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Abstract

Patterns of spontaneous activity are present across almost all structures within the neonatal
brain, and are critical for the development of all cell types. In this environment, as in mature
tissue, Na* drives a multitude of membrane mechanisms in both neurons and astrocytes,
and has an impact on several intracellular processes. Here, high levels of synchronous
activity in neonatal structures are coupled with underdeveloped transmitter uptake systems
and low expression levels of the primary Na* extruder, the NKA. Taken together, these
factors make it likely that cells undergo significant changes in their intracellular [Na*] during

this time.

Using the Na* specific fluorescent dye, SBFI, with in situ wide-field imaging in the mouse
brain, | showed in this work for the first time, that a sub-set of both astrocytes and neurons
undergo developmentally regulated spontaneous changes in [Na*]ito similar degrees in the
cortex and hippocampus. The fluctuations were long lasting (~8 min), irregular in form and
a-synchronous between cells. Going forward the study focused on the hippocampus, and a
broad pharmacological approach showed that the changes did not appear to be directly
linked to spontaneous network oscillations in Ca?*, which have been well described in
neonatal neurons. The results indicate that hippocampal neuronal Na* fluctuations (seen in
~20% of measured cells) are based on the voltage-gated Na* channel dependent action
potential firing, and consequent release of GABA from interneurons. This was confirmed by
a model simulating neonatal interactions between interneurons and pyramidal cells, which

was able to replicate the type of fluctuations seen in experimental measurements.

In addition to neurons, around 40% of measured astrocytes showed spontaneous
fluctuations in their [Na*)i. These were reduced in amplitude via blocking of action potential
firing, however, many of the classical transmitters were ruled out as providing the driving
force behind the fluctuations generation. Due to the number of cellular processes linked to
Na*, and the extended nature of the elevation, we believe that the fluctuations are involved

in regulating developmental processes such as migration and differentiation.
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Introduction

1. Cells within the Developing Brain

The early post-natal brain is an environment in constant flux, wherein cellular identity and
function within the network is still being consolidated. The formation of cellular connections
is underpinned by the Hebbian rule of ‘cells that fire together, wire together’, and therefore,
interaction between cells is paramount during development. In addition to inter-neuronal
communication, astrocytes, the most common form of glial cell in the central nervous
system (CNS), modulate network formation by responding to signals and contributing their

own. Therefore, both cell types are necessary to ensure normal development.

1.1 Neurons

While the majority of neurons are already in place shortly after birth, they are still in the
process of forming synapses. At postnatal day 0 (P0), 80% of CA1 pyramidal cells show no
post-synaptic currents (PSC), although they typically already express y-aminobutyric acid
(GABA) and glutamate receptors (Tyzio et al., 1999; Hennou et al., 2002). These young
cells, consist of a small soma and axon, which later develop the apical dendrites required
for GABAergic synapses, and finally establish basal dendrites. This developmental timeline
has also been shown in in utero primates, and appears to be highly evolutionarily conserved
(Khazipov et al., 2001). Young neurons first develop GABAergic synapses, a process which
can be induced by repeated depolarisation of the cell (Gubellini et al., 2001). The glutamate
releasing fibres are already in place before birth, and the deferred appearance of
glutamatergic synapses is therefore due the delayed maturation of post synaptic targets
(figure 1A) (Super and Soriano, 1994). Additionally, those synapses already present are
often initially ‘silent’- expressing N-methyl-D-aspartate (NMDA) but no a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Hsia et al., 1998; Gasparini et al.,
2000). Therefore, much of the activity during this time period is driven by GABAergic

transmission- which, (unlike in the mature brain) depolarises immature pyramidal cells (PC).
The CI Switch

This depolarising effect is attributed to the well documented ‘Cl switch’- which occurs due
to the higher relative expression of the Na*/K*/CI- cotransporter (NKCC1) during early
development (Rohrbough and Spitzer, 1996; Rivera et al., 1999). The NKCC1 imports 2 CI



into the cell along with 1 K* and 1 Na*, thereby raising intracellular CI- concentrations ([CI
1) to between 20-40 mM in young neurons, depending on the region (Rohrbough and
Spitzer, 1996; Yamada et al., 2004; Sipila et al., 2006b; Achilles et al., 2007). Later in
postnatal development, expression of the CI- exporting K*/Cl- co-transporter (KCC2)
increases, finally reaching adult levels at the end of the second week (Rivera et al., 1999;
Yamada et al., 2004). The elevated [CI]; in young neurons leads to an efflux of the anion
upon opening of CI' channels such as GABAa receptors, thus rendering the transmitter
excitatory in nature (figure 1B). This switch has been shown to be an integral part of post-
natal development, as the premature upregulation of the KCC2 severely impairs dendritic
development (Cancedda et al., 2007; Chen and Kriegstein, 2015). The upregulation itself
seems to be mediated by activation of GABAA receptors, as the pharmacological inhibition
of these prevents the switch from happening. However, the blocking of action potential firing
via the application of the voltage gated Na* channel antagonist, tetrodotoxin (TTX) has no
effect on KCC2 levels. Therefore, miniature PSCs triggered by quantal release of GABA
must be sufficient to induce the upregulation (Ganguly et al., 2001; Ben-Ari, 2002). This
high sensitivity is in part be due to the high input resistance of young neurons, which render
currents from a single GABAa channel capable of depolarising neurons to their action
potential threshold (Serafini et al., 1995). Interestingly, the relative expression of the NKCC1
and KCC2 remains plastic throughout development- and can be returned to the immature
state by seizures, lesions, ischemic insults and other pathological conditions (Ben-Ari et al.,
2012; Kaila et al., 2014).

Alternative mechanisms for GABAergic excitation in neonates

It should be noted that while the excitatory action of GABA has been broadly accepted since
the 90’s, more recent work has questioned the concept- as the phenomenon has not yet
been proved in vivo (Valeeva et al., 2016). Zilberter (2016) have suggested that the switch
from excitation to inhibition can rather be attributed to altered metabolism, as young animals
have a reduced capacity to metabolise glucose (the substrate most commonly used in in
situ artificial cerebrospinal fluid (ACSF)). As a functional metabolism is necessary to
maintain [CI]; (via HCOs /CI- exchange and CI- ATPases) the authors suggest that the CI
switch is not developmentally regulated at all, but is instead an artefact of the preparation
(Zilberter, 2016). However, several groups have demonstrated that the addition of
physiological levels of lactate to neonatal preparations have no effect on the [CI]; of the
cells, although they do slightly alter the cell’'s pH (Kirmse et al., 2010; Ben-Ari et al., 2011;
Tyzio et al., 2011). It has also been suggested that the excitatory action of GABA is an
artefact, produced as a consequence of damage inflicted by slicing the tissue (Dzhala et

al., 2012). While similar insults such as lesions have been shown to reproduce the
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Figure 1. Characteristics of early post-natal pyramidal cells. A. lllustrating the ‘chloride switch’
wherein greater relative expression of the Na*/K*/Cl- co-transporter (NKCC1) compared to the K*/ClI-
co-transporter (KCC2) raises intracellular CI- levels, thereby rendering the activation of GABAAa
receptors depolarising in developing cells. B. The various stages of pyramidal cell development
present at PO within the rat hippocampus and the associated PSCs for each stage. Small cells with
only axons and small apical dendrites show no PSC- these represent 80% of neurons at PO. A further
10% are larger cells with developed apical dendrites which show GABAergic post synaptic currents
(PSCs). The final 10% consist of cells which have both apical and basal dendrites, which show both
GABA and glutamate-based PSCs. The majority of glutamate responses are a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) only, with a minority of cells possessing both AMPA and
N-methyl-D-aspartate (NMDA) currents. Data taken from: (B) Tyzio et al., 1999 modified

depolarising effect of GABA in mature tissue, the clear developmental sequence observed
through developmental stages for in situ preparations speaks against this theory (Ben-Ari
etal., 2012). In order to address the question directly, in vivo studies are required. However,
the anaesthetics required to perform these experiments have been shown to interfere with
GABAergic transmission, and the omission of such anaesthetics (aside from being ethically
unacceptable) would be likely to disrupt physiological behaviour through the release of

stress hormones (Ben-Ari et al., 2012). New techniques such as genetically expressed



voltage and Ca?* sensors, along with the progression of optogenetic methods, may provide

us with the tools needed to settle this debate.

Interneurons

In contrast to PCs, interneurons (IN) do not undergo the CI switch as their expression of
the NKCC1 during early development is very low and only reaches adult levels after P21
(Yan et al., 2001). Nevertheless, neonatal hippocampal IN reactions to GABA are often
depolarising, although the extent of this excitatory action is diverse across different
subtypes and is not yet fully explored (Leinekugel et al., 1995; Khazipov et al., 1997; Tyzio
et al., 2008; Sauer and Bartos, 2010). However, there are also studies that show a shunting
action of GABA in CA3 INs throughout all developmental stages, an effect which may act
to prevent seizure activity during early network oscillations (see section 2) (Banke and
McBain, 2006). Apart from spine development, INs undergo the same basic stages of
synaptic development as PCs. However, they are typically post-mitotic at an earlier stage
and therefore also mature before PCs (Hennou et al., 2002). For example, only 5% of
measured INs lacked PSCs when measured at P0O. Furthermore, as glutamatergic synapse
formation is dependent on the maturation of the post-synaptic components, INs also receive
glutamatergic input from PCs before the latter form connections within their own group (Ben-
Ari, 2002; Hennou et al., 2002).

1.2 Astrocytes

Astrocytes differentiate and develop primarily postnatally (Freeman, 2010). Therefore,
during the first week after birth, the astrocytes present across the brain are in an immature
form and differ from their mature counterparts in morphology, expression patterns and
signalling behaviour (for a full review of these differences see (Felix et al., 2020b)). These
differences result in functional discrepancies which prevent astrocytes from fully fulfilling the
tasks assigned to them in adult tissue- indicating that astrocytes may play different roles

within the developing brain (figure 2A).

Regulation of the extracellular environment

For example, a prominent astrocytic function in the adult hippocampus is the Na* dependent
uptake of excess glutamate from the extracellular space (ECS) and control of extracellular
environment. However, young astrocytic processes are still in the process of extending out
to reach synapses (figure 2C), and their transporter expression is heavily reduced.
Therefore, their uptake capacity not fully established (Diamond, 2005; Hanson et al., 2015).

Extracellular K* uptake is another important astrocytic function in the mature CNS, and is



paramount to preventing excitotoxicity (Larsen et al., 2016). This function is also diminished
in the immature brain, partially due to a reduced expression of the a-subunits of the Na*/K*
ATPase (NKA). The NKA provides the primary pathway for astrocytic K* buffering by
utilising the energy gained from the breakdown of 1 ATP, in order to extrude 3 Na* ions
while bringing in 2 K* (Larsen et al., 2019). In addition, other K* uptake mechanisms such
as inward rectifier potassium channels (especially Kir4.1) and the NKCC1 have a lower
expression level in neonatal tissue compared to later in development (Yan et al., 2001;
MacVicar et al., 2002; Seifert et al., 2009). A further factor exacerbating this effect is the
limited gap junction coupling between young astrocytes (figure 2B). While the expansive,
highly connected syncytium characteristic of the mature brain later provides with a route to
shuttle K" away from uptake sites- the connexins (Cx) needed to build up gap junctions are
expressed at low levels shortly after birth (Yamamoto et al., 1992; Schools et al., 2006;
Houades et al., 2008). In addition to its impact on K* intake, the gap junction network also
facilitates the trafficking of other ions, glucose and its metabolites to sites of high activity

(Rouach et al., 2008; Clasadonte et al., 2017). This function was demonstrated to be

A.
neonate brain

synaptic coverage

gap junctional coupling
K* uptake

transmitter clearance
calcium signalling

C.

Figure 2. Early post-natal changes in astrocytes. A. Graphic describing the astrocytic functions
which are upregulated during post-natal development. B. The development of gap junction coupling
shown in the barrel cortex. Comparison of biotin spread between astrocytes in P5 (top) and P10
(bottom) mice. C. Domain establishment and process arborisation compared in P7 (left) and P30
(right) rats. Data taken from: (A) Felix et al., 2020b (B) Houades et al., 2008 (C) Bushong et al., 2004
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diminished in the hippocampus of young animals- as Na* here was able to spread over

significantly shorter distances compared to matured tissue (Langer et al., 2012).

Developmental roles

Multiple lines of evidence indicate that immature astrocytes fall short of fulfilling the roles
classically assigned to them in the adult brain. However, glutamatergic signalling is still in
the process of developing during early post-natal stages, and glutamatergic neurons may
therefore have reduced need for active astrocytic support (Gasparini et al., 2000). In
addition, compensatory mechanisms can fill in for some of the control of the ECS later
carried out by astrocytes. For example, Larsen et al. (2019) showed that the increased
volume of the ECS in young animals allows for greater diffusion, and thus limits the extent
of extracellular K* build up even in the absence of fully functional glial uptake (Larsen et al.,
2019).

One debate critical for determining astrocytes role during development is centred around
Ca?" dependent, vesicular release of transmitters. While many studies have shown that
astrocytes are capable of releasing so termed ‘glio-transmitters’ such as glutamate, some
groups have recently argued that this phenomenon is not physiological. The basis for this
contention stems from the fact that 1) many studies performed in cultures, may not
accurately reflect the behaviour of the cells in vivo, and 2) that manipulations performed in
vivo are often not entirely specific. For example, many studies target astrocytes by using
Glial fibrillary acidic protein (GFAP) promoters, and these have the capacity to ‘leak’,
resulting in a minority expression in neurons. Furthermore, while astrocytes do produce
vesicles, they do not express synaptotagmin and have no defined release zones (for a full
list of arguments for both sides, the reader is referred to the dual perspectives reviews
(Fiacco and McCarthy, 2018; Savtchouk and Volterra, 2018).

Nevertheless, developing astrocytes do express a number of receptors and transporters,
rendering them capable of detecting and responding to changes in ion concentration and
signals in the neonatal brain (for review see (Felix et al., 2020b)). While glio-transmission is
under debate, it is clear that astrocytes can contribute to signalling via the reversal up
transporters or mechano-channels such as VRACs (see sections 3.1 and 3.5 respectively).
In fact, many studies have shown them to play a formative role in developmental processes
such as synaptogenesis, via release of growth factors and other signalling molecules
(Clarke and Barres, 2013). While this indicates that astrocytes are actively involved in
driving development- the mechanisms at play and their consequences and not yet fully

understood.



2. Spontaneous activity

In lieu of input from the still developing sensory system, interaction within this environment
occurs mainly in the form of spontaneous activity, which has come to characterise the first
post-natal weeks and has been demonstrated to be critical for development (Katz and
Shatz, 1996). Spontaneously occurring, correlated activity patterns have been reported
mainly in neurons. However, astrocytes too send out signals which influence surrounding
cells to change their morphology, connectivity, expression profiles and behaviour. In
shaping their environment, they alter the input coming back to them- which in turn pushes
their own further development. This signalling cycle refines connections and consolidates
the required physical complexity, and functional specificity within structures such as the
hippocampus. The ability of cells to co-ordinate their activity seems to be innate, with
synchronised patterns present even in cultured neurons as they form networks (Rolston et
al.,, 2007; Sun et al.,, 2010). However, the mechanisms generating and regulating
spontaneous activity are region-specific, as are the resulting cellular and network
developments. While some of the pathways responsible for the production and regulation
of these early patterns have been described, many questions about their generation,

modulation and consequences remain unanswered.

Developmentally restricted, spontaneous activity has been measured in vivo, with similar
electrical patterns found in mice, macaques and humans (reviewed in (Khazipov and
Luhmann, 2006; Yang et al., 2009). However, most of our understanding of the mechanisms
involved comes from recordings made in situ, wherein activity has been recorded both
electrically, and as Ca?" oscillations. These have been linked to several developmental
processes including migration, establishment of connectivity, myelination, and cortical
regionalisation (Spitzer, 2006; Ben-Ari and Spitzer, 2010; Griguoli and Cherubini, 2017;
Kirischuk et al., 2017). Two of the best described patterns of spontaneous activity, giant
depolarising potentials (GDPs) and early network oscillations (ENOs) will be described

briefly below.

2.1 Giant depolarising potentials

The first form of early synchronised activity was described by Ben-Ari et al. (1989) in rat
CA3 hippocampal neurons. The group measured regular, suprathreshold depolarisations
which they termed ‘giant depolarising potentials’ or GDPs. These were most prominent

during the first postnatal week, after which they reduced in frequency until they were no



longer detected at P13 (Ben-Ari et al., 1989). Similar patterns have since been reported in
vivo (where they are termed sharp waves, (Sipila et al., 2006b), and in several different
brain regions in situ. These include the developing cortex, thalamus and spinal cord,
although the mechanisms of generation are distinct in each region (Pangratz-Fuehrer et al.,
2007; Allene et al., 2008; Czarnecki et al., 2014).

The GDP itself is a recurrent depolarisation of up to 50 mV with superimposed action
potentials, which lasts 300-500 ms (in contrast to action potentials, which typically have a
duration of up to 2 ms (figure 3)) (Leinekugel et al., 2002). The extended depolarisation
activates voltage gated Ca?* channels, creating an associated Ca?* signal with each GDP
(Leinekugel et al., 1995). This effect is amplified as GABAergic depolarisation can be
sufficient to release the Mg?* block from NMDA channels, which then facilitate further Ca?*
influx (Leinekugel et al., 1997). Termination occurs when the membrane potential surpasses
the reversal potential of GABAA receptor chloride conductance (Egaga), at which point the
transmitters effect switches to being inhibitory (Ben-Ari, 2001; Khalilov et al., 2015). In
addition, repolarising K* currents are facilitated both via Ca?* activated K* channels and
through the activation of GABA& receptors (McLean et al., 1996; Sipila et al., 2006a; Khalilov
et al., 2017). These mechanisms limit the duration of GDPs, and produce an inter-burst
interval of 3-10 s (figure 3) (Leinekugel et al., 2002).

In the hippocampus, GDPs can stay confined to a relatively small group of several hundred
neurons (Khazipov et al., 1997; Garaschuk et al., 1998). The maijority of these hippocampal
GDPs can be traced back to the CA3, which acts as a pacemaker due to a high level of
spontaneous bursting in this region (Mendez de la Prida et al., 1998). However, 20% of
GDPs originate in the CA1, which is also capable of generating oscillatory behaviour when
surgically separated from the CA3- indicating that it too, has intrinsic hub cell capabilities
(Ben-Ari et al., 2007). When propagating between regions in either direction, GDPs move
at an average speed of around 25 mm/s (Mendez de la Prida et al., 1998). Across both
regions, the blocking of NMDA receptors reduced the frequency, amplitude, synchronisation
and duration of the GDPs, implicating glutamate as a modulator of the activity. However,
the principle driving force has been shown to stem from the activation of GABAa receptors,
and the reversal potential of GDPs lies close to that of GABA (Ben-Ari et al., 1989; Sipila et
al., 2005).

Cortical neurons are also capable of producing GDPs with a similar pharmacology and
electrophysiological profile (figure 3). These were synchronised across a subpopulation of
around 13% of measured neurons, and were most prominent within deeper cortical layers

(Allene et al., 2008). Here, as in the hippocampus, these suprathreshold bursts were also
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accompanied by a series of fast Ca?* events and occur at a frequency of around 0.1 Hz,
and also triggered by the opening of voltage gated Ca?* channels, and the removal of the
Mg?* block from NMDA receptors (Yuste and Katz, 1991; Leinekugel et al., 1995; Eilers et
al., 2001).

A. Hippocampal GDPs C. cGDPs
Pyramidal cell
-'«nw\1 If"'ﬂ"“'\ F’ T"'If ﬂ"
T /
! |

Interneuron

J40 pA . 100 pA
1s | 1s
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hN o ___l20mv

Epileptiform 2s
activity

Figure 3. Giant depolarising potentials (GDPs). A. Synchronous bursts in pyramidal cells and
interneurons within the hippocampus. Traces show simultaneous recordings of a CA3 pyramidal cell
in whole cell voltage clamp configuration (left upper trace) and an interneuron in cell attached
configuration (left lower trace). Magnified traces depict simultaneous whole cell recordings from a
pyramidal cell (right upper trace) and interneuron (right lower trace). B. Changing effects of
Bicuculline on giant depolarising potentials (GDPs) during development. As y-aminobutyric acid
(GABA) becomes inhibitory the effects of the antagonist move from blocking synchronised activity to
eliciting an epileptiform response. C. examples of cortical GDPs with magnified section showing
three individual bursts (below). Data taken from: (A) Khazipov et al., 1997 (B) Ben-Ari et al., 2001
(C) Allene et al., 2008

2.2 Neuronal early network oscillations

Early network oscillations in Ca? (or ENOs) were initially thought to be the cortical
equivalent to GDPs (McCabe et al., 2007). However, ENOs precede the appearance of
GDPs in the cortex, (having been measured from PO while the latter first appears at P6)
and go on to co-exist for a brief period (Allene et al., 2008). Ca?* oscillations also have
distinct characteristics which distinguish them from GDPs. They generally appear as slow

waves which move through entire neuronal populations over a time frame of several
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seconds (figure 4). While they have been recorded in many brain areas during the first few

days after birth, their characteristics are regionally distinct.

For example- within the hippocampus, ENOs appear to be primarily GABAergic in origin,
and are eradicated by applications of GABAAa receptor blocker Bicuculline. However, they
are also substantially reduced by the inhibition of AMPA and NMDA receptors via 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) and (2R)-amino-5-phosphonopentanoate (APV)
respectively (figure 4B). In the CA1 region, ENOs start at PO in the form of bursts, consisting
of 2-14 individual Ca?* transients with high amplitudes up to 1.5 yM, with a duration of 20
seconds, an inter-burst interval of 5 s and a frequency of 1 min™' (Garaschuk et al., 1998).
As development continues, the bursts are gradually replaced by regular, individual
transients with decreasing amplitudes, higher frequencies and increased sensitivity to
glutamatergic receptor blockers. This continues until the end of the second post-natal week,
when ENOs are no longer detected (Garaschuk et al., 1998). This is contrast to the
neighbouring CA3 region, where ENOs have been recorded either individually or in pairs,
instead of clustering into bursts as is the case in the CA1 (Leinekugel et al., 1997). While
they are also initially blocked by Bicuculline, this effect is only present up to P5 (Ben-Ari et
al., 1989) (compared to effectiveness up to P13 in the CA1). Additionally, CNQX has been
shown to completely block CA3 ENOs while it only partially removed those in the CA1
(Gaiarsa et al., 1990; Garaschuk et al., 1998). Interestingly, hippocampal bursts, although
involving almost the entire neuronal population, are not correlated to changes in field
potential (Garaschuk et al., 1998).

ENOs are also present across the neonatal cortex in the form of low frequency (~0.01 Hz),
large-scale waves, which include around 90% of neurons and have also been measured in
vivo (Adelsberger et al., 2005; Allene et al., 2008). These waves pass longitudinally along
the cortex, primarily from posterior to anterior, travelling at around 2 mm/second (figure
4A/C) (Garaschuk et al., 2000). Cortical early network oscillations, or cENOs, have a distinct
pharmacology, and can be blocked by application of NMDA and AMPA antagonists, as well
as TTX. The waves thus appear to be propagated primarily by glutamatergic synaptic
transmission- although most of the transmission in the cortex at this stage is still GABAergic
in nature (Garaschuk et al., 2000; Corlew et al., 2004). However, GABA still appears to play
an important role here, as its switch in action from excitatory to inhibitory coincides with the
cessation of the cENOs at P6. At P1 the interval between waves is around 4 minutes,
however, as development continues, the oscillations become regionally distinct. In the
entorhinal cortex, the rate of activity increases from P1-P4 while the amplitudes of the spikes

decrease. Furthermore, the activity begins to cluster into groups of 2-3, creating a burst like
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pattern. In contrast, the oscillation amplitude in the anterior cortex remains consistent, while
the frequency strongly decreases- until at P5, individual transients are only recorded every
20-50 minutes (Garaschuk et al., 2000).

A. cENOs B. ENO pharmacology
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Figure 4. Early network oscillations (ENOs) in Ca?*. A. ENOs measured in cortical pyramidal
cells. One magnified trace showing a single ENO (bottom). B. Spatial heterogeneity of ENO
pharmacology. Cortical ENOs are ablated in the presence of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor blocker, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
whereas hippocampal oscillations persist. In contrast, hippocampal ENOs are blocked by GABAa
antagonist, Bicuculline, which does not affect cortical oscillations. C. Showing the spread of an ENO
originating in the hippocampus and moving through the cortex, encompassing almost the entire
population of neurons. Data taken from: (A) Allene et al., 2008 (B) Garaschuk et al., 2000 (C) Barger
et al., 2016
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Interestingly, these waves have also been shown to cross from the hippocampus into the
cortex - a phenomenon which was reduced by antagonists for GABAergic transmission, and
completely eradicate by blocking of glutamatergic transmission (figure 4C). However, the
majority of cortical ENOs appear to stem from the piriform cortex (Easton et al., 2014;
Barger et al., 2016). In addition, a subset of these ENOs was capable of recruiting
astrocytes to take part in the Ca?* wave- albeit with a slightly delayed spread (Barger et al.,
2016).

2.3 Astrocytic Ca?* oscillations

The involvement of astrocytes in spontaneous network activity is not limited to direct
reactions to neuronal activity. Indeed, multiple studies have shown spontaneous oscillations
in astrocytic [Ca?*]y which occur independently from action potential firing. In fact, several
lines of evidence point to the possibility that these signals may be a source for the
generation of neuronal activity. For example, a study by Parri (2001) showed that around
20% of astrocytes in the ventrobasal thalamus display spontaneous Ca?* oscillations which
were directly tied to a slow, NMDA mediated current in nearby neurons. These oscillations
propagated as waves through astrocytic populations, although synchrony was largely
limited to direct neighbours (figure 5A). In addition to being insensitive to TTX, the activity
was not dampened by the blocking of glutamatergic, GABAergic, or purinergic receptors
and could only be reduced by antagonists for voltage gated Ca?" channels, as well as
preventing Ca?* release from intracellular stores (figure 5C). While the trigger for this activity
thus remains unclear, they do appear to be developmentally regulated, and are most

prominent in the first post-natal week (Parri et al., 2001).

A further study by Aguado (2002) showed spontaneous Ca?* activity in the neocortex,
thalamus, striatum, cerebellum and hippocampus, although in these regions the signals
appear to synchronise over larger populations composed of dozens of astrocytes. While the
oscillations themselves are neither diminished by ionotropic receptor antagonists or TTX,
the latter reduced the level of synchrony between astrocytes, and neurons therefore appear
to play a role in co-ordinating the activity. Like in the thalamus, it appears that both intra,
and extracellular sources of Ca?* are required for the oscillation. The activity itself was highly
irregular, consisting of a mixture of bursts and regular oscillations (figure 5B). This
combination cumulated into extended events of 10-45 seconds, with variable amplitudes
and frequencies within individual cells. Across all regions, activity first appeared around P2,

and remained common within the first 2 postnatal weeks (Aguado et al., 2002).
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Within the hippocampus, around 70% of astrocytes partake in oscillations between P5-9,
with a reduction to less than half by the end of the third postnatal week and to around a
quarter in adult cells. Like the astrocytic activity reported in other brain regions, the
oscillations were unaffected by antagonists for purinergic, glutamatergic or GABAergic
ionotropic receptors and also remained unaltered by the reduction of gap junction coupling
or the blocking of vesicular release (Aguado et al., 2002; Nett et al., 2002). However,
antagonists for metabotropic glutamate receptors have provided mixed results, with some
evidence showing a reduction in oscillations while others show no effect (Nett et al., 2002;
Zur Nieden and Deitmer, 2006). The events here were also irregular in shape and
amplitude, with intervals of up to 2 minutes and little synchronicity between cells. Within
single cells, the majority of events were confined in individual processes, as has been
shown to be the case in mature astrocytes (Nett et al., 2002; Haustein et al., 2014; Rungta
et al.,, 2016; Stobart et al., 2018). Interestingly, astrocytic spontaneous activity is only
present in resting astrocytes, and is lost when they become reactive (Aguado et al., 2002).
While the reason behind this remains unclear, it makes the use of systems with high levels
of active astrocytes, such as organotypic slice cultures, potentially problematic for the study

of spontaneous Ca?* oscillations.

While spontaneous activity patterns such as those discussed are necessary for the long-
term goal of normal development, they impose constant stress onto the participating cells
in the form of short-term ionic imbalances. One ion in particular is critical for the cell to
counteract these changes in intracellular concentrations and to retain a stable homeostasis.
Na* provides, among many other functions, the driving force for the shuttling of other ions,

as well as transmitters and metabolites across the membrane.
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Figure 5. Spontaneous Ca?* signals in astrocytes. A. Spontaneous Ca?* signals in astrocytes of
the ventrobasal thalamus. Cells are numbered in the image in the centre and their individual Ca2*
traces depicted around the edge (1-11). B. Example of oscillations recorded within astrocytes of
different brain regions. Area and post-natal day at time of recording indicated. C. Percentage of
astrocytes showing spontaneous Ca2* activity in the presence of different pharmacological
conditions. Voltage gated Na* channels, voltage gated Ca2* channels, glutamate receptors, GABAA
receptors, purinergic receptors, N, P and Q Ca2* receptors were blocked by tetrodotoxin (TTX), nickel
(Ni2*), kynurenic acid (kyn), bicuculline (bic), suramin (sur) and MVIIC respectively without effect.
However, nifedipine (nif), cobolt (Co?*), thapsigarin (thap) and cyclopiazonic acid (CPA) which block
L-type Ca2* channels, non-specific Ca2* channels and deplete intracellular Ca2* stores respectively-
all lowered the percentage. Data taken from: (A/C) Parri et al., 2001 (B) Aguado et al., 2002

3.Na* functions in the developing brain

Both neurons and astrocytes have low [Na*]i of 10-17 mM, which does not significantly
change throughout development (Kirischuk et al., 2012; Rose and Karus, 2013; Felix et al.,
2020c). Coupled with an extracellular concentration ([Na*]o) of 140-150 mM (Rose and
Karus, 2013), this creates a steep inwardly directed gradient, which provides the driving
force for a number of membrane processes within all age groups. For electrically excitable
neurons, the depolarisation induced influx Na* via voltage gated Na* channels is a principle
component of action potential propagation. Interestingly, astrocytes have also been shown
to express voltage gated Na* channels, although they are not classically excitable the
expression is not sufficient to generate action potentials. These channels have been

suggested to produce a persistent inward current of Na*, which potentiates the activity of
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the NKA and thereby controls [K*], levels and excitability (Sontheimer, 1994). In addition,
astrocytes possess a number of Na* linked receptors, exchangers and transporters which
allow them to sense and respond to surrounding activity (for a summary, see (Felix et al.,
2020b)). Here, changes in [Na*]; provides the cells with a form of excitability and which
controls transmitter uptake rate and direction, metabolic support of neurons and K*
buffering. Some of these mechanisms, and their relationship with the cells [Na*] are

discussed below.

3.1 Na' dependent transporters

One of the main astrocytic Na* dependent functions is the uptake of excess transmitters.
Transporters for ascorbic acid (SVCT2), adenosine (CNT), D-serine (ASCT2), glutamine
(SNAT3/5), Glycine (GlyT), GABA (GAT) and glutamate (EAAT), are all able to take in their
respective transmitter by using the energy gained from also importing Na™* into the cell (for
a summary of see (Felix et al., 2020a)). This allows astrocytes to effectively control the
amount of transmitter present in the ECS, and prevent cell death via excitotoxicity.
Furthermore, due to their individual reversal potentials, transient increases in [Na*]i can
trigger a reversal of glutamine, glycine and GABA ftransporters under physiological
condition, thereby also providing a pathway for astrocytes to actively contribute to signalling
(Danbolt, 2001; Huang and Bergles, 2004; Wu et al., 2006; Shibasaki et al., 2017).

3.2 pH homeostasis

In addition to transmitter transporters, increases in [Na*]i can impact the transport rates and
directions of other membrane transporters. This includes pH regulating proteins, namely the
Na*/H* exchanger (NHE) and the Na*/HCOjs cotransporter (NBC) (figure 6). While the
former of these has a very positive reversal potential which renders it a permanent Na*
importer under physiological conditions, the NBC has a reversal potential of ~-80 mV,
leaving it able to reverse after large Na* influx or alkalosis (Theparambil et al., 2015). In the
adult brain, import of Na* and HCOzs by the NBC is activated by neuronal activity, due to
the depolarisation caused by astrocytic take up of extracellular K* (Brookes and Turner,
1994). This simultaneously alkalises the astrocyte, while acidifying the ECS, which
consequently decreases neuronal excitability, and impacts the regulation of blood flow to
the area (Newman, 1991). However, while the NBC is expressed at PO, adult levels are not
reached until the end of the second post-natal week, suggesting that neonatal animals might
rely more heavily on other mechanisms to regulate pH (Giffard et al., 2000). The lack of
NBC induced alkalisation may be partially responsible for the reduced sensitivity of neonatal

astrocytes to pathological events such as ischemia, as acidification has been shown to have
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protective effects under these conditions (Giffard et al., 1990). In contrast, dysfunction of

the NHE has been linked to several neuro-developmental disorders.

3.3 Na* link to Ca?* signalling

Another important example of Na* induced transport reversal is the Na*/Ca?* exchanger
(NCX), which moves 3 Na* across the membrane in exchange for 1 Ca?', effectively
coupling the two ions (figure 6). The reversal potential of the NCX lies very close to the
resting membrane potential (between -90 and -60 mV), meaning that it can operate in either
direction depending on the environment (Verkhratsky et al., 2018; Rose et al., 2020). During
phases of high activity when Ca?" is elevated, these transporters work to quickly shuttle
Ca?* back out of the cell, until the concomitant increase in Na* slows the exchangers activity,
leaving the rest of the Ca?* to be removed by the slower Ca?*-ATPase (Regehr, 1997).
Conversely, activity related Na* influxes (such as activation of NMDA receptors or influx via
epithelial Na* channels (ENaCs) can be sufficient to reverse the exchanger, resulting in the
influx of Ca?* from the ECS and (reviewed in (Kirischuk et al., 2012; Petrik et al., 2018;
Verkhratsky et al., 2019; Rose et al., 2020). Such a Na* induced rise in [Ca?]i has been
implicated specifically in developmental functions, such as the migration of NG2 glia (Tong
et al., 2009). Furthermore, the Ca?* elevation caused by NCX reversal has been shown to
induce ATP release from astrocytes in the hippocampus juvenile animals, which interacts
with pre- and post-synaptic a1- receptors and inhibits network activity (Boddum et al., 2016;
Matos et al., 2018).

In addition to the plasma membrane NCX, mitochondria possess a further Na+, Ca?
exchanger, which (due to its capacity to also transport Li*) is named the Na*/Ca?*/Li*
exchanger (NCLX). These exchangers are highly sensitive the cytosolic changed in [Na™]
and react to increases by pumping Na* into the mitochondria, thereby releasing Ca?* into

the cytosol (Parnis et al., 2013).

It is possible that the reversal of the NCX effect is exacerbated by the existence of spatial
microdomains- a concept first put forward by Lederer (1990). In this model, it was
speculated that the close proximity of the endoplasmic reticulum to the membrane would
create confined areas, which could limit Na* diffusion and create spatially restricted [Na];
elevations (Lederer et al., 1990). In these regions, reversal of the NCX could be enhanced
enough for the Ca?* influx from the ECS to trigger further Ca?* release from intracellular
stores (Doengi et al., 2009). This is supported by immunohistochemical work, which showed
a clustering of the NCX and NKA around areas where the ER lies close to the plasma

membrane (Blaustein et al., 2002; Lee et al., 2006). Furthermore, the concept is supported
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by modelling studies, which showed the creation of [Na*]i microdomains by the restriction
of cation diffusion within small peri-synaptic processes of astrocytes (Breslin et al., 2018;
Wade et al., 2019). However, it should be noted that other studies have failed to find such
Na* domains between the ER and PM and that the concept remains a topic of debate (Lu
and Hilgemann, 2017; Sachse et al., 2017).
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Figure 6. [Na*]i linked ion homeostasis. Abbreviations: Na*/K* ATP-ase (NKA), Na*/Ca?*
exchanger (NCX), Na*/HCOs co-transporter (NBC), Na*/H* exchanger, G protein-coupled inwardly-
rectifying potassium channels (GIRK), Na*activated K* channels (Kna), a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), volume regulated anion channels (VRAC), Na*/K*/Cl- co-
transporter 1 (NKCC1), Na*/Ca?*/Li* exchanger (NCLX), mitochondrial Na*/H* exchanger (mnNHE).

3.4 Na' responsive K* channels

A number of lines of evidence point to the fact that [Na*]y, can impact the K* currents of
various channels (figure 6). These include G-coupled inwardly rectifying channels (GIRK or
Kir3.1/3.2), the activation of which are facilitated by intracellular Na* elevations at
physiological levels, and which regulate inhibition via modulation of GABAgs channels (Sui
et al., 1996; Ho and Murrell-Lagnado, 1999; Lujan and Aguado, 2015). GIRK channels are
primarily expressed by neurons, although there is some in vitro evidence for their presence
on astrocytes (Olsen and Sontheimer, 2004). However, expression is also temporally
regulated, with low levels in the cortex or hippocampus of the neonatal brain, and gradual

increases until adult levels are reached at P20 (Chen et al., 1997).
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In addition, a subset of K* channels (so far only described in neurons) are directly activated
by intracellular Na* during periods of high activity (Egan et al., 1992). These Kna channels
contribute to the after-hyperpolarisation and play a part in determining the firing rate of
neurons (Bhattacharjee and Kaczmarek, 2005). Furthermore, it has been suggested that
Kna play a role in controlling basal neuronal excitability, as Na* influx via the persistent Na*

current (Inap) is also sufficient to activate them (Hage and Salkoff, 2012).

In contrast, intracellular Na* elevations (up to around 30 mM) have been shown to have an
inhibitory effect on voltage gated, outward delayed rectifying K* channels in both neurons
and astrocytes (Van Damme et al., 2002). Furthermore, the high [Na*]i was shown to lower
the expression of K* channels expressed by oligodendrocyte precursor cells (Knutson et
al., 1997). Elevations in Na* sufficient to induce this inhibitory response happen during
AMPA/kainate channel activation in vitro (Borges and Kettenmann, 1995; Robert and
Magistretti, 1997). The function of this mechanism remains unclear, as the consequence is
a prolonged depolarisation, which hinders astrocytic K* transmitter uptake. However,
several studies have tied the modulation to development in oligodendrocytes, where it has
been shown to have an anti-proliferative role (Gallo et al., 1996; Knutson et al., 1997; Yuan
et al., 1998).

3.5 Relationship between Na* and anions

As discussed above, the NKCC1 plays a critical part of PC development due to its
involvement in the CI- switch (Rohrbough and Spitzer, 1996; Rivera et al., 1999). The
transporter has a stoichiometry of 2CI: K*: Na*, with Na* intake providing the energy needed
to transport the other ions (figure 6). Therefore, any changes in [Na*] are liable to impact
the transport rate and consequently also effect intracellular ClI- concentrations in young
neurons. Interestingly, fluorescence lifetime imaging (FLIM) measurements have shown
that neonatal Bergmann glia also have an increased [CI]i compared to their adult
counterparts (52 and 35 mM respectively), although their expression of the NKCC1
increases during development, peaking after the third post-natal week (Yan et al., 2001;
Untiet et al.,, 2017). This developmental difference has instead been attributed to a
transporter associated CI- conductance in Na* dependent glutamate transporters (GLT-1

and GLAST), which are upregulated during early development (Untiet et al., 2017).

Like in PCs, the high [CI]iin neonatal astrocytes means that the reversal potential of CI" is
more positive than the Ew of the cells, and therefore innervation of GABAA receptors has a
depolarising effect (Kettenmann et al., 1984; Meier et al., 2008). Furthermore, the [Cl ] also

shifts the reversal potential of GATs. In the neocortex, this shift, coupled with tonic uptake
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of Na* via the action of EAATs was shown to be sufficient to keep GATSs functioning primarily
in the reverse (or outward) mode (Unichenko et al., 2013). The reversal results in elevated
levels of ambient GABA in the ECS (~250 nM compared to 125 nM in older animals, (Kirmse
and Kirischuk, 2006; Dvorzhak et al., 2010; Untiet et al., 2017).

Astrocytes are well known to adapt to the osmolarity of their surroundings with changes in
their volume (Wilson and Mongin, 2018). Reduction or shrinkage of the cells has been in
part attributed to the action of volume regulated anion channels (VRACs), which are also
expressed by neurons (Kimelberg et al., 2006; Mongin, 2016). These channels are closed
at rest, but open during swelling to permit efflux of both CI- and K*. In addition to the ions,
the channels have been shown to conduct transmitters including glutamate, D-aspartate,
taurine, D-serine and GABA (figure 6) (Mothet et al., 2000; Lutter et al., 2017). This release
has been shown to be triggered by G protein-coupled receptor activation, although there is
in vitro evidence that these channels are also regulated by intracellular Na*, as increases
of 50 mM were shown to dampen their response (Takano et al., 2005; Minieri et al., 2014).
Animals lacking the channel have high levels of lethality and serious defects after birth,

suggesting an early developmental role for VRACs (Kumar et al., 2014).

3.6 Metabolism

The main mechanism allowing cell to extrude Na* against its gradient is the action of the
NKA, the action of which requires the breakdown of ATP, thereby directly coupling Na*
signals to cellular metabolism (figure 6) (Chatton et al., 2000; Langer et al., 2017; Lerchundi
et al.,, 2019). However, to avoid energy exhaustion, the increase in energy consumption
triggers mechanisms which compensate for the loss of ATP. For example, high NKA activity
increases astrocytic uptake of glucose from vasculature, stimulates the breakdown of
glycogen stores and enhances glycolysis and the action of the lactate shuttle (Brown and
Ransom, 2007; Pellerin and Magistretti, 2012; Rose and Verkhratsky, 2016). This is critical
as lactate is shuttled from the astrocytes to the neurons via the monocarboxylate transport
protein (MCT), where it provides a primary energy source in lieu of neuronal glycogen stores
(Chatton et al., 2016; Magistretti and Allaman, 2018).

As previously mentioned, Na* elevation can be sufficient to reverse the NCX, producing a
Ca?" influx which influences the mobility of mitochondria as a response to increased energy
demand (Jackson and Robinson, 2018). Simultaneously, the increased [Na*]i has direct
consequences for ATP production via the mitochondrial NCLX, and mitochondrial NHE.
These transporters pass on any changes in cystolic [Na'] directly to the organelle

(Bernardinelli et al., 2006; Parnis et al., 2013). In doing so, they also alter mitochondrial

19



Ca?* and H* concentrations, which in turn impacts the respiratory pathway and ATP
production (Azarias and Chatton, 2011). These mechanisms also allow the mitochondria to
store Na*, and their internal [Na*]is often higher than that of their surroundings (Bernardinelli
et al., 2006; Meyer et al., 2019).

3.7 Na* effect on receptors

Glutamatergic receptors are also in part modulated by levels of external Na*. For instance,
kainate receptors, which have been linked to spontaneous neonatal activity (see section on
GDP mechanisms), are gated by extracellular Na* (Paternain et al., 2003). This positive
relationship can also been seen in NMDA receptors, which- due to association with Src-
kinase- have an increased open probability when [Na*)iincreases to ~30-40 mM (Yu and
Salter, 1999). In hippocampal neurons, this effect has been linked to long term potentiation,
while in the cortex, it was shown to enhance synaptogenesis and neurite outgrowth (Lu et
al., 1998; George et al.,, 2012). Neocortical astrocytes also express functional NMDA
receptors, the activation of which facilitates Na* influxes comparable to those in neurons
(Schipke et al., 2001; Lalo et al., 2006; Ziemens et al., 2019). However, whether Na* based

regulation of the receptor is also present here remains unclear.

In addition to ionotropic receptors, there is evidence that Na* can also modulate the activity
of metabotropic, G protein-coupled receptors. Purinergic Ai/Aza, dopaminergic,
histaminergic and B-adrenergic receptors all contain an extracellular allosteric Na* binding
site, which when occupied, reduces agonist binding and constitutive activity (Katritch et al.,
2014; Strasser et al., 2015; Zarzycka et al., 2019). While it is possible that these are
saturated at rest by the high [Na*],, some (specifically the dopaminergic D4 and D2, and
histaminergic H1 receptors) have a very low Na* affinity of Ke>100 mM. For these receptors,
physiological changes in [Na*]o may be sufficient to impact their function (Zarzycka et al.,
2019).

3.8 Na' influence on intracellular processes

Up to this point the majority of roles discussed for Na* have been in its capacity as a driving
force or regulator of membrane processes. However, there is increasing evidence that Na*
is able to act as a second messenger within cells, and directly influence mechanisms such
enzymic activity and transcription. For instance, in skeletal muscle, p94/calpin3 (which is
also Ca?* dependent) has been shown activated by physiologically relevant concentrations
of Na* (Ono et al., 2010).
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Muscle cells were also the model in which Na* was first implicated in the regulation of gene
expression. Here, increases in [Na*]ibrought about by the inhibition of export by the NKA,
and also increased both protein and RNA synthesis (Orlov et al., 2001). The suggested
mechanism leading to this increase was the activation of Na* dependent response elements
on the c-Fos and c-Jun genes (Taurin et al., 2002; Klimanova et al., 2019a). Since the initial
discovery, a number of genes in several other cell types (including neurons) were also found
to be either K* or Na* dependent (Koltsova et al., 2012; Klimanova et al., 2019b;

Smolyaninova et al., 2019).

While no cases have been definitively shown in astrocytes, a possible example of the such
an effect is the inhibition of glutamine synthase, which could be induced by several
manipulations which elevated [Na*]i (Benjamin, 1987). It remains unclear whether the Na*
is directly responsible, or whether the upregulation of the ATPase after Na* increases simply
depleted energy levels. However, the consequences for the cell are significant, as the
enzyme is a critical factor both within the glutamate-glutamine cycle, and in the
detoxification of ammonium (Danbolt, 2001; Albrecht et al., 2010).
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Aim of the Study

It has long been established that developing networks in the CNS possess unique
properties that cumulate in the appearance of spontaneous activity patterns. These patterns
are present across almost all structures within the brain, and are critical in regulating and
driving development of all cell types. In light of the multitude and variety of functions
assigned to Na* in both neurons and astrocytes as outlined above, our aim in this study was
to investigate whether this ion too, undergoes spontaneous changes within cells during
neonatal development. To this end we used wide-field fluorescence imaging, primarily with
the Na* sensitive dye, Sodium-binding benzofuran isophthalate (SBFI). In both astrocytes
and neurons, we found spontaneous changes in [Na*]i which strongly decreased over the
first two postnatal weeks and therefore appeared to be developmentally regulated. To
further explore the origin of these fluctuations, we used a broad pharmacological approach.
In addition to this, possible connections between the Na* fluctuations and changes in other
ions were investigated via the use of different ion sensitive fluorescent dyes. Finally, the
neuronal signals were simulated within a model, wherein several structural factors were

manipulated and their impact evaluated.
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Results 1: Cells in the developing brain undergo
spontaneous intracellular Na* fluctuations

The full methods and results of the initial part of this study can be found in the following

paper:

Spontaneous Ultraslow Na* Fluctuations in the neonatal mouse brain.
Felix L, Ziemens D, Seifert G, Rose CR: Cells 9 (102) 1-21 (2020a)

In short, we found that a sub-section of both astrocytes and neurons of the neonatal
hippocampus and cortex, undergo fluctuations in their [Na*]i. These fluctuations bear little
resemblance to other patterns of spontaneous activity in the neonatal brain, and were
characterised as extremely long (average of ~8 minutes), irregular, unsynchronised
fluctuations within the cell soma (figure 7). They appear to be developmentally regulated,

and were strongly decreased in both cell types over the first two postnatal weeks.

Additional pharmacological investigation showed the amplitudes of neuronal signals to be

significantly reduced in the presence of both TTX and the GABAa receptor blocker,
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Figure 7. Spontaneous Na+ fluctuations in the developing brain. A. Bolus stained hippocampal
slice from a P3 mouse. Na* sensitive dye sodium-binding benzofuran isophthalate (SBFI) is shown in
green, and astrocyte specific satin SR101 in magenta, with cells containing both shown in white. B.
example traces with numbers (for astrocytes) and letters (for neurons) corresponding to the cells
indicated in A. C. Charts indicating the percentage of each cell type with spontaneous fluctuations.
Data taken from: Felix et al., 2020a
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Bicuculline (control amplitudes averaged around 2 mM). TTX also reduced the amplitude of
astrocytic fluctuations, although these remained unaffected by antagonists for GABAergic,
glutamatergic, glycinergic, cholinergic, purinergic or adrenergic signalling components

(figure 8).

In addition, the possibility of hemi-channel or gap junction involvement was explored both
pharmacologically, and via the use of Cx knock-out animals. Neither of these has a

significant impact on the propensity or the characteristics of the fluctuations in either cell

group.

The involvement of pH regulating mechanisms and Ca?* signals were also tested. While the
blocking of the NHE had no significant effect on the fluctuations, introduction of a CO2/HCO3
free ACSF to the slices created a drop in Na*, after which the fluctuations showed a higher
amplitude. However, fluorescence recordings of neonatal cells using the pH sensitive dye
2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxy-fluorescein (BCECF) showed no spontaneous
changes during experiments. In contrast, Ca?* measurements made using the Ca?* dye
Oregon Green 488 BAPTA-1 (OGB-1) showed high levels of spontaneous Ca?" activity
within cells. Elimination of these signals via the chelation of intra and extracellular Ca?*
substantially increased both the amplitude and duration of Na* fluctuations in astrocytes,
while producing recurrent activity in neurons. However, neither antagonists for the NCX nor
raising the experimental temperature had significant effects on the fluctuation properties for

either cell types (figure 8).
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Figure 8: Summary of results. Interneuron firing (bottom left) stimulated release of GABA, which
depolarises pyramidal cells (bottom right) via Cl- efflux through GABAA receptors. This opens
voltage gated Na* channels which produces neuronal Na* fluctuations. Interneuron activity also
appears to be responsible for astrocytic fluctuations. These appear to have a separate trigger and
mechanism, the source of which remains unclear at present. Abbreviations; Ach: acetylcholine,
AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, depol: depolarization, EAAT:
excitatory amino acid transporter, GABA: y-aminobutyric acid, GAT: GABA transporter, GlyT:
Glycine transporters, Nav: TTX-sensitive voltage-gated Na* channel, NCX: Na*/Ca?* exchanger, NE:
nor-epinephrine, NHE: Na*/H* exchanger, NKCC1: Na*/K*/ClI- co-transporter. Data taken from: Felix
et al., 2020a
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Discussion 1- open questions.

This initial portion of the study was able to establish, for the first time, that cells in the
developing CNS undergo spontaneous fluctuations in their [Na*].. In addition to
characterising these fluctuations, fundamental questions as to the developmental timeline,
regional heterogeneity and specific pathways involved were addressed within the scope of
Felix (2020a). In continuing the investigation of Na* fluctuations, there remain a number of
open questions, the answers to which could yield important information about the
mechanisms and functions of fluctuations. In the following section, a number of these will
be discussed as to their possible conclusions and the techniques with which these could

best be investigated.

How do fluctuations behave intracellularly?

In this study the primary technique used was wide field imaging of bolus stained brain slices.
This method has several advantages which suited it for the investigation of spontaneous
fluctuations. Firstly, it allowed the imaging of almost the entire CA1 region of the
hippocampus at once. As only a portion of cells showed spontaneous activity, and those
that did had a low frequency rate average of 2 per hour, this type of imaging maximised the
number of fluctuations that we could measure and analyse. In addition, simultaneous
measurements of all the cells in the area allowed us to gauge the level of synchronisation,
both between neurons in the pyramidal layer, and within the astrocytic population. However,
the technique has limited spatial resolution, which, while sufficient to reveal fluctuations in
the soma of cells, was not great enough to allow the separate analysis of sub-cellular

compartments such as dendrites or astrocytic processes.

As mentioned above, the majority of astrocytic Ca?* signals remain confined within the
processes, with only the largest influxes spreading to the soma (Rungta et al., 2016; Stobart
et al., 2018). This was also found to be true for neonatal astrocytes, even though they are
still in the process of arborisation, and possess only a few, long processes rather than the
dense fine web characteristic of mature cells (Nett et al., 2002). However, changes in Na*
are more difficult to measure, as they have a much lower signal to noise ratio. This is
because resting [Na*] stays at around 10 mM, intracellular Ca?* is kept within the nM range.
Furthermore, the latter is heavily buffered by endogenous systems within cells and its
spread can therefore be restricted by immediate reaction with intracellular elements and
uptake into intracellular stores. In contrast, outside of peri-synaptic processes (PAPs) which

may create micro-domains by spatially restricting diffusion as discussed above, Na* is free
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to diffuse rapidly, reaching over rates of up to 100 um/s along large processes (Langer et
al., 2012; Langer et al., 2017).

Single cell recordings

Within single cells, the higher resolution needed to image individual processes can be
obtained by filling cells with dye via a patch pipette. This was performed for a series of
astrocytes in neonatal slices, however, while the primary processes were clearly visible in
these experiments, only a single signal was detected, which presented in all compartments
of the cell simultaneously. The lack of spontaneous activity here can in part be explained
as this technique only allows the measurement of one cell at a time, thereby reducing the
chances that a fluctuation will be recorded. Furthermore, patched cells were recorded with
the pipette still attached. As the inside of the patch pipette acts as an extension of the
cytosol, it is possible that due to the rapid diffusion of Na*, any influxes are immediately
diluted to the point that they are no longer above the detection threshold. This may be
addressed by repeating the experiments with the pipette first being removed from the
membrane before recording. Alternatively, the development of reliable genetically encoded
Na* markers could potentially enable high spatial resolution in multiple cells simultaneously,
without the need for invasive techniques such as patch clamp, which have the potential to

alter the physiological responses of the cell.
Culture experiments

A further way in which fluctuations in processes could be studied is through the use of
astrocytes in primary culture, as the flattening of these astrocytes allows clear isolation of
sub-compartments. Such cultures were also tested in the course of this investigation,
however, no spontaneous changes in Na* were measured in these cells. This result speaks
to the conclusion that spontaneous Na* fluctuations in neonatal astrocytes are reliant on
activity of other cells in their developing environment, as was reflected in the reduction in
amplitude upon TTX application. Furthermore, cultured cells are typically first used for
experiments after several days in vitro to allow recover from preparation. Whether the cells
undergo the same developmental changes during these days as they would in vivo remains
unclear, and therefore this model is not certain to reflect cells of the neonatal brain from
which they were isolated. This point should also be taken into consideration if using
organotypic slice culture, although this preparation would have the benefit of retaining more
of the cellular environment in which astrocytes and neurons develop. However, the slicing
procedure acts as lesion-like insult to the tissue, rendering the many of the astrocytes
reactive as part of a glial scar. Aguado (2002) showed reactive astrocytes to have no

spontaneous Ca?* oscillations, and while the glial scar can be removed to reveal more native
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astrocytes in deeper layers, it is possible that the Na* fluctuations too would be altered in
this experimental model. However, the high spatial resolution created by viral transfection
of the slice with ion specific sensor dyes could make organotypic slices a useful tool in
further investigation of neuronal fluctuations, as has been shown with ATP sensors
(Lerchundi et al., 2019).

Temporal resolution

In addition to a higher spatial resolution, the fast spread rate of Na* through the cytosol of
the cell would require a much higher temporal resolution to accurately assess the original
influx point of Na*. The scarcity of the fluctuations and their considerable duration meant
that long measurements of an hour were necessary to ensure a sufficient quantity of
analysable data. Therefore, we used a low imaging frequency (0.2 Hz) to limit phototoxic
damage to the cells over the long experiment duration. However, tests were performed at
1 Hz to ensure that faster spikes were not being missed in the control measurements. To
assess the spread of fluctuations within cells, an imaging frequency of several Hz would be
required. This coupled with adequate spatial resolution, could offer clear answers to where
the Na® first enters the cell. Such experiments help to determine if a specific sub-group if
INs is responsible for the GABA driving the neuronal fluctuations, as different classes of IN

preferentially form connection with different areas on PCs (Booker and Vida, 2018).

Do fluctuations pass between cells?

This spread of Na* is not limited to a single cell, and can pass across gap junctions into
neighboring astrocytes or other glial cells (Langer et al., 2012; Griemsmann et al., 2015;
Augustin et al., 2016; Moshrefi-Ravasdjani et al., 2018). The movement of Na* through the
pan-glial network may provide a mechanism for maintaining the Na* gradient in adult tissue.
In developing networks, the astrocytic syncytium is not fully connected, as the Cxs which
form gap junctions are not expressed at adult levels until after the second postnatal week
(Yamamoto et al., 1992; Nagy et al., 1999; Schools et al., 2006). Therefore, it is possible
that the developmental drop in the spontaneous Na* fluctuations seen in our results is in
part due to the increase in network size and therefore the greater capacity of astrocytes to
spread their influx to other cells. However, the lack of synchrony between cells suggests
that this kind of spread is not present to an extent that would significantly alter the measured
properties of the fluctuations. In addition, if cells within reduced networks show larger Na*
fluctuations, it would follow that cells completely isolated from a network, (as is the case for
astrocytes in animals completely lacking Cxs) would have Na* fluctuations with even greater

Na* amplitudes. The cells in Cx-/- animals showed no difference in signal frequency or
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amplitude, suggesting that spread between astrocytes or other glia is a significant factor

affecting the fluctuation properties.
Are the fluctuations physiological?

Although spontaneous activity is well documented in vivo, there are studies which question
the suitability of in situ preparations to study their properties (for example, see section 1.1
on the action of GABA in neonatal tissue). Indeed, there are aspects of the model which
may interfere with or alter the studied phenomena. For example, the introduction of anoxic
conditions has been shown to have an inhibitory effect on GDPs, while augmenting ENOs
(Dzhala et al., 2001). As the in situ preparation method prevents normal distribution of
oxygen via blood flow, it is possible that spontaneous activity is more or less prominent in
our experiments than they would be in vivo. Furthermore, the INs involved in neonatal
pattern generation are characterised by a highly extended process morphology along the
hippocampus and to other brain regions, and could thereby be severed during preparation
(Bonifazi et al., 2009). Due to the possibility that fluctuations were influenced by extended
exposure to experimental conditions or continuous stimulation by light, the properties and
frequency of fluctuations measured during the first half or the experimental hour where
compared to those occurring in the second. No significant differences were found between
the two groups, suggesting that the prolonged nature of the experiments does not induce

the fluctuation or influence their properties.

Ideally, the fluctuations should be confirmed by performing in vivo experiments. However,
the most commonly used anaesthetic during these experiments- isofluorane- has been
shown to ablate early Ca?* oscillations (Stosiek et al., 2003). Therefore, it's potential impact

on Na* fluctuations should first be checked in situ.

Signal Analysis

In the studies mentioned in the course of this dissertation, analysis was carried out
manually. This means that each fluctuation was identified visually, and that these were then
filtered to only include those with amplitudes above three standard deviations of the
baseline noise of the cell for further analysis. This method was chosen in lieu of programs
capable of reliably identifying and analysing signals with irregular shapes and extended
durations. The majority of such algorithms are targeted at Ca?* signals, which (due to the
very low intracellular concentration) tend to have much higher signal to noise ratio. As a

part of this study, one such program (mSparkles) was adapted in order to be applicable for
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Na*signals. The program is able to reliably identify and analyse Na* peaks during recurrent
network activity, induced by chemical disinhibition as has been described in previous work
(Karus, 2015). The further development of such software will offer a significant increase in
analysis consistency, as well as allowing for analysis of a greater number of cells in a

significantly shorter time.

Where is the GABA, driving neuronal fluctuations coming from?

The pharmacological investigation revealed that neuronal Na* fluctuations are significantly
reduced after the application of GABAA antagonists, implicating these channels in their
production. There are several different GABAergic signaling pathways that could contribute

to this activation.

Tonic activation is mediated by primarily by extracellular GABAa receptors. These have a
subunit composition which renders them highly sensitive, and they are therefore not
saturated by ambient levels of GABA (Belelli et al., 2009). This means that small changes
in external GABA concentrations can have significant effects on receptor response. Such
tonic activation has been shown to have developmental consequences including the
modulation of neuronal differentiation and migration (Song et al., 2013; Luhmann et al.,
2015). The ambient GABA in the ECS responsible for tonic activation can be traced back
to several sources. For example, in PO mice, GABA was found to be released from growth
cones in a Ca?*, SNARE independent manor (Demarque et al., 2002). Additionally, GABA
has been shown to be released by astrocytes, and levels of tonic inhibition have been shown
to positively correlate with GABA immunoreactivity within astrocytes, which varies across
brain regions and developmental stages (Yoon et al., 2011). That fact that astrocytic
intracellular concentrations appear to be highest at early postnatal stages and gradually
decrease over time, supports a developmental role for the transmitter in astrocytes (Yoon
and Lee, 2014). While there is little evidence for vesicular GABA release from astrocytes,
the reversal of GABA transporters (GATs) provides cells with an alternative pathway to
release the transmitter. However, this reversal appears to limited to extracellular GATSs,
which function as exporters under resting conditions in neonatal tissue (see section 3.5,
(Unichenko et al., 2015)). A further pathway for astrocytic GABA release is via Ca*
activated Bestrophin 1 (BEST-1) channels- which are GABA permeable and have been
shown to contribute to tonic release in the cerebellum (Lee et al., 2010). While the
developmental consequences of BEST-1 channels in other brain regions remain unclear,
there is immunohistochemical evidence for their early expression on both hippocampal and

cortical astrocytes (Oh and Lee, 2017).
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Tonic GABAergic activation may consistently hold neurons in the depolarised window in
which spontaneous Na* fluctuations occur. However, the strong reduction of spontaneous
Na* fluctuations by TTX suggests that the primary drive comes from neuronal synaptic
GABA release. Synaptic GATs are unlikely to reverse due to the high concentrations of
GABA in the cleft after synaptic release (Savichenko et al.,, 2015). Instead, these
transporters continuously take up excess GABA and limit the activation of post-synaptic
GABAA receptors (Sipila et al., 2004). Therefore, synaptic GABA is primarily released from
IN terminals, as has been shown to be the case for GDP generation. In order to speculate
on the possible origins and purpose of spontaneous Na* fluctuations, it may be helpful to

look at the mechanisms underlying GDPs in more detail.

GDP mechanisms

The GABA responsible for GDPs is primarily released from a group of ‘hub’ INs, which can
release the transmitter in a Ca?* and SNARE independent manner (Demarque et al., 2002;
Bonifazi et al., 2009; Ben-Ari et al., 2012). While there are over 40 different groups of INs
in the hippocampus, a genetic fate mapping study identified the hub cells to stem from a
specific sub-population of early generated INs (Picardo et al., 2011). Although this group
includes several types of cell, they were all shown to remain present into adulthood. In
addition, they all have extensive widespread arborisation and a high connectivity index,

even at early developmental stages (Picardo et al., 2011).

INs driving network activity

Many of these hub cells are somatostatin positive INs (SOM INs), which encompass a
number cell types including oriens-lacuno-sum moleculare (OLM) cells and bistratified INs
(Flossmann et al., 2019). SOM-IN synapses are primarily targeted to the dendrites of PCs,
where they remain critical for rhythm generation into adulthood (Stark et al., 2014). The
action of these cells is amplified by astrocytes, as the latter respond to GABA via GABAg
receptors and GATs with an increase in [Ca?*].. This triggers the release of astrocytic ATP,
which is breaks down into adenosine in the ECS, and activates IN A receptors- thereby
upregulated SOM-IN activity (Matos et al., 2018).

Another IN group implicated as GDP hub cells are basket cells, which constitute around
14% of hippocampal INs, and can be further divided into fast spiking parvalbumin
expressing basket cells (PVBC) and lower frequency cholecystokinin expressing basket
cells (CCKBC) (Foldy et al., 2010; Pelkey et al., 2017). Of these subtypes, it is the PVBCs

which have been connected to the generation of network activity. Morphologically, these
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are a-spiny cells, with highly arborised axons which allow them to contact around 2500 PC
somata each (with an average of 6 synapses per cell). In addition, they also form
connections to other INs, although the percentage of synapses doing so is very low (1%)
(Pelkey et al., 2017). The formation of their synapses temporally coincides with the
appearance of GDPs within the developing hippocampus, indicating an involvement of
PVBCs in their generation. Additionally, PVBCs are of medial ganglionic eminence (MGE)
lineage, and the optogenetic blocking of MGE derived cells has been shown to prevent GDP
generation (Wester and McBain, 2016). Unlike PCs, PVBCs and other INs have been
shown to have AMPA currents from P1 onwards (Matta et al., 2013). This may contribute
to their excitability, as is the case in immature CA3 hippocampal INs, which have a higher
firing rate than in mature tissue due to the tonic activation of their kainate receptors by
ambient glutamate, which acts to attenuate the K* based medium duration after-

hyperpolarisations (Segerstrale et al., 2010).
Hub cell signalling

The true identity of the hub cells underpinning the production of GDPs remains unclear. It
is possible that several IN sub-types are involved in their generation and modulation- either
simultaneously, or transiently at distinct developmental stages. However,
electrophysiological studies indicate that the hubs do not act as classical oscillating
pacemakers, but are rather synaptically driven, with a high rate of excitatory PSCs
compared to other GABAergic neurons (Hennou et al., 2002). By using electron microscopy,
Takacs, (2008) showed that the synaptic contacts on hub cells were made almost
exclusively by glutamatergic PCs (Takacs et al., 2008). These connections are central to a
pathway put forward by Sipila, (2005), in which any depolarisation strong enough to trigger
the intrinsic bursting behaviour of a small group of young CA3 PCs, would activate INs,
which would then further the firing pattern by releasing GABA to further stimulate the PCs
(Sipila et al., 2005). This is in contrast to earlier proposed mechanisms, wherein hub cells
release GABA in a temporally synchronised manner, in order to produce time locked
responses in PCs which trigger GDPs directly (Khazipov et al., 1997). Modelling work has
suggested a middle ground, requiring a combination of the two mechanisms, where PCs
and INs mutually drive each other to perpetuate the activity pattern (Flossmann et al., 2019).
This is supported by the fact that electrophysiological recordings of INs in the CA3 region
showed co-operative GABA and glutamatergic components to be required to depolarise the
cells and produce GDPs (Khazipov et al., 1997). As the cellular environment is ever
changing during the developmental GDP window, it is possible that the mechanism of

generation is not static, and shifts from being entirely GABAergic to having a greater
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glutamatergic portion due to the gradual development of glutamatergic synapses (Ben-Ari,
2001).

Intrinsic properties of CA3 primary neurons

At all stages, the intrinsic bursting capabilities of CA3 primary neurons appear to be integral
for the triggering of GDPs, as GABAergic stimulation alone is not sufficient to induce the
action potentials. Several factors contribute to the increased excitability which permits
bursting activity upon GABA binding. Firstly, young cells are partially depolarised due to a
persistent Na* current present (Sipila et al., 2006a; Valeeva et al., 2010). In addition,
expression of Kv7.2/3 channels is very low. These channels facilitate /u, a non-inactivating,
low threshold current which is partially responsible for after-hyperpolarisations in mature
tissue (Yue and Yaari, 2004). Furthermore, tonic activation of extrasynaptic GABAa
receptors has been suggested to contribute to the depolarisation enabling GDPs, as these
receptors are present even before GABAergic synapses are formed (Sipila et al., 2005).
Several other factors have been put forward as potential modulators of GDPs. Antagonists
against the I, current and chemokine stromal cell derived factor 1- alpha (SDF-1), as well
as gap junction uncoupling, have all been shown to effect GDP properties- however, the
evidence remains incomplete and the extent and mechanism of their involvement is unclear
(Griguoli and Cherubini, 2017). The culmination of these factors brings the membrane

potential of PCs into a window which permits the generation of GDPs.

Connection to Na* fluctuations

As GDPs and Na* fluctuations are temporally correlated, and share pharmacological
similarities, it is possible that these patterns are subject to the same underlying driver.
Indeed, many of the pathways suggested to contribute to GDP generation are inherently
linked to Na* homeostasis. However, the two patterns fundamentally differ in shape, and
frequency. Furthermore, there is a large discrepancy in the propensity of GDPs and Na*
fluctuations, with them involving ~85% and ~20% of the CA1 neuronal population
respectively (Garaschuk et al., 1998; Felix et al., 2020c). These facts suggest that the two
patterns could be the product of similar inputs, which produce different responses

depending on the developmental stage of the individual cell.

Due to the prolonged duration, irregular form and lack of synchrony between cells showing
Na* fluctuations, we hypothesised that they are the result from the summation of input from
multiple INs. The extended increase in Na® may provide the PCs with the depolarisation
required to develop mature Glu synapses, which in turn facilitate the cells inclusion in

synchronised network activity such as GDPs. If this were the case, it is likely that the 20%
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of neurons displaying Na* fluctuations would include primarily those cells not yet

participating in GDPs.

In order to investigate this hypothesis of separate developmental groups further, we
implemented a model simulating a series of PCs and basket cell INs, wherein we switched
the action of GABA to being excitatory for PCs in order to replicate the developing brain.
Furthermore, we conducted dual-staining experiments, where the groups of cells

participating in each activity pattern could be compared.
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Results 2: Neuronal spontaneous Na* fluctuations
stem from GABAergic input from INs

The full methods and results of the initial part of this study can be found in the following

paper:

On the Origin of Ultraslow Spontaneous Na* Fluctuations in Neurons of the
Neonatal Forebrain. Perez C, Felix L, Rose CR, Ullah, G: (2020)

In summary, the model was able to recreate patterns within PCs, similar to those measured
in neonatal brain slices (figure 9). Like the experimental results, simulated fluctuations were
significantly diminished by removing GABAergic signaling, and were completely ablated
when the model omitted voltage gated Na* receptors. However, they remained unaffected
by the removal of glutamatergic signaling. Fluctuations were only present in modelled PCs
in the presence of ‘inverted inhibition’, wherein the actions of GABA were set to be
excitatory. Additionally, neither the model nor extracellular recordings showed large

spontaneous changes in [K*]o in accompaniment of intracellular Na* fluctuations.

By using a simulated network, we were also able to manipulate developmental factors which
would be difficult to isolate and control experimentally. These results showed that a smaller
neuronal soma size and lower levels of glial uptake both increased the amplitudes of Na*
fluctuations, and may thereby contribute to the developmental regulation of the activity.
Interestingly, increasing the ratio of inter- to ECS (as happens with ongoing development)
also increased the amplitudes of intracellular fluctuations, suggesting that the larger relative

ECS in young animals instead acts to suppress the fluctuations.

In addition, the modelled network was able to connect several properties of the developing
brain to a higher incidence of seizures. This susceptibility was shown to be linked the
reduced glial uptake capacities, decreased neuronal radius and most dramatically, the

inversion of GABA to have excitatory effects on neurons.

Finally, a series of dual-staining experiments showed no discernable differences in Ca?*
activity levels, between the cells displaying Na* fluctuations and those for which these were
absent. Therefore, Na* fluctuations do not sequentially precede GDPs. Instead, the two
activity patterns appear to be separate manifestations of the same underlying signaling

pathways.
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Figure 9: A comparison of fluctuations produced by the simulated cells in the presence of both
inverted inhibition (A left) and mature inhibition (A right) with traces showing fluctuations taken from
experiments using both neonatal (B left) and juvenile (B right) animals. Dashed lines indicate
baseline [Na*]iand light grey bars show 3 standard deviations of the baseline noise, which was the
minimum amplitude required for fluctuation identification. Data taken from: Felix et al., 2020d
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Discussion 2- Proposed mechanisms.

Proposed mechanism for neuronal fluctuations

This follow up study confirmed that the same GABAergic input from IN could summate to
produce Na* fluctuations in PCs, such as those measured in our experiments. The
depolarisation caused by continuous innervation of GABAa receptors leads to trains of
action potentials, which are themselves driven by Na* influx through voltage gated
channels. During such periods of high activity, this Na* builds up within the soma before
being gradually extruded by the NKA. This summation of inputs from several different INs

results in the irregularity and extended duration of fluctuations.

Interestingly, the system was initially modelled with uniform synaptic strengths across the
network. This version of the model also produced extended, irregular Na* fluctuations.
However, these were synchronised across the entire PC population- which did not reflect
the experimental results. As discussed above (see section 1.1) synapses within developing
network mature at different rates, depending on at which point individual cells became post-
mitotic (Hennou et al., 2002). Therefore, the effect of IN transmission on PCs will vary,
depending on the number of connections between them, as well as the maturity and
expression profile of their synapses. When the synaptic strengths within the model were
varied in order to reflect this, the fluctuations became a-synchronous and varied in shape

and frequency between individual PCs, as was seen in the experimental results.

It should be noted, that the model simulates the basic phenomenon of Na* fluctuations, and
that there are likely to be many contributing or modulatory factors, which influence the
frequency and amplitude in vivo. For example, the model did not take into account the
reduced efficiency of the NKA in developing neurons- which may act to enhance the
fluctuations. Furthermore, our experimental results showed a decrease in fluctuation
amplitude upon the blocking of a1-noradrenergic receptors, the activation of which has been

linked to increased GABA output by INs in the hippocampus (Hillman et al., 2009).

Discussion of possible mechanism for astrocytic fluctuations

As is the case with spontaneous astrocytic Ca?* signals reported previously (see section
2.3), the pharmacological results in this study were not able to give a clear answer as to the
mechanism driving astrocytic Na* fluctuations. However, the reduction in amplitude after
the application of TTX suggest that the fluctuations are at least in part reliant on neuronal
activity. This is in contrast to early Ca?* activity and suggests that the two phenomena are

not directly linked. The absence of association with astrocytic ENOs is supported by the
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apparent insensitivity of astrocytic Na* fluctuations to temperature, along with the lack of
effect of NCX antagonists and the persistence of fluctuations during the chelation of intra
and extracellular Ca?*. The latter condition resulted in synchronised, regular Na* transients
in neurons, and significantly increased the amplitude and frequency of fluctuations in

astrocytes, providing more evidence for their connection to neuronal activity.

However, the nature of this connection remains unclear. As glutamatergic component
antagonists had no effect on the fluctuations, it is unlikely that they are a response to PC
activity. While there was also no effect on the fluctuations after blocking the components of
the primary IN transmitter (GABA), these cells have been shown to co-release two
transmitters simultaneously in developing tissue (Nusbaum et al., 2001; Tritsch et al., 2016).
However, antagonists for several other signal receptors and transporters (glycinergic,
cholinergic, purinergic, adrenergic) also failed to impact the activity. Another possibility is
that afferents from other brain regions are responsible for the releasing the transmitter
triggering astrocytic Na* changes. To investigate this further, transmitters which were not
covered in the scope of this study could be examined (e.g. serotonin, dopamine and
oxytocin). Indeed, oxytocin is capable of producing spontaneous patterns of Ca?* in cortical
neurons termed cortical synchronous plateau assemblies (SPAs) shortly after birth, which
have a similar irregular shape and time course as the fluctuations measured here (Allene
et al., 2008). However, studies have shown that astrocytes do not express oxytocin

receptors, making their reaction to the transmitter unlikely (Ripamonti et al., 2017).

Aside from transmitters, neurons also release substances such as growth factors or
neuropeptides, which influence astrocytic [Na*]; and have been implicated in cellular
physiology during development. For example, GABA induced Ca?* influx (via voltage gated
Ca?* channels), has been shown to trigger the release of brain derived neurotrophic factor
(BDNF) from PCs. BDNF goes on to target tyrosine kinase receptors on INs, reducing their
internalisation of GAT1 and promoting differentiation (Marty et al., 1996; Scimemi, 2014).
More recent studies showed that neuronally released BDNF is primarily taken up by
astrocytes, due to their high expression of tyrosine receptor kinase B (TrkB) receptors
(Stahlberg et al., 2018; Holt et al., 2019). Furthermore, this expression is developmentally
regulated and appears to be directly required for astrocytic morphological maturation (Holt
et al., 2019).

Alternatively, instead of releasing signals which can directly interact with astrocytes, the
continuous firing of neurons could alter the extracellular environment, thereby triggering
responsive changes in astrocyte physiology. For example, extracellular K* increases could

induce swelling, thereby opening mechano-sensitive channels such as Piezo1 (He et al.,
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2018). This type of mechanism could account for the extended duration and irregularity of
fluctuations, and the a-synchronous responses in neighbouring cells could be a result of
different expression patterns. However, extracellular recordings made using ion sensitive
micro-pipettes showed no spontaneous changes in [K*], in the neonatal hippocampus
(Perez et al., 2020).

A further possibility, is that the effect of TTX is not due to a connection to neuronal firing,
but rather reflects the involvement of astrocytic voltage gated Na* channels. Like in neurons,
these channels are activated by depolarisation, (such as that caused by GABAergic
innervation of astrocytic GABAareceptors) and are sensitive to TTX. Although their function
in non-excitable cells remains unclear, they have been shown to be upregulated in response
to insult and injury (Pappalardo et al., 2016). The application of TTX after such injury was
shown to attenuate the astrocytes ability to migrate and proliferate- a result that implicated

astrocytic voltage gated Na* channels in these processes (Pappalardo et al., 2014).

Finally, it is possible the fluctuations arise as a consequence of the low expression of the
NKA on neonatal astrocytes, which diminishes their ability to extrude Na®. In this case the
influx of Na* could stem from a multitude of sources (as many pathways use the Na* gradient
as a driving force, see section 3), which summate into long, irregular fluctuations due to
inefficient removal. This mechanism would explain the lack of synchronicity between cells,
as they each have individual inputs and are at different stages of development in regards
to their expression profile. In addition, the developmental upregulation of the NKA, along
with the decrease in repetitive input patterns, compliments the time frame in which these

fluctuations were measured (Larsen et al., 2019).

Conclusion

As outlined in section 3 of the introduction, changes in [Na*]; are liable to effect almost all
aspects of cellular homeostasis. Therefore, extended period of elevated Na* baseline such
as those recorded here have to potential to impact cellular development of both neurons
and astrocytes. The fluctuations had mean amplitudes of ~2 mM, which while unlikely to
change the driving force of importers to a significant degree, could be sufficient to reverse
transporters with Er\ close to the membrane potential. This extends to the NCX, the reversal
of which could impact [Ca?] which, along with being the triggering vesicular
neurotransmitter release, is itself is a prolific and well described second messenger in
developing cells (Uhlen et al., 2015). The fluctuations also have the potential to promote the
outward direction of the NBC, which would alkalise cells and thereby increase neuronal

activity (Rose, 1998). Furthermore, the extended elevations in [Na*]i may also directly
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contribute to signalling by reversing transporters such as those for glutamine, glycine and
GABA (see section 3.1).

As discussed in section 1.1 and shown in figure 1, the majority of synapses form after birth.
The formation of GABAergic synapses required for inclusion in GDPs can be induced via
repeated depolarisation (Gubellini et al., 2001). It is possible that the extended periods of
elevated Na* provide a portion of the depolarisation required for this synaptic maturation.
However, the results in Perez (2020) show that cells showing Na* fluctuations are equally
likely to participate in synchronised ENO-like activity as those which do not. This finding
does not rule out that Na* fluctuation linked depolarisations are part of the mechanism
driving the maturation of post-synapses, but does imply that the two activity patterns do not
appear strictly sequentially. Therefore, it is also possible that they are simply two

manifestations of the same underlying signal.

Much of the development of the CNS takes place before cues from the outside world reach
the brain through the sensory system. During this time, complex structures such as the
hippocampus are shaped by spontaneous activity. These patterns of activity drive changes
in just a handful of ions, which are capable of determining the identity of each cell as an
individual and within its network. In order to produce the enormous variety of cellular
functions and connections needed within fully functioning network, inputs from many
different sources may influence the cells in a gradient of degrees. Na* fluctuations appear
to be the summation of a variety of these inputs, and may provide the cells with a way to
integrate all of the information coming in from the environment. This work was the first to
record such fluctuations- and many questions remain about their generation, modulation
and function. However, the increasing evidence for Na* as an active signal within cells,
along with the development of new biological tools available to study intracellular changes
in [Na*] with a higher temporal and spatial resolution may soon afford greater insight into

their origin and purpose.
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