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GENERAL DISCUSSION

The central circadian clock in mammals resides in the suprachiasmatic nucleus (SCN) of the anterior
hypothalamus in the brain. The SCN clock is composed of multiple, single-cell oscillators which
together generate an output signal, synchronized to the environmental light-dark cycle, and convey
this “timing information” to the periphery. The functioning of the SCN as the major pacemaker
relies on the communication and coupling between the cells in the network, and on the ability of
the network to adjust to environmental cycles. Besides its role as a daily clock, the SCN also serve
as a seasonal clock by adjusting the output signal to the duration of light per day (i.e. photoperiod).
Seasonal encoding by the SCN is a good example of the functionality of the network — opposed
to the individual SCN neurons being autonomous oscillators —, since it is a composite tissue
property that relies on the network organization, and amongst others, on the synchronization of
single-cell oscillators.

The work in this thesis enhances our understanding of what is needed for this type of network
plasticity. Specifically, we focused on the potential role of the neurotransmitter GABA and
the GABAergic Excitation/Inhibition (E/I) balance in coupling mechanisms within the SCN network
under different conditions, like changing light regimes and aging. We showed for the first time
that brief light exposure at the beginning and end of the day can change the function of GABA.
We also provided evidence that chloride cotransporter modulation is responsible for light regime
induced changes in E/I balance. Moreover, we discovered a shift in E/I balance in the aging central
clock that may explain network plasticity. In this chapter | will explain and discuss the implications

of these outcomes.

1. E/IBALANCE IN THE BRAIN

The right balance between excitation and inhibition is crucial for proper brain function, because
synaptic E/I balance underlies efficient neuronal information processing (Zhou & Yu, 2018). Loss
of a tight control over the E/I balance could result in hyperexcitability or excessive quiescence,
which in turn cause deficits in information processing (Figure 1) (Kinouchi & Copelli, 2006).
The implications of an E/I imbalance can be detrimental. Abnormalities in inhibition or excitation
are linked to disorders that occur particularly at the beginning and the end of our life, like several
neurodevelopmental as well as neurodegenerative disorders (Gatto & Broadie, 2010; Rissman &
Mobley, 2011; Canitano & Pallagrosi, 2017; Bi et al., 2020; Bruining et al., 2020).

Moreover, dysregulation of the E/I balance is correlated to the pathophysiology of migraine and
epilepsy (Sgado et al., 2011; Vecchia & Pietrobon, 2012). The mechanisms by which a balance between
excitation and inhibition is established and maintained is still a subject of debate. Physiologically,
there are homeostatic and developmental processes that maintain the E/I balance in a narrow
range at the level of single cells and at the level of cortical networks over long timescales (Zhou et
al., 2014; He et al., 2016). The E/I balance of single cells is determined by the relative contributions
of excitatory and inhibitory synaptic currents (Shu et al., 2003; Okun & Lampl, 2008). It is widely
accepted that an E/I balance is kept approximately constant and that deviations from the E/I ratio
beyond acceptable tolerances result in aberrant hyper- or hypo-activity. However, there is also

evidence that small changes of the E/I balance are physiologically relevant. For instance, during
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Figure 1. The excitation/inhibition balance. A schematic overview of the balance between excitation and
inhibition in the brain. A proper balance between excitation and inhibition is crucial for brain functioning. When
the scale turns towards more inhibition, this results in excessive hypo-activity like sleepiness or even a coma.
When the scale turns towards too much excitation, this results in hyper-excitability like arousal or even seizures.

sensory stimulation in the auditory cortex, E/I balance can be transiently perturbed, but generally
recovers within tens of minutes (Froemke et al., 2007). On a longer timescale, there is a circadian
regulation in E/I balance in cortical areas in humans (Chellappa et al., 2016; Ly et al., 2016) and there
are indications for seasonal variability (Meyer et al., 2015). Moreover, the E/I balance in the SCN has
shown to be modulated within a presumably “healthy” range under normal physiological conditions
(Albus et al., 2005; Choi et al., 2008; Farajnia et al., 2014).

2. E/IBALANCE IN THE SCN

In the experiments described in this thesis, we measured the E/I balance in SCN slices of mice under
different circumstances, like changing light regimes or in aging. The E/I ratio was calculated by
determining the GABAergic response of individual SCN neurons using calcium imaging. By applying
this imaging technique, we were able to measure about 80 - 120 neurons per SCN, divided over 2 —
3slices. This way, the different regions of the SCN — both anterior to posterior and ventral to dorsal
- were represented in the measurements to ensure a proper distribution. We showed an increase
in GABAergic excitation and E/I balance in the aged SCN (chapter 4) and after exposure to long
photoperiod (chapter 5). We also demonstrated a decrease in inhibitory responses after exposure
to skeleton long photoperiod (chapter 2).

The neurotransmitter GABA is mainly inhibitory to most adult neurons and because of its
abundance it plays a critical role in setting the E/I balance. There are, however, parts of the mature
brain, among which the SCN, with GABAergic depolarization and excitation in physiologically
healthy states (Chung, 2012). In the SCN, GABA has the ability to act both inhibitory and excitatory
and because most SCN neurons contain GABA, it is believed to be a major contributor to the E/I
balance in the SCN (Wagner et al., 1997; Albus et al., 2005; Choi et al., 2008; Irwin & Allen, 2009).
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Previous studies have shown plasticity in the E/I balance in the SCN. For instance, there is a daily
modulation of the E/I ratio in the SCN with more GABAergic excitation during the night compared
to the day (Choi et al., 2008; Irwin & Allen, 2009; Farajnia et al., 2014). Also, the length of the day
impacts the E/I balance, as the E/I ratio increases in SCN slices of mice adapted to a long day
photoperiod, when compared to a short day photoperiod (Farajnia et al., 2014; Myung et al., 2015).
Hence, the E/I balance fluctuates over the different seasons. These E/I changes seem functional,
since plasticity in GABA, signaling was shown to be crucial for neuromodulation of the SCN network
when adapting to different photoperiods (Rohr et al., 2019). Several studies demonstrated that
GABAergic excitation occurred mostly in the dorsal part of the SCN (Albus et al., 2005; Choi et
al., 2008; Irwin & Allen, 2009). We therefore always tested for regional variances, but found no
differences in the distribution of the different GABAergic responses along the dorsoventral axis.
The lack of regional differences in GABAergic response types is comparable to a previous study
examining the effect of photoperiod on the GABAergic responses in the mouse SCN (Farajnia et
al., 2014). The difference in spatial organization between our studies and the studies showing more
excitation in the dorsal area of the SCN are difficult to explain, but it probably involves functional
and anatomical differences in the brains of mice and rats (Morin et al., 2006).

As the GABA, receptor is a GABA-gated chloride channel, the polarity of the GABAergic
signal depends on the intracellular chloride concentration ([CI']) and the relationship between
the chloride equilibrium potential (E_") and the membrane potential (V ) (Kaila, 1994; Ben-Ari,
2002). Different classes of cation-chloride-cotransporters regulate [CI'], of which at least two are
expressed in the SCN; the chloride importer NKCC1 and exporter KCC2 (Belenky et al., 2008). KCC2
extrudes Cl" from the cell, thus when KCC2 is expressed and GABA binds to its receptor, the channel
opens and because of the low [CI], there is an inward flow of CI" causing an inhibitory response.
When NKCC1 expression dominates in neurons, the [CI] is relatively high, which results in an

outward flow of Cl-and subsequently an excitatory GABA response, after GABA binds to its receptor.

3. HOW DOES LIGHT INFLUENCE THE E/I BALANCE IN THE SCN?

As described above and in more detail in chapter 1, the time of the day and the length of the day
influence the E/I balance in the SCN. In chapter 5, we confirmed that when mice were exposed to
long photoperiods (i.e. 16 h of daylight), the E/I balance in SCN slices shifts towards more excitation
and when exposed to short photoperiods (i.e. 8 h of daylight) it shifts towards more inhibition.
In chapter 5 we also demonstrated that the chloride cotransporter KCC2 - and thus the [CI], -
plays a major role in the establishment of the E/I balance in the SCN. When KCC2 was blocked with
the highly specific antagonist MLO77, resulting in an increase in [CI'] of the SCN cells, the polarity
of the GABAergic response in many SCN neurons changed within minutes after application
and the overall E/I balance got larger. This increase in E/I balance was evident and similar in all
the experiments using MLO77, indicating that KCC2 plays a role in regulating [CI], regardless of
the baseline [CI] set by adaptation to long or short photoperiod. Interestingly, blocking KCC2 with
MLO77 in the SCN of mice adapted to short photoperiod resulted in an E/I balance that is very similar
to the E/I ratio under long photoperiod (chapter 5, figure 4A and 4E). This showed that MLO77
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is a suitable tool to manipulate the E/I balance and can be useful for researching the functional
mechanisms of E/I balance in seasonal encoding. More recent work focused on the role of both
cotransporters NKCC1and KCC2 in regulating [CI], in different parts of the SCN (Klett & Allen, 2017).
NKCCI contributed to [CI] regulation, however, KCC2 was shown to be the primary regulator.
Interestingly, it seems to be differentially regulated between VIP and AVP (i.e. core and shell)
expressing neurons, because blocking KCC2 had a larger effect on VIP neurons, when compared to
AVP neurons (Klett & Allen, 2017). Additionally, the switch in GABAergic signaling after adaptation
to long photoperiod corresponded with KCC2 downregulation in the core region of the SCN (Rohr
et al., 2019). Another study showed that NKCC1 protein expression was increased in the ventral
SCN of hamsters exposed to a photoperiod of LD 14:10, when compared to the dorsal part (McNeill
et al., 2020). Concluding, the data from these studies indicate a role for both NKCC1 and KCC2 in
the polarity of the GABAergic response in SCN neurons, though to a different extent, and thereby
on the SCN network plasticity when challenged with environmental changes.

There are studies proposing that the variability in GABAergic responses in the SCN could
support adaptation to environmental conditions and is therefore functional (Farajnia et al.,
2014; Myung et al., 2015; Rohr et al., 2019). The exact mechanism of how changes in E/I balance
will contribute to phase distribution of SCN neurons is still under debate and has to be further
investigated (McNeill et al., 2020). A recent study on the expression level of NKCC1 in the SCN of
hamsters showed increased protein levels after exposure to constant light, suggesting that light
duration may influence the expression of NKCC1. However, when the hamsters were exposed to
a long day of LD 14:10, the NKCCI protein levels were not different from those of hamsters housed
under constant darkness, suggesting that specific ratios of GABAergic excitation/inhibition are not
required for seasonal entrainment (McNeill et al., 2020). But, as described above, KCC2 might play
a more prominent role in setting [CI'].in SCN neurons than NKCC1 (Klett & Allen, 2017) and exposure
to long photoperiod has resulted in KCC2 downregulation (Rohr et al., 2019). Since entrainment
to longer photoperiods decreases the magnitude of phase shifting effects of light (Pittendrigh et
al., 1984; Evans et al., 2004; vanderLeest et al., 2009), the increased E/I ratio in SCN neurons could
also influence the phase shifting response of the SCN to light. However, in vivo injections of an
NKCC1 inhibitor into the SCN decreased light induced phase delays, indicating that the excitatory
effects of GABA in the SCN contribute to the phase delaying effect of light (McNeill et al., 2018).
These results seem to contradict our proposed consequence of increased E/I levels, considering
that the behavioral phase shifts are smaller and the amount of excitatory GABA is higher in
animals entrained to long photoperiods (vanderLeest et al., 2009; Farajnia et al., 2014). A possible
explanation is that the acute use of cotransporter blockers, and the resulting acute change in
chloride levels, is mechanistically different from adaptation to long photoperiod. In line with this,
as demonstrated in chapter 5, application of the KCC2 blocker ML0O77 also show that, regardless of
the baseline chloride levels, there is an additive, acute effect of the blocker. After entrainment to
long photoperiod, cotransporter expressions and chloride levels in the SCN cells are changed, but
this is a gradual change that takes weeks and is accompanied by a change in phase distribution.
Studies based on experimental data, strengthened with modeling data, indicate that the chloride

homeostasis and the polarity of the GABAergic signaling influence the coupling within the SCN
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network and ultimately lead to phase adjustment (DeWoskin et al., 2015; Myung et al., 2015). It is
likely that the decreased phase-shifting capacity, as seen after entrainment to long photoperiod, is
the result of the increased phase dispersal in the SCN network. This, in turn, will result in a change
in phase distribution, which has been shown to be the critical factor determining the phase shifting

capacity in the SCN (vanderLeest et al., 2009).

3.1. Brieflight exposure influences the E/I balance in the SCN

In chapter 2 we examined whether the reception of the full photoperiod was needed for
photoperiodic encoding in the SCN at the level of network reorganization. As mentioned in
the beginning of this chapter, seasonal encoding is a great example of cellular organization
within the SCN network and its functional role. The SCN adjusts its ensemble electrical output to
the length of the day of the changing photoperiod, caused by a change in distribution of phases
of the individual SCN neurons (Mrugala et al., 2000; VanderLeest et al., 2007). Moreover, seasonal
related network changes also induce changes in the E/I balance (Farajnia et al., 2014) (chapter 5). In
chapter 2 we aimed to investigate which of these network changes occur when the circadian system
is exposed to skeleton photoperiods, i.e. exposed to brief light pulses that mark the beginning and
end of the day.

We showed that at different levels — ranging from molecular and cellular to behavioral - all
characteristic changes when encoding for full long photoperiod, could be mimicked by just two
light pulses of 30 minutes marking the beginning and end of the day. When mice were exposed
to skeleton long photoperiod, the waveform of the ensemble electrical activity in SCN slices was
broader than in slices from mice exposed to skeleton short photoperiod which is equivalent after
entrainment to the full photoperiod. Similar increase in phase distribution was also shown by
imaging single cell per2 clock gene expression in SCN slices of mice entrained to skeleton long
photoperiod, compared to skeleton short photoperiod. Moreover, like entrainment to full long
photoperiods, exposure to skeleton long photoperiod resulted in a compression of the behavioral
activity pattern and a reduction in the magnitude of phase delays in response to a light stimulus,
when compared to skeleton short photoperiod. Lastly, there was less GABAergic inhibition in SCN
slices of mice adapted to skeleton long photoperiod compared to skeleton short photoperiod,
although the overall E/I balance did not differ between the skeleton long and short photoperiod.
Taken together, these results showed that brief light exposure at the beginning and end of the day
are sufficient for photoperiodic encoding at the network level of the SCN.

The lack of a significant difference between the E/I ratios of skeleton long and short
photoperiod, when compared to the full photoperiods, is based on a higher E/I balance in skeleton
short photoperiod. Thus, the E/I ratio under skeleton short photoperiod is higher compared to
a full short photoperiod. Remarkably, skeleton long photoperiod affected the SCN network to
the same degree as full long photoperiod, but there are more differences between skeleton and full
short photoperiod. The waveform of the ensemble electrical activity has a more compressed peak
under full short photoperiod, when compared to skeleton short photoperiod. Also, the behavioral

phase shift is less pronounced in animals entrained to skeleton short photoperiod compared to full
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short photoperiod. The similarities between skeleton and full photoperiod when encoding long
photoperiod and the differences when encoding for a short photoperiod suggest an additive effect
of the full photoperiod. This is in line with recent evidence showing that specific components of
light cycles have distinct effects on the circadian system (Tackenberg et al., 2020). Previous work
proposed that seasonal encoding depended on a subset of SCN neurons that respond to tonic
photic cues, suggesting that seasonal adaptation would require exposure to the full photoperiod
(Yan & Silver, 2008). This is in contrast to our work which clearly shows that characteristic cellular
reorganization in the SCN, after adapting to long photoperiod, can be achieved by exposure to
two brief light pulses. One explanation could be that the previous work was conducted in Syrian
hamsters, whereas we worked with mice. Syrian hamsters are, in contrast to our mice, seasonal
breeders that contain melatonin. Seasonal encoding by the SCN might be mechanistically different
between these species.

The implications of the work from chapter 2 are interesting, not only in terms of circadian
adaptation mechanisms, but also from an ecological point of view. In the modern society, the use of
electrical light at night increased immensely in the past decades causing disturbances in the activity
patterns of nocturnal animals (Dominoni et al., 2016; Sanders & Gaston, 2018). The skeleton
photoperiods that we used actually resemble the natural lighting situation more closely compared
to full photoperiods, at least for nocturnal animals. Many nocturnal animals sleep underground,
thereby creating their own skeleton photoperiod. The electrical light at night, especially in
wintertime, can be harmful to these animals considering the light pulses late at night can be
interpreted as a sign for summer. This, in turn, can lead to maladaptive physiological behavior, like
the production of offspring at the wrong time of year.

Chapter 2 underscores that even brief light exposure can have physiological effect and should
be considered in light management programs aimed at protecting the clock function of nocturnal

rodents in the natural environment.

4. AGING

The above mentioned fragmentation of light is also interesting in terms of optimizing light therapy
to help the circadian rhythms in the elderly (Goudriaan et al., 2021; Rubifio-Diaz et al., 2021). In
chapter 3 and 4 several aspects of the circadian system - behavioral, molecular, and cellular -
were investigated to further identify components that might be affected by aging and thus could
be potential targets for such chronotherapeutic interventions. We showed that with aging, mice
have a reduced ability to behaviorally adapt to short photoperiods, but there were no impairments
in the PER2 rhythms after photoperiodic encoding (chapter 3). Additionally, the proportion of
GABAergic excitatory responses and the subsequent E/I balance increased in SCN slices of aged
mice (chapter 4).

Aging is an unavoidable and irreversible process that affects many aspects of physiology and
behavior, including the central nervous system. Brain alterations due to aging are evident on various
levels with, for instance, a decline in brain volume (Resnick et al., 2003), loss of synaptic function

(Jacobs et al., 1997), and a decay in neurotransmitter function (Mora et al., 2007). As detailed
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reported in chapter 1, aging also affects the circadian system on multiple levels. On the behavioral
level, there are age-related disruptions in locomotor activity that lead to more fragmented sleep-
wake patterns and an overall reduction in behavioral activity (Valentinuzzi et al., 1997; Dijk & Duffy,
1999; Farajnia et al., 2012). Aging is also associated with reduced synchronization and diminished
amplitude of electrical activity rhythms in the SCN neuronal network (Nakamura et al., 2011; Farajnia
et al., 2012). Furthermore, at the cellular level, the physiology of the SCN neuron itself is impacted
by aging (Aujard et al., 20071; Farajnia et al., 2012). Long term disruption of circadian rhythmicity
can be detrimental and is associated to age-related diseases (Kondratova & Kondratov, 2012;
Steponenaite et al., 2018). Thus, understanding the mechanisms of aging-related clock disorders

will allow targeting for repair of the circadian system.

4.1. Aging affects the E/I balance in the SCN

As mentioned earlier this chapter, alterations in the E/I balance occur at the cellular level, with
neurons being inhibitory or excitatory, but likely also contribute to network changes. In chapter 4
we aimed to investigate whether there is an aging-effect on the GABAergic E/I balance in the SCN,
that could contribute to the aging-related network alterations. By measuring GABA stimulated
changes in Ca* transients, we observed significantly more excitatory responses in SCN slices from
old mice, compared to young mice. In addition, in the posterior SCN from old mice, we showed
a significant decrease in inhibitory responses. Also, the baseline Ca* levels in the old SCN neurons
was higher compared to SCN neurons from young mice. These results demonstrated that aging
affects the polarity response, and thus the E/I balance, in the SCN and indicated that the Ca*
homeostasis is altered in the aged SCN network. Whether the increased E/I balance has functional
relevance to the aging clock, or is a sign of loss of function remains unclear. Cortical excitability
has been associated with age-related cognitive decline. A reduction in circadian rhythms of
cortical excitability was found in aged human volunteers during sleep deprivation, which was likely
the consequence of a diminished impact of sleep homeostasis and might underlie the reduction
in cognitive flexibility in aging (Gaggioni et al., 2019). Alterations in E/I balance also occur in age-
related diseases like Alzheimer’s Disease (AD) and may be a primary mechanism contributing
to seizure activity and cognitive decline in AD patients (Rissman & Mobley, 2017; Bi et al., 2020).
Recently, evidence from human post-mortem parietal cortex samples of individuals with AD
demonstrated elevations in the synaptic E/I ratios that contributed to cortical hyper-excitability
and cognitive impairment in AD patients (Lauterborn et al., 2021). Besides the cognitive decline in
AD patients, there are numerous studies that have shown an age-related shift in the E/I balance with
heightened hippocampal and prefrontal cortical activity which contributes to memory-impairment
(Legon et al., 2016; Tran et al., 2019; Koh et al., 2020). Aged rats without cognitive impairment most
likely have a compensational mechanism as they display increased inhibitory postsynaptic currents
in recordings from dentate gyrus cells and a larger tonic inhibitory current in the pyramidal neurons,
which is lacking in rats with memory impairment (Tran et al., 2018; Tran et al., 2019; Koh et al., 2020).
This emphasizes the importance of an adequate balance between inhibition and excitation, also for

healthy aging.
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Within the SCN, several lines of evidence suggest a possible role for the E/I balance in
synchronization mechanisms (Farajnia et al., 2014; Myung et al., 2015; Rohr et al., 2019). Others
presented results that GABA plays a role in (de)synchronization, but without distinguishing
between the inhibitory or excitatory action of GABA (Liu & Reppert, 2000; Albus et al., 2005; Aton
et al., 2006; Evans et al., 2013; Freeman et al., 2013). We showed in chapter 2, 4, and 5 alterations in
the distribution of GABAergic responses, with more excitation and/or less inhibition, in SCN slices in
which the phases of the individual neurons were more distributed. In aging (chapter 4), under long
photoperiod (chapter 5), or after exposure to skeleton long photoperiod (chapter 2) the degree of
synchronization is lower compared to the young SCN or the SCN of mice exposed to short (skeleton)
photoperiod (chapter 2) (VanderLeest et al., 2007; Farajnia et al., 2012). Although the mechanisms
that regulate neuronal phase distribution in the SCN are still unknown, the results from this thesis
consistently indicate that changing the amount of GABAergic inhibition or excitation in the SCN
contribute to the network alterations. Future research with in vivo measurements of E/I balance
in the SCN during entrainment to different photoperiods would help to elucidate the role of E/I
balance in seasonal encoding and network reorganization. We consider the seasonal changes in
the E/I balance as a functional and physiological process, supporting clock function. The question
remains whether this is also the case with aging and if there is still plasticity in the E/I ratio in
the aged SCN.

4.2. Aging affects calcium levels in the SCN

Ca* is an important intracellular component involved in phase adjustment and network stability.
Besides a shifted E/I balance in the aged SCN, the data from chapter 4 suggest that aging causes
an altered Ca* homeostasis as the baseline Ca* levels are higher in SCN neurons from aged mice.
These increased baseline levels of Ca* could impact cellular phase adjustments, as Ca* is implicated
in rhythm generation and light-induced phase shifts by activating clock gene expression (Kim et
al., 2005; Golombek & Rosenstein, 2010). With aging, phase shifting capacity and network stability
could be reduced due to the increase in [Ca*].. Research has shown a circadian rhythmicity in [Ca™]
. with higher levels during the day, compared to the night (Colwell, 2000; lkeda et al., 2003) and
one study demonstrated that this rhythm is reversed in old mice (Farajnia et al., 2015). The latter,
however, did not find differences in Ca* levels during daytime, when compared with young controls,
which is in contrast to our results on baseline Ca** levels. Since Ca* is a key cell signaling molecule
and an important link between the molecular clock and electrophysiological properties of the SCN

neurons, Ca* could be an interesting target for intervention aimed at strengthen the clock in aging.

4.3. Photoperiodic encoding is affected in aging

In chapter 2 and 5, we showed that photoperiodic entrainment requires plasticity of the SCN
network and in chapter 4 we demonstrated that aging causes changes in the E/I balance and Ca*
levels in the SCN cells. Chapter 3 aimed to study if, and how, seasonal encoding is affected by aging
by investigating the plasticity of both behavior and clock gene expression rhythms. We showed
that aging does not affect the expression pattern of the clock gene PER2 in an equinoctial light

regime, while the behavioral rhythm strength in the aged mice declined. Exposure to long or short
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photoperiods requires plasticity of the SCN network (VanderLeest et al., 2007; Meijer et al., 2010;
Porcu et al., 2018) which is displayed, for instance, by changing the phase distribution of single cell
PER2 expression rhythms (Buijink et al., 2016). Surprisingly, the PER2::LUC expression rhythms of
the SCN of old mice showed similar levels of phase distribution as the SCN of young mice, with
awider phase distribution after adaptation to long photoperiod as compared to short photoperiods.
In contrast to the intact molecular clock of old mice, behavioral rhythms were less adjusted to
the changing photoperiod. This demonstrates that most of the plasticity of the molecular clock
remains intact with aging, and deficits in photoperiodic adaptation, like the increased E/I balance
that we showed in chapter 4, arise downstream from the molecular clock.

Studies on the effect of aging on other components of the core molecular clock also indicate
that the molecular clock in SCN neurons remains largely functional, although more research is
required to fully confirm this (Banks et al., 2016; Buijink & Michel, 2020). If so, several possibilities
exist that could explain the age-related deficits of the circadian clock. Specifically, aging causes
a dampened amplitude of the SCN output signal that is expected to be the result of reduced
synchronization within the network (Nakamura et al., 2011; Farajnia et al., 2012). When the SCN
amplitude is diminished, electrical activity has less influence on PER2 expression rhythms (Noguchi
et al., 2017) and circadian rhythms in electrical activity, Ca*" and the molecular clock can become
dissociated (Enoki et al., 2017a; Enoki et al., 2017b). Aging affects the rhythm and baseline levels
(chapter 4) of intracellular calcium in SCN neurons. This disturbed calcium homeostasis could
account for a weakened link between the molecular clock and the SCN network. Moreover,
the E/I balance is shifted in aging (chapter 4) suggesting that the E/I ratio is downstream from

the molecular clock and influenced by other mechanisms.

5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

In this thesis, | was able to demonstrate that the SCN network is plastic and under different
conditions — like exposure to different light regimes or under the influence of aging - it can
reorganize the phase relationships between the individual neurons. Even though characteristics of
individual SCN neurons can also change due to environmental influences, it is the network that
is of critical importance for proper adaptation. The communication and synchronization between
the SCN neuronsis key in entrainment and loss of intercellular communication can cause decrement
of the network functionality. Therefore, a better understanding of the functioning of the SCN
network, and especially the (repulsive) coupling among the SCN neurons, could provide insights
in how to deal with the circadian disturbances and challenges in our modern lifestyle or aging.
The work in this thesis suggests that the GABAergic E/I balance in the SCN plays a role in network
changes and could be a possible target for interference when circadian rhythms are disturbed.
There are several pharmacological tools that can manipulate E/I balance, but their application as
therapeutics might be challenging due to difficult pharmacokinetics (Gagnon et al., 2013). There
are, however, novel therapies that aim to normalize E/I ratio (Ghatak et al., 2021) which could also
be interesting for circadian research. These are promising targets to strengthen the circadian clock

in the case of disturbances due to environmental light or due to aging.

127



128

CHAPTER 6

REFERENCES

1.

Albus, H., Vansteensel, M.J., Michel, S.,
Block, G.D. & Meijer, J.H. (2005) A GABAergic
mechanism is necessary for coupling
dissociable ventral and dorsal regional

oscillators within the circadian clock. Curr.
Biol., 15, 886-893.

Aton, S.J., Huettner, J.E., Straume, M. & Herzog,
E.D. (2006) GABA and Gi/o differentially control
circadian rhythms and synchrony in clock neurons.
Proc. Natl. Acad. Sci. U. S. A., 103, 19188-19193.
Aujard, F., Herzog, E.D. & Block, G.D. (2001)
Circadian rhythms in firing rate of individual
suprachiasmatic nucleus neurons from adult and
middle-aged mice. Neuroscience, 106, 255-261.
Banks, G., Nolan, P.M. & Peirson, S.N. (2016)
Reciprocal interactions between circadian
clocks and aging. Mamm. Genome, 27, 332-340.
Belenky, M.A., Yarom, Y. & Pickard, G.E.
(2008) Heterogeneous expression of gamma-
aminobutyric acid and gamma-aminobutyric
acid-associated receptors and transporters
in the rat suprachiasmatic nucleus. J. Comp.
Neurol., 506, 708-732.

Ben-Ari, Y. (2002) Excitatory actions of gaba
during development: the nature of the nurture.
Nature reviews. Neuroscience, 3, 728-739.

Bi, D., Wen, L., Wu, Z. & Shen, Y. (2020)
GABAergic  dysfunction  in
and inhibitory  (E/I)
the pathogenesis

excitatory
imbalance  drives
of Alzheimer’s disease.
Alzheimer’s & dementia the journal of
the Alzheimer’s Association, 16, 1312-1329.
Bruining, H. Hardstone, R. Juarez-Martinez,
E.L., Sprengers, J., Avramiea, A.E., Simpraga, S.,
Houtman, S.J., Poil, S.S., Dallares, E., Palva, S., Oranje,
B., Matias Palva, J., Mansvelder, H.D. & Linkenkaer-
Hansen, K. (2020) Measurement of excitation-
inhibition ratio in autism spectrum disorder using
critical brain dynamics. Sci. Rep., 10, 9195.

Buijink, M.R., Almog, A., Wit, C.B., Roethler, O.,
Olde Engberink, A.H., Meijer, J.H., Garlaschelli,
D., Rohling, J.H. & Michel, S. (2016) Evidence
for Weakened
the Mammalian Circadian Clock under Long
Photoperiod. PLoS One, 11, e0168954.

Buijink, M.R. & Michel, S. (2020) A multi-level

assessment of the bidirectional relationship between

Intercellular  Coupling in

aging and the circadian clock. J. Neurochem.

20.

21.

Canitano, R. & Pallagrosi, M. (2017) Autism

Spectrum Disorders and  Schizophrenia
Excitation/Inhibition

Imbalance and Developmental Trajectories.

Spectrum  Disorders:
Frontiers in psychiatry, 8, 69.

Chellappa, S.L., Gaggioni, G., Ly, J.Q.M,,
Papachilleos, S., Borsu, C., Brzozowski, A.,
Rosanova, M., Sarasso, S., Luxen, A., Middleton,
B., Archer, S.N. Dik, D.-J., Massimini,
M., Maquet, P., Phillips, C., Moran, R.J. &
Vandewalle, G. (2016) Circadian dynamics in
measures of cortical excitation and inhibition
balance. Sci. Rep., 6, 33661.

Choi, H.J,, Lee, C.J., Schroeder, A., Kim, Y.S.,
Jung, S.H., Kim, J.S,, Kim, DY., Son, E.J.,, Han,
H.C., Hong, S.K., Colwell, C.S. & Kim, Y.I. (2008)
Excitatory actions of GABA in the suprachiasmatic
nucleus. J. Neurosci., 28, 5450-5459.

Chung, L. (2012) Recent progress in GABAergic
excitation from mature brain. Arch. Pharm.
Res., 35,2035-2044.

Colwell, C.S. (2000) Circadian modulation of
calcium levels in cells in the suprachiasmatic
nucleus. Eur. J. Neurosci., 12, 571-576.
DeWoskin, D., Myung, J., Belle, M.D., Piggins,
H.D., Takumi, T. & Forger, D.B. (2015) Distinct
roles for GABA across multiple timescales in
mammalian circadian timekeeping. Proc. Natl.
Acad. Sci. USA, 112, E3911-3919.

Dijk, D.J. & Duffy, JF. (1999) Circadian
regulation of human sleep and age-related
changes in its timing, consolidation and EEG
characteristics. Ann. Med., 31, 130-140.
Dominoni, D.M., Borniger, J.C. & Nelson, R.J. (2016)
Light at night, clocks and health: from humans to
wild organisms. Biol. Lett., 12, 20160015.

Enoki, R., Oda, Y., Mieda, M., Ono, D., Honma,
S. & Honma, K.1. (2017a) Synchronous circadian
voltage rhythms with asynchronous calcium
rhythms in the suprachiasmatic nucleus. Proc.
Natl. Acad. Sci. U. S. A., 114, E2476-e2485.
Enoki, R., Ono, D., Kuroda, S. Honma,
S. & Honma, K.I. (2017b) Dual origins of
the intracellular circadian calcium rhythm in
the suprachiasmatic nucleus. Sci. Rep., 7, 41733.
Evans, J.A,, Elliott, J.A. & Gorman, M.R. (2004)
Photoperiod differentially modulates photic
and nonphotic phase response curves of



22.

2.

24.

25.

26.

27.

28.

29.

30.

hamsters. Am. J. Physiol. Regul. Integr. Comp.
Physiol., 286, R539-546.

Evans, J.A., Leise, T.L., Castanon-Cervantes, O.
& Davidson, A.J. (2013) Dynamic Interactions
Mediated by
Mechanisms Couple Circadian Clock Neurons.
Neuron, 80, 973-983.

Farajnia, S., Meijer, J.H. & Michel, S. (2015) Age-related
changes in large-conductance calcium-activated

Nonredundant  Signaling

potassium channels in mammalian circadian clock
neurons. Neurobiol. Aging, 36, 2176-2183.

Farajnia, S., Michel, S., Deboer, T., vanderLeest,
H.T., Houben, T., Rohling, J.H., Ramkisoensing,
A., Yasenkov, R. & Meijer, J.H. (2012) Evidence for
neuronal desynchrony in the aged suprachiasmatic
nucleus clock. J. Neurosci., 32, 5891-5899.

Farajnia, S., van Westering, T.L.E., Meijer,
J.H. & Michel, S. (2014) Seasonal induction of
GABAergic excitation in the central mammalian
clock. Proc. Natl. Acad. Sci. USA, 111, 9627-9632.
Freeman, G.M., Krock, R.M., Aton, S.J., Thaben,
E.D. (2013) GABA networks
destabilize genetic oscillations in the circadian
pacemaker. Neuron, 78, 799-806.

Froemke, R.C., Merzenich, M.M. & Schreiner,
C.E. (2007) A synaptic memory trace for cortical
receptive field plasticity. Nature, 450, 425-429.
Gaggioni, G., Ly, J.Q.M., Muto, V., Chellappa,
M., Meyer, C.,
Vanvinckenroye, A., Dumont, R., Coppieters
‘t Wallant, D., Berthomier, C., Narbutas, J., Van
Egroo, M., Luxen, A., Salmon, E., Collette, F.,
Phillips, C., Schmidt, C. & Vandewalle, G. (2019)
Age-related decrease in cortical excitability

P. & Herzog,

S.L., Jaspar, Delfosse, T.,

circadian variations during sleep loss and its links
with cognition. Neurobiol. Aging, 78, 52-63.

M.J.,
Castonguay, A., Tripathy, S., Bonin, R.P., Perez-

Gagnon, M., Bergeron, Lavertu, G.,
Sanchez, J., Boudreau, D., Wang, B., Dumas,
L., Valade, 1., Bachand, K., Jacob-Wagner, M.,
Tardif, C., Kianicka, 1., Isenring, P., Attardo, G.,
Coull, J.A. & De Koninck, Y. (2013) Chloride
extrusion enhancers as novel therapeutics for
neurological diseases. Nat. Med., 19, 1524-1528.
Gatto, C.L. & Broadie, K. (2010) Genetic
controls balancing excitatory and inhibitory
synaptogenesis in neurodevelopmental disorder
models. Front. Synaptic Neurosci., 2, 4.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

GENERAL DISCUSSION

M.,  McKercher, S.R.
Novel

Ghatak, S., Talantova,
& Llipton, S.A. (2021)
Approach for Excitatory/Inhibitory Imbalance in

Therapeutic
Neurodevelopmental and  Neurodegenerative
Diseases. Annu. Rev. Pharmacol. Toxicol., 61, 701-721.
Golombek, D.A. & Rosenstein, R.E. (2010)
Physiology of Circadian Entrainment. Physiol.
Rev., 90, 1063-1102.

Goudriaan, 1., van Boekel, L.C., Verbiest, M.E.A., van
Hoof, J. & Luijkx, K.G. (2021) Dementia Enlightened?!
A Systematic Literature Review of the Influence of
Indoor Environmental Light on the Health of Older
Persons with Dementia in Long-Term Care Facilities.
Clin. Interv. Aging, 16, 909-937.

He, H.Y. Shen, W., Hiramoto, M. & Cline,
H.T. (2016) Experience-Dependent Bimodal
Plasticity of Inhibitory Neurons in
Development. Neuron, 90, 1203-1214.
Ikeda, M., Sugiyama, T., Wallace, C.S., Gompf,
H.S., Yoshioka, T., Miyawaki, A. & Allen, C.N.
(2003) Circadian dynamics of cytosolic and

Early

nuclear Ca2+ in single suprachiasmatic nucleus
neurons. Neuron, 38, 253-263.

Irwin, R.P. & Allen, C.N. (2009) GABAergic
signaling induces divergent neuronal Ca2+
responses in the suprachiasmatic nucleus
network. Eur. J. Neurosci., 30, 1462-1475.
Jacobs, B., Driscoll, L. & Schall, M. (1997)
Life-span dendritic and spine changes in areas
10 and 18 of human cortex: a quantitative Golgi
study. J. Comp. Neurol., 386, 661-680.

Kaila, K. (1994) lonic basis of GABAA receptor
channel function in the nervous system. Prog.
Neurobiol., 42, 489-537.

Kim, D.Y., Choi, H.J., Kim, J.S., Kim, Y.S., Jeong,
D.U., Shin, H.C., Kim, M.J., Han, H.C., Hong,
S.K. & Kim, Y.l. (2005) Voltage-gated calcium
channels play crucial roles in the glutamate-
induced phase shifts of the rat suprachiasmatic
circadian clock. Eur. J. Neurosci., 21,1215-1222.
Kinouchi, O. & Copelli, M. (2006) Optimal
dynamical range of excitable networks at
criticality. Nature Physics, 2, 348-351.

Klett, N.J. & Allen, C.N. (2017) Intracellular
Chloride Regulation in AVP+ and VIP+ Neurons of
the Suprachiasmatic Nucleus. Sci. Rep., 7,10226.
Koh, M.T., Branch, A., Haberman, R. &
Gallagher, M. (2020) Significance of inhibitory
recruitment in aging with preserved cognition:

129




130

CHAPTER 6

43.

44,

45.

46.

47.

48.

49.

50.

51.

limiting gamma-aminobutyric acid  type
A o5 function produces memory impairment.
Neurobiol. Aging, 91, 1-4.

Kondratova, A.A. & Kondratov, R.V. (2012)
The circadian clock and pathology of the ageing
brain. Nat. Rev. Neurosci., 13, 325-335.
Lauterborn, J.C., Scaduto, P.,, Cox, C.D.,
Schulmann, A., Lynch, GC., Gall, C.M., Keene,
C.D. & Limon, A. (2021) Increased excitatory
to inhibitory synaptic ratio in parietal cortex
samples from individuals with Alzheimer’s
disease. Nat Commun, 12, 2603.

Legon, W., Punzell, S., Dowlati, E., Adams, S.E.,
Stiles, A.B. & Moran, R.J. (2016) Altered Prefrontal
Excitation/Inhibition
Output: Markers of Aging in Human Memory
Networks. Cereb. Cortex, 26, 4315-4326.

Liu, C. &Reppert, S.M. (2000) GABA synchronizes
clock cells within the suprachiasmatic circadian
clock. Neuron, 25, 123-128.
Ly, J.Q.M., Gaggioni, G.,
Papachilleos, S., Brzozowski, A., Borsu, C.,
Rosanova, M., Sarasso, S., Middleton, B.,
Luxen, A., Archer, S.N., Phillips, C., Dijk, D.-J.,
Maquet, P., Massimini, M. & Vandewalle, G.
(2016) Circadian regulation of human cortical

Balance and Prefrontal

Chellappa, S.L.,

excitability. Nature Communications, 7,11828.
McNeill, J.K., Walton, J.C. & Albers, H.E. (2018)
Functional Significance of the Excitatory Effects
of GABA in the Suprachiasmatic Nucleus. J. Biol.
Rhythmes, 33, 376-387.

McNeill, J.K., Walton, J.C., Ryu, V. &Albers, H.E.
(2020) The Excitatory Effects of GABA within
the Suprachiasmatic Regulation
of Na-K-2Cl (NKCCs) by
Environmental Lighting Conditions. J. Biol.
Rhythms, 35, 275-286.

Meijer, J.H., Michel, S., Vanderleest, H.T. & Rohling,
JHT. (2010) Daily and seasonal adaptation
of the circadian clock requires plasticity of

Nucleus:
Cotransporters

the SCN neuronal network. The European journal
of neuroscience, 32, 2143-2151.

Meyer, C., Gaggioni, G., Ly, J.Q.M., Rosanova,
M., Sarasso, S., Archer, S.N., Dijk, D.J.,
Massimini, M., Maquet, P., Phillips, C., Moran,
R.J., Vandewalle, G. & Chellappa, S.L. (2015)
Neurons for all seasons: human neuronal
drive across photoperiod. Worldsleep 2015
Abstractbook, pp. 102-103.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mora, F., Segovia, G. &del Arco, A. (2007) Aging,

plasticity and environmental enrichment:

structural changes and neurotransmitter
dynamics in several areas of the brain. Brain
research reviews, 55, 78-88.

Morin, L.P., Shivers, K.., Blanchard, JH. &
Muscat, L.
of mouse and rat suprachiasmatic nucleus.
Neuroscience, 137, 1285-1297.

Mrugala, M., Zlomanczuk, P., Jagota,
A. & Schwartz, W.J. (2000) Rhythmic

multiunit neural activity in slices of hamster

(2006) Complex organization

suprachiasmatic  nucleus  reflect  prior
photoperiod. Am. J. Physiol. Regul. Integr.
Comp. Physiol., 278, R987-994.

Myung, J., Hong, S., DeWoskin, D., De Schutter,
E., Forger, D.B. & Takumi, T. (2015) GABA-
mediated repulsive coupling between circadian
clock neurons in the SCN encodes seasonal
time. Proc. Natl. Acad. Sci. USA, 112, E3920-3929.
Nakamura, T.J., Nakamura, W., Yamazaki, S.,
Kudo, T., Cutler, T., Colwell, C.S. & Block, G.D.
(2011) Age-related decline in circadian output.
J. Neurosci., 31,10201-10205.

Noguchi, T., Leise, T.L. Kingsbury, N.J.,
Diemer, T., Wang, L.L., Henson, M.A. & Welsh,
D.K. (2017) Calcium Circadian Rhythmicity in
the Suprachiasmatic Nucleus: Cell Autonomy
and Network Modulation. eNeuro, 4.

Okun, M. & Lampl, I. (2008) Instantaneous
correlation of excitation and inhibition during
ongoing and sensory-evoked activities. Nat.
Neurosci., 11, 535-537.

Pittendrigh, C.S., Elliott, J.A. & Takamura, T. (1984)
The Circadian Component in Photoperiodic
induction. In R., P, G.M., C. (eds) Photoperiodic
Regulation of Insect and Molluscan Hormones.
Pitman, London, pp. pp 26—47.

Porcu, A., Riddle, M., Dulcis, D. & Welsh, D.K.
(2018) Photoperiod-Induced Neuroplasticity in
the Circadian System. Neural Plast., 2018, 5147585.

Resnick, S.M., Pham, D.L., Kraut, M.A.,
Zonderman, A.B. & Davatzikos, C. (2003)
Longitudinal magnetic resonance imaging

studies of older adults: a shrinking brain. J.
Neurosci., 23, 3295-3301.

& Mobley, W.C. (2011)
Implications for treatment: GABAA receptors

Rissman, R.A.

in aging, Down syndrome and Alzheimer’s
disease. J. Neurochem., 117, 613-622.



63.

64.

65.

66.

67.

68.

69.

70.

Rohr, K.E., Pancholi, H., Haider, S., Karow, C.,
Modert, D., Raddatz, N.J. & Evans, J. (2019)
Seasonal plasticity in GABAA signaling is
necessary for restoring phase synchrony in
the master circadian clock network. eLife, 8.
Rubifio-Diaz, J., Nicolau-Llobera, C., Martin-Reina,
A., Rial-Planas, R. & Canellas, F. (2021) [Positive
effect of bright light therapy on mood and sleep
quality in institutionalized older people]. Revista
espanola de geriatria y gerontologia.

Sanders, D. & Gaston, K.J. (2018) How ecological
communities respond to artificial light at night.
Journal of experimental zoology. Part A, Ecological
and integrative physiology, 329, 394-400.

Sgado, P., Dunleavy, M., Genovesi, S.,
Provenzano, G. & Bozzi, Y. (2011) The role of
GABAergic system in neurodevelopmental

disorders: a focus on autism and epilepsy. Int.
J. Physiol. Pathophysiol. Pharmacol., 3, 223-235.
Shu, Y., Hasenstaub, A. & McCormick, D.A.
(2003) Turning on and off recurrent balanced
cortical activity. Nature, 423, 288-293.
Steponenaite, A., Biello, S.M. & Lall, G.S. (2018)
Aging clocks: disrupted circadian rhythms.
Aging (Albany NY), 10, 3065-3066.

Tackenberg, M.C., Hughey, J.J. & McMahon,
D.G. (2020) Distinct
Photoperiodic Light Are Differentially Encoded

Components  of

by the Mammalian Circadian Clock. J. Biol.
Rhythmes, 35, 353-367.

Tran, T., Bridi, M., Koh, M.T., Gallagher, M.
& Kirkwood, A. (2019) Reduced cognitive
performance in aged rats correlates with
increased  excitation/inhibition  ratio in
the dentate gyrus in response to lateral
entorhinal input. Neurobiol. Aging, 82, 120-127.

71.

72.

73.

74.

75.

76.

77.

78.

79.

GENERAL DISCUSSION

Tran, T., Gallagher, M. & Kirkwood, A. (2018)
Enhanced postsynaptic inhibitory strength in
hippocampal principal cells in high-performing
aged rats. Neurobiol. Aging, 70, 92-101.
Valentinuzzi, V.S., Scarbrough, K., Takahashi,
J.S. & Turek, F.W. (1997) Effects of aging on
the circadian rhythm of wheel-running activity
in C57BL/6 mice. Am. J. Physiol., 273, R1957-1964.
VanderlLeest, HT., Houben, T., Michel, S., Deboer,
T., Albus, H., Vansteensel, M.J., Block, G.D. & Meijer,
J.H. (2007) Seasonal encoding by the circadian
pacemaker of the SCN. Curr. Biol., 17, 468-473.
vanderLeest, H.T., Rohling, J.H.T., Michel, S.
& Meijer, J.H. (2009) Phase shifting capacity
of the circadian pacemaker determined by
the SCN neuronal network organization. PLoS
One, 4, e0004976.

Vecchia, D. & Pietrobon, D. (2012) Migraine:
a disorder of brain excitatory-inhibitory
balance? Trends Neurosci., 35, 507-520.
Wagner, S., Castel, M., Gainer, H. & Yarom, Y.
(1997) GABA in the mammalian suprachiasmatic
nucleus and its role in diurnal rhythmicity.
Nature, 387, 598-603.
Yan, L. & Silver, R.
encoding through

(2008) Day-length
tonic  photic  effects
in the retinorecipient SCN region. Eur. J.
Neurosci., 28, 2108-2115.

Zhou, M., Liang, F., Xiong, X.R., Li, L., Li, H.,
Xiao, Z., Tao, H.W. & Zhang, L.I. (2014) Scaling
down of balanced excitation and inhibition by
active behavioral states in auditory cortex. Nat.
Neurosci., 17, 841-850.

Zhou, S. & Yu, Y. (2018) Synaptic E-I Balance
Efficient

Neurosci., 12.

Underlies Neural Coding. Front.

131






