantitative proteome data (LFQ data) were analyzed in Perseus soft-

ware version 1.6.6.0 by Student's t-test. An uncorrected two-tailed

p-value of .01 was considered to represent statistical significance.

TABLE 1 qRT-PCR primer sequences.

Transcript GenBank accession number Position Forward primer sequence (50–30) Reverse primer sequence (50–30)

Fabp7 NM_021272.3 414–543 AAGGATGGCAAGATGGTCGT TAGCTGGCTAACTCTGGGACT

Gfap NM_001131020.1 645–874 GAATCGCTGGAGGAGGAGAT GCGTCTGTGAGGTCTGCAA

Dbi NM_001037999.2 193–336 GCCTCAAGACTCAGCCAACT TCAGCTTGTTCCACGAGTCC

Gng4 NM_010317.3 523–648 AGATGGAAGCCTGCATGGAC GGAAGGGGTTTTCTGAGGCA

Actb NM_007393.3 54–257 CGGTCCACACCCGCCACCA TCTGGGCCTCGTCACCCACAT

Gapdh NM_008084.2 20–122 TGTGCAGTGCCAGCCTCGTC GCCACTGCAAATGGCAGCCC

TABLE 2 In situ hybridization probe sequences.

Transcript GenBank accession number Position Probe sequence (50–30)

Gfap NM_001131020.1 699–664 GAACTTCCTCCTCATAGATCTTCCTTAAGAACTGGA

216–182 CAGGGAGTGGAGGAGTCATTCGAGACAAGGAGAAG

Fabp7 NM_021272.3 333–298 ACTTACAGTTTCTGTCATCTATGCTGGTTTCTTCAA

429–394 CCATCTTGCCATCCTTAATTTCTCTGGTACAATTTG
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Quantitative data obtained by qRT-PCR and radiochemical in situ

hybridization were analyzed in Prism 9.0.4 (GraphPad) by two-way

ANOVA followed by Bonferroni-multiple comparison's post hoc test

or one-way ANOVA; data are presented as individual measurements

with mean. Cell counts and signal intensities based on immunohisto-

chemical reactions were analyzed in Prism 9.0.4 by use of Mann–

Whitney U-test and Student's t-test, respectively. Data are presented

as individual values with mean and standard error of mean. Total num-

ber of animals (with gender and age) for each experiment are given in

the Animals sections above; n-values are given in figure legends. A

two-tailed p-value of .05 was considered to represent statistical

significance.

3 | RESULTS

3.1 | Mitochondrial, cytoskeletal, and neuronal
plasticity proteins are differentially expressed
between day and night in the mouse cerebral cortex,
but rhythmic expression mainly depends on local
expression of Bmal1

The proteome of the mouse cerebral cortex has been previously

reported (Sharma et al., 2015), but the daily profile is unknown. As a

first step towards characterizing proteins potentially regulated by

the local circadian clock of the cerebral cortex, we therefore identi-

fied the proteome of the neocortex and hippocampus from both

control and Bmal1 CKO mice at ZT6 and ZT18 (Tables S1–S4). A

total of 2778 proteins were detected in the neocortex, whereas a

total of 2695 proteins were detected in the hippocampus: among

these, 2455 proteins were detected in both tissues with

309 detected exclusively in the neocortex and 227 detected exclu-

sively in the hippocampus. Notably, clock gene products, including

BMAL1, were not detected.

To identify proteins differentially expressed between day and

night, proteomic data from samples collected at ZT18 and ZT6 were

compared. Cut-off was set at >2-fold changes combined with

p-values <.01 (Figures 2 and 3a, Table 4). Using these criteria,

15 proteins (COX6A1, COX6C, UQCRB, UQCRQ, NDUFB1,

LZTFL1, LPHN3, SNCB, GNG12, GNG4, GLTP, DBI TUBB6,

ABRACL, and ARPC3) were identified as being differentially

expressed in the neocortex of the control mouse with 13 proteins

upregulated at ZT6 and two upregulated at ZT18 (Figure 2a).

Among these, five proteins of the mitochondrial respiratory chain

were upregulated at daytime (COX6A1, COX6C, UQCRB, UQCRQ,

and NDUFB1). Other daytime proteins included proteins involved

in neural plasticity (LZTFL1, LPHN3, and SNCB), G-proteins

(GNG12 and GNG4), proteins involved in lipid transport and

metabolism (GLTP and DBI), whereas the two proteins upregulated

in the nighttime samples and one upregulated during daytime were

cytoskeletal (TUBB6, ABRACL, and ARPC3) (Table 4). Pathway

analysis revealed an overrepresentation of proteins related to aero-

bic electron transport chain and mitochondrial ATP synthesis

coupled electron transport in the group of 15 proteins differentially

expressed between night and day samples in the neocortex of

the control mouse (Figure S3). In the hippocampus, only three

proteins (PCSK1N, TMSB4X, and PPP1R1A) were differentially

expressed between day and night (Figure 2b), all upregulated

TABLE 3 Antibodies used for immunohistochemistry.

Protein
target

Primary antibody Secondary antibody Conjugate after TSA

Name

Vendor,
catalogue
number Dilution Name

Vendor,
catalogue
number Dilution Name

Vendor,
catalogue
number Dilution

FABP7 Rabbit anti-

BLBP

Abcam,

ab32423

1/1000 Donkey

anti-

rabbit

IgG,

biotin

Jackson,

711-065-152

1/500 Alexa Fluor

568,

streptavidin

Invitrogen,

S11226

1/400

GFAP Mouse

anti-

GFAP,

clone

GA5

Millipore,

MAB360

1/400 Alexa

Fluor

488

donkey

anti-

mouse

IgG

Invitrogen,

A21202

1/400 TSA not used

BMAL1 Goat anti-

BMAL1

(N-20)

Santa Cruz,

sc-8550

1/200 Alexa

Fluor

647

donkey

anti-

goat

IgG

Invitrogen,

A21447

1/400
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during daytime, with diverse functions such as regulation of

neuroendocrine pathways (PCSK1N), stem cell differentiation

(TMSB4X) and glycogen metabolism (PPP1R1A) (Table 4).

In the neocortex of the Bmal1 CKO mouse, four proteins

(COX6A1, DHRS1, SLC4A1, and CSTB) were found to be differentially

expressed (Figure 2c), including daytime upregulation of the mito-

chondrial respiratory chain protein that exhibited the most prominent

change in the neocortex of the control mouse (COX6A1). Other rhyth-

mic proteins in the neocortex of the Bmal1 CKO mouse had diverse

functions (Table 4), such as steroid metabolism (DHRS1), ion transport

(SLC4A1) and proteinase inhibition (CSTB). Using the criteria detailed

above, differential protein expression between day and night was not

detected in the hippocampus of the Bmal1 CKO mouse (Figure 2d). In

summary, this part of our proteomic analysis suggests that the day-

night differences in the proteome of the neocortex are more

abundant than those of the hippocampus and that rhythmic protein

expression to some extent requires an intact local circadian clock in

the brain region itself.

3.2 | Proteins known to be expressed in astrocytes
are upregulated in both the neocortex and
hippocampus of the Bmal1 CKO mouse

To identify proteins differentially expressed between genotypes, pro-

teomic data from samples collected from both the neocortex and hip-

pocampus at ZT18 and ZT6 were compared between the Bmal1 CKO

mouse and the control (Tables S5–S8). Again, cut-off was set at

>2-fold changes combined with p-values <.01 (Figures 3b and 4,

Table 5). Fourteen proteins (FABP7, GFAP, MTHFD1L, TUBB6,

F IGURE 2 Day-night changes in the proteome of the mouse cerebral cortex. Volcano plots of proteomic analyses of differential
expression of proteins between night (ZT18) and day (ZT6) in the neocortex of the control mouse (a), the hippocampus of the control
mouse (b), the neocortex of the Bmal1 CKO mouse (c), and the hippocampus of the Bmal1 CKO mouse (d). For each identified protein, the
negative log10 of the p-value (Student's t-test) is plotted against the log2 of the detected fold change calculated as the mean value at ZT18
divided by the mean value at ZT6. Proteins with p < .01 and fold change >2.0 were regarded as being differentially expressed and were
included in further analyses (Table 4); shaded areas indicate these cut-off values with proteins that were not included in further analyses.
n = 5–8 in each experimental group.
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PLXND1, ACAA2, ENTPD2, CA4, CAMKV, DBI, GNG4, ANXA4,

NOS1, and VIM) were found be differentially expressed between

genotypes in at least one brain region at one time point. In the neo-

cortex, 12 proteins (FABP7, GFAP, MTHFD1L, TUBB6, PLXND1,

ACAA2, ENTPD2, CA4, CAMKV, DBI, and GNG4) were identified,

with six of these being differentially expressed at both time points

(FABP7, GFAP, MTHFD1L, ACAA2, ENTPD2, and CA4). In the hippo-

campus, eight proteins (FABP7, GFAP, MTHFD1L, ACAA2, ENTPD2,

ANXA4, NOS1, and VIM) were identified, with three proteins being

differentially expressed at both time points (FABP7, GFAP, and

ACAA2), all of which were also differentially expressed at both time

points in the neocortex.

In both the neocortex and the hippocampus and at both time

points examined, FABP7, a protein involved in radial glial cell function,

and GFAP, a cytoskeletal protein in astrocytes, were found to be highly

upregulated in the Bmal1 CKO. GFAP is a well-established astrocyte

marker (Middeldorp & Hol, 2011), while FABP7 in addition to

oligodendrocyte precursor cells is also expressed in astrocytes of the

adult rodent brain (Foerster et al., 2020; Schmid et al., 2006; Sharifi

et al., 2011; Sharifi et al., 2013), thus suggesting that astrocytes may be

heavily affected by the knockout of the circadian clock. On the other

hand, mitochondrial proteins (MTHFD1L and ACAA2) were generally

downregulated in the neocortex and hippocampus of the Bmal1 CKO.

In addition, the enzyme ENTPD2, which is involved in extracellular sig-

naling during neurogenesis (Gampe et al., 2015), was upregulated in

both the neocortex and the hippocampus. Other proteins were affected

by Bmal1 knockout in one brain region only (Figure 4, Table 5).

In the neocortex, the cytoskeletal protein TUBB6, which was iden-

tified as being rhythmic in the control mouse with upregulation during

nighttime (Figure 2a, Table 4), was found to be upregulated in the day-

time samples of the Bmal1 CKO neocortex (Figure 4a, Table 5) reflect-

ing the loss of daily rhythm in the Bmal1 CKO cerebral cortex. Similarly,

GNG4, a G-protein, and DBI, which is involved in lipid metabolism, both

exhibited differential diurnal expression in the control mouse with

F IGURE 3 Summary of proteomic
data. (a) Day-night changes in the
proteome of the neocortex and
hippocampus in the control and Bmal1
CKO mouse, respectively. Data from
Figure 2 and Table 4 displayed as a Venn
diagram and a heatmap. Rhythmic
proteins are mainly detected in the
neocortex of the control mouse.

(b) Bmal1-dependent changes in the
proteome of the neocortex and
hippocampus at ZT6 and ZT18,
respectively. Data from Figure 4 and
Table 5 displayed as a Venn diagram and a
heatmap. FABP7 and GFAP are highly
upregulated in the Bmal1 CKO at both
timepoints in both tissues. Black cells in
the heat maps indicate that the protein
was not detectable.
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upregulation during daytime (Figure 2a; Table 4), but were found to be

specifically upregulated in nighttime samples of the Bmal1 CKO neocor-

tex (Figure 4b, Table 5), again seemingly reflecting a loss of protein

rhythms in the Bmal1 CKO cerebral cortex as opposed to a general con-

tinuous effect on the proteins themselves. Daytime protein levels were

specifically affected for proteins involved in synapse structure (PLXND1

and CAMKV) (Figure 4a, Table 5), whereas an enzyme controlling pH

homeostasis (CA4) was upregulated in both day- and nighttime samples

of neocortex of the Bmal1 CKO mouse.

In addition to the proteins affected across both brain regions

described above (FABP7, GFAP, MTHFD1L, ACAA2, and ENTPD2),

three proteins (ANXA4, NOS1, and VIM) were found to be differen-

tially expressed between genotypes specifically in the hippocampus,

all of which were affected in daytime-samples only (Figure 4c,

TABLE 4 Differential expression of proteins between day (ZT6) and night (ZT18) in neocortical and hippocampal samples collected from
Bmal1 CKO and control mice, respectively.

Protein name
Gene
symbol

Protein
ID

Night-day ratio

Function (uniprot.org)

Control Bmal1 CKO

Neocortex Hippocampus Neocortex Hippocampus

Cytochrome c oxidase
subunit 6A1,
mitochondrial

Cox6a1 P43024 7.34�1 4.56�1 Mitochondrial respiratory
chain

Tubulin beta-6 chain Tubb6 Q922F4 3.05 Cytoskeleton, involved in cell
division.

Guanine nucleotide-
binding protein G
subunit gamma-12

Gng12 Q9DAS9 3.03�1 G-protein, signal
transduction

Cytochrome c oxidase
subunit 6C

Cox6c Q9CPQ1 3.01�1 Mitochondrial respiratory
chain

Glycolipid transfer protein Gltp Q9JL62 2.75�1 Lipid transport

Acyl-CoA-binding protein Dbi P31786 2.70�1 Lipid metabolism, GABA
signal transduction

Leucine zipper
transcription factor-like
protein 1

Lztfl1 Q9JHQ5 2.63�1 Ciliary membrane trafficking,
development (sonic
hedgehog pathway),
neurite outgrowth

Guanine nucleotide-
binding protein G
subunit gamma-4

Gng4 P50153 2.49�1 G-protein, signal
transduction

Cytochrome b-c1 complex
subunit 7

Uqcrb Q9D855 2.32�1 Mitochondrial respiratory
chain

Actin-related protein 2/3
complex subunit 3

Arpc3 Q9JM76 2.29�1 Actin polymerization, cell
motility

Latrophilin-3 Lphn3 Q80TS3 2.28�1 Cell adhesion, synapse
formation, axon guidance

Beta-synuclein Sncb Q91ZZ3 2.25�1 Neuronal plasticity

Cytochrome b-c1 complex
subunit 8

Uqcrq Q9CQ69 2.15�1 Mitochondrial respiratory
chain

Costars family protein
ABRACL

Abracl Q4KML4 2.12 Actin-filament based process,
cell motility

NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 1

Ndufb1 P0DN34 2.02�1 Mitochondrial respiratory
chain

ProSAAS Pcsk1n Q9QXV0 3.95�1 Regulation of
neuroendocrine secretory
pathways

Thymosin beta-4 Tmsb4x P20065 3.65�1 Inhibits Actin polymerization
and bone marrow stem cell
differentiation

Protein phosphatase 1
regulatory subunit 1A

Ppp1r1a Q9ERT9 3.33�1 Inhibits hormonal control of
glycogen metabolism

Dehydrogenase/reductase
SDR family member 1

Dhrs1 Q99L04 2.19 Steroid metabolism

Band 3 anion transport
protein

Slc4a1 P04919 2.09�1 Anion transport across
erythrocyte cell membrane

Cystatin-B Cstb Q62426 2.05�1 Thiol proteinase inhibitor
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Table 5). These included functionally diverse proteins involved in exo-

cytosis (ANXA4) and nitric oxide synthesis (NOS1), as well as cyto-

skeletal components (VIM).

3.3 | Transcripts known to be detectable in
astrocytes are upregulated in the neocortex and
hippocampus of the Bmal1 CKO mouse

The prominent effect of Bmal1 deletion on the proteins FABP7 and

GFAP, both of which are expressed in astrocytes (Middeldorp &

Hol, 2011; Schmid et al., 2006; Sharifi et al., 2011), as well as previous

reports on the connection between Bmal1 and astrocyte biology in other

model systems (Lananna et al., 2018; Musiek et al., 2013), prompted us to

determine the expression of these proteins in detail at the transcript level

both with respect to circadian profiles and genotypical differences. Since

DBI is mainly expressed in astrocytes (Tonon et al., 1990; Tonon

et al., 2020), and GNG4 is detectable in fetal astrocytes (Bonham

et al., 2018), the transcripts of these proteins, which were both identified

as being upregulated in the neocortex of the Bmal1 CKO mouse

(Figures 3b and 4b; Table 5), were also included in the analyses.

To determine circadian profile of Fabp7, Gfap, Dbi, and Gng4,

qRT-PCR was performed on neocortical and hippocampal samples

from the Bmal1 CKO and control mice collected in 3 h intervals

(Figure 5). All four transcripts were significantly upregulated in both

cortical areas of the Bmal1 CKO (p-values <.01, two-way ANOVA),

whereas circadian rhythms were not detected in either genotype

(Table 6). Fabp7 has been previously shown to exhibit a diurnal

rhythm in the mouse hippocampus (Gerstner et al., 2008), and analyz-

ing the expression profile in control mouse separately confirmed these

findings with a just significant circadian variation in the hippocampus

(p = .036, one-way ANOVA) (Figure S4).

F IGURE 4 Bmal1 dependent changes in the proteome of the mouse cerebral cortex. Volcano plots of proteomic analyses of differential
expression of proteins between the Bmal1 CKO and control mouse in the neocortex at ZT6 (a), the neocortex at ZT18 (b), the hippocampus at
ZT6 (c), and the hippocampus at ZT18 (d). For each identified protein, the negative log10 of the p-value (Student's t-test) is plotted against the
log2 of the detected fold change calculated as the mean value in the Bmal1 CKO divided by the mean value in the control. Proteins with p < .01
and fold change >2.0 were regarded as being differentially expressed and were included in further analyses (Table 5); shaded areas indicate these
cut-off values. n = 5–8 in each experimental group.
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The overall transcript levels of Fabp7 were increased by 18.4-fold

and 10.2-fold in the Bmal1 CKO neocortex and hippocampus, respec-

tively, as compared to controls (Table 6). Gfap expression was

increased by 3.6-fold in both brain areas, whereas Dbi and Gng4 tran-

script levels were upregulated by approximately 2.2- and 1.5-fold,

respectively (Table 6). An increased abundance of Fabp7 and Gfap

transcripts specifically in the cerebral cortex, including both the neo-

cortex and the hippocampus, was also detectable by radiochemical in

situ hybridization (Figure 6a–f). The expression levels in the control

mouse were close to background with a weak Gfap signal detectable

only in the white matter of the optic tract, cerebral peduncle, fornix,

and internal capsule (Figure 6e). Quantitative analyses of the in situ

hybridization signals (Figure 6c,d,g,h) revealed highly significant

increases of both Fabp7 and Gfap transcripts in the neocortex

and hippocampus of the Bmal1 CKO mouse as compared to controls

(p-values <.0001, two-way ANOVA). Thus, the astrocyte proteins

identified as being upregulated in the cerebral cortex of the Bmal1

CKO mouse in our proteomic analysis are accompanied by increased

levels of the corresponding transcripts.

3.4 | GFAP- and FABP7-positive cells are
abundant in the cerebral cortex of the Bmal1 CKO
mouse and both proteins colocalize with BMAL1 in
the control mouse

To determine the distribution of FABP7- and GFAP-positive cells

in the cerebral cortex of the Bmal1 CKO and to compare it to

control mice, immunohistochemistry for detection these proteins

was performed on coronal sections of the brains of each geno-

type (Figure 7). Prominent expression of both proteins was

observed in cells with astrocyte morphology in both the neocor-

tex and hippocampus of the Bmal1 CKO; in the control mice, cells

expressing both proteins were seen in the hippocampus, whereas

TABLE 5 Differential expression of proteins in between genotypes, that is, Bmal1 CKO versus control, in neocortical and hippocampal
samples collected at midnight (ZT18) and midday (ZT6), respectively.

Protein name
Gene
symbol

Protein
ID

Ratio between Bmal1 CKO and control

Function (uniprot.org)

Neocortex Hippocampus

ZT6 ZT18 ZT6 ZT18

Fatty acid-binding protein, brain Fabp7 P51880 53.41 42.07 37.04 24.77 CNS development, establishment of

radial glia fibers for neuron

migration

Glial fibrillary acidic protein Gfap P03995 3.73 3.53 4.43 4.46 Cytoskeleton, cell-specific marker of

astrocytes

Monofunctional C1-tetrahydrofolate

synthase, mitochondrial

Mthfd1l Q3V3R1 3.33�1 3.15�1 2.05�1 Mitochondrial metabolite

interconversion enzyme

Tubulin beta-6 chain Tubb6 Q922F4 2.94 Cytoskeleton, involved in cell

division.

Plexin-D1 Plxnd1 Q3UH93 2.49 Cell–cell signaling, synapse formation

3-ketoacyl-CoA thiolase, mitochondrial Acaa2 Q8BWT1 2.43�1 2.63�1 2.02�1 2.05�1 Mitochondrial respiratory chain

Ectonucleoside triphosphate

diphosphohydrolase 2

Entpd2 O55026 2.17 2.49 2.09 Hydrolyses ATP to regulated

purinergic neurotransmission

Carbonic anhydrase 4 Ca4 Q64444 2.12 3.73 Intra- and extracellular pH

homeostasis

CaM kinase-like vesicle-associated

protein

Camkv Q3UHL1 2.08�1 Dendritic spine maintenance

Hemoglobin subunit beta-2a Hbb-b2 P02089 30.59�1 Oxygen transport

Acyl-CoA-binding protein Dbi P31786 3.65 Lipid metabolism, GABA signal

transduction

Guanine nucleotide-binding protein

G(I)/G(S)/G(O) subunit gamma-4

Gng4 P50153 2.08 G-protein, signal transduction

Annexin A4 Anxa4 P97429 2.35 Exocytosis

Nitric oxide synthase, brain Nos1 Q9Z0J4 2.27�1 Production of nitric oxide

(neurotransmitter)

Vimentin Vim P20152 2.08 Cytoskeleton, intermediate filament,

non-epithelial cells

aCorrection for possible contamination from blood in the samples was not performed.
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few positive cells were detectable in the neocortex. Cellular colo-

calization of FABP7 and GFAP was evident in both the neocortex

and hippocampus of the Bmal1 CKO (Figure 7), suggesting that

FABP7 is expressed in astrocytes of the cerebral cortex of the

Bmal1 CKO.

Semiquantitative analyses of GFAP-immunopositive cells in the

neocortex and hippocampus of both genotypes (Figure 7b) revealed

a significantly higher abundance of GFAP-positive cells in both the

neocortex (p = .029, Mann–Whitney U-test) and the hippocampus

(p = .029, Mann–Whitney U-test). In the hippocampus, the

F IGURE 5 Circadian expression profiles of genes expressed in astrocytes in the cerebral cortex of the Bmal1 CKO and control mice.
Quantitative RT-PCR analysis of Fabp7 in the neocortex (a) and hippocampus (b), Gfap in the neocortex (c) and hippocampus (d), Dbi in the
neocortex (e) and hippocampus (f), and Gng4 in the neocortex (g) and hippocampus (h). Mice were kept in DD; white and black areas of horizontal

bars indicate presumptive day and night, respectively. Data are presented as individual measurements and means for each genotype at each
timepoint with open circles-dashed line indicating Bmal1 CKO genotype and closed circles-solid line indicating control. Data from circadian time
(CT) 0/CT24 are double plotted. n = 3 in each experimental group. Statistical analyses are presented in Table 6.
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increased number of GFAP-positive cells was accompanied by an

increased level of GFAP immunoreactivity in individual cells

(p = .0017, Student's t-test), whereas a significant difference in

GFAP signal intensities between genotypes was not detected in the

neocortex (p = .096, Student's t-test). These findings suggest that

the increased level of GFAP in the cerebral cortex of the Bmal1 CKO

revealed by our proteomic analysis reflects an increased number of

cells expressing the protein at detectable levels and partly an

increased expression in individual cells. Notably, similar semiquanti-

tative analyses of sections immunoreacted for detection of cell-type

specific markers of oligodendrocytes (Bin et al., 2016), microglia

(Boeck et al., 2020), and neurons (Mullen et al., 1992) did not reveal

differences between genotypes in cell numbers in the neocortex and

hippocampus (Figure S5). These findings are in accord with the our

proteomic analyses which did not identify genotype-dependent

differences in any of the detected molecular markers (Matson

et al., 2022; Russ et al., 2021) of neurons, microglia, or oligodendro-

cytes, including oligodendrocyte precursor cells (Table S9).

BMAL1 is known to be expressed in neurons of the murine neo-

cortex and hippocampus (Rath et al., 2014); however, FABP7, which

is upregulated in the Bmal1 CKO, did not colocalize with the neuro-

nal marker NeuN (Figure S6). Therefore, to establish if BMAL1 was

also present in cortical astrocytes expressing GFAP and FABP7,

immunohistochemical staining were performed on sections of con-

trol mice (Figure 8). In both the neocortex and the hippocampus,

cells expressing both BMAL1, GFAP and FABP7 were identified,

suggesting that intrinsic BMAL1 can influence the biology of individ-

ual cortical astrocytes. Notably, BMAL1 was undetectable in astro-

cytes in the neocortex and hippocampus of the Bmal1 CKO mouse

(Figure S7).

TABLE 6 Summary of quantitative analyses of the expression profiles of Fabp7, Gfap, Dbi, and Gng4 in the neocortex and hippocampus of the
Bmal1 CKO and the control mouse determined by qRT-PCR.

Transcript Brain area Genotype

Difference between genotypes

(p-value + significance level)a
Circadian changes

(significance level)

Expression level

(mean ± SEM)b
Fold change between

genotypes (ratio ± SE)c

Fabp7 Neocortex Arntl

CKO

<.0001**** ns 74063.1

(±1366.5)

18.4 (±2.0)

Control ns 4034.41

(±428.0)

Gfap Arntl

CKO

<.0001**** ns 31422.2

(±1005.2)

3.6 (±0.2)

Control ns 8847.7 (±427.1)

Dbi Arntl

CKO

<.0001**** ns 30785.8

(±756.7)

2.4 (±0.1)

Control ns 12600.5

(±304.1)

Gng4 Arntl

CKO

<.0001**** ns 4939.3 (±192.6) 1.5 (±0.1)

Control ns 3342.6 (±120.9)

Fabp7 Hippocampus Arntl

CKO

<.0001**** ns 47742.5

(±1795.5)

10.2 (±1.4)

Control ns 4666.4 (±592.8)

Gfap Arntl

CKO

<.0001**** ns 122299.7

(±6070.4)

3.6 (±0.4)

Control ns 33624.0

(±3059.0)

Dbi Arntl

CKO

<.0001**** ns 28247.1

(±665.75)

2.0 (±0.1)

Control ns 14376.9

(±766.2)

Gng4 Arntl

CKO

.0032** ns 3219.6 (±94.9) 1.3 (±0.1)

Control ns 2502.2 (±155.4)

aDifference between genotypes and circadian changes were determined by two-way ANOVA followed by Bonferroni's multiple comparisons post hoc

tests.
bGene expression levels were determined by calculating the overall mean of the mean values at each timepoint analyzed.
cFold change between genotypes was determined as the ratio between the overall mean values of the Bmal1 CKO and the control mouse from the same

brain area.
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F IGURE 6 Daily expression and distribution of Fabp7 and Gfap transcripts in the cerebral cortex of control and Bmal1 CKO mice. (a–d)
Radiochemical in situ hybridization for detection of Fabp7 transcripts with representative autoradiographs (ZT12) of the control mouse (a) and the
Bmal1 CKO mouse (b) and semiquantitative analyses of expression levels in the neocortex (c) and the hippocampus (d) during the 24 h LD cycle.
(e–h) Radiochemical in situ hybridization for detection of Gfap transcripts with representative autoradiographs (ZT12) of the control mouse
(e) and the Bmal1 CKO mouse (f) and semiquantitative analyses of expression levels in the neocortex (g) and the hippocampus (h) during the 24 h
LD cycle. White and black areas of horizontal bars indicate day and night, respectively. Data are presented as individual measurements and means
for each genotype at each timepoint with open circles-dashed line indicating Bmal1 CKO genotype and closed circles-solid line indicating control.
Data from ZT0/ZT24 are double plotted. Genotypes were compared by two-way ANOVA showing significant highly differences for both genes
analyzed (p-values <.0001). n = 2–4 in each experimental group. Scale bars, 1 mm.
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F IGURE 7 Legend on next page.
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4 | DISCUSSION

The cerebral cortex contains a circadian oscillator as evidenced by

rhythmic expression of clock genes in both the neocortex and the hip-

pocampus (Jilg et al., 2010; Rath et al., 2014). We here identified pro-

teins differentially expressed between day and night in the neocortex

and hippocampus of the mouse and further determined downstream

targets of the cortical circadian oscillator by proteomic analysis of a

cerebral cortex-specific Bmal1 clock gene knockout mouse.

In the current study, 15 day-night differentially expressed pro-

teins were identified in the neocortex, while only three were identi-

fied in the hippocampus, indicating that the hippocampus is generally

less rhythmic than the neocortex, as also seen in analyses of clock

gene expression profiles in the mouse, where the amplitude is higher

in neocortex as compared to the hippocampus (Bering et al., 2018). In

the mouse neocortex, a number of mitochondrial respiratory chain

proteins were upregulated during daytime. Enrichment of mitochon-

drial respiratory chain proteins has also been reported in the rhythmic

proteome of the mouse SCN, in which the respiratory chain proteins

were mainly upregulated during daytime (Chiang et al., 2014). In the

cerebellum, a pattern with upregulation during daytime is also in

agreement with our data, although other mitochondrial respiratory

chain components were identified as being rhythmic (Plumel

et al., 2019). In the liver, proteins of the mitochondrial respiratory

chain are also rhythmic, but the rhythms are more complex in that

individual components are not uniformly distributed across the

24 h cycle and are not synchronized to the neocortical proteins identi-

fied in the current study (Neufeld-Cohen et al., 2016). Previous prote-

omic day-night analyses of the rat pineal gland also identified

mitochondrial proteins, including one mitochondrial respiratory chain

protein, as being preferentially expressed during daytime (Moller

et al., 2007), but this was not the case in a similar analysis of the

mouse retina (Moller et al., 2017).

In the neocortex, we also identified a number of rhythmic neuro-

plasticity proteins upregulated during daytime. Studies on time of

day-dependent neurogenesis and plasticity of the adult brain has

mostly focused the hippocampus and its role in learning and memory

(Ali & von Gall, 2022; Snider et al., 2018), whereas little is known

about the diurnal neuroplasticity processes in the mature neocortex

(Maret et al., 2011). In this regard, our data may represent a first step

towards identifying the molecular basis for circadian regulation of

neocortical plasticity.

Clock gene-encoded proteins were not detected in our proteomic

analyses, probably reflecting that expression levels are too low to

F IGURE 7 Distribution of FABP7 and GFAP protein and semiquantitative analyses of GFAP in the neocortex and hippocampus of Bmal1

CKO and control mice. (a) Immunohistochemical stainings for both GFAP and FABP7 were performed on the same sections. DAPI staining is
shown for orientations purposes; microphotographs of the second cortical layer and the dentate gyrus are displayed. Examples on colocalization
of GFAP and FABP7 in astrocytes in the Bmal1 CKO mouse are indicated by arrows in the neocortex and arrow heads in hippocampus,
respectively. n = 3–4 in each experimental group. Scale bar, 50 μm. (b) GFAP-positive cells were counted in the neocortex and the hippocampus
of control mice (closed circles) and Bmal1 CKO mice (open circles). Data analyzed by Mann–Whitney U-test with n = 4 in each experimental
group. *p < .05. (c) GFAP signal intensity was measured in the neocortex and the hippocampus of control mice (closed circles) and Bmal1 CKO
mice (open circles). Data analyzed by Student's t-test with n = 4 in each experimental group. **p < .01; ns, not significant.

F IGURE 8 Colocalization of BMAL1, FABP7, and GFAP in the neocortex and hippocampus of the control mouse. Immunohistochemistry for
detection of BMAL1, GFAP, and FABP7 was performed on the same sections. Colocalization of all three proteins were detected in astrocytes of
the neocortex (arrows) and the hippocampus (arrow heads). Images of the second layer of the neocortex and the dentate gyrus are displayed.
n = 3. Scale bar, 50 μm.
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generate a significant protein signal. As described in the introduction,

immunohistochemical analyses have identified clock gene-encoded

proteins in the cerebral cortex, and large screening efforts at the tran-

script level also reported rhythmic clock gene expression in the cere-

bral cortex (Renaud et al., 2015). This apparent discrepancy seems to

reflect a limitation of the methodology; thus, even in the pineal gland,

a central structure in circadian biology, proteomic analyses in the rat

failed to identify clock gene-encoded protein products (Moller

et al., 2007), while the corresponding transcripts were detected by

microarray analysis (Bailey et al., 2009). Most importantly, the local

circadian oscillator of the neocortex seems to play a key-role in gov-

erning differential day-night expression of proteins, as evidenced by

the marked decline in the number of day-night differentially expressed

proteins in the Bmal1 deficient neocortex in the current study.

Apart from the reduced representation of rhythmic proteins, a

striking feature of the proteome of the Bmal1 CKO is the upregulation

of proteins known to be expressed in astrocytes. FABP7, which is

expressed in neural stem cells and radial glia, but seems to persist in

astrocytes and oligodendrocytes precursors of the adult brain (Kipp

et al., 2011; Schmid et al., 2006; Sharifi et al., 2011), was upregulated

by more than tenfold in both the hippocampus and neocortex at both

transcript and protein level in the Bmal1 CKO. Upregulation of GFAP,

a well-established astrocyte marker (Middeldorp & Hol, 2011), was

fourfold, but this protein still represents the second highest level of

differential expression between genotypes in both brain regions. Our

finding that BMAL1, FABP7, and GFAP are co-expressed in astrocytes

of the neocortex and hippocampus of control mice suggests that

BMAL1 may act locally in cortical astrocytes to repress activation.

These results support activation of astrocytes as a general feature of

CNS model systems with knockout of Bmal1, since a modest upregu-

lation of Fabp7 transcripts in the hypothalamus of global Bmal1

knockout mice was recently reported (Gerstner & Paschos, 2020),

whereas the relation between a knockout of BMAL1 and activation of

GFAP-positive astrocyte has been previously reported both in vitro

and in vivo (Lananna et al., 2018; Musiek et al., 2013).

Despite the apparent connection of GFAP to the circadian clock,

GFAP is not rhythmic in the mouse SCN (Moriya et al., 2000) and

although day-night differences have been reported in the rat SCN

(Gerics et al., 2006; Hajos, 2008), our data establish the non-rhythmic

nature Gfap expression in both the neocortex and the hippocampus of

the mouse. Despite a rhythm in the hippocampus as reported here

and elsewhere (Gerstner et al., 2008), neocortical Fabp7 is also contin-

uously expressed throughout the 24 h circadian cycle in the neocor-

tex. Thus, the clear connection of Gfap and Fabp7 to the circadian

clock is not necessarily translated into a down-stream

circadian rhythm. Clock-dependent mechanisms involving activation

of astrocytes, as reflected by the upregulation of GFAP and FABP7,

seem to play a key-role in neurotoxicity and neurodegenerative dis-

eases (Killoy et al., 2020; Musiek & Holtzman, 2016), which may in

turn induce the depressive phenotype of the Bmal1 CKO.

Our proteomic analyses expanded the list of Bmal1-regulated astro-

cytic proteins (Gerstner & Paschos, 2020; Lananna et al., 2018; Musiek

et al., 2013) to include GNG4 and DBI (Bonham et al., 2018; Tonon

et al., 1990); in addition to the increase caused by of deletion of Bmal1,

both of these proteins were found to be upregulated at night in the pro-

teomic analysis of the control neocortex, but did not display a circadian

rhythm at the transcript level, suggesting that rhythms are regulated at

the posttranscriptional level. ENTPD2, a protein identified as being

upregulated in our proteomic analysis of the Bmal1 CKO cerebral cor-

tex, has also been identified in rat astrocytes (Wink et al., 2006), and

VIM, another protein upregulated specifically in the hippocampus of the

Bmal1 CKO, has also been localized to astrocytes (Schnitzer

et al., 1981), which is in accord with our finding of an increased abun-

dance of GFAP-positive astrocytes in both the hippocampus and neo-

cortex of the Bmal1 CKO mouse. On the other hand, previous

investigations found that FABP7 is downregulated in the cerebellum of

Per1/Per2 global mutant mice (Plumel et al., 2019), whereas Gfap

expression seems to be unaffected in the cerebral cortex (Lananna

et al., 2018). Therefore, the marked upregulation of astrocyte markers

following Bmal1 knockout does not seem to be a general consequence

of interfering with the molecular circadian clock.

In the Bmal1 CKO mouse model, we have previously documented

depressive-like symptoms (Bering et al., 2018), and now we see a correla-

tion with increased astrocyte activity specifically in the hippocampus and

the neocortex. On the contrary, the general picture in humans diagnosed

with major depressive disorder seems to be a reduction in astrocyte den-

sity in the cerebral cortex (Cobb et al., 2016; O'Leary et al., 2021;

Rajkowska & Stockmeier, 2013), but astrocyte hypertrophy has also been

reported (Torres-Platas et al., 2011); this points to the possibility that

dysregulation rather than absolute levels of cortical astrocyte activity

and density may induce a depressive phenotype. Recent data suggest

that disruption of cortical astrocyte calcium-signaling induces a

depressive-like behavior accompanied by synaptic structure abnormali-

ties in mice (Luo et al., 2023), which may be part of the mechanistic

explanation linking astrocytes to depression. Another CKO mouse model,

generated by use of a Cre-construct driven by the CamKII-promoter to

knock out Bmal1 in all regions of the forebrain, while cellularly limiting

the deletion to excitatory neurons, did not exhibit any affective symp-

toms (Snider et al., 2016). This indicates that the depressive-like behavior

observed in the phenotypic characterization of the mouse analyzed in

the current study (Bering et al., 2018) is not caused by Bmal1 deletion in

these neurons. On the other hand, Emx1 which was driving the Cre used

to knock out Bmal1 is known to be expressed in neurons, including excit-

atory neurons, and astrocyte precursors of the developing cerebral cor-

tex (Gorski et al., 2002). Therefore, we speculate that the cellular

distribution of the Bmal1 knockout, including astrocytes, may be a defin-

ing feature of the reported differences between the behavioral pheno-

types of the two otherwise seemingly similar mouse models (Bering

et al., 2018; Snider et al., 2016), again supporting the interpretation that

malfunction of cortical Bmal1-positive astrocytes represents a step

towards a depressive-like phenotype.
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