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Zusammenfassung

Licht ist der stirkste Einflussfaktor fiir die Synchronisation rhythmischer Gehirn- und
Korperfunktionen mit der AuBBenwelt, die im Wesentlichen vom zirkadianen System gesteuert
werden. Die Lichtinformation wird in der Retina detektiert und iiber intrinsisch photosensitive
retinale Ganglienzellen (ipRGCs) an den zentralen Taktgeber, den Nucleus suprachiasmaticus
(SCN), iibertragen. Dieser koordiniert untergeordnete Uhren im Gehirn und in der Peripherie. Auf
zelluldrer Ebene reguliert ein autoregulatorisches, molekulares Uhrwerk die rhythmische
Zellfunktion. Ein Element dieses Uhrwerks ist das Basic-Helix-Loop-Helix ARNT-Like Protein
1 (Bmall), welches an der Aufrechterhaltung der zelluldiren Homoostase beteiligt ist. FEine
gezielte Deletion von Bmall fithrt zur Storung zirkadianer Rhythmen und somit zu
pathologischen Verdnderungen. Es gibt Hinweise darauf, dass die Verarbeitung von
Lichtinformationen bei Bmall-Knockout-Méusen (Bmall-/-) beeintréichtigt ist, der Mechanismus
dahinter ist jedoch unklar. Ziel dieser Studie war es, die Rolle von Bmall in der glutamatergen
Neurotransmission von Lichtsignalen von ipRGCs zum SCN bei erwachsenen minnlichen
Bmall-/- und Wildtyp-Mausen (Bmall+/+) zu untersuchen. Wir analysierten die Auswirkungen
der Bmall-Deletion auf das lichtvermittelte Verhalten (Masking), die Netzhautmorphologie
sowie die Immunreaktion der neuronalen Glutamat Transporter vGLUT1, vGLUT2 und des
glialen Transporters GLAST in den retinalen Schichten und im SCN. Ebenso untersuchten wir
die Immunreaktion von VIP im SCN. Es erfolgte eine postmortale Quantifizierung der Glutamat
Konzentration im SCN. Mithilfe fokussierter lonenstrahl-Scanning-Elektronenmikroskopie (FIB-
SEM) und 3D-Rekonstruktion untersuchten wir die Ultrastruktur der Synapsen zwischen Retina
und SCN. Unsere Ergebnisse zeigen, dass die Deletion von Bmall die Masking-Reaktion auf
Licht beeintrichtigt. Die Dicke der retinalen Schichten sowie die Immunreaktion auf vGLUT1
und vGLUT2 waren bei Bmal-/- Miusen verdndert. Im SCN war die Immunreaktion auf
vGLUTI1, vGLUT2, GLAST und VIP verringert, wihrend die Glutamat Konzentration erhoht
war. Auf ultrastruktureller Ebene waren prasynaptische Endigungen vergrofert und der Abstand
zwischen den synaptischen Vesikeln und des synaptischen Spalts erhoht, was auf eine Reduktion
des sofort freisetzbaren Glutamat-Pools hinweist. Unsere Befunde zeigen, dass der Verlust von
Bmall das lichtvermittelte Verhalten sowie die Morphologie und glutamaterge Signaliibertragung
in Retina und SCN beeintrachtigt. Die gestorte glutamaterge Signaliibertragung an der tripartiten
Synapse zwischen ipRGCs und VIP-exprimierenden Neuronen im SCN konnte zur Veranderung
des lichtvermittelten Verhaltens beitragen. Eine gezielte Beeinflussung der molekularen Uhr,
einschlieflich Bmall, konnte eine potenzielle therapeutische Strategie zur Modulation von

erhohter Exzitotoxizitét infolge chronobiologischer Stérungen darstellen.



Summary

Light is the strongest synchronizer of rhythmic brain and body functions, predominantly
controlled by the circadian system, with the external environment. Light information is detected
by the retina and transmitted via intrinsic photosensitive retinal ganglion cells (ipRGCs) to the
central pacemaker of the circadian system: the suprachiasmatic nucleus (SCN), which in turn,
coordinates the subordinate clocks in the brain and periphery. At the cellular level, there is an
autoregulatory molecular clockwork that drives rhythmic cell function. The Basic Helix-Loop-
Helix ARNT-Like Protein 1 (Bmall) is an essential component of this molecular clock and is also
involved in maintaining the cellular homeostasis. Loss of Bmall leads to disruption of circadian
rhythms as well as drastic pathological changes. Data suggests that the processing of light
information in Bmall knockout (Bmall-/-) mice may be impaired, however, the underlying
mechanism is still unclear. Thus, in this study, we aimed to investigate the role of Bmall in
glutamatergic neurotransmission of light signals from ipRGCs to the SCN in adult male Bmall-
/- and wild-type (Bmal1+/+) mice. We investigated the effect of Bmall deletion on light-mediated
behavior, retinal morphology as well as the immunoreaction of neuronal glutamate transporters
vGLUT1,2 and glial glutamate transporter GLAST in the retinal layers and SCN in addition to
the postmortem quantification of glutamate levels in the SCN. Using focused ion beam scanning
electron microscopy (FIB-SEM) and 3D-reconstruction of synapses, we examined the
ultrastructure of the synapses between the retina and SCN. The immunoreaction of VIP in the
SCN was also assessed.

Our results show that the deletion of Bmall impairs masking response to light. The thickness of
retinal layers and the immunoreaction of vGLUT1,2 were altered in Bmall-/- mice. In the SCN,
the immunoreaction to vGLUTI1,2, GLAST, and VIP was decreased, while glutamate
concentration was increased. At the ultrastructural level, presynaptic terminals were enlarged, and
the distance between synaptic vesicles and the synaptic cleft was increased, indicating a reduction
in glutamate readily releasable pool.

Our findings indicate that Bmall loss impairs light-mediated behavior, affects both morphology
of and glutamatergic signaling within the retina and the SCN. The impairment of glutamatergic
signaling at the tripartite synapse between the ipRGCs and VIP-expressing neurons in SCN may
contribute to the alteration of light-mediated behavior. Thus, targeting the molecular clock,
including Bmall, could provide a novel therapeutic strategy for modulation of increased

excitotoxicity through chronodisruption.
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1.Introduction
1.1. Circadian rhythms

An important mechanism traced back to prehistoric times are, circadian rhythms (circa =
around, diem = day) that help organisms adapt to environmental changes such as the day-
night cycle, by synchronizing physiological, metabolic, and behavioral processes with the
anticipated needs (Silver and Kriegsfeld, 2014). Those rhythms are generated by internal
time-keeping mechanisms, even without any external cues or Zeitgebers (time giver in
German) (Korf and von Gall, 2013), that may slightly deviate from the exact 24-hour
cycle, allowing for continuous adjustment of the internal time keeping system to the

outside world (Vitaterna et al., 2001).

1.2. Light input to the suprachiasmatic nucleus (SCN)

Light is the strongest Zeitgeber for synchronizing the mammalian daily physiological and
behavioral activities with the day/night cycle. Light signaling relies on light inputs from
various retinal photoreceptors (Kumar et al., 2024). The commonly known
photoreceptors including rods and cones are responsible for vision. Rods contain
rhodopsin and are specialized to detect light at low intensity and thus, they are responsible
for night vision. Cones, on the other hand, contain photopsins and are responsible for
daylight and color vision. The activation of both types of photoreceptors initiates
phototransduction and the signals are transmitted via the synaptic terminal to bipolar and
horizontal cells and finally to the retinal ganglion cells (RGCs) within the retina (Fu and
Yau, 2007). Composed of the axons of retinal ganglion cells, the optic nerve transmits
visual information to the lateral geniculate nucleus (LGN) of the thalamus ,the midbrain,
regions, to subcortical regions and the visual cortex, which processes extrinsic visual
cues, the interpretation, tracking of visual objects and patterns (Dhande and Huberman,
2014, Hattar et al., 2002).

As light can still be detected in some blind individuals, who lack image formation, the
existence of additional photoreceptive cells independently of rods and cones was
hypothesized. Further research revealed a subset of RGCs that represent about 2%, within
this cell type and is able to respond to light independently. This is the result of
melanopsin, which is the photopigment, responsible for this intrinsic photosensitivity,

thus called intrinsically photosensitive (ipRGCS) (LeGates et al., 2014).
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In line with this, genetically modified mice missing rods and cones could demonstrate
preserved light detection, circadian entrainment, and non-image-forming visual
functions. However, all light responses were abolished in mice additionally lacking
melanopsin, confirming the role of melanopsin-expressing ipRGCs in non-image-
forming vision (Pickard and Sollars, 2012, Fu et al., 2005).

The ipRGCs can be classified into five distinct cell types (M1 to MS5) with diverse
dendritic morphology, axonal projections, genetic profile, electrophysiological properties
and function. M1 cells show the highest intrinsic light sensitivity and have a higher
depolarized resting membrane potential and a lower spike frequency. Compared to that,
M2 cells have medium somata and large sparsely branched dendrites. In contrast to that’s,
M2 cells show smaller, transient light responses but have higher firing rate capacity,
greater excitability, and higher input resistance, making them more responsive to small
synaptic inputs compared to M1 cells. In comparison to that, M3 cells resemble M2 cells
in soma size and dendritic complexity and distribution. Their light responses are moderate
and show sustained depolarizations and firing in response to light. M4 cells have large
soma and large radially branched dendritic trees, while M5 have small soma with
uniformly bushy, highly branched dendritic arbors. M3-MS5 exhibit increased
electrophysiological heterogeneity suggesting a broader and more specialized functional
involvement in both non-image-forming and pattern vision (Ecker et al., 2010, Schmidt
et al., 2011a, Schmidt and Kofuji, 2009, Schmidt and Kofuji, 2011, Hu et al., 2013,
Berson et al., 2010). In addition to the afferent input received directly through the ipRGCs
themselves, these cells can also integrate signals from rods and cones with their own
slower, melanopsin-driven responses (Schmidt et al., 2011b).

The axons of ipRGCs mainly create the retinohypothalamic tract (RHT), which extends
from the retina to the hypothalamus SCN. Dense nerve fiber terminals primarily terminate
at the ventrolateral part of the SCN, with fewer projections to the SCN dorsomedial part
(Moore et al., 1995). These projections mediate photic signals that are important for the
regulation of circadian functions, independent of image-forming vision (Hannibal et al.,
2002, Hannibal, 2002). Importantly, some ipRGCs that are projecting to the SCN can
mediate light-induced effects on hippocampal learning and cognition independently of
the SCN’s role as a circadian pacemaker (Fernandez et al., 2018).

Beyond the SCN, the axons of ipRGCs project to other regions such as the anterior
hypothalamus, retrochiasmatic area, lateral hypothalamus, perifornical area, and certain

thalamic nuclei. Additionally, some ipRGCs terminate on the perihabenular nucleus
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(PHb), which in turn project to prefrontal cortex and, thus, play an important role in light-
influenced emotional regulation. Some axonal collaterals also reach the intergeniculate
leaflet (IGL) and pretectum (Mikkelsen and Vrang, 1994, Johnson et al., 1988, Fernandez
et al., 2018, Pickard, 1985).

Those mammalian ipRGCs utilize glutamate and the neuropeptide PACAP (pituitary
adenylyl cyclase-activating polypeptide) as neurotransmitters for mediating light signal
to SCN (Hannibal et al., 1997). With exposure to light, glutamate is released from
synaptic vesicles in the axon terminals of RHT (Castel et al., 1993). In the SCN, glutamate
binds to NMDA receptors, triggering a cascade that causes Ca** to flux into the neurons
and resulting in neuronal activation. Meanwhile, PACAP promotes cAMP production
through PACAP-R1 receptors (Hannibal et al., 2002, Chen et al., 1999, Hannibal et al.,
1997). This causes the p44/42 MAPK signaling pathway to be activated, leading to the
phosphorylation of CREB (cAMP response element-binding protein), a transcription
factor, and an increase of c-Fos, that is a marker of neuronal activity. It also promotes the
expression of the clock gene Perl and photic resetting of the molecular clock in SCN cells
(von Gall, 2022).

Each of these neurotransmitters have their own specifics, whereas PACAP is more
effective during the late subjective day (darkness), glutamate primarily signals light
during the early night, modulating the clock's phase precisely (von Gall et al., 2002).
PACAP enhances the conductance of L-type calcium channels in SCN neurons, to
enhance the intracellular calcium response to glutamate, a synergistic interaction where
PACAP amplifies glutamate-induced signaling within the circadian clock (Dziema and
Obrietan, 2002).

The SCN gets indirect photic input from IGL via the geniculohypothalamic tract, which
releases GABA and neuropeptide Y (NPY) (Biello et al., 1997). Alongside this, additional
projections from the raphe nuclei deliver nonphotic input to the suprachiasmatic nucleus

(SCN), through serotonin (5-HT) release (Korf and von Gall, 2013).

1.3. The circadian Pacemaker

The circadian system is hierarchically organized in mammals. The time information,
principally the light cues, is transferred to the master clock in the SCN, which generates
the central circadian rhythm and subsequently synchronizes the peripheral clocks (Korf

and von Gall, 2013).



The SCN is a paired nucleus located bilaterally around the third ventricle dorsal to the
optic chiasm, within the anterior hypothalamus (Moore, 1997). Each SCN consists of
around 10,000 neurons in addition to glial cells (Silver and Kriegsfeld, 2014). The SCN
can be further anatomically divided into a ventrolateral part, referred to as the core region
and the dorsomedial part of the SCN, the so-called shell region.

Furthermore, the SCN has diverse neuronal populations that express various
neuropeptides and neurotransmitters. Mainly, the vasoactive intestinal peptide (VIP)-
containing neurons represent 24% of SCN neurons and are located mainly in the core
region. Whereas the shell region contains predominantly the arginine vasopressin (AVP)-
positive neurons (37% of SCN neurons) (Figure 1). Other neurons express calretinin, and
gastrin releasing peptide (GRP), neurotensin (each 14% of SCN neurons), while
encephalin-, somatostatin-, and substance P-containing neurons represent less than 5% of
SCN neurons. In addition, almost all SCN neurons contain gamma-aminobutyric acid
(GABA) as a neurotransmitter, which can mediate both inhibitory and excitatory effect

(Reghunandanan, 2024).



Figure 1: Immunoreactivity of key neuropeptides of the suprachiasmatic nucleus (SCN).
Representative fluorescent image displaying (A Vasoactive intestinal peptide (VIP)-
immunoreactivity (red) within the SCN. Higher magnification images show VIP-positive (B) axons
(in the shell region) and (C) cell bodies (in the core region). Representative fluorescent images
show (D) Arginine Vasopressin (AVP) immunoreactivity (green) in the SCN. High magnification
images reveal (E) AVP-positive axons and cell bodies (in the shell region). The arrowhead marks
the shell region, and the asterisk indicates the core region of the SCN. Scale bar = 100 ym in A,
D. Scale bar =50 um in B, C, E. Reused with copyright permission under Creative Commons CC
BY 4.0 license from (Yassine et al., 2024).



VIP- expressing neurons are the main light-recipient SCN neurons. Exposure to light
increases the activity of VIP neurons in the SCN and enhances VIP release. VIP binds to
its specific G-protein-coupled receptors, VPACI,2 (Dickson and Finlayson, 2009), that
are expressed in 60% of SCN neurons, leading to resetting by light and maintenance of
coherent rhythmic firing within in the SCN neurons (Reghunandanan and
Reghunandanan, 2006). The response of VIP neurons to light is stronger at dusk
compared to other times of the day. However, prolonged exposure to constant light
disrupts the circadian rhythm, causing VIP neuron activity to become arrhythmic (Dziema
and Obrietan, 2002). Impaired VIPergic signaling upon loss of VIP or its receptor
vasoactive intestinal peptide receptor 2 (VPAC2), a desynchronization of rhythmic
neurons in the SCN is observed. So, these VIP-expressing neurons are the primary
circadian pacemakers in the SCN and are crucial to establish and coordinating rhythms
in other neurons and influencing behavioral patterns (Harmar et al., 2002, Aton et al.,
2005)

VIP- expressing neurons are the main light-recipient SCN neurons. Exposure to light
increases the activity of VIP neurons in the SCN and enhances VIP release. VIP binds to
its specific G-protein-coupled receptors, VPACI,2 (Dickson & Finlayson, 2009), that are
expressed in 60% of SCN neurons, leading to resetting by light and maintenance of
coherent rthythmic firing within in the SCN neurons (Reghunandanan & Reghunandanan,
2006). The response of VIP neurons to light is stronger at dusk compared to other times
of the day. However, prolonged exposure to constant light disrupts the circadian rhythm,
causing VIP neuron activity to become arrhythmic (Dziema & Obrietan, 2002). Impaired
VIPergic signaling upon loss of VIP or its receptor VPAC2, a desynchronization of
rhythmic neurons in the SCN is observed. So, these VIP-expressing neurons are the
primary circadian pacemakers in the SCN and are crucial for establishing, coordinating
rhythms in other neurons and influencing behavioral patterns (Aton et al., 2005, Harmar
et al., 2002).

Conversly, AVP neurons are located in the SCN shell, show a robust circadian expression
regulated by CLOCK/BMALI1 through E-box-mediated transcription. The
synchronization of AVP is lower in comparison to VIP, but it plays a crucial role in
regulating the coordination of the SCN network, that controls daily activity patterns,
including the activity of organisms in the morning and the evening (Ono et al., 2021).
Frankly, AVP neurons have also non-clock functions like promoting anticipatory thirst

before sleep (Gizowski et al., 2016).



Other neurotransmitters such as, neurotensin, GRP, and GABA play a mediating function
within the SCN network (Welsh et al., 2010, Reghunandanan, 2024) .

In addition to neurons, Astrocytes are crucial for brain health, regulating activity and rest
through circadian rhythms. Disruptions, like impaired clocks in astrocytes, can lead to

neurodegeneration or even cancer (Hastings et al., 2023).

1.4. SCN outputs

The Light information is transmitted from the SCN to the subordinate clocks in the central
nervous system and the periphery via various outputs. The SCN's neuronal outputs target
endocrine neurons containing Corticotropin-Releasing Hormone (CRH), Thyrotropin-
Releasing Hormone (TRH) and Gonadotropin-Releasing Hormone (GnRH), neurons
projecting to sympathetic or parasympathetic neurons in the spinal cord or brainstem and
intermediate neurons processing information from the SCN and other hypothalamic
centers and hence, regulate wide variety of physiological functions and behavior (Korf
and von Gall, 20006).

For example, the SCN regulates the release of several hormones, like cortisol, via the
hypothalamic-pituitary-adrenal (HPA) axis through both humoral factors and direct
neuronal connections. AVP-expressing neurons within the SCN signal to the
paraventricular nucleus of hypothalamus (PVN) and dorsomedial hypothalamus (DMH)
(Kalsbeek et al., 2006).

Corticotropin-releasing hormone (CRH), is secreted by the hypothalamus, to be more
specific, it is released from the parvocellular and magnocellular regions of the
paraventricular nucleus (PVN), and the dorsomedial hypothalamic nucleus (DMH).
These neurons stimulate the anterior pituitary to release adrenocorticotropic hormone
(ACTH), which then acts on the adrenal cortex, that leads to the triggering of the
production and release of cortisol. This hormonal cascade constitutes the core of the HPA
axis and is tightly regulated by both circadian signals from the suprachiasmatic nucleus
(SCN) (Tasker and Herman, 2011).

Additionally, indirect polysynaptic connections from preautonomic neurons in the PVN
via the spinal cord and the autonomic nervous system contribute to regulating how
responsive the adrenal cortex is to ACTH, ensuring that corticosterone production aligns
with the circadian rhythm (Buijs et al., 2003). Glucocorticoids themselves feedback

negatively on the HPA axis, acting on the hypothalamus and pituitary to regulate CRH



and ACTH secretion, thereby stabilizing the rhythm of cortisol output (Tasker and
Herman, 2011).

As commonly known, the SCN controls the secretion of melatonin from the pineal gland
through a complex, multisynaptic network. This pathway includes the PVN,
preganglionic sympathetic neurons in the intermediolateral cell column of the spinal cord,
and the superior cervical ganglion (SCG), which projects to the pineal gland. In darkness,
the SCN has an effect on this circuit by reducing the inhibitory signaling to it, and also
enhance the melatonin synthesis and release (Kalsbeek et al., 2006).

Besides promoting sleep, melatonin exerts inhibitory effects on the HPA axis, likely via
melatonin receptors in the PVN and related hypothalamic structures, contributing to the
suppression of cortisol levels during the night (Hardeland et al., 2015).

Thus, in human, the SCN enhances melatonin production at night to promote sleep, while
induces the HPA axis, leading to higher cortisol levels in the early morning to mediate
wakefulness and metabolism (Korf and von Gall, 2006).

Furthermore, the SCN outputs regulate also rhythmic feeding and metabolism. The
efferent signaling via the SCN to the lateral hypothalamus (LH) regulate hunger and
satiety, and projections to the subfornical organ (SFO) are regulating the water intake.
These behaviors serve as non-photic zeitgebers (time cues) alongside light, helping to
synchronize the SCN with the external environment (Kalsbeek et al., 2006). Moreover,
SCN boosts insulin sensitivity in muscles to strengthen glucose uptake while stimulating
the liver to produce more glucose, thereby reassuring stable energy levels (Kalsbeek et
al., 2014).

Importantly, signals from the SCN to the medial preoptic area (MPO) of the
hypothalamus control daily fluctuations in body temperature (Silver and Kriegsfeld,
2014).

Rhythms in behavior and locomotor activity are important aspects of the circadian system

and the synchronization to the external environment mainly light/dark cycle (Figure 2).
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Figure 2: Hierarchy of the circadian system. The mammalian circadian system is a complex
and hierarchically structured network. Nearly every brain region and organ contains its own
molecular clock (clocks), which regulates rhythmic cellular activities. Light signals, both directly
and indirectly, influence numerous brain areas (depicted by green arrows) and help establish
time-of-day-dependent rhythms in the brain and body. The primary circadian rhythm generator is
located in the suprachiasmatic nucleus (SCN) of the hypothalamus, and synchronized with
exposure to light. If the SCN is damaged it leads to the disruption of circadian rhythms. The SCN's
rhythmic output regulates secondary circadian oscillators in the brain (shown by red arrows).
Various hypothalamic nuclei (hyp) manage rhythmic physiological processes and behaviors
through neuronal pathways, including autonomic nervous system connections (solid blue arrows)
and hormonal signals (dashed blue arrows) mediated by the pituitary gland (pit). The pineal gland
and peripheral tissues also send rhythmic endocrine signals (blue dashed lines) that influence
brain function. The liver is used as a representative example of the gastrointestinal system.
Monoamines and catecholamines from the brainstem provide essential rhythmic drives that affect
alertness and motivation in the forebrain. Reused with copyright permission under Creative
Commons CC BY 4.0 license from (von Gall, 2022).



Two main mechanisms contribute to locomotor activity regulation in either a nocturnal
or diurnal species (Mrosovsky, 1999).

The first mechanism, known as entrainment, in which the light signal is transmitted to the
SCN to synchronize its period and phase with the environmental light-dark cycle. Given
that the intrinsic circadian rhythm slightly deviates from a 24-hour cycle, regular
adjustment is essential. The SCN enables anticipation of environmental light-dark
changes and regulates activity in accordance to daily changes in light and darkness.
Entrainment is an adaptive mechanism as the duration of the light and dark phases
changes according to the seasons. Nocturnal mammals that live in dark burrows and only
have environmental light conditions when they exit from their shelters are an example for
this (von Gall, 2022).

Masking, is the second mechanism and describes how light can directly modulate
behavior, bypassing regulation by the circadian system (Aschoff, 1960). In nocturnal
species, this phenomenon is observed, where light can either suppress or promote activity
depending on its brightness, so light can have two opposing effects on activity depending
on the intensity of illumination. In low-light conditions, activity is increased compared to
complete darkness. This boost in their activity, is named as positive masking, is believed
to be influenced by enhanced confidence based on visual input (Thompson et al., 2008,
Mrosovsky, 1999) . However, under bright light conditions, activity is suppressed even
in the absence of visual cues, leading to decreased activity levels. This inhibitory effect
of bright light on activity is known as negative masking (Mrosovsky, 1999). The exact
brain region responsible for masking is still debatable, however, the intergeniculate leaflet
(IGL) and retina—SCN projections are considered potential contributors (Morin, 1994,

Fernandez et al., 2016, Morin, 2013).

1.5. Intracellular Molecular Clockwork

The circadian rhythms are driven by molecular clockwork that are present in almost every
cell. The rhythmic gene expression is regulated by autoregulatory transcription/
translation feedback loops (TTLF) (Korf and von Gall, 2006).

The core clock components are composed of two stimulatory elements comprising the
activating limb: Circadian Locomotor Output Cycles Kaput (Clock) and Basic helix-loop-
helix ARNT-like protein 1 (Bmall), and two inhibitory elements Period (Perl, 2) and
Cryptochrome (Cryl, 2) constitute the inhibitory limb of the molecular clock machinery.
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The transcription factors BMALI and CLOCK heterodimerize and bind to the promoter
region, using E-box-like enhancer elements, resulting in the transcription of Per and Cry
genes (Silver and Kriegsfeld, 2014). Subsequently, Per and Cry leave the nucleus and are
translated into the cytosol. As a result, their protein products PER and CRY form a
repressor molecule. The inhibitory complex created in the cytosol blocks the binding site
of RNA polymerase, and the heterodimer Clock:Bmall is displaced from the promoter
region, therefore leading to the inhibition of the transcription of Per and Cry (Reppert and
Weaver, 2002).

The inhibitory complex is partially degraded by ubiquitination and disassembly within
the proteasome, which results in the disinhibition of the negative feedback loop. Thus,
the desinhibition of the BMAL1: CLOCK complex marks the beginning of a new cycle.
This cycle lasts for around 24 hours, which leads to periodicity of gene and protein
expression. The transcription of Bmall can be further modulated by accessory feedback
loops involving the orphan nuclear receptors ,Reverse Erythroblastosis Virus Alpha
(REV-ERBa, gene: NR1D1), and Retinoic Acid Receptor-Related Orphan Receptor
Alpha (RORa), which it inhibits or stimulates, respectively, the activity of Bmall, by
binding to the ROR-enhancer elements (Korf and von Gall, 2013) (Figure 3).

These cooperative and interlocking feedback loops ensure robustness against
chronodisruption and maintain accurate circadian timing. Furthermore, they also generate
phase delays in circadian transcriptional output, regulating gene expression to maintain
temporal homeostasis with environmental cues (Partch et al., 2014).

PERI is a crucial part of the negative feedback loop that controls the rhythmic expression
of core clock and other multiple clock-controlled genes (CCGs). These CCGs regulate
cellular activities that follow daily rhythms. In essence, the molecular clock coordinates
the timing of gene expression to maintain rhythmic cellular function (Korf and von Gall,
2024).

Chronodisruption is the breakdown of internal 24-hour biological rhythms in synchrony
with environmental cues, causing physiological disorder and promoting chronic health
conditions (Erren and Reiter, 2009). Neurodegenerative diseases like Alzheimer’s,
Parkinson’s, and Huntington’s show early circadian disruption, which can worsen protein
aggregation (mutant huntingtin in Huntington’s, amyloid-B and tau in Alzheimer’s, and
misfolded a-synuclein in Parkinson’s), impair clearance mechanisms, and potentially

accelerate disease progression (Colwell, 2021).
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Figure 3: Intracellular molecular clockwork. The molecular circadian clock in mammals has
two interlinked transcriptional-translational feedback loops. (1) In the core loop, Circadian
Locomotor Output Cycles Kaput (CLOCK) and Basic Helix-Loop-Helix ARNT-Like Protein 1
(BMAL1) proteins activate the transcription of Period (Per) and Cryptochrome (Cry) genes. After
that PER and CRY proteins form a complex that puts its effect on the nucleus and inhibit their
own transcription by suppressing CLOCK-BMAL1 activity, maintaining a ~24-hour rhythm. (2) A
stabilizing loop involves Retinoic Acid Receptor-Related Orphan Receptors (RORs) and Reverse
erythroblastosis viruses (REV-ERBs), which compete for binding at the Bmal1 promoter. RORs
act as activators, while REV-ERBs serve as repressors. Their opposing functions help regulate
Bmal1 expression and stabilize the timing of the circadian cycle. Reused with copyright

permission under Creative Commons CC BY 4.0 license from (Mao et al., 2025).

1.6. Bmal1-deficient mouse (Bmal1-/-)

The loss of Bmall disrupts circadian rhythms, particularly under constant darkness, and
significantly reduces spontaneous locomotor activity in light-dark cycles (Bunger et al.,
2000, Pfeffer et al., 2015). Bmall-deficient mice originally created by Christopher
Bradfield’s show reduced negative masking response to light (Pfeffer et al., 2015, Pfeffer
et al., 2009, Bunger et al., 2000). However, light-induced Per expression in SCN was
particularly reduced in the early night phase in Bmall-/- (Pfeffer et al., 2009).

Additionally, the retinal-specific deletion of Bmall affects image processing (Baba et al.,
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2018), suggesting a critical role for Bmall in transmitting light information from the
retina to the brain. However, the specific involvement of Bmall in glutamatergic-
mediated light signal transmission remains poorly understood.

In addition to loss of rhythmicity, mice with Bmall deletion have a shortened life
expectancy, premature occurrence of age-related degenerative and pathological processes
such as cataract and delayed wound healing. Furthermore, fewer osteoblasts and
osteocytes are observed in Bmall-/- mice, leading to age-related low bone mass, shorter
bones, arthritis, and reduced bone density suggesting an important role in bone
homeostasis and structure.

Moreover, Bmall-/- displays an impaired adaptation to a novel environment, memory
deficits and altered exploratory behavior (Samsa et al., 2016, Kondratov et al., 2006,
Kondratova et al., 2010) associated with neuropathological changes, such as cellular
senescence, premature astrogliosis and impaired neurogenesis. This may be attributed to
disrupted control of neural precursor cells (NPCs) division (Bouchard-Cannon et al.,
2013) as well as altered migration and differentiation potential of NPCs (Ali and von Gall,
2022, Ali et al., 2015). Additionally, even young Bmall-/- mice show morphological
changes in the perisynaptic fine astrocytic processes, indicating that the molecular clock
plays a role in maintaining the integrity of the glial coverage at hippocampal tripartite
synapse (Ali et al., 2020). Furthermore, Bmall-knockout mice show age-dependent
impairment of remyelination, which impacts the circadian-mediated functions such as
sleep architecture (Rojo et al., 2022).

The pathological alteration may be closely related to elevated levels of reactive oxygen
species (ROS) found in both brain and peripheral tissues of Bmall-/- mice, indicating
disrupted ROS homeostasis (Ali et al., 2015, Ali et al., 2020). This may be due to the
accumulation of reactive oxygen species modulator 1 (ROMOI), which regulates
intracellular ROS production, and elevated superoxide dismutase (SOD) concentrations
(Silveira et al., 2020).

Another underlying mechanism of premature aging phenotype in Bmall-deficient mice
could be its impact on important cellular signaling pathways, for instance, the mechanistic
Target of Rapamycin (mTOR) pathway, which is a key regulator of cellular growth, bone
mineralization, hematopoiesis, hormone and neurotransmitter synthesis, metabolism, and
proliferation. Furthermore, under normal conditions, there are Bmall-dependent
mechanisms that suppress mTOR signaling to limit anabolic activity and conserve

resources. Thus, in Bmall-/- mice, altered anabolism, which rapidly depletes nutrients
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and energy, disrupts homeostasis, reduces physiological fitness and exhausts stem cell
reserves, thus, ultimately resulting in accelerating aging in these animals (Khapre et al.,

2014).

1.7. Glutamatergic signaling and concept of tripartite
synapse
As the chief excitatory neurotransmitter in the mammalian central nervous system,
glutamate plays a fundamental role in various brain processes like learning and memory.
(Zhou and Danbolt, 2014). At the axon terminals of glutamatergic neurons, glutamate is
packed into the synaptic vesicles via the vesicular glutamate transporters, which has three
isoforms vGLUT1-3, via H"-dependent ATPases (Omote et al., 2011). Both isoforms
show a predominantly complementary expression pattern as vGLUT]1 is expressed in
cortex layers I-III and hippocampus while vGLUT2 is expressed in cortex layer IV,
Thalamus and hypothalamus (Liguz-Lecznar and Skangiel-Kramska, 2007).
Although glutamate is the main neurotransmitter within the retina, vVGLUT1 and vGLUT2
serve different functions. vVGLUT1 mainly mediates the transmission of photoreceptor-
evoked signals for image-forming vision (Johnson, 2007), while vVGLUT2 is co-stored
with PACAP in melanopsin-containing ipRGCs and involved in non-image forming
function including circadian entrainment (Engelund et al., 2010).
Depolarization of the presynaptic terminals mediated by an intracellular Ca** increase
leads to vesicle exocytosis of stored glutamate, which is then released into the synaptic
cleft (Zhou and Danbolt, 2014). The released glutamate specifically binds to receptors on
postsynaptic neurons. There are two types of glutamate receptor: 1. ionotropic receptors
(1GluR) including AMPA, NMDA as well as kainate receptors and 2. metabotropic
receptors (mGIuR) (Reiner and Levitz, 2018). Glutamate binds to these receptors
resulting in activating excitatory postsynaptic currents (EPSCs) (Hansen et al., 2021).
Importantly, astrocytes, together with the pre- and postsynapses, form the so-called
tripartite synapse as a functional unit, which allows bidirectional communication between
neurons and astrocytes (Farhy-Tselnicker and Allen, 2018). In addition, astrocytes
regulates the integrity of glutamatergic synaptic transmission by astrocytic glutamate
transporters including glutamate-aspartate transporter (GLAST). GLAST can take up

glutamate from the synaptic cleft against and thereby prevent an excess of extracellular
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excitatory glutamate, which could otherwise become neurotoxic (Sery et al., 2015, Zhou
and Danbolt, 2014).

The glutamate, which is rapidly taken up by astrocytes from the synaptic cleft, is
reconverted within the astrocytes into glutamine by glutamine synthetase and transferred
to the neurons where they are converted into glutamate by glutaminase and repackaged
into synaptic vesicles (Figure 4). This glutamine—glutamate cycle plays a key role in

maintaining the neuronal supply of glutamate (Hayashi, 2018).
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Figure 4: Structure of the tripartite synapse. A tripartite synapse is built of pre- and
postsynaptic terminals surrounded by fine astrocytic processes. The action potential leads to the
release of neurotransmitters from the presynaptic site that activate receptors on postsynaptic
neurons and astrocytes. In astrocytes, this leads to a rise in intracellular calcium levels via G-
protein coupled receptors signaling, which subsequently triggers the release of gliotransmitters.
These gliotransmitters then modulate neuronal activity by acting on pre- or postsynaptic
receptors. Reused with copyright permission under Creative Commons CC BY 4.0 license from
(Nanclares et al., 2021).
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2. Aim of the study

The aim of this study is to investigate the effect of Bmall loss on the glutamate-mediated
transmission of light information from the retina to the suprachiasmatic nucleus (SCN).
Specifically, we aimed to examine masking behavior in response to light, retinal
morphology, and the immunoreaction of neuronal and astrocytic glutamate transporters
in both the retina and SCN core region. Additionally, we assessed the ultrastructure of
glutamatergic synapses between the retina and SCN. This study may also help elucidate
the role of the molecular clock, particularly Bmall, in the processing of non-image-
forming light signals from the retina to the brain that may, in turn, impact various
behavioral aspects, emotion and cognition. This can be particularly important in the

treatment of neurological diseases associated with chronodisruption.
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Introduction: Glutamate represents the dominant neurotransmitter that
conveys the light information to the brain, including the suprachiasmatic
nucleus (SCN), the central pacemaker for the circadian system. The neuronal
and astrocytic glutamate transporters are crucial for maintaining efficient
glutamatergic signaling. In the SCN, glutamatergic nerve terminals from the
retina terminate on vasoactive intestinal polypeptide (VIP) neurons, which are
essential for circadian functions. To date, little is known about the role of the
core circadian clock gene, Bmall, in glutamatergic neurotransmission of light
signal to various brain regions.

Methods: The aim of this study was to further elucidate the role of Bmall
in glutamatergic neurotransmission from the retina to the SCN. We therefore
examined the spontaneous rhythmic locomotor activity, neuronal and glial
glutamate transporters, as well as the ultrastructure of the synapse between the
retinal ganglion cells (RGCs) and the SCN in adult male Bmall—/— mice.

Results: We found that the deletion of Bmall affects the light-mediated behavior
in mice, decreases the retinal thickness and affects the vesicular glutamate
transporters (VGLUT1, 2) in the retina. Within the SCN, the immunoreaction
of vGLUTY, 2, glial glutamate transporters (GLAST) and VIP was decreased
while the glutamate concentration was elevated. At the ultrastructure level, the
presynaptic terminals were enlarged and the distance between the synaptic
vesicles and the synaptic cleft was increased, indicative of a decrease in the
readily releasable pool at the excitatory synapses in Bmall—/—.

Conclusion: Our data suggests that Bmall deletion affects the glutamate
transmission in the retina and the SCN and affects the behavioral
responses to light.

KEYWORDS

Bmall, circadian system, SCN, vGLUT, GLAST, VIP, synapses
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1 Introduction

In addition to its important function in image perception,
light has a strong influence on a variety of brain functions.
This includes the synchronization of rhythmic brain and body
functions to the external time but also mood, emotions and
cognition (Mahoney and Schmidt, 2024). Therefore, lighting
conditions that deviate from the natural light-dark cycle can
lead to chronodisruption and alter various brain functions
Gall, 2022). On the other hand, chronodisruption
might be linked to neurodegenerative diseases (Musiek
and Holtzman, 2016). Rhythmic brain and body functions
controlled by the
suprachiasmatic nucleus (SCN) can be entrained to rhythms

(von

circadian clock in the hypothalamic
in the environment such as the light-dark cycle. The light-dark
cycle is also capable of modulating behavior and physiology
independent of the circadian clock in a process called “masking”
(Mrosovsky, 1999).

Intrinsically photosensitive retinal ganglion cells (ipRGCs),
which contain the photopigment melanopsin, are essential for
photic entrainment (Hattar et al., 2002; Panda et al., 2002; Ruby
et al., 2002; Berson et al, 2002) and masking (Mrosovsky and
Hattar, 2003) and mediate various other brain function responses
to light, including alertness/sleep, mood/emotion and cognition
(Lazzerini Ospri et al., 2024; LeGates et al., 2014; Zhang et al,,
20215 Fernandez et al., 2018). A recent study by Lazzerini Ospri
et al. (2024) highlights the importance of light mediated by the
ipRGC for the integrity, activity and function of neural networks
involved in the regulation of social, emotional and cognitive
states. The SCN receives almost exclusively input from ipRGC
(Beier et al, 2021) whose fibers form the retino-hypothalamic
tract and mainly reach the vasoactive intestinal polypeptide (VIP)-
containing neurons in the core region of the SCN (Kim et al,
2019). The VIP-containing SCN neurons are activated by light
and are crucial for light entrainment (Jones et al., 2018; Todd
et al., 2020). VIP also contributes significantly to maintain the
circadian rhythm in the SCN at the cellular and network levels
(Hamnett et al., 2019).

Glutamate represents the dominant neurotransmitter of the
retina for image formation (Boccuni and Fairless, 2022) and
non-image formation (Purrier et al, 2014). The neuropeptide
pituitary adenylyl cyclase-activating peptide (PACAP) released
as a co-transmitter by retinal ganglion cells, appears to be
dispensable for masking by light (Colwell et al., 2004). The synaptic
strength of synapses essentially depends on the synaptic vesicles.
In glutamatergic synapses, the vesicular glutamate transporters
vGLUT1 and vGLUT?2 appear to be crucial not only for packing
but also for vesicle trafficking and synaptic efficacy (Daniels et al.,
2004; Engelund et al., 2010; Wojcik et al., 2004) with distinct
synaptic release sites and in a non-overlapping complementary
manner (Fremeau et al., 2001; Fremeau et al., 2004). Moreover,
the glutamate transporters show a light-dependent oscillation
in the brain which seems to be dependent on the molecular
clockwork (Yelamanchili et al., 2006; Kiss et al., 2007; Darna
et al., 2009; Chi-Castafieda and Ortega, 2018). In the SCN, the
diurnal difference in the vGLUT1 and vGLUT2 immune response
can be observed particularly in the area of the VIP neurons,
which suggests a selective synaptic remodeling at sites of photic
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integration (Girardet et al., 2010). In addition, astrocytes contribute
to the tripartite synapse with perisynaptic processes and regulate
the extracellular glutamate level by both glutamate release and
precise glutamate reuptake. The astrocytic glutamate aspartate
transporter (GLAST) is essential for glutamate reuptake, thereby
also preventing excitotoxicity (Todd and Hardingham, 2020),
which is implicated in the pathogenesis of neurodegenerative
diseases (Cuellar-Santoyo et al., 2023). Interestingly, VIP appears
to be involved in preventing neurotoxicity in the brain by
increasing glutamate reuptake (Brown, 2000), presumably through
an increase in GLAST activity mediated by the VIP/VPAC2
receptor (Goursaud et al., 2008). Astrocytic glutamate reuptake and
glutamine synthetase activity show daily rhythms (Leone et al,
2015). The astrocytic molecular clockwork appears to modulate
GLAST and thereby the extracellular glutamate concentration
(Beaulé et al,, 2009; Cagampang et al., 1996; Spanagel et al.,
2005). In the SCN, astrocytes contribute to the circadian
timekeeping by modulating GABA- (Barca-Mayo et al, 2017)
and glutamatergic-signaling (Chi-Castafieda and Ortega, 2018;
Brancaccio et al., 2019).

Rhythmic cell function is controlled by a molecular clockwork
which is composed of autoregulatory transcriptional/translational
feedback loops of clock genes. The two transcription factors,
Bmall and Clock are essential components of the molecular
clockwork (Reppert and Weaver, 2002). In mice, Bmall deletion
leads to a complete loss of circadian rhythmicity in constant
darkness (Bunger et al, 2000) highlighting the importance of
this clock gene for the circadian clock. Bmall-deficient mice
(Bmall—/—) mice show a variety of pathological structural and
functional changes throughout the body and brain as a result
of accelerated aging, which is probably due to impaired redox
homeostasis (Kondratov et al., 2006; Musiek et al., 2013; Ali et al.,
2015). However, young Bmall —/— mice also show morphological
changes in perisynaptic astrocytic processes, suggesting a role
of the molecular clockwork in the integrity of the tripartite
synapse (Ali et al, 2020). Although Bmall—/— mice show
masking, their activity rhythm in the light-dark cycle is less
robust than in their wild-type littermates (Pfeffer et al., 2015;
Bunger et al, 2000) and the light-induction of clock genes is
impaired (Pfeffer et al., 2009). Moreover, retina-specific deletion
of Bmall affects visual image processing (Baba et al., 2018). These
findings indicate an important role for Bmall in the transmission
of light information from the retina to the brain. However, so
far little is known about the role of Bmall in glutamatergic
neurotransmission.

The aim of this study was to further elucidate the role of
Bmall in glutamatergic neurotransmission from the retina to the
brain. We therefore examined the neuronal and glial glutamate
transporters as well as the ultrastructure of the synapse between
the retina and the SCN, in adult Bmall—/— mice. We focused on
the SCN core region as an example because it represents the best
characterized structure for ipRGC input. Our study contributes
to a better understanding of the role of molecular clockwork
in processing non-image-forming light information in the brain,
which is also relevant in the context of changes in mood/emotions
and cognition due to chronodisruption.
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2 Material and methods

2.1 Experimental animals

Bmall—/— and Bmall+/+ littermates were obtained from
breeding of Bmall heterozygous (Bmall+/—) mice. Initial
breeding pairs were obtained from Jackson Laboratories (B6.129-
Arntltm1Bra/]). Adult male mice aged 4 months were used in
this study (total: # = 19 Bmall+/+, n = 20 Bmall—/—). Mice were
housed in standard cages in a temperature-controlled chamber
(Beast Master, Germany) at the local animal facility of Diisseldorf
University Hospital under 12-h light and 12-h darkness (lights on
at 6:00 AM and off at 6:00 PM). The illumination (white light)
intensity was 600 Ix at the light phase and 0 Ix during the dark
phase. The mice had free access to food and water ad libitum.

All animal experiments were approved by the North Rhine-
Westphalia State Agency for Nature, Environment and Consumer
Protection (LANUV), Germany (approval number: 84.02.04.2012
A102 and 84-02.04.2014 A314) and conform to international
guidelines for the ethical use of experimental animals (Portaluppi
etal., 2010).

2.2 Monitoring of spontaneous
locomotor activity

Bmall—/— and Bmall+/+ littermates (n =
genotype) were housed individually in standard cages. Spontaneous

6 mice per

locomotor activity was continuously recorded using on-cage
infrared detectors (Mouse-E-Motion, Hamburg, Germany). The
activity counts and the amplitude of the 24-h rhythm in
spontaneous locomotor activity were analyzed using Clocklab
software (Actimetrics, Wilmette, IL, USA) (Oztiirk et al., 2021;
Hassan et al., 2021). The percentage of activity counts during the
day and the night to the total activity counts was calculated.

2.3 Immunohistochemistry

2.3.1 Tissue preparation

Mice (n = 5 mice per genotype) were sacrificed around the
middle of the light phase (12: 00 pm = ZT06) by an overdose of
ketamine/xylazine mixture (100 mg/kg or 10 mg/kg body weight,
respectively), injected intraperitoneally. Mice were transcardially
perfused with ice-cold 0.9% NaCl followed by 4% formalin in 0.1 M
phosphate-buffered saline (PBS) using a Ministar Peristaltic Pump
(World Precision Instruments, Sarasota, FL, USA). The eyes and
the brains were carefully dissected, post-fixed in 4% formalin in PBS
for 4 and 24 h, respectively. For cryoprotection, eyes and brains
were stored subsequently in 20% and 30% sucrose for 24 h each
and then embedded with optimum cutting temperature (OCT)
compound. The eyes were cut into 14 jum thick sections along the
anteroposterior axis, while the brains were cut into 20 pm thick
coronal sections in the rostro-caudal extent of the SCN using a
cryostat (Leica CM, Wetzlar, Germany).

For immunohistochemistry of whole-mount retina, mice (n =4
mice per genotype) were killed using isoflurane. The eyes were
dissected, fixed with 4% formalin for 15 min then washed with
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PBS. The anterior segment of the eye was removed, and the
retina was separated from the sclera and the vitreous body. The
retina was incised at the edges and dripped with cold methanol
to smooth it out.

2.3.2 H&E staining

Retinal sections were rehydrated with Roticlear, followed by
a descending alcohol series (100, 96, and 70%) and finally with
distilled water. Then, the sections were stained with a Mayer’s
Hemalum solution (FA Merck 1.09249.1000) for 20 s and rinsed
with 0.1% acid ethanol for 15 s followed by rinsing with tap water
for 3-5 min. Sections were stained with Erythrosine B solution 0.1%
aqueous for 1.5 min and rinsed again with distilled water for 30 s.
Sections were dehydrated using increasing alcohol gradient (70, 96,
and 100% EtOH) followed by Rothistol each twice for 5 min then
cover-slipped using DEPEX.

2.3.3 Immunofluorescence

Slides with retinal and SCN sections were rinsed with
0.3% triton X-100 in PBS (PBST) and then incubated in 5%
normal goat serum, in PBST and 0.25% BSA for 1 h at RT to
quench unspecific antibody binding. Parallel retinal and brain
sections were incubated with guinea pig anti-vGLUT1 (1:4000,
Synaptic Systems, cat. #135304, Gottingen, Germany) or rabbit
polyclonal anti-vGLUT2 antibody (1:3000, Synaptic Systems, cat.
#135402 Gottingen, Germany). Additional parallel brain sections
were incubated with rabbit polyclonal anti-VIP antibody (1:250,
Acris/Peninsula Lab Burlington, MA, USA), rabbit polyclonal anti-
EAAT1/GLAST-1 antibody (1:1000, ab416 Abcam Cambridge,
Great Britain) or mouse monoclonal anti-GFAP antibody (1:500
BD-Pharmingen TM Material Number 556330, Franklin Lakes,
New Jersey, USA) overnight at 4°C. Slides were then rinsed
with PBST and subsequently incubated with the corresponding
secondary antibodies: goat anti-mouse Alexa Fluor®568, goat
anti-rabbit Alexa Fluor®488, goat anti-rabbit Alexa Flu0r®568,
goat anti-guinea pig Alexa Fluor” 488 (1:500, Molecular Probes,
Eugene, OR, USA) for 1 h at RT. Slides were rinsed and then
cover-slipped with the mounting medium (Fluoromount antifade,
Southern Biotech). Retina whole-mounts were stained free floating
using rabbit polyclonal anti-melanopsin (1:500, Clone UF008,
cat#:1:AB-N39, Advanced Targeting Systems, San Diego, CA, USA)
followed by goat anti-rabbit Alexa Fluor" 488 and cover slipped as
mentioned above.

2.3.4 Image acquisition

Images of H&E-stained retinal sections were acquired in bright
field mode using 40x objective. Z-stacks of immunofluorescence
images of melanopsin-stained whole mount retina and single
immunofluorescence images of VIP-stained SCN were acquired
using a 20x objective of fluorescence microscope (KEYENCE BZ
900E, Keyence Corporation, Osaka, Japan), equipped with the
respective fluorescence filters and lenses.
of VvGLUTI1-, vGLUT2- and GLAST-
immunofluorescence in the SCN were acquired using a confocal

Single images
microscope (LSM SP8, Leica, Germany), equipped with high-
resolution 63x NA 1.3 objective lenses Leica dye assistant was
used and line sequential acquisition was selected. The following
settings were used: format 10241024, zoom factor 4, a pinhole
size of 1 Airy unit and a speed of 200. Confocal photomicrographs
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were acquired from 3 independent fields within the SCN core
region on both sides. The microscope acquisition settings were
kept consistent in all samples for each staining set.

2.3.5 Image analysis

The genotype was obscured to the investigators. Image analysis
of H&E staining and immunofluorescence images of retina and
VIP was performed using the BZ-II analyzer software (Keyence
Corporation, Osaka, Japan). Intact retinal sections devoid of
histological artifacts were used. The width of the individual retinal
layers at the midpoint between the optic disk and peripheral end
of the retina was measured in three HE-stained retinal sections
and averaged per animal. The Z-stacks of immunofluorescence
images of melanopsin-stained whole mount retina were merged,
the number of melanopsin positive retinal ganglion cells was
counted manually in four independent fields in whole mount
retina, which involves all retinal layers, and the density (cells/ mm?)
was calculated. Background corrected fluorescence intensities in
arbitrary units (a.u.) of the immunoreaction for the vesicular
glutamate transporter (vGLUT1- and vGLUT2-Ir), GLAST-Ir and
of VIP-Ir were analyzed in three parallel sections of each mouse
and averaged. The background corrected fluorescence intensities
(in a.u.) and the number of vGLUT1-, vGLUT2- and GLAST-
positive particles were analyzed within the SCN core region using
Image] software.! Only sections without artifacts or big blood
vessels were included in the analysis. The particle analysis was
performed in a defined area (46.18 pm x 46.18 um) using macro
including a median filter with a radius of 2 pixels, background
subtraction using a rolling ball with a radius of 15 pixels,
edges were enhanced using an unsharp mask (radius = 4, mask
weight = 0.60) and threshold (38, 255). For particle separation, the
image was converted to binary mask and the touching particles
were separated by watershed.

2.4 Postmortem SCN neurochemistry

2.4.1 Tissue preparation and dual-phase
metabolite extraction

Seven Bmall+/+ and eight Bmall—/— littermates were killed
by cervical dislocation during the light phase (ZT6-ZT8). The
brains were quickly dissected and cut into 1 mm thick sections
in the coronal plane using an ice-cold mouse brain matrix.
The SCN was bilaterally microdissected using a punch needle
(15G), weighed and snap frozen. SCN tissue was homogenized
in ice-cold double-distilled water (ddH,O) and subjected to
methanol/chloroform/water (1:1:1, v/v/v) dual-phase extraction as
previously described (Koch et al., 2016). Briefly, 1 ml of ice-cold
methanol was then added to the homogenized tissue, vortexed
vigorously and incubated on ice for 15 min. Then 1 ml of ice-
cold chloroform was added, vortexed and incubated for 10 min
on ice. Finally, 800 1 of chilled ddH,O were added, vortexed and
incubated at 4°C overnight to enable phase separation. On the
following day, the samples were centrifuged at 4,500 rpm for 25 min
at 4°C. The upper phase containing the water-soluble metabolites
was carefully separated. Lyophilization was then performed, and
samples were stored at —80°C until measurement.

1 http://rsb.info.nih.gov/ij
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2.4.2 Proton nuclear magnetic resonance
(H-NMR) spectroscopy

Lyophilized tissue extracts obtained from dual phase metabolite
extraction were resuspended in 210 pl 20 mM phosphate buffer
(pH 7.0) containing 10% D,O and 3-(Trimethylsilyl) propanoic
acid (TSP; Lancaster Synthesis) as internal standard and transferred
into 3 mm standard NMR tubes (Norell).

'H NMR spectra of extracts were acquired on a 700 MHz
(16.4 Tesla) Bruker AVANCE III HD 700 spectrometer equipped
with a TCI 700S3 H-C/N-D-05 Z cryoprobe (Bruker). NMR data
using 1-dimensional 'H-experiments with excitation sculpting as
water suppression were obtained with the following acquisition
parameters: 25°C sample temperature, sweep width of 14 ppm,
acquisition time 2 sec, relaxation delay 10 sec.

Metabolic  glutamate determination was obtained by
integration of 'H NMR signals in the range of 2.3776-2.3386 ppm
(Supplementary Figure 1A) characteristic for the CyH, moiety of
glutamate and concentrations were calculated using the ERETIC2
concentration calculation tool from TopSpin (TopSpin software
package, Vers. 3.6.4, Bruker). Glutamate standards were used as
external standards and standard control measurements confirmed
linearity of integrated signal intensity in the tested concentration
range (glutamate concentrations of 95-526 pmol/L in the NMR
test tube) (Supplementary Figure 1B).

2.5 Focused ion beam scanning electron
microscopy

Mice (n = 3 per genotype) were killed by an overdose of
ketamine/xylazine mixture as described in section “2.3.1 Tissue
preparation.” Mice were then transcardially perfused with 0.1 M
phosphate buffer followed by the ice-cold 0.15 M cacodylate buffer
with 2% formalin, 2.5% glutaraldehyde and 2 mM CaCl,. Brains
were dissected, post-fixed for 2 h at 4°C in the same fixative then
rinsed using cacodylate buffer. Coronal brain sections of 150 pm
thickness through the SCN between Bregma —1.5 and —2 (Paxinos
and Franklin, 2012) were cut using a vibratome (VT1000S; Leica
Microsystems GmbH, Wetzlar, Germany). Sections containing
the mid-SCN level were selected from each mouse for further
processing. Sections were rinsed with ice-cold 0.15 M cacodylate
buffer containing 2 mM CaCl, and then incubated with cacodylate
buffer containing 2% OsO4 and 1.5% potassium ferrocyanide for
1 h. Sections were rinsed with ddH,O and then incubated with
1% thiocarbohydrazide for 25 min at RT. Sections were rinsed with
ddH,O followed by incubation with 2% aqueous OsO4 for 30 min
at RT. After subsequent washing, sections were incubated with 1%
aqueous uranyl acetate at 4°C overnight. Then, sections were rinsed
and incubated with pre-warmed 0.02 M lead nitrate in 0.03 M
aspartic acid, after adjusting the pH to 5.5, for 30 min at 60°C.

After washing with ddH,O, sections were dehydrated in an
ascending series of ethanol (30%, 50%, 60%, 70%, 90%, 95% to
100%) each 10 min followed by transferred to propylene oxide twice
each for 2 min, then, to an ascending mixture of propylene oxide
and epoxy resin (2:1, 1:1, 1:2) each for 1 h (DurcupanTM; ACM,
Fluka, Neu-Ulm, Germany). Finally, sections were transferred to
pure epoxy resin and left overnight in RT. Then, sections were flat
embedded in fresh epoxy resin within silicone rubber embedding
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molds and the epoxy resin blocks were allowed to polymerize at
60°C for two days.

Epoxy resin blocks were trimmed around the tissue specimen
containing SCN, semi-thin sections (100 nm) were cut on an
ultramicrotome (Leica Ultracut UCT, Leica Microsystems GmbH,
Wetzlar, Germany) and stained with Richardson’s stain. The sample
was attached to a sample stub using conductive silver paste (Cat#
S066, Mikrotechnik Dr. Hert GmbH, Munich, Germany) and all
the surfaces, except the surface to be imaged, were covered with
silver paste to avoid charging of the epoxy-resin (Merchdn-Pérez
etal, 2009). The sample was left to dry overnight and then sputter-
coated with a 20-24 nm thick layer of gold (108 auto, Cressington
Scientific Instruments, Watford, UK).

Core region of SCN was identified by bright field microscopy
as the area of interest and correlated with the optic image of
the corresponding block surface in Focused Ion Beam Scanning
Electron Microscope (FIB-SEM) (Crossbeam 550, Carl Zeiss AG,
Oberkochen, Germany). FIB-SEM was used as it allows high
resolution serial imaging simultaneously with sample surface
removal using a focused gallium ion beam on a nanometer scale.
The region of interest within core region of SCN was protected
from undesired beam damage by a layer of platinum followed
by a layer of carbon. This protective layer also contains tracking
marks for automated image acquisition. Then, a trench, as a viewing
channel, was coarsely milled using the FIB using 30 kV/15 nA ion
beam current. The exposed cross section surface was further fine
polished with the FIB using 30 kV/1.5 nA ion beam current.

The cross-section surface was serially milled using 30 kV/300
pA-30 kV/1.5 nA ion beam current depending on the sample
and imaged with SEM perpendicular to the cutting plane using
2 kV acceleration voltage and an electron beam current of
69 pA with a frame time of 1 min 33 s per milling/imaging
cycle. The backscattered electrons were detected by an InLens
and an SE2 detector at a resolution of 2 nm/pixel and a slice
thickness of 6 nm. A volume of 10 pm x 10 pm x 10 pm
of dorsal SCN was imaged. The Atlas 5 software (Carl Zeiss
AG, Oberkochen, Germany) was used for the collection of
stacks of SEM images and automated correction of focus and
alignment/astigmatism of serial micrographs. ImageJ software! was
used for image pinning.

Six to seven presynaptic ends per animal were used for
quantitative analysis. The presynaptic terminals were further
classified based on the appearance of post synaptic density (PSD)
into asymmetric synapses with a PSD thicker than the presynaptic
membrane, while symmetric synapses have a similar PSD width to
the presynaptic membrane. Asymmetric and symmetric synapses
are correlated to excitatory or inhibitory synapses, respectively
(Romaus-Sanjurjo et al., 2021). It has been previously shown that
RHT synapses in the SCN contain both small clear core vesicles
(glutamate-releasing) and dense core vesicles (PACAP-releasing)
(Hannibal et al, 2000). Thus, only the excitatory presynaptic
terminals containing both small clear core vesicles (40-60 nm in
diameter) and larger dense core vesicles (80-100 nm in diameter),
of asymmetric synapses in core region of SCN were included. The
presynaptic terminal was delineated in serial images with a step
size of 90 nm (15 image interval, each 6 nm). The surface area
of the delineated presynaptic terminal and the area of synaptic
contact were determined in each plane. The synaptic vesicles
were counted in the labeled planes and their sum represented
the number of vesicles in each presynaptic terminal. For each
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synapse, the density of synaptic vesicles per um? was calculated
and averaged for each animal. The volume of the presynaptic
terminal was calculated by multiplying the measured presynaptic
terminal area in subsequent planes by the step size. We further
analyzed the mean distance of the synaptic vesicles to the synaptic
cleft by averaging the minimal Euclidean distance of each vesicle
to the associated reconstructed post synaptic density (PSD). This
was used as an indicator of the readily releasable pool (RRP),
defined as a subset of the vesicles in a presynaptic bouton that
is more readily released than other vesicles and thus, closer to
the presynaptic membrane. The reconstruction of vesicle positions
and the PSD was performed in Image]. Subsequent calculation
of the minimal Euclidean distances was performed in Microsoft
Excel.

2.6 Statistical analysis

Statistical
Prism software. Values are presented as mean + SEM. The

analysis was performed wusing Graph Pad
normal distribution of the values within the groups of each
data set was tested by Shapiro-Wilk test. When the values
passed the normality test, parametric tests such as One-
way ANOVA followed by Tukey’s post-hoc test for multiple
group comparisons or the Student t-test for comparison
between two groups were applied. When the values were
not normally distributed, non-parametric test, the Mann-
Whitney-U test was applied. p < 0.05 was considered
statistically significant.

3 Results

3.1 Bmall deficiency affects the rhythm
in spontaneous locomotor activity under
a light/dark cycle

The spontaneous locomotor activity was monitored under
standard photoperiod of 12 h light/12 h darkness to study
the response to light. The total activity count during a 24 h
period was not significantly different between both groups.
Both genotypes showed a higher activity during the dark
phase than during the light phase (Figures 1A, B). However,
Bmall—/— mice showed a significantly lower activity during
the dark phase and a significantly higher activity during the
light phase compared to the Bmall+/+ (Figure 1B). Moreover,
the amplitude of the 24 h period was significantly lower in
Bmall—/— mice compared to Bmall+/+ mice (Figure 1C).
These findings indicate an impaired response to the light/dark
cycle.

3.2 Bmall deficiency affects retinal
morphology but not the number of
ipRGCs

As the light information is received by the retina, we
investigated the retinal architecture in HE-stained sections.
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FIGURE 1
Bmall deficiency affects the rhythmic spontaneous locomotor activity. (A) Representative double plotted actograms of spontaneous locomotor
activity of Bmall+/+ and Bmall-/— mice under a 12 h light/12 h dark cycle (LD). Gray-shaded boxes indicate periods of darkness. (B) Quantification
of activity percentage during the light phase (white bars) and the dark phases (gray bars) to the total activity under the LD. One-way ANOVA test
followed by Tukey's multiple comparisons test. (C) Amplitude of the 24 h rhythm in spontaneous locomotor activity. Mann—Whitney U-test. Values
are shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. ****p < 0.0001. n = 6 mice per genotype.
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FIGURE 2
Bmall deficiency affects retinal morphology. (A) representative photomicrographs showing Hematoxylin and Eosin (HE)-stained retinal sections
from Bmall+/+ and Bmall—/- mice. (B) Quantitative analysis of the thickness of retinal layers using Mann—-Whitney-U-Test. R&C, rods and cones
layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; RGC, retinal ganglion cells. (C) Retinal
whole-mounts showing melanopsin-immunoreactive cells (green) indicative for intrinsically photosensitive retinal ganglion cells (ipRGCs).

(D) Quantification of the number of melanopsin positive (+) cells in the retina. Scale bars = 50 pm. Unpaired t-test, *P < 0.05
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Although retinal layering was preserved, the rods and cones
layer as well as the inner plexiform layer were significantly
thinner in Bmall—/— mice than in wildtype littermates

( ). The number of melanopsin+ cells was not

10.3389/fncel.2025.1538985

different between Bmall+/+ (183 + 2.1 cellsymm?) and
Bmall—/— mice (20.1 £ 1.6 cellsymm?) ( ). This
indicates that the number of ipRGCs is not affected by Bmall
deficiency.
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Bmall deficiency affects the vesicular glutamate transporters (vVGLUT) in the retina. (A) Representative photomicrographs of
vGLUT1-immunoreaction (green) in retinal sections of Bmall+/+ and Bmall-/- mice. Quantitative analysis of immunoreaction (Ir) of vGLUT1 in the
(B) OPL and (C) IPL. (D,E) Representative photomicrographs of vGLUT2-Ir (red) in retinal sections from Bmall+/+ and Bmall—/- mice. Quantification
of vGLUT2-Ir in the (F) OPL, (G) IPL and (H) RGCs. Scale bars = 50 wm. Unpaired-t-test, *P < 0.05
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Bmall deficiency affects the vesicular glutamate transporters in the core region of the suprachiasmatic nucleus (SCN). (A) representative
photomicrographs of vGLUT1-immunoreaction (green) in the SCN core region of Bmall+/+ and Bmall—/- mice. (B) Quantification of the
fluorescent vGLUT1-immunoreaction (Ir) in arbitrary units (a.u.). (C) Number of vGLUT1-immunoreactive particles per SCN. (D) Representative
photomicrographs of vGLUT2-Ir (red) in SCN core region of Bmall+/+ and Bmall-/- mice. (E) Quantification of fluorescent vGLUT2-Ir.

(F) Quantification of the number of vGLUT2-immunoreactive particles. Immunoreactive particles were analyzed in a 46.18 um? area. N,
DAPI-stained cell nuclei (blue). Scale bars = 10 pwm. Unpaired-t-test, *P < 0.05, **P < 0.01.

3.3 Bmall deficiency affects the vesicular
glutamate transporters in the retina

Since glutamate is the predominant neurotransmitter in the
retina, we analyzed the vesicular glutamate transporters, vVGLUT1
and vGLUT?2 in retinal layers.

vGLUT1-immunoreaction (Ir) was present in OPL and IPL
( ). In the OPL, vGLUT1-Ir was significantly lower in
Bmall+/+ mice than in Bmall—/— mice ( ). In the IPL,
vGLUT1-Ir was not significantly different between the genotypes
( )

vGLUT?2-Ir was present in IPL, OPL, and RGCs ( ).
vGLUT2-Ir was not significantly different between the genotypes in
the OPL ( ) and IPL ( ). However, in the RGCs,
vGLUT2-Ir was significantly higher in Bmall+/+ mice than in
Bmall—/— mice ( ). This indicates that Bmall deficiency
alters the vGLUT1, 2 in retinal layers.

3.4 Bmall deficiency affects the vesicular
glutamate transporter in the SCN core
region

As glutamate is the main neurotransmitter that mediates light
information from the retina to the brain, we exemplarily examined
the vesicular glutamate transporters in the retinorecipient core
region of the SCN.

In the core region of the SCN, vGLUTI1-Ir was higher in
Bmall+/+ mice than in Bmall—/— mice ( ). Similarly,
vGLUT2-Ir was higher in Bmall+/+ mice than in Bmall—/— mice
( ), indicating that Bmall decreases the vGLUT1, 2
in SCN.

Frontiers in

3.5 Bmall deficiency affects the
ultrastructure of presynaptic terminals in
SCN core region

Next, we analyzed the integrity of the presynaptic terminals in
the SCN core region using Focused Ion Beam-Scanning Electron
Microscopy (FIB-SEM).

In asymmetric, and therefore putative excitatory, synapses
( ), the number and the density of vesicles in the
presynaptic terminals was not different between both genotypes
( ). However, in Bmall—/— mice the size of
presynaptic terminals ( ) as well as the distance of the
vesicles to the synaptic cleft ( ) was larger compared to
Bmall+/+ mice.

In symmetric, and therefore putative inhibitory, synapses,
there were no significant differences between the genotypes in
the number and density of synaptic vesicles, in the size of the
presynaptic terminals or in the distance of the vesicles to
the synaptic cleft ( ). This data suggests
that only excitatory, but not inhibitory synapses are altered in

Bmall—/— mice.

3.6 Bmall deficiency affects glutamate
reuptake in the SCN

As the glial glutamate transporter GLAST is essential for the
reuptake of glutamate from the synaptic cleft, we analyzed GLAST
in the SCN core region. GLAST-Ir was significantly higher in
Bmall+/+ than in Bmall—/— mice ( ). Moreover, the
glutamate concentration was lower in SCN extracts from Bmall+/+
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FIGURE 5

Bmall deficiency affects the ultrastructure of presynaptic terminals of the asymmetric/excitatory synapses in SCN core regions. (A) Representative
electron micrographs showing presynaptic terminals (P, yellow), postsynaptic dendrites (Di, green) and synaptic density (black arrowhead) of
asymmetrical synapses in SCN core region in Bmall+/+ and Bmall-/— mice. The red asterisk shows the small clear core vesicles; the white
arrowhead shows the large dense core vesicles. Scale bar = 500 nm. (B) Quantification of the number of synaptic vesicles pro presynaptic terminal.
(C) Quantification of synaptic vesicles density/m? at the presynaptic terminal. (D) Quantification of the size of the presynaptic terminals in um3.
(E) Quantification of the mean distance between the synaptic vesicles and the synaptic cleft in nm. Unpaired-t-test, n = 3 mice per genotype.

*P < 0.05.
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Bmall deficiency affects the glial glutamate transporter GLAST and glutamate levels in the suprachiasmatic nucleus (SCN). (A) representative
photomicrographs showing immunoreaction of GLAST (green), astrocyte stem processes marker GFAP (red) and DAPI-stained nuclei (blue) in SCN
core region in Bmall+/+ and Bmall—/— mice. Scale bar = 10 wm. (B) Quantification of immunoreaction (Ir) of GLAST in the SCN core in arbitrary unit
(a.u.). (C) Quantification of the number of GLAST-Ir particles per SCN field (46.18 wm x 46.18 um). (D) Quantification of postmortem glutamate

concentration in the SCN. Unpaired-t-test, *P < 0.05.

than in those from Bmall—/— mice ( ). These findings
suggest an impaired glial reuptake of glutamate from the synaptic
cleft in the SCN of Bmall—/— mice.

3.7 Bmall deficiency affects the VIP+
neurons in the SCN core region

Finally, we analyzed the VIP neurons, which are the primary

retinorecipient neuronal population of the glutamatergic retinal
input to SCN. The immunoreaction of VIP was significantly

Frontiers in

decreased in the core region of SCN in Bmall—/— compared to
Bmall+/+ (P =0.02) ( ). This suggests a lower activity of the
retinorecipient neurons in the SCN.

Signal transmission from the retina to the brain, which is
glutamatergic, plays an important role not only in image formation
but also in non-image-forming photic responses such as pupillary
light response and acute suppression of locomotor activity by light
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Bmall deficiency affects the vasoactive intestinal peptide (VIP) immunoreaction in the suprachiasmatic nucleus (SCN). (A) representative
photomicrographs showing immunoreaction (Ir) of VIP (red) in SCN core region in Bmall+/+ and Bmall-/— mice. Scale bar = 100 um.

(B) Quantification of the VIP-Ir in the SCN. Unpaired-t-test. *P < 0.05

5 ; ) as
well as in mood, emotion and cognition (

; ) . There is evidence that the clock
gene Bmall is required not only for the generation of circadian
rhythms (

responses to light ( ; ;

) but also for behavioral and molecular

H ) as well as visual image processing (

). In this study, we investigate how Bmall deficiency
affects neuronal and glial glutamate transporters as well as the
ultrastructure of the retina-SCN synapse. A better understanding
of the role of the molecular clockwork in light transmission to
the brain could also help better understand the alteration in brain
function in response to chronodisruption.

Consistent with earlier studies ( ;

), Bmall—/— mice showed an impaired response of
locomotor activity to the light-dark cycle. Consistent with a
study on retina-specific deletion of Bmall ( )
Bmall—/— mice showed a thinner retina. However, the number
of melanopsin-positive cells, representing the ipRGCs which are
essential for non-image-forming photic responses (

; ), was not affected in Bmall—/—
mice. Therefore, it is unlikely that the impaired non-image-forming
photic responses are due to morphological changes in the retina.
However, immunoreaction of vGLUTs, which are essential for
glutamatergic signaling ( ), in the retina
was altered by Bmall-deficiency. vGLUT1, which is essential for
transmitting visual signals from rods and cones to bipolar and
RGCs but dispensable for non-image-forming responses (

) was upregulated in the OPL of Bmall—/— mice. This
may be a compensatory upregulation in response to thinning of
the photoreceptor layer. Alternatively, it might be a consequence
of the loss of retinal circadian clock function reported earlier in a
retina-specific deletion of Bmall ( ) because if the
molecular clockwork is defective, the light-dependent fluctuation of
vGLUT1 in the brain is abolished and shows a constantly high level
( ). In contrast, vVGLUT?2, which is essential
for non-image-forming responses to light ( ;
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; ), was decreased in the RGC
layer of Bmall-deficient mice. Therefore, altered glutamatergic
signaling from the bipolar cells to the RGCs could contribute to
the attenuated non-image-forming photic responses of Bmall —/—
mice.

The ipRGCs transmit light information to a wide variety of
subcortical and cortical brain regions. Among the subcortical
regions that receive strong innervation from ipRGCs, the SCN
is the most studied. Therefore, we examined the influence of
Bmall deletion on the glutamate transporters in the SCN. Both
vGLUT1 and vGLUT2 were detectable in the SCN, with vGLUT2-
Ir being stronger, consistent with vGLUT2 being the preferred
subtype in the ipRGCs ( ). In Bmall—/—
mice, both vGLUT1- and vGLUT2-Ir was reduced, supporting the
hypothesis that the molecular clockwork plays a role in the control
of glutamate transporters and thus glutamatergic synaptic efficacy
( 5 ;

; ).

We analyzed integrity of the synapses in the retino-recipient
core SCN region at the ultrastructural level. There was no difference
in the symmetric, and therefore putative inhibitory synapses, within
SCN core between both genotypes. However, in the asymmetric,
and therefore putative excitatory/glutamatergic synapses, the size
of the presynaptic terminal and the distance of the vesicles to
the synaptic cleft was larger in Bmall—/— mice. In contrast
to a study on the cerebral cortex in older Bmall—/— mice
with neurodegeneration ( ), we did not see a
reduction in the number of synaptic vesicles. This discrepancy
could be due to the neurodegeneration associated with accelerated
aging or to differences in brain regions. Vesicles with a shorter
distance to the presynaptic membrane are particularly important
for the immediate release of transmitters by the readily releasable
). The
increased distance of the vesicles from the presynaptic membrane

pool and thus synaptic strength (

in Bmall—/— mice may, hence, contribute to reduced synaptic
efficacy ( ). Thus, our data suggests that the
efficacy of the synapse between the ipRGC and the SCN neurons at
the structural level is affected by the Bmall-deletion. Furthermore,
there is evidence that Bmall rhythmically regulates the synaptic

plasticity in the hippocampus by modulating the activity of
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synaptic calmodulin kinase (CamKIla) (Barone et al, 2023),
which is involved in maintaining an optimal range of glutamate
release probability (Hinds et al., 2003). Almost all SCN neurons
are GABAergic (Reghunandanan and Reghunandanan, 2006
Varadarajan et al., 2018; Wen et al., 2020). The glutamate is released
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in SCN mainly via RHT terminals (in combination with PACAP)
in response to light during the day to mediate light-induced
neuromal firing and by astrocytes during the night to increase
the presynaptic GABA release and consequently suppress the
postsynaptic neuronal activity (Brancaccio et al., 201%; Brancaccio
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et al, 2017; Reghunandanan and Reghunandanan, 2006). It is
debatable that intrinsic glutamatergic neurons in SCN exist. On
one hand, it has been shown that glutamate immunoreactivity
was occasionally found in non-retinal terminals (de Vries et al,
1993). In addition, some glutamate-immunoreactive nerve cell
bodies were identified in the ventral and dorsal SCN of Wistar rats
(Hannibal et al., 2000). Also, glutamate was rhythmically released
in the organotypic slice cultures of the rat SCN (Shinohara et al.,
1998); however, it is not clear if the glutamate is of neuronal or
astrocytic origin. On the other hand, using in situ hybridization
data from the Allen Brain Institute,> there was no expression of
vGLUT1 and vGLUT2 mRNA (markers of glutamatergic neurons)
in SCN.

Importantly, the SCN core receives other input fibers such
as geniculo-hypothalamic tract (GHT) (Hundahl et al, 2012)
which release contain NPY and GABA (Hundahl et al, 2010;
Francois-Bellan et al., 1990). For a precise identification of RHT
nerve terminals that target the VIP cells, colocalization of ipRGCs
tracer and VIP staining at the synapses in future studies is of
crucial significance.

Excitotoxicity is prevented both by a homeostatic
that  limits
release by presynaptic vesicles (Winter and Ueda, 2008; Daniels
et al., 2004) and by astrocytic glutamate reuptake via GLAST
(Todd and Hardingham, 2020). In the SCN of Bmall-deficient

mice, GLAST-Ir was significantly reduced and glutamate levels

autoregulatory mechanism excessive glutamate

were significantly increased, indicating an insufficient glutamate
reuptake mechanism. Therefore, the reduced vGLUT-Ir in the
Bmall-/- mice could be a consequence of the homeostatic response
to excess glutamate. Our data are consistent with a reduction of
GLAST and insufficient glutamate reuptake in clock gene-deficient
cortical astrocytes (Beaulé et al., 2009). Similarly, in mice with
conditional deletion of Bmall in GLAST-expressing astrocytes,
glutamate levels in the cerebrospinal fluid are significantly
increased (Barca-Mayo et al., 2020). These data suggest that the
molecular clockwork plays a role in modulating extracellular
glutamate availability and thereby also in preventing excitotoxicity
in the central nervous system, which is implicated in the
pathogenesis of neurodegenerative diseases (Cuellar-Santoyo et al.,
2023). Increased excitotoxicity could contribute to progressive
neurodegeneration, which is evident in older Bmall—/— mice
and has so far been mainly attributed to increased oxidative stress
(Musiek et al., 2013). Interestingly, in the hippocampus, spine size
is inversely correlated with the efficacy of local glutamate uptake
and thus appears to determine the probability of synaptic crosstalk
(Herde et al, 2020). Thus, the enlargement of the presynaptic
terminals in the SCN of the Bmall—/— mice could be related to
the lower efficacy of glutamate uptake. Our previous data showed
that glial synaptic coverage is reduced in the hippocampal mossy
fiber synapses of young Bmall—/— (Ali et al., 2020). It is, therefore,
very likely that Bmall deficiency affects the structure-function
relationships of the glutamatergic tripartite synapses in large parts
of the brain.

In the SCN, VIP-neurons are excited in response to light,
leading to release of VIP (Jones et al., 2018; Todd et al., 2020),
which is crucial for rhythm robustness (Hamnett et al., 2019). We

2 http://mouse.brain-map.org
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observed a decrease in VIP-Ir in Bmall —/— mice, consistent with
an impairment in behavioral response to light and rhythm stability
and in line with our previous study, which showed that Bmall
deletion affects the light-induced neuronal activity in SCN during
day-time (Oztiirk et al., 2021). We assume that this reduction is, at
least partially, due to impaired glutamate transmission at the SCN
tripartite synapse and hence, altered light input to VIP-neurons,
as a consequence of a defect molecular clockwork in the neurons
and astrocytes. Consistently, astrocytic Bmall deletion affects VIP-
Ir (Barca-Mayo et al., 2017). On the other hand, VIP modulates
astrocytic GLAST activity (Goursaud et al., 2008), indicating a
reciprocal relationship between astrocytes and VIP-neurons in
the SCN.

In conclusion, our data suggests that Bmall-deletion affects
the glutamate neurotransmission in the SCN (Figure 8). Further
studies are needed to determine the molecular clockwork
influence on other photic image-forming and non-image-forming
brain functions in a similar manner. This would have far-
reaching implications related to the modulation of various brain
functions and possibly also increased excitotoxicity through
chronodisruption.
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4. Discussion

Bmall is an essential component of the molecular clockwork in neurons and glia.
Conventional knockout of Bmall (Bunger et al., 2000) as well as conditional deletion in
forebrain neurons (Izumo et al., 2014) leads to loss of rthythmic locomotor activity under
constant conditions. In addition, astrocytic-specific Bmall deletion results in shortened
active periods and bimodal behavior (Barca-Mayo et al., 2017). Although the circadian
rhythmicity is lost in Bmall-/- mice, previous studies (Bunger et al., 2000, Pfeffer et al.,
2015, Yang et al., 2019) showed that the negative masking response to light was intact.
In agreement with these reports, Bmall-/- mice displayed less locomotor activity during
the light phase than the dark phase, suggesting that the inhibitory effect of light on the
locomotor activity is still present. However, the activity percentage during the light phase
was higher than in the control mice, indicating that the masking response to light in
Bmall-/- is less than in the controls. This is reminiscent of a previous study, which
showed that a 1-hour light pulse at night reduced the wheel running activity of Clock
mutant mice less than wild type, suggesting a decreased light sensitivity leading to
reduced negative masking (Redlin et al., 2005). Besides, in Bmall-/- mice, the light-
induced perl and per2 expression was decreased, probably due to dysfunctional light-
induced ryanodine-calcium signaling in SCN (Pfeffer et al., 2009). These data suggest
that the circadian clock component Bmall may play a dual role as a molecular oscillator
and regulator of light perception and, in turn, mediating the inhibitory effect of light on
locomotor activity. The amplitude of the activity rhythm was significantly dampened in
Bmall-deficient mice in line with decreased stability of rhythmic locomotor activity and
later chronotype in Bmall-/- mice (Pfeffer et al., 2015). Nevertheless, the total activity
count was not altered in contrast to previously reported reduced total spontaneous
locomotor activity (Pfeffer et al., 2015) and wheel running in Bmall-/- mice (Bunger et
al., 2000). Taken all together, we assume that Bmall deletion decreases the stability of
locomotor activity under standard photoperiod and reduces the negative masking
response to light.

The reduction in negative masking response to light may be attributable to decreased
sensitivity of the circadian system to light (Redlin et al., 2005). Previous observations did
not show gross morphological changes in the retina of global or glial-specific Bmall-
deficient mice (Riccitelli et al., 2022, Storch et al., 2007). Though specific Bmall deletion

in the retina results in an age-dependent thinning of the retinal layer and accelerated
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impairment of cone cell structure and function as well as stunted dendritic processes of
rod bipolar cells in the OPL (Baba et al., 2018). Our morphological analysis of the retinal
layer was in agreement with these observations and showed the presence of all retinal
layers and a reduction in the thickness of the IPL as well as the rods and cones layer,
which may indicate slight retinal degeneration in Bmall-/- mice.

Both rods/cones photoreceptors and melanopsin-expressing ipRGCs contribute to
negative masking. However, the rod/cone system may be responsible for positive
masking as well, because it depends on the form of vision and is strongly attenuated in
mice with retinal degeneration (Mrosovsky et al., 2000). Thus, the decreased locomotor
activity during the dark phase in Bmall-/- may be interpreted as reduced positive masking
due to degeneration of the rod and cone layer. The number of melanopsin-
immunoreactive ipRGCs was comparable in Bmall-/-, and perhaps, this preserved some
degree of negative masking response to light, in line with observations in Clock mutant
mice (Redlin et al., 2005). This also indicates that the behavioral changes in Bmall-/-
mice are less likely due to impairment of light-sensitive photopigment melanopsin.
Previous studies indicated that Bmall deficiency altered the retinal neuronal activity in
response to light (Riccitelli et al., 2022, Storch et al., 2007). Importantly, neuronal activity
is critically influenced by neurotransmission (Teleanu et al., 2022). Specifically,
glutamate is the predominant neurotransmitter in the retina. Thus, alteration of
glutamatergic signaling could greatly influence the neuronal activity within the retina.
Glutamatergic signaling essentially relies on glutamate sequestration into the synaptic
vesicles via the vesicular glutamate transporters (Engelund et al., 2010). VGLUT1 and
VGLUT?2 are the main vesicular glutamate transporters in the central nervous system that
are expressed in a non-overlapping complementary fashion, suggesting a different
functional role (Fremeau et al., 2001).

In the retina, the VGLUT]1 is expressed mainly in the two retinal synaptic layers, OPL
and IPL, and is involved in rods and cones-driven image-forming signaling (Johnson et
al., 2007), while VGLUT?2 is expressed predominantly in the RGC and mediates the non-
image-forming visual response in the brain (Land et al., 2004). Interestingly, VGLUT1
immunoreaction levels were upregulated in the OPL of Bmall-/- mice. This may be a
compensatory upregulation due to morphological changes in the photoreceptor layer. In
contrast, the expression of VGLUT2 in the RGCs was decreased in Bmall-deficient mice,
indicating altered glutamatergic transmission within the retina of Bmall-deficient mice.

The previous report showed that VGLUT2, in particular, plays an essential role in light-
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induced circadian functions, as mice with selective VGLUT2 deletion in ipRGC show
impaired non-image-forming functions, including entrainment, masking response, and
pupillary light reflex, as well as failure of c-Fos induction in the SCN following a light
pulse (Gompf et al., 2015, Purrier et al., 2014), while these functions were preserved in
VGLUTI knockout mice (Johnson et al., 2007). Hence, the defective negative masking
in Bmall1-/- is likely related to altered glutamatergic transmission in RGCs via reduced
VGLUT2.

Light information is then transmitted by axons of ipRGCs to the master clock in SCN via
glutamate release, which induces the responses to light at both the cellular and the
behavioral levels (Vindlacheruvu et al., 1992).

Thus, we investigated the vesicular glutamate transporter in the SCN. Both VGLUT1 and
VGLUT2 were expressed in SCN, with higher expression levels of VGLUT2, in
agreement with previous observations showing that VGLUT2 is the main vesicular
transporter used by the ipRGCs to mediate the light signal transmission to SCN (Engelund
et al., 2010). The number of VGLUT1 and VGLUT2-immunoreactive particles was less
in the SCN of Bmall-/- mice, in agreement with previous studies indicating that glutamate
transporters are regulated by the circadian clock. For instance, VGLUT]1 protein oscillates
under a normal light/dark cycle as well as under constant darkness, while this oscillation
was absent in per2-mutant mice (Yelamanchili et al., 2006). Similarly, VGLUT2 mRNA
and protein levels show rhythmic changes in the rat SCN (Kiss et al., 2007). In addition,
the dynamics of the vesicular glutamate transporters display time-of-day-dependent
alterations (Darna et al., 2009). Furthermore, the density of VGLUTI1- and VGLUT2-
labeled terminals, specifically, on VIP-expressing neurons increased during the day in rat
SCN, suggesting a selective synaptic remodeling at sites of photic integration (Girardet
et al., 2010). Therefore, the decreased number of VGLUT2-immunoreactive particles in
the ventral SCN, the principal retinal input region, may be correlated to the defective
masking in Bmall-/-. This is also consistent with a previous study using mouse models
with impaired masking that showed decreased expression of VGLUT2 in SCN (Pfeffer et
al., 2018). Importantly, VGLUT1 and VGLUT?2 levels significantly decreased with age
in rats (Ménard et al., 2015), which is also in line with the premature aging phenotype
reported in Bmall-ko mice (Kondratov et al., 2006).

Noteworthy, it is still controversial if the SCN is the core regulator of masking (Gall and
Shuboni-Mulligan, 2022). Here, we assume that a change in light input to SCN may affect

the sensitivity of the circadian system to light and the fine-tuning of light information,
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since the negative masking response to light was reduced in Bmall-/-, although still
intact.

Astrocytes have been shown to be an important contributor to the circadian timekeeping
in SCN via intercellular communications with the neurons and by modulating
glutamatergic signaling (Barca-Mayo et al., 2017). The astrocytes regulate the
extracellular glutamate level by both glutamate release and precise glutamate reuptake,
which is mediated mainly via GLAST and GLT-1, by the fine astrocytic processes
surrounding the synaptic cleft to avoid neuronal excitotoxicity (Brancaccio et al., 2019,
Chi-Castafieda and Ortega, 2018). Diurnal fluctuation in astrocytic glutamate reuptake
and glutamine synthetase activity has been reported (Leone et al., 2015).

Importantly, GLAST seems to be regulated by the astrocytic molecular clock (Beaulé et
al., 2009) and shows diurnal variations in its mRNA and protein levels in SCN
(Cagampang et al., 1996). In Per2 mutant mice, a decreased GLAST level and an
increased extracellular glutamate level as well as decreased glutamate reuptake by
cultured Per2-deficient astrocytes have been reported (Spanagel et al., 2005). A similar
observation was reported in Clock-, Per2-, or NPAS2-deficient cortical astrocytes as the
GLAST mRNA and protein levels were significantly reduced, leading to decreased
glutamate reuptake (Beaul¢ et al., 2009). However, this seems to be region-specific, as
the relative expression of GLAST and GLT-1 on the plasma membrane in the
hippocampus did not show diurnal change (McCauley et al., 2020). We showed earlier
that Bmall deficiency was associated with altered decreased glial coverage of the
hippocampal tripartite synapses (Ali et al., 2020). This retraction of the fine astrocytic
processes may be correlated with a decreased astrocytic reuptake ability and improper
neurotransmitter signaling. In line with this notion, Barca-Mayo reported that Bmall
deletion leads to decreased astrocytic GABA reuptake and increased GABA levels in CSF
and the hypothalamus, which may contribute to altered circadian locomotor behavior as
well as cognitive deficits (Barca-Mayo et al., 2020, Barca-Mayo et al., 2017). Likewise,
Bmall deficiency resulted in upregulated glutamate levels in CSF (Barca-Mayo et al.,
2020). These data are in agreement with our findings, as the glutamate level in SCN was
higher in Bmall-deficient mice. Indeed, a decreased glutamate reuptake capacity and a
reduction of high-affinity glutamate transporters have been reported in glutamatergic
terminals of aged rats (Segovia et al., 2001), which is also in line with the premature aging
phenotype observed in Bmall-deficient mice (Kondratov et al., 2006). Importantly,
negative feedback of glutamate analogues on the VGLUT activity (Winter and Ueda,
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2008). This suggests that the increased glutamate levels may contribute to the here-
observed decrease of VGLUT-Ir in Bmall-/-. In sum, our findings support that Bmall
deficiency may lead to decreased glutamate reuptake by astrocytes and upregulated
glutamate levels in SCN.

The circadian cycle could also modulate the synaptic transmission via inducing
morphological alteration; for instance, the sleep-wake cycle regulates synaptic
homeostasis (Cirelli and Tononi, 2020). Interestingly, ultrastructure studies showed that
Bmall localizes in the hippocampal synapses and regulates the circadian rhythms of
CaMKIlIa-phosphorylation and hence locally gates the circadian rhythmicity of synaptic
plasticity (Barone et al., 2023).

To get deeper insights into the effect of Bmall deletion on the structural integrity of the
synapses, we performed ultrastructural analysis of SCN core region synapses. Here, we
didn’t notice an obvious difference in the overall morphology of the synapses consistent
with previous observations in the retinal synapses (Storch et al., 2007). However, this
contrasts with the synaptic degeneration observed in the retrosplenial cortex in 6-month-
old Bmall-deficient mice (Musiek et al., 2013). Musiek and colleagues reported that
Bmall KO mice showed both normal and abnormal terminals where the synaptic
terminals are swollen and relatively devoid of synaptic vesicles (Musiek et al., 2013). In
line with this observation, we report that the presynaptic terminals of excitatory
asymmetric synapses in Bmall-deficient mice were larger than the wild type; however,
the number of synaptic vesicles seemed indistinguishable. This discrepancy could rely on
the age difference between mice used in the studies, as the aging effect of Bmall deletion
starts around 4 months and becomes tremendously progressive with age (Kondratov et
al., 2006, Kondratova et al., 2010). Interestingly, a recent study reported that the efficacy
of glutamate reuptake negatively correlates with the size of synapses due to a decreased
relative synaptic coverage by astrocytic fine processes (Herde et al., 2020). Our previous
data showed that Bmall deficiency reduces glial synaptic coverage of the hippocampal
mossy fiber synapses (Ali et al., 2020). This may rely on the increased size of the
presynaptic terminal and may contribute to the higher glutamate levels in SCN tissue
observed in this study.

Importantly, only a small fraction of vesicles in the presynaptic bouton are available for
immediate release and thus form the readily releasable pool (RRP). The RRP can also be
tentatively identified as docked synaptic vesicles (Rosenmund and Stevens, 1996), and

nearby undocked vesicles (proximal pole) that could be rapidly recruited to unoccupied
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activated sites on the presynaptic membrane to contribute to the RRP (Gundelfinger et
al., 2003, Kaeser and Regehr, 2017). Thus, the RRP availability could be correlated to the
distance between the vesicle and the presynaptic membrane. In Bmall-/- mice, the
distance between the vesicles and the presynaptic membrane was increased, which may
reflect a reduced RRP in the excitatory synapses and could lead to a decreased synaptic
strength (Kaeser and Regehr, 2017). Thus, the absence of Bmall may affect the vesicle
dynamics in the presynaptic terminals, in agreement with a previous study (Barone et al.,
2023). The elevated glutamate levels may also play a role in these morphological
alterations, as excess glutamate may induce a compensatory decrease in presynaptic
vesicle release to avoid exaggerated synaptic excitation (Daniels et al., 2004).
Importantly, the presynaptic terminals of symmetric synapses were morphologically
indistinguishable between both genotypes, which indicates that this effect was limited to
the excitatory synapses in Bmall-deficient mice.

The glutamatergic terminals of the retinohypothalamic tract innervate mainly the VIP-
containing neurons in the core region of the SCN (Kim et al., 2019). SCN VIP neurons
are excited in response to light, leading to the release of VIP (Jones et al., 2018, Todd and
Hardingham, 2020), which represents a potent synchronizer for the SCN and is capable
of reprogramming the circadian rhythmicity at the cellular and network level to obtain a
robust coherent firing rhythm (Hamnett et al., 2019). VIP is also crucial for the neuron-
astrocyte interaction and enhances the glutamate reuptake by the astrocytes (Brown,
2000) by a GLAST-mediated mechanism (Goursaud et al., 2008).

Importantly, the influence of VIP on the circadian system seems to be bidirectional and
not only dependent on light, as circadian rhythms of VIP release in rat SCN slices
(Shinohara et al., 1994) and VIP mRNA in the mouse SCN (Dardente et al., 2004) were
observed under constant conditions. Morecover, the diurnal oscillation of VIP
immunoreaction in mouse SCN was lost upon astrocytic Bmall deletion (Barca-Mayo et
al., 2017) indicating that VIP is regulated by the molecular clock components. Here, we
report a decreased VIP immunoreaction in the SCN of Bmall-deficient mice. This
reduction could be due to impaired light input to SCN neurons via altered glutamatergic
transmission in Bmall-knockout mice. Although Barca-Mayo et al. reported on
astrocytic-specific Bmall deletion, there was an increase in the neuronal VIP intensity in
the SCN at ZT12. It is noteworthy that in our mouse model Bmall is globally deficient,
also in SCN neurons, which could induce an additional intra-neuronal effect leading to a

decreased VIP. We assume that the impaired VIP in Bmall-deficient mice may result in
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a reduced light signal transmission and synchronization among SCN neurons and the
integration of light information, leading to aberrant circadian functions, including light-
mediated behavior.

In conclusion, the deletion of Bmall affects the glutamate transporters and reuptake and
induces morphological changes at the excitatory presynaptic terminals within the SCN.
The disruptions in the glutamate signaling may impair the light input to the SCN and
affect the behavioral responses to light. Importantly, disruption of glutamatergic
transmission is involved in multiple neurodegenerative diseases and psychological
disorders correlated with chronodisruption. Thus, targeting the molecular clock, including
Bmall, may provide a novel therapeutic strategy to prevent or treat such neurological

diseases.
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