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I. Abstract
The healthy physiological functioning of the mammalian central
nervous system relies on the precise communication between many
different cell types. The most general communication channel
between neurons is the chemical synapse. Fascinatingly,
oligodendrocyte precursor cells also receive synaptic input from
glutamatergic neurons. Oligodendrocyte precursor cells are
responsible for forming the myelin sheaths by differentiating into
oligodendrocytes, and the myelination itself seems to be regulated by
neuronal firing patterns. The differentiation and proliferation of
oligodendrocyte precursor cells are influenced by transient changes
of neuronal firing. Therefore the questions arise:
Can
oligodendrocyte precursor cells discriminate dissimilar patterns of
neuronal firing? How exactly those different patterns would influence
their proliferation and differentiation? How the physiological
properties of synaptic signaling would influence the cellular behavior
of oligodendrocyte precursors?
In my doctoral thesis I analyzed in details the synaptic responses of
oligodendrocyte precursors to different, repetitive axonal stimulation
patterns; and found that the postsynaptic responses are very diverse
upon the various patterns of axonal activation. I showed in vivo that
these distinct patterns do influence the proliferation and
differentiation of oligodendrocyte precursors in a dissimilar way,
even though the sum activity and transmitted charge through their
synaptic receptors were similar in the applied paradigms. I also
demonstrated that the quantal parameters at the axon – OPC synapses
are sensitive to the method by which the quantal synaptic events had
been triggered. Therefore the different approaches to trigger quantal
events are not interchangeable or substitutable with each other.
Lastly, with my colleagues we established that the exact physiological
parameters of the glutamatergic synaptic transmission matter greatly
to these cells: modifications of the AMPA receptors on
oligodendrocyte precursors considerably altered their proliferation
and differentiation.
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The results discussed in this thesis not only show how millisecondscale events, such as synaptic currents, can influence slow biological
processes as cell cycle or cell differentiation; but also carry key
implications for various myelin-related diseases, for instance multiple
sclerosis.
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II. Synopsis
General Introduction
The mammalian central nervous system (CNS) is one of the most
structurally and physiologically complex systems of the mammalian
organism. It consists of billions of cells with highly specialized
functions. The two major cell classes forming the CNS are the
neurons and the glial cells. Most non-neuronal cells are called glia,
but that does not mean that they are similar morphologically or
functionally. Glial cells are further divided into several types:
astrocytes, oligodendrocytes, ependymal cells, radial glia, satellite
cells, and microglia. They come from different developmental paths:
microglia develops from the mesoderm, while all other glia cells form
from the neuroectoderm. Glial cells show diverse morphological
features; have distinct cell-type functions, and play a number of key
roles in physiological and pathological states of the nervous system.
The subjects of this thesis are the cells of the oligodendrocyte-linage.
I will mainly focus on the communication of the oligodendrocyte
precursor cell (OPC) with the glutamatergic projection axons; and
their differentiation into oligodendrocytes (OLs), the myelin-sheath
forming insulating cells of the CNS. The myelination plays a crucial
role in healthy CNS function; therefore the normal and balanced OPC
development, proliferation, differentiation and physiology drastically
influences the overall structure and functionality of the adult CNS.

The oligodendrocytes
The myelinating cells of the mammalian CNS are the OLs (Baumann
and Pham-Dinh, 2001). Their morphology is unique and easily
recognizable: they have relatively large soma, and typically possess
many processes. At the tip of these processes they form the myelin
sheaths around the adjacent axons. The majority of OLs ensheath
several axons (Peters et al., 1978; Peyron et al., 1997).
The myelin sheaths have several important roles. Their segments
confine voltage gated Na+-channels to the nodes of Ranvier (Freeman
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et al., 2016; Rasband and Peles, 2015), and have high resistance and
low capacitance. Thus they enable saltatory action potential
propagation along the axon (Tasaki, 1939). This speeds up the
communication between neurons without requiring thicker axons.
CNS myelin is mainly found in vertebrates, and is thought to have a
major role in the evolution in higher nervous system functions
(Hartline and Colman, 2007).
Besides faster action potential propagation, the normal myelin
sheaths give trophic and metabolic support to axons (Nave, 2010),
and are essential for axon survival and maintenance. Mutant mice for
PLP/DM20 (a major component of the myelin) have normally
structured, but unstable myelin (Klugmann et al., 1997). Surprisingly,
this already causes severe symptoms in axon morphology and
pathology (Griffiths et al., 1998). Thus the well-structured and stable
myelin sheaths are essential for the solid functioning of the CNS.
The oligodendrocyte precursor cell
The OLs differentiate from OPCs during development (Dimou et al.,
2008). Two commonly used markers of OPCs are the chondroitinsulphate proteoglycan neural/glial antigen 2 (NG2) and receptor alpha
for platelet-derived growth factor (PDGF-Rα) (Nishiyama et al.,
1996). These cells have multiple, finely branching processes,
therefore OPCs are clearly distinguishable from the other NG2expressing cells of the CNS, the pericytes. They are more or less
evenly distributed both in grey and white matter (Nishiyama et al.,
1996). Although the main OPC function known to be the generation
of OLs during development (Dimou et al., 2008), in the adult brain
OPCs still constitute 2–3% of total cells in the grey matter, and 8-9
% in the white matter (Dawson et al., 2003). A peculiar feature of
these cells is that they continue to proliferate throughout the lifetime
of the mammals (Psachoulia et al., 2009). In fact, OPCs represent one
of the most prominent fraction of the proliferating cells in the adult
CNS (Fröhlich et al., 2011; Psachoulia et al., 2009). OLs still
differentiate from OPCs and then generate myelin in adult mice
(Young et al., 2013), although at a much lower rate than in young
animals. Blocking adult myelination prevents mice from learning new
motoric skills (McKenzie et al., 2014). Therefore, the constantly
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renewing pool of OPCs is the basis of certain aspects of the brain’s
plasticity in adulthood. After myelin damaging injuries or
pathological conditions, OPCs are able to repair myelin (Miron et al.,
2011), hence the presence of OPCs in the adult brain is crucial to the
maintenance and restoration of healthy brain function.

Oligodendrocyte precursor cells and their glutamatergic synapses
with neurons
The expression of glutamate receptors by glial cells was suggested
about 30 years ago (Usowicz et al., 1989). Oligodendrocyte-type-2
astrocytes isolated from the optic nerve (Barres et al., 1990), complex
cells from the hippocampus (Steinhäser et al., 1994), and glial
precursors of the corpus callosum (Berger, 1995) all showed inward
currents, elicited by AMPA/kainate receptor agonists. Although these
studies did not use the NG2 or PDGF-Rα staining as cell identity
markers, the studied cells were most likely OPCs (Bergles et al.,
2010).
It remained unclear for a long time through which mechanism these
AMPA/kainate receptors on OPCs are activated. In 2000., Bergles
and his colleagues demonstrated that action potentials in
glutamatergic neurons trigger glutamate release onto OPCs and these
glutamatergic responses were blocked by AMPA/kainate receptor
antagonists (Bergles et al., 2000). Most importantly, they registered
events which were proven to be quantal currents (Bergles et al.,
2000), and electron microscopy of dye-filled OPCs revealed similar
synaptic structures as between neurons (Bergles et al., 2000). Taken
together, these data showed that one communication channel between
neurons and OPCs is the action potential activated synaptic glutamate
release. Since then it was shown that OPCs receive glutamatergic
synaptic input in all investigated brain regions, including
hippocampus (Bergles et al., 2000), cortex (Chittajallu et al., 2004),
corpus callosum (Kukley et al., 2007; Ziskin et al., 2007), and the
cerebellum (Káradóttir et al., 2008).
The glutamate is released from highly specialized presynaptic sites at
the axon – OPC synapses. The mechanism of the release is very
similar to release happening at neuron – neuron synapses: the
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presynaptic membrane is depolarized by an action potential, this
opens voltage gated Ca2+ channels, and the increased intracellular
[Ca2+] in the presynaptic axon causes glutamate-filled vesicle fusion
with the presynaptic membrane (Kukley et al., 2007). The glutamate
release at the callosal axon – OPC synapses have two distinct kinetic
components: phasic, which is time-locked to the action potential; and
asynchronous or delayed, which keep happening for hundreds of
milliseconds after the action potentials ceased (Kukley et al., 2007;
Nagy et al., 2017).
The glutamate released by the presynapse is detected primarily by the
AMPA receptors on the membrane of the OPCs (Bergles et al., 2000).
The AMPA receptors are large macromolecular complexes,
consisting of more than thirty proteins in the neurons (Schwenk et al.,
2014). The channel pore is formed by a tetramer of four AMPA
receptor subunits. There are four known subunit types (GluA1-4), and
they are together responsible for the ionotropic function. If present
in the receptor-tetramer, the GluA2 subunit regulates Ca2+permeability (Hume et al., 1991) and single channel conductance
(Swanson et al., 1997) of AMPA receptors in neurons. Natural or
genetically engineered modifications on the GluA2 subunit
drastically influence the final physiological properties of the given
receptor: receptor kinetics, single-channel conductance, Ca2+permeability, and the block by endogenous polyamines (Isaac et al.,
2007). OPCs in the corpus callosum express functional GluA2-4containing receptors in their post-synaptic sites, whereas they only
express GluA1 sporadically (Kougioumtzidou et al., 2017).
The nature of the neuron-OPC contact was proven synaptic, but the
physiological properties of these synapses remained somewhat
controversial. The estimates for the quantal amplitude (the amplitude
of a post-synaptic current triggered by the fusion of one glutamate
filled vesicle at the presynapse) at axon-OPC synapses have a very
wide range of values in the literature (Table 1).
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Table 1. Overview of quantal glutamatergic synaptic currents recorded in OPCs in different brain regions (blockers of GABAA and NMDA
receptors are present in the bath in each case)
Amplitude distribution histogram
Animals

Animal
age

Brain area

Vhold
[mV]

Publication

Bergles et al,
2000

rat

Lin et al, 2005

mouse

Lin et al, 2005

mouse

P7,
P12-16,
P21,
P66

How recordings of quantal currents were
performed
Type of recorded quantal
Drugs in the bath
currents
spontaneous mEPSCs

hippocampus

-90

P16-25

cerebellum

-80

P16-25

cerebellum

-80

spontaneous mEPSCs

Kukley et al,
2007

rat

P8-16

Ziskin et al,
2007

mouse

P14-15,
P19-21,
P32-37

corpus
callosum

-80

corpus
callosum

-90

corpus
callosum

-90

delayed EPSCs after train
stimulation

5 mM Sr2+ (instead
of Mg+/Ca2+)

spontaneous mEPSCs

TTX + ruthenium
red (100 µM)

spontaneous mEPSCs
TTX
spontaneous mEPSCs

Ziskin et al,
2007

mouse

P14-15,
P19-21,
P32-37

TTX +
pardaxin
(2 µM) or
-latrotoxin
(2 nM)
TTX +
ruthenium red (100
µM)

TTX +
-latrotoxin
(5 nM)

Events detection
Algorithm
/software

Threshold

Mean
quantal
amplitude
[pA]

not indicated

not indicated

15 ± 3

mini analysis
(Synaptosoft)

not indicated

13.5 ± 4.8

not reported

mini analysis
(Synaptosoft)
sliding
template
(IgorPro)
mini analysis
(Synaptosoft)

not indicated

11.3 ± 3.3

not reported

3 pA

4 ± 0.2

mini analysis
(Synaptosoft)

not indicated

Peak location
Histogram
shape
skew to larger
amplitudes

~8 pA

skew to larger
amplitudes

~4 pA

not indicated
18.4 ± 1.2

15.1 ± 0.6

not reported
first peak ~10 pA,
second peak ~18 pA

skew to larger
amplitudes
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Table 1. (continuation)
spontaneous mEPSCs

Kukley et al,
2008

mouse

P7-12

Ge et al, 2009

mouse

P25 or
P50

hippocampus,
cortex

spontaneous mEPSCs

spont. (no TTX)

not reported

not reported

5.8 ± 1.1 to 7
± 0.6
(depending
on cell cycle
stage)
25±2

spontaneous mEPSCs

TTX+
ruthenium red
(100 µM)

sliding template
(IgorPro)

3 pA

6 ± 0.9

TTX + focally
applied sucrose
(500 mM)
TTX + focally
applied sucrose
(500 mM)

mini analysis
(Synaptosoft)

5 pA

mini analysis
(Synaptosoft)

5 pA

TTX +
ruthenium red
(75 µM)

Spacan (IgorPro)

TTX+
ionomycin
(3 µM)
TTX+
ruthenium red
(100 µM)

template-based
(pClamp)
Clampfit 9.2

TTX (for the
spont. EPSC)

Deconvolution
(IgorPrO+FBrain)

-80

-60

mouse

P9–14

De Biase et al,
2010

mouse

P5-45

De Biase et al,
2011

mouse

P40-45

corpus callosum,
hippocampus,
cerebellum
corpus callosum,
hippocampus

Sahel et al,
2015

mouse

P40-70

corpus callosum

hippocampus

Passlick et al,
2016

mouse

P8-12,
>9
months
adult

-80

spontaneous mEPSCs
-80
spontaneous mEPSCs
-80
spontaneous mEPSCs

mouse

Nagy et al,
2017

-90

-80

spontaneous mEPSCs

hippocampus
-80

spontaneous mEPSCs

corpus callosum

mouse

P19-22,
P50-53

sliding template
(IgorPro)

not indicated

not reported

not reported

neocortex

Kukley et al,
2010

Etxeberria et
al, 2010

TTX+
ruthenium red
(100 µM)

-80
corpus callosum

spontaneous mEPSCs,
delayed/asynchronous EPSC

not reported

not indicated
~7pA

skew to larger
amplitudes

~8

not reported

10

not reported

5 pA

~9

not reported

not reported

Not indicated

3 times the
noise
standard
deviation

~8pA

3.9 times
noise
standard
deviation

3.3
2.8

skew to larger
amplitudes

small skew to larger amplitudes

II. Synopsis

14

As the quantal amplitude partially defines synaptic strength, the great
variability of this parameter implies that the synaptic strength of axon
– OPC synapses varies significantly. However, these results come
from different experimental conditions and data analysis approaches,
therefore it is difficult to compare and confer the different studies. As
synaptic strength influences drastically what kind of response the
postsynaptic cell has upon synaptic activation transmission, it would
be crucial to clarify the factors behind the reported differences.
Therefore as one of my goals in my doctoral work has been to reliably
estimate the quantal amplitude at axon – OPC synapses: I compared
how the different experimental approaches to trigger quantal events
influence the parameters of the quantal transmission at the axon –
OPC synapses.
Glutamate receptor activation
oligodendrocyte precursor cells

influences

the

behavior

of

One supposed function of the glutamate receptors was that they
regulate the proliferation and differentiation of OPCs. For OPCs, the
Ca2+-permeability of AMPA receptors seems particularly important:
in the corpus callosum, the OPCs in the young mouse pups contain
edited GluA2, therefore their receptors are Ca 2+-impermeable; while
in older mice AMPA receptors lack the edited GluA2, becoming
Ca2+-permeable (Ziskin et al., 2007). This switch of receptor
properties coincides with the slowing down of OPC proliferation and
differentiation into myelinating OLs (Young et al., 2013).
In cerebellar slice cultures, the number of OPCs (identified by their
NG2-expression) was influenced significantly by glutamatergic drugs
acting on AMPA receptors (Yuan et al., 1998). The number of OPCs
was increased compared to the control in the presence of DNQX, a
blocker for AMPA/kainate (Yuan et al., 1998). Reversely, application
of agonists (kainate or AMPA, individually) reduced the number of
OPCs, in a dose dependent manner (Yuan et al., 1998). They also
tested OPC proliferation-rate, using bromodeoxyuridine (BrdU), a
thymidine analogue, which is built into the DNA of proliferating
cells, thus labeling them. In this study, BrdU labeling revealed that
kainate reduced the OPC proliferation (Yuan et al., 1998). The
conclusions were that if AMPA receptor activation reduces the
proliferation and number of OPCs in cultures, and neurons signal to
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OPCs through synapses with AMPA-receptors, then glutamatergic
neuronal activity should suppress OPC proliferation, and
consequently decrease their number. However, in vivo experiments
contradict this conclusion. A recent study in vivo demonstrated that
the proliferation of OPCs did not change in mice lacking GluA2 and
GluA3 subunits; or GluA2, GluA3, and GluA4 subunits of AMPA
receptors in OPCs (Kougioumtzidou et al., 2017). However, in both
knockouts fewer myelinating OLs survived, and created less myelin
sheathes. This latter effect persisted in adulthood in the triple
knockout. The authors concluded that OPC proliferation and the
differentiation are not influenced by the lack of AMPA receptors, but
the AMPA-receptor-mediated signaling enhances OL survival. This
latter is probably an indirect or delayed effect, because OLs seem to
disassemble their synapses during differentiation, and it appears that
they lack functional AMPA receptors completely (Kukley et al.,
2010). It is also possible that the lack of GluA2-4 based subunits was
compensated by the OPCs with some unknown mechanism. One
reason for the contradiction between in vivo and in vitro studies might
be a mechanism described by Hossain et al. in 2014 in cell cultures:
upon prolonged exposure to AMPA receptor antagonists (AMPA or
kainate), OPCs downregulate their AMPA receptor expression
(Hossain et al., 2014). With this, in the presence of AMPA or kainate
OPCs may actually decrease their AMPA receptor mediated activity,
and that leads to decreased proliferation. These controversial findings
in cell cultures show that these conclusions and hypothesizes have to
be tested in vivo as well. With our own studies (Chen et al., 2018)
we clarified how the modifications in the ionotropic function of
AMPA receptors would influence the cellular fate of OPCs.
Electrical activity of axons influences the proliferation and
differentiation of OPCs
Some studies suggested that neuronal activity might regulate the
white matter structure. For example the internal capsule, the corpus
callosum and the arcuate fascicle of professional musicians develop
differently, as they gain extremely fine motoric skills through
excessive practice (Bengtsson et al., 2005). The “practice” is
essentially a modification of neuronal activity. Also it would seem

II. Synopsis

16

sensible that the axons might be able to regulate their own
myelination depending on their activity and needs. The optic nerve
was the model system in one of the first studies investigating the
correlation between the neuronal activity and OPC proliferation in
vivo (Barres and Raff, 1993). In young rodents there are many
proliferating OPCs in the optic nerve. Blocking action potential
propagation along the optic nerve axons (TTX injection to the
eyeball, or severing the optic nerve) drastically reduced the number
of proliferating OPCs (Barres and Raff, 1993). Therefore, axonal
activity enhances the proliferation of OPCs. It was confirmed that
myelination (which is a result of differentiation of OPCs) is also
regulated by the electrical activity of the axons (Demerens et al.,
1996). This study demonstrated, both in cell cultures and in the optic
nerve in vivo, that blocking action potential with TTX reduces the
number of myelin segments along the axons.
A recent study using dorsal root ganglion (DRG) neurons co-cultured
with OPCs confirmed that electrically active axons are more likely to
become myelinated than the non-active ones (Wake et al., 2015).
DRG neurons do not build synapses in cultures with each other (B R
Ransom et al., 1977; B. R. Ransom et al., 1977). They also fail to
establish synaptic connections with OPCs (Wake et al., 2015). OPCs
expressing the genetic calcium indicator GCaMP3 showed clear Ca2+
transients to electrical stimulation of axons. Thus the electrical
activity of axons is still detected by the OPCs, although via nonsynaptic junctions. The effect is mediated through glutamatergic and
purinergic receptors. The authors conclude that the transmitter filled
vesicle release by the electrically active axons is a decisive clue for
OPC differentiation and myelination; however, the vesicle release
does not necessarily occur at synaptic junctions.
These previous studies investigated regulation of OPCs behavior by
neuronal activity in the developing nervous system. Interestingly,
these effects also take place in adult rodents. In a study corticospinal
axons of adult rats were electrically stimulated, and the effects on
proliferation and differentiation of OPCs is the dorsal corticospinal
tract were quantified (Li et al., 2010). The electrical stimulation
consisted of 15 pulses delivered at 333 Hz, applied every 2 s, for 6
hours / day, over ten days. All in all, the animals received 108000
trains of pulses (that adds up to 1620000 electrical pulses over 10
days), adding to the already existing electrical activity of axons
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occurring upon natural behavior. This is a very strong stimulation
paradigm, and this activity normally would not occur in physiological
conditions. However, these experiments are still very useful as an
evidence that increased neuronal activity causes higher proliferation
rate of OPCs. It also increased the likelihood of actively proliferating
OPCs to start the differentiation process and become an OL (Li et al.,
2010).
Another brain region was investigated in Gibson et al 2014, with a
different method. To study the effect of neuronal activity on OPC
proliferation and differentiation they stimulated projection neurons of
the premotor cortex in Thy1::channelrhodopsin 2 (ChR2) mice
(Arenkiel et al., 2007) with blue light. They evaluated the effect of
additive electrical activity of axons on OPCs in the subcortical white
matter tracts. To examine the acute effects, the cortex of the mice
were stimulated unilaterally with blue light for 30-s intervals every 2
min over a 30-min period, at 20 Hz (this is 600 action potentials every
two minutes, in total 18000 stimulation pulses in half an hour, only
one session); and mice were sacrificed 3 (acute effect) or 24 hours
(subacute effect) after the stimulation session. For studying chronic
effects, the same paradigm was applied, for 7 consecutive days; mice
were sacrificed 4 weeks later. They observed increased OPC
proliferation and differentiation upon light stimulation, both in the
acute and in the chronic group (Gibson et al., 2014).
The previously described experiments used very specific stimulation
paradigms which triggered known patterns of axonal firing in
addition to the physiological activity. Modulating the firing patterns
through less invasive methods and testing whether they have an effect
on OPC proliferation are also necessary. Modifications in the natural
environmental input change neuronal firings patterns, and as a
consequence they also alter the proliferation of OPCs (Ehninger et al.,
2011). Ehninger et al. showed that both enriched environment and
increased physical activity promotes larger proliferation rate of OPCs
in mice (Ehninger et al., 2011). Mangin et al. did a different
experiment: they deprived OPCs from their synaptic input from
thalamocortical fibers in the barrel cortex by whisker lesion. The
lesion reduces thalamocortical input to OPCs. This led to a more
uniform OPC distribution in the barrel cortex, but also increased the
proliferation of OPCs (Mangin et al., 2012). In this case,
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glutamatergic input seems to be blocking OPC proliferation and / or
migration.
These studies describing the axonal activity on OPC behavior apply
very different methods and protocols. Therefore it is challenging to
draw general conclusions from them. But it is apparent that neuronal
activity might increase or decrease OPC proliferation and / or
differentiation. Stimulating neurons with the same number of action
potentials but with different patterns leads to the transcription of very
different gene sets (Lee et al., 2017). This study raises the possibility
that the temporal distribution of the electrical activity is a crucial
factor in gene expression regulation. Would OPCs detect differences
in the firing patterns of their presynaptic axons? Would they decode
the different firing patterns differently, and translate them into distinct
behavior (proliferation or differentiation)? In my thesis I describe our
findings on how OPCs detect repetitive axonal firing, and how OPCs
behave in vivo upon different stimulation patters consisting of the
same amount of stimulation pulses (Nagy et al., 2017).

II. Synopsis

19

Aims of the doctoral studies
Part I. Identify the most efficient method to estimate the quantal
physiological parameters of the axon – OPC glutamatergic
synapses
The axon – OPC synapses have been investigated for almost twenty
years now. However, reports on the quantal amplitude (and
consequently the synaptic strength) show a large variation (Table 1).
This is a problem because: 1. Conclusions from different studies are
difficult to interpret together, as the basic unit of quantal amplitude
differs greatly. 2. Alterations in synaptic strength of neuron – neuron
contacts often indicate or trigger pathological conditions (Bliss et al.,
2014). This might be the case for axon – OPC synapses as well, but
the great variation in the reported quantal amplitude prevents the
direct detection of such cases. Therefore I aimed to find a reliable
reference measurement for the quantal amplitude.
The axon – OPC synapses have low release probability. This makes
it technically challenging to record quantal events (which are the
miniature excitatory postsynaptic current triggered by one single
transmitter-filled vesicle), and investigate the functional quantal
properties of the postsynaptic sites at axon – OPC synapses. To
circumvent this, several pharmacological and electrophysiological
approaches were used previously by different research groups to
increase the miniature excitatory postsynaptic current (mEPSC)
frequency at these structures (Table 1).
My hypothesis was that the reported differences in quantal amplitude
mainly come from the variations in the method to trigger higher
occurrence of miniature events. As the first aim of my doctoral work
I wanted to answer the following questions: Do the different methods
contribute to the large variation in the reported quantal amplitude?
What would be most efficient method to enhance the occurrence of
quantal events? Which method would trigger kinetically similar
EPSCs to the spontaneous mEPSCs?
Answering these questions helps us to standardize the magnitude of
the quantal amplitude at axon – OPC synapses, find the most efficient
method to detect them at other systems than the mouse corpus
callosum, and enable us to compare various further studies in
different experimental conditions.
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Part II. Test whether OPCs can distinguish between different
axonal firing activities
Curiously, there are no detailed comparative studies in the literature
investigating the AMPA receptor mediated responses of OPCs to
repetitive axonal firing. This is surprising, because it is rare that a
glutamatergic projection neuron of the corpus callosum only fires
single action potential (Ramos et al., 2008; Zhu and Connors, 1999).
Hence OPCs receiving glutamatergic synaptic input from neurons
most likely usually detect short burst or trains of action potentials.
OPCs show paired-pulse facilitation in brain slice experiments (Ge et
al., 2006; Passlick et al., 2016), and even able to follow high rate (50
Hz) of firing of the axons (Kukley et al., 2007). It would be crucial to
know if and how OPCs respond to the various axonal firing patterns,
since experimental data shows that axonal activity influences the
behavior of OPCs (Barres and Raff, 1993; Gibson et al., 2014; Li et
al., 2010), and different firing patterns may have completely different
effect on OPCs. The neurons projecting axons through the corpus
callosum vary their firing frequency, the number of action potentials
fired within a burst or a train, and the time gap between the bursts
(Ramos et al., 2008; Zhu and Connors, 1999). As OLs myelinate
axons based on their activity (Demerens et al., 1996; Fields, 2015),
their precursors need to have a structure to detect neuronal firing. The
nature and the position of glutamatergic axon – OPCs synapses make
these structures prime candidates for such function. However, the
detailed analysis of how OPCs detect repetitive axonal firing is
lacking.
My hypothesis was that glutamate release triggered by different
repetitive stimulation patterns would elicit very dissimilar responses
in OPCs. I tested this by voltage-clamp experiments in OPCs in ex
vivo brain slices, while electrically stimulated the callosal axons with
different stimulation patterns. I applied slower, physiological (5 Hz,
25 Hz) and faster, more pathological (100 Hz, 300 Hz) frequencies;
in short (2 or 5 pulses) and longer (20 pulses) trains. With this I aimed
to answer the following questions: How would OPCs detect long
trains of slower frequency? Would there be any difference of the
responses of the OPCs upon lower and faster stimulation firing
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patterns? Do OPCs show synaptic depression upon faster or slower
stimulation trains? Would the asynchronous or delayed release be
present at all at these synapses upon shorter trains?
Answering these questions shows that OPCs can follow a very diverse
axonal firing patterns; and makes it predictable how OPCs would
detect glutamate release in vivo in certain behavioral states of the
animals.
Part III. Test in vivo whether the different axonal firing patterns
influence the differentiation and proliferation of OPCs in
dissimilar ways
It has been established that changes in neuronal activity affects OPC
behavior and fate. Upon neuronal stimulation increased proliferation
and differentiation of OPCs were described (Gibson et al., 2014; Li
et al., 2010). In enriched environment or upon increased physical
activity of mice OPCs proliferate faster, but do not differentiate more
(Ehninger et al., 2011). Curiously, sensory deprivation reduces
glutamatergic input of OPCs, still the OPC proliferation increases
(Mangin et al., 2012) Therefore it still remained unclear whether in
vivo what kind of neuronal firing patterns increase or decrease the
proliferation and differentiation of OPCs. It was also not clear
whether the modulation of proliferation and differentiation of OPCs
by neuronal activity is an all-or-none effect, or it is graded. It adds to
the confusion that these studies use different brain regions and
different experimental protocols.
My goal here was to apply different stimulation paradigms in the
same model system and under the same conditions, and then examine
how they modulate the proliferation and differentiation of OPCC.
Hence I implanted stimulation electrodes into the corpus callosum of
the mice, and applied three different stimulation paradigms in freely
behaving mice, and assessed how the fate and behavior of OPCs was
affected.
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Part IV. Investigate whether the functional properties of AMPA
receptors in axon – OPC synapses regulate proliferation and
differentiation of OPCs
Various studies described opposite results whether AMPA receptor
activation modulates OPC proliferation and differentiation. In brain
slice cultures, the AMPA receptor activation seemed to reduce, and
AMPA receptor blockage seemed to increase OPC proliferation
(Yuan et al., 1998). Opposite to this, in vivo knock out of AMPA
subunits did not seem to influence proliferation and differentiation
(Kougioumtzidou et al., 2017). It is also unclear whether the
ionotropic function alone, and / or the downstream signaling cascade
elements of the AMPA receptor activation pathway play a more
significant role. Both scenarios are possible: while the ionotropic
function would influence the cell cycle through its effect on the
membrane potential (Blackiston et al., 2009); several signal
transduction mechanisms can be activated directly or indirectly via
AMPA receptors (Auger and Ogden, 2010; Bao et al., 2016; Henley
and Wilkinson, 2013; Kessels and Malinow, 2009). Hence we took a
different and completely new approach to elucidate the function of
AMPA receptors expressed by OPCs: we modified or perturbed the
physiological properties of already existing callosal axon – OPCs
synapses, then quantified the changes of OPC proliferation and
differentiation.

Corpus callosum as a model system
The corpus callosum is the major white matter tract connecting the
two hemispheres of the mammalian cortex (Ramos et al., 2008). The
majority of axons in the corpus callosum originate from pyramidal
cells of the cortical layers II/III (supragranular cells) and V/VI
(infragranular cells) (Fame et al., 2011; Ramos et al., 2008). These
axons are the presynaptic partners in the neuron-OPC glutamatergic
signaling in the corpus callosum (Kukley et al., 2007; Ziskin et al.,
2007). The pyramidal cells projecting through the corpus callosum
are heterogeneous in their electrophysiological properties (Ramos et
al., 2008; Zhu and Connors, 1999). Upon current injection in brain
slices, these neurons fire action potentials with a very wide range,

II. Synopsis

23

from below 1 Hz up to 400 Hz (Zhu and Connors, 1999). Upon
current injection both supragranular and infragranular pyramidal cells
can fire trains of action potentials, consisting up to 15-20 action
potentials, with up to 100 Hz rate (Ramos et al., 2008). The firing
range is different in freely behaving, awake mouse: pyramidal cells
responding to whisker vibration in the barrel cortex had mostly firing
rate below 60 Hz; and most often they fired in the 5-10 Hz or 20-40
Hz range, depending on the cortical layer (O’Connor et al., 2010).
The corpus callosum is an optimal model system for my
investigations for the following reasons:
1. It has been established that OPCs receive glutamatergic input in the
corpus callosum.
2. Corpus callosum is a system where glutamatergic synaptic input to
OPC can be investigated in isolation. Although OPCs in the corpus
callosum express functional GABAA receptors (Berger et al., 1992),
I could not detect GABAergic synaptic input, which could influence
the results of the experiments and make the interpretation of those
results more challenging.
3. The corpus callosum is easily accessible for both in situ and in vivo
experiments.
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Part I. Identify the most efficient method to estimate the quantal
physiological parameters of the neuron-OPC glutamatergic
synapses

Comparison of six different techniques to trigger quantal events at
neuron – OPC synapses in the corpus callosum
The synaptic strength (I) between a single neuron and an OPC is
defined by the equation:
I =q* nves*pves*N
Where q is the quantal amplitude (the amplitude of the current evoked
by a single transmitter-filled vesicle), nves is the number of vesicles
released at a single connection, pves the probability of vesicle release,
and N is the number of synaptic connections between the single axon
and a single OPC.
The general approach to estimate q is the recordings of miniature
excitatory postsynaptic currents (mEPSC). A mEPSC is a
postsynaptic event triggered by a single glutamate vesicle released by
the presynaptic neuron.
My findings about properties of dEPSCs at neuron-OPC synapses in
Publication 1 gave me the idea to look into the details of the quantal
transmission at axon – OPC synapses. I found it curious that the
reported values for the parameters of quantal transmission can vary
so drastically (Table 1).
The axon – OPC synapses have low release probability (Kukley et al.,
2007; Nagy et al., 2017). This results in a very low spontaneous
quantal release rate of single vesicles from presynaptic axons (Figure
1A, G, I). The low spontaneous release rate makes the estimation of
q problematic and challenging, because hundreds of mEPSCs are
needed to reliably measure quantal amplitude, rise- and decay-times.
Therefore the voltage-clamp recordings from OPCs have to be stable
for a very long time (multiple hours) to acquire enough mEPSC. To
circumvent this, investigators applied various methods to increase the
efficiency of data acquisition (Table 1), but the differences in the
estimated quantal amplitude are substantial. It is not clear, whether
these differences stem from:
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1. Different species used
2. Regional differences in the brain
3. Use of different age groups within the same species
4. Variations in the experimental protocols (e.g. holding
potential, ionic composition of pipette and bath solutions)
5. Method of analysis
Therefore we performed whole-cell patch-clamp recordings of OPCs
in mouse brain slices to study quantal amplitude q at glutamatergic
axon – OPC synapses in corpus callosum. We standardized the
species (mouse), strain (NG2DsRedBAC transgenic mice), age
(postnatal day 19-22), brain region (corpus callosum), experimental
and analysis protocols. We compared how different approaches
promoting supposed mEPSCs affects the value of q. We tested the
following experimental paradigms:
(1) Spontaneous mEPSCs in OPCs during bath application of
tetrodotoxin (TTX, 1 µM), from here called “mEPSC” (Kukley et al.,
2007; Nagy et al., 2017);
(2) Recording mEPSCs as in (1) but in the presence of ruthenium red
(RR, 100 µM) in the extracellular solution, from here called mEPSC,
from here called “RR” (Kukley et al., 2010; Lin et al., 2005);
(3) Recording mEPSCs as in (1) but triggered by local pressureinduced application of hypertonic solution, from here called
“sucrose” (De Biase et al., 2010);
(4) Electrical stimulation of (presumably) a single callosal axon,
contacting the patched OPC (i.e. minimal stimulation paradigm), with
20 pulses at 100 Hz and recording delayed excitatory postsynaptic
currents (dEPSCs) occurring after cessation of stimulation, from here
called “dEPSC – minimal” (Nagy et al., 2017);
(5) Recording dEPSCs as in (4) but using higher stimulation intensity
in order to activate multiple rather than single callosal axons
contacting the recorded OPC, from here called “dEPSC – nonminimal”;
(6) Recording dEPSCs as in (4) but under conditions where in the
bath solution 2 mM Ca2+ was substituted for 3 mM Sr2+, and Mg2+
was reduced from 2 to1 mM (Fig.1c) , from here called “Strontium”
(Bekkers and Clements, 1999; Lin et al., 2005).
All these experimental paradigms have been used previously to study
neuron – neuron and neuron – OPC synapses.
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Sucrose, Strontium and Ruthenium red change the kinetic parameters
of mEPSCs at axon – OPC synapses
The selected methods worked as expected: they all increased the
occurrence of postsynaptic events in OPCs compared to mEPSC
(Figure 1G-I): 0.076±0.015 Hz for mEPSC, 0.59±0.15 Hz for RR,
46.44±15.8 Hz for sucrose, 42.1±12.19 Hz for dEPSC – minimal,
69.6±11.62 Hz for dEPSC – non-minimal, and 63.8±18.35 Hz for
dEPSC – Strontium.
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Figure 1. All applied methods increased EPSC occurrence frequency compared to mEPSC
A-F: Representative example traces from voltage clamp recordings of OPCs at -80 mV holding
potential for each method. G: Time-course of average event frequency of mEPSC (black),
Ruthenium red (red) and sucrose (blue). In the case of sucrose “0” time point represents the time
of the fast application of the hypertonic solution. H: Time course of the dEPSC occurrence for
minimal stimulation (purple), non-minimal stimulation (yellow), and Strontium (green). “0”
time point represents 10 ms after the end of the electrical stimulation train. I: average event
frequency of EPSC occurrence for each investigated method. Note that each investigated
method increased the frequency of recorded events, therefore making the experiment more timeefficient. One-way ANOVA F(5,64)=10.227, p<0.01; significant post-hoc Dunnett’s test p
values are indicated on the graph.
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We also observed that some of the methods changed the amplitude
and the kinetics of the recorded events. The mESPC mean event
amplitude was 3.1±0.2 pA. This increased significantly upon the
application of sucrose (5.0±0.4 pA) or Strontium (4.2±pA) (Figure
2B). Furthermore, the rise time of synaptic events was also
increased significantly by sucrose (0.91±0.02 ms) and RR
(0.88±0.03 ms) (Figure 2C) compared to mEPSC (0.68±0.03 ms).
These two findings indicated that the events recorded in the
presence of sucrose or RR are not necessarily identical to the
mEPSCs.
Analyzing the mean EPSC waveform recorded from a given cell (as
in Figure 2) is common when studying synaptic currents. This can be
somewhat misleading because averaging many events might bias the
mean waveform towards the more frequent shapes, thus outlier shapes
are neglected. This is a problem because outliers may carry important
information regarding the details of the synaptic transmission. Also,
if the recorded events come from two or more sources, averaging
them will mask this. In any case, the mean EPSC waveform will lose
some of the information which might be important in estimating q.
Therefore we analyzed further the amplitude distribution of the
individual synaptic events in OPCs (Figure 3 A-F and Figure 4A).
The amplitude distribution histogram of mEPSCs had its peak at 2.9
pA (Figure 3A). Sucrose had its peak at 3.8 pA (roughly 36 %
increase) (Figure 3C), and Strontium had its peak at 3.7 pA (roughly
28 % increase) (Figure 3F). This indicates that Sucrose and Strontium
shift the EPSCs to larger amplitudes. We also characterized the
Figure 2. Sucrose, Strontium and Ruthenium red change the kinetics of the EPSCs
compared to mEPSC.
A: Averaged EPSC waveforms. First all events recorded from single cells were averaged.
Then these averaged waveforms were averaged across cells method by method. B:
Amplitude of the mean waveform for each analyzed cell One-way ANOVA F(5,59)=6.229,
p<0.001; significant post-hoc Dunnett’s test p values are indicated on the graph. C: Same
as B, but for 10-90% rise-time. One-way ANOVA F(5,64)=7.583, p<0.001; significant
post-hoc Dunnett’s test p values are indicated on the graph. D: Same as B, but for τdecay for
for each analyzed cell. One-way ANOVA F(5,64)=2.852, p=0.023; significant post-hoc
Dunnett’s test p values are indicated on the graph.
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individual histograms by their skewness. If the skewness value is 1,
then it means that the EPSC event amplitude has a Gaussian
distribution. All experimental approaches were skewed towards the
larger amplitudes. Skewed distribution to the larger values may
indicate intrinsic variations in quantal size (Zhou and Hablitz, 1997)
that can come from variability in the number of transmitter molecules
in a single vesicle (Bekkers et al., 1990), variability in post-synaptic
receptor density (Edwards, 1995), or occasional multi-quantal release
(Ulrich and Luscher, 1993). Interestingly, we could not detect any
significant differences between the methods in the skewness of the
amplitude distribution (Figure 3 G). We also calculated the
coefficient of variation (CV) of the amplitude and did not find any
significant differences there either (Figure 3 H). These findings
indicate that the increase in the mean amplitude probably was not only
caused by more frequent occurrence of larger events, as that would
increase the skewness and CV of amplitude at the Sucrose or
Strontium, respectively.
We performed further statistical comparison of the amplitude
distribution of the events (Figure 4A) with the Kolmogorov-Smirnov
test. This test quantifies the distance between two cumulative
distribution functions. Only dEPSC recorded upon minimal
stimulation were similar to mEPSCs in their amplitude distribution.
All other methods triggered events with different amplitude
distribution. The distribution curve upon RR and Sucrose shifted to
larger amplitudes, which means that: 1. the smaller events of
“mEPSC” were missing, and 2. the larger events became more
frequent (Figure 4A). This could be because of changes in singlechannel AMPA receptor conductance, and/or more frequent multivesicle event occurrence. Upon Strontium the smaller events were
missing, but really large events did not become more frequent, as
indicated by the overlap between the mEPSC and Strontium
conditions at the largest amplitudes (Figure 4A). This implies that all
events were slightly larger compared to the mEPSC events.
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Figure 3. Ruthenium red, Sucrose, dEPSC – non-minimal, and Strontium shift
the amplitude distribution histogram peak to higher values compared to mEPSC.
A-F: Amplitude distribution histograms for each investigated method. First the
histograms were built for each recorded cell, then for representation these histograms
were averaged across cells method by method. The peak location was calculated by
lognormal fit (represented by the continuous lines) on the averaged histograms.
“Empty” histograms represent noise distribution. G: Skewness of the histograms for
each analyzed cell. One-way ANOVA F(5,49)=1.305, p=0.277. H: Coefficient of
variation of EPSC amplitude for each analyzed cell. One-way ANOVA
F(5,49)=2.010, p=0.094.
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Figure 4. EPSC amplitude is increased significantly compared to mEPSC upon
Ruthenium red, Sucrose, dEPSC – non-minimal, and Strontium recordings.
A: Cumulative amplitude distribution histograms for each investigated method overlaid
with the histogram of mEPSC. First the histograms were built for each recorded cell, and
then these histograms were averaged across cells method by method. (Continued on the
bottom of the next page)
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Taken these results together, reports of quantal amplitudes based on
RR, sucrose or Strontium, are probably overestimating the quantal
amplitude. One source of larger events can be the multi-quantal
release: when more than one vesicle is released simultaneously.
Multi-quantal events generally have slower kinetics (rise- and decay
times) (Rudolph et al., 2011). We therefore divided the recorded
EPSC to large and small fraction (Figure 4B-F), to test the possibility
that the larger events arise from multi-quantal release. Our threshold
of small vs. large events was 6.5 pA. This threshold was selected
because on the amplitude distribution histogram of the mEPSCs
(Figure 3A) there is a “gap” there. The “smaller” events (their
amplitudes distributed left from the gap) give a Gaussian distribution.
My theory for this is that these small events are the “true” quantal
events, and the tail of the histogram (right from the gap) origins from
the above mentioned factors (variability in the number of transmitter
molecules in a single vesicle, variability in post-synaptic receptor
density, occasional multi-quantal release). Our observation was that
in the case of the sucrose the proportion of large events is significantly
higher (33±5%) than in mEPSC (15±3%) (Figure 4B). Although RR
(24±3%) and Strontium (25±4%) both increased the proportion of
large events as well, the increase was not statistically significant
compared to mEPSCs. The decay time-constants of the large EPSCs
were significantly larger in the case of mEPSC, RR and sucrose
(Figure 4E). This shows that the existence of large events in these
paradigms can be partially explained by the higher frequency of
multi-quantal release. In the case of the other methods, the kinetics of
(Continuation from previous page) Dotted line represents 6.5 pA, the threshold of large
and small events. Kolmogorov-Smirnov test was used for statistical comparison.
mEPSC vs. RR: p<0.001; mEPSC vs. sucrose: p<0.001; mEPSC vs. dEPSC – minimal:
p=1; mEPSC vs. dEPSC – non-minimal: p<0.001; mEPSC vs. dEPSC – Strontium:
p<0.001. B: Proportion of large events within each method for each analyzed cell. Oneway ANOVA F(5,65)=3.494, p=0.008; significant post-hoc Dunnett’s test p values are
indicated on the graph. C: Mean amplitude of large (full circles) and small (empty
circles) events. Paired t-test was used to compare large vs. small values. D: Mean 1090% rise-time of lage (full circles) and small (empty circles) events. Paired t-test was
used to compare large vs. small values. E: Mean 10-90% rise-time of large (full circles)
and small (empty circles) events. Paired t-test was used to compare large vs. small
values. F: Average event waveform for large (darker line) and small (lighter line)
EPSCs, normalized for their amplitude. First large and small events were separated and
averaged cell by cell, then these averaged EPSC waveforms were averaged across cells
method by method for the figure
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the large vs. small EPSCs did not differ significantly, therefore the
amplitude increase upon Strontium was caused by some other factor
than increase in multi-quantal release.

AMPA receptor single-channel conductance is affected by Ruthenium
red, sucrose and Strontium
It is also possible that some of the tested methods alter the synaptic
function on the post-synaptic site of axon – OPC synapses. In general,
larger conductance of single channels at the postsynapse will be
translated into larger amplitudes of quantal events (Chater and Goda,
2014; Momiyama et al., 2003). The conductance of the AMPA
receptors on the OPCs might be affected by the various methods
through some unknown mechanism, thus altering the amplitude of the
EPSCs. To test whether the AMPA receptor conductance changes
upon the tested conditions, we performed peak scaled non-stationary
fluctuation analysis (NSFA) based on (Hartveit and Veruki, 2007)
(Figure 5). As earlier, we divided the EPSCs to large and small events
with a threshold of 6.5 pA, and estimated the single channel
conductance of AMPA receptors for large and small events
separately. Calculating single channel conductance was not possible
for the large events within mEPSCs, because there were not enough
large events to do so.
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Figure 5. Non-stationary fluctuation analysis reveals altered single-channel
conductance upon Ruthenium red, sucrose, and Strontium compared to
mEPSC.
A: Upper row: three example small EPSC events (black) overlaid by the peak-scaled
mean event waveform (red). Bottom row: Residual noise acquired by subtracting the
red trace from the black trace in the upper row, for each three events, respectively.
B: Same as “A”, except for large EPSC events. C: Small mEPSC variance of
amplitude plotted against amplitude; fitted by parabola function. D: Calculated
single channel conductance for AMPA receptors upon mEPSC events. E: As in C,
for Ruthenium red, filled circles represent the small events, empty squares represent
the large events. F: As in D, for Ruthenium red. G-H: as in E-F, only for sucrose. IJ: as in E-F, only for dEPSC – minimal. K-L: as in E-F, only for dEPSC – nonminimal.

II. Synopsis

36

The estimated single channel conductance was 10.1±2.2 pS during
small mEPSC events. Estimated conductance values were
comparable with mEPSC upon small events from sucrose (15.1±1.5
pS), dEPSC – minimal (10.9±1 pS), dEPSC – non-minimal (14.1±1.4
pS) and dEPSC – Strontium (14.4±1.3 pS). However, upon RR single
channel conductance of AMPA receptors during small events was
considerably increased i.e. 19.9±1.2 pS. Interestingly, during large
events, RR (38.3±1.2 pS), sucrose (36.6±2.2 pS), dEPSC – nonminimal (30.1±2 pS) and dEPSC – Strontium (28.4±1 pS) all
significantly increased the single channel conductance compared to
the corresponding values upon small events. The exception was
dEPSC – non-minimal, where the estimated conductance (8.4±0.9
pS) during large events was comparable with the small events (11 pS).
These calculations are comparable with the literature, where upon
single-vesicle events AMPA receptors exhibit 6-8 pS single channel
conductance, and larger events have higher (13-27 pS) conductance
(Swanson et al., 1997).
The NSFA gave us the following very important insights: 1. single
channel conductance is altered by RR. 2. The calculated conductance
values are drastically different for most methods upon large and small
events. It is possible that upon small and large events a different set
of channels are activated. 3. dPESC – minimal stimulation is an
exception from this rule: it has comparable single channel
conductance values upon both small and large events with the mEPSC
events.
Taking all results in Part I. together, it appears that it is only the
dEPSC – minimal stimulation that gives increased occurrence of
synaptic event while maintaining similar kinetics of events
(amplitude, rise and decay times) and un-altered single channel
conductance, compared to mEPSC. These criteria together indicate
that the dEPSC – minimal stimulation events were indeed most likely
quantal, triggered by only single glutamate-filled vesicles. This
makes this method a prime candidate for an efficient substitution of
mEPSCs recording. Although acquiring results with the other
investigated methods can be valuable, the data analysis and result
interpretation need much more care. I would like to emphasize that
the detected differences between the investigated methods do not
explain the large variability of quantal amplitude in the literature (see
Table 1). Most likely the different approaches in data analysis (event

II. Synopsis

37

detection algorithm, setting different threshold for event amplitude)
contribute greatly to the inconsistencies of the reported values. It
would be also interesting to study whether the trends are present at
neuron – neuron synapses. As these methods were originally adapted
from the investigations of the neuronal synapses, similar distortion of
quantal amplitude and single channel conductance changes are
expected as at axon – OPC synapses.
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Part II. Test in situ whether OPCs can distinguish between
different axonal firing activities

Axon – OPC synaptic signaling is facilitated by repetitive axonal
activity
There are two types of glutamate release onto OPCs when the callosal
axons are stimulated by trains of pulses: 1. synchronous or phasic
release, which is time-locked to the action potential, and follows it
within a few milliseconds ((Kukley et al., 2007; Ziskin et al., 2007)
and Publication 1) 2. Asynchronous or delayed release; which
continues for up to hundreds of milliseconds after the train of action
potentials stops ((Kukley et al., 2007) and Publication 1).
To investigate whether the responses of OPC change upon different
patterns of stimulation we employed whole-cell patch-clamp
recordings of OPCs in live brain slices. We used six stimulation
paradigms: 2 pulses at 25 Hz; 5 pulses at 5, 25, and 100 Hz; and 20
pulses at 25 and 100 Hz (Publication 1, Fig. 1-4 and 6). We observed
two components of presynaptic facilitation, and they were always
present independently from the applied stimulation paradigm at the
axon – OPC synapses.
Short-term facilitation of phasic responses at axon – OPC synapses
The phasic responses of OPC were always facilitated upon train
stimulation, although to a various degree, depending on the paradigm
(Publication 1 Fig. 1, 3 and 6). In addition, the glutamate release
became desynchronized, as the train of stimulation progressed
(Publication 1 Fig. 3, 6). The mean amplitude of the responses in
OPCs (when including the failures) increased as the train of
stimulation progressed (Publication 1, Fig. 1, 3, 6). The degree of
facilitation depended on the type of stimulation paradigm. For
example, upon stimulation with 5 or 20 pulses at 100 Hz, the peak
response amplitude was reached at the 3-4th stimulation pulses, and
then decayed back to the amplitude of the first response (Publication
1, Fig. 1, 3). In contrast, upon stimulation with 20 pulses at 25 Hz the
amplitude reached its peak by the 4-5th pulse, and remained
consistently high throughout the train of pulses (Publication 1, Fig.
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3). The potency of the responses (the mean amplitude excluding the
failures) remained consistent during the stimulation train
(Publication 1, Fig. 1M, 3C, H), while the response probability
(defined as the number of responses divided by the number of trials
at each stimulation pulse) followed the shape of the mean amplitude
(Publication 1, Fig. 1L, 3B, G). Taking together, these findings
indicated that the short-term facilitation is caused by the increased
release probability at the axon – OPC synapses, and is of presynaptic
origin. We did not observe any postsynaptic plasticity (facilitation or
depression) in these experiments.
Most often, the accumulation of presynaptic Ca2+ is a major reason
for this type of facilitation in neuronal synapses (Regehr, 2012). To
test whether this is also the case at axon-OPC synapses, we applyed
EGTA-AM, a cell permeable slow Ca2+-chelator (Smith et al., 1984),
which prevents Ca2+-concentration build-up in the presynaptic site
(Swandulla et al., 1991). EGTA-AM did not affect the amplitude of
the first response during train stimulations, meaning that the basal
synaptic transmission was unaffected (Publication 1, Fig. 2F).
However, it did abolish the previously observed facilitation
completely, by preventing the increase in response probability
(Publication 1, Fig. 2F). This means that, as in neurons, the
facilitation at axon – OPC synapses is also caused by presynaptic
[Ca2+]i build-up.
Increased probability of quantal glutamate release after stimulation
trains
The second component of the presynaptic facilitation we observed
was an increase of quantal glutamate release after the train of
stimulation. This was reflected in a higher occurrence of dEPSCs
after train stimulation. The extent of the delayed responses was
dependent on both the length of the stimulation train and the interpulse interval within the train (Publication 1 Fig. 4, 6). The
occurrence of dEPSCs increased with higher stimulation pulse
numbers when the inter-pulse interval was kept constant (Publication
1 Fig. 4A). The most likely reason for this was that upon longer
stimulation trains more Ca2+ could build up in the presynaptic site,
because the slow Ca2+-buffering capacity of the axons cannot reduce
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the [Ca2+]i to baseline level during the short inter-pulse intervals.
When we compared experiments in which we applied the same
number of pulses per train but varied the inter-pulse interval, we
found that trains with shorter inper-pulse intervals were more
efficient in triggering high number of dEPSCs (Publication 1 Fig.
4D). Both components of the presynaptic plasticity (phasic
facilitation and increased dEPSC-occurrence) were present in both
adolescent and in adult mice (Publication 1 Fig. 4, 6). The decay
time-constant of the dEPSC occurrence varied between 10-150 ms,
depending on the stimulation paradigm (Publication 1 Fig. 4C, F, I,
Fig. 6G). This probably reflects the time-course of presynaptic [Ca2+]i
in callosal axons. For example, the decay time-constant of the callosal
Ca2+-transients upon single-pulse electrical stimulation was reported
around 70 ms (Kukley et al., 2007). The presynaptic [Ca2+]i dynamic
is most likely different upon the various stimulation patterns (Kreitzer
et al., 2000; Scott, 2007). For instance, the stimulation paradigm of 5
pulses at 5 Hz the inter-pulse interval is short enough to trigger some
presynaptic [Ca2+]i-build up, as the Ca2+ level does not return to
baseline within 200 ms. This results in a small rate of dEPSC
occurrence. But upon 25 or 100 Hz stimulation the [Ca2+]i build-up is
much more efficient, the axon cannot decrease the [Ca2+]i fast enough,
therefore the delayed release becomes much more pronounced than at
5 Hz.
So far we have only considered differences in the facilitation from
stimulus to stimulus during the train (Publication 1 Fig. 1K; 3A, C;
6A), and this type of analysis disregards the “time factor”, the
differences in inter-pulse intervals upon the different stimulation
patterns. To estimate the “real-time” effect of the facilitated responses
of OPCs we analyzed synaptic charge transfer through
AMPA/kainate receptors in OPCs upon axonal stimulation (during
and after the train) and plotted it versus real time. The bioelectrical
signals received by OPCs upon the various paradigms were
remarkably different (Publication 1 Fig. 5). Although the total
transmitted charge did not differ significantly during the train
(Publication 1 Fig. 5B), the charge-transfer distribution over time
was diverse (Publication 1 Fig. 5A). Upon longer inter-pulse interval
stimulation paradigms (5 and 25 Hz) the transmitted charge oscillated
with the stimulation frequencies, and resulted in a prolonged charge
transmission process. On the other hand, at 100 Hz stimulation the
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charge is transmitted in “bulk”, resulting in one large local ion
delivery which was over quickly.
Axon – OPC synapses employ the same voltage-gated calcium
channels as neuron – neuron synapses
The basis of glutamate-filled vesicle release is the action potential
dependent Ca2+ entry into the presynaptic sites on the axons, mediated
by voltage-gated Ca2+ channels (VGCCs). It was not clear whether
the phasic and the delayed release of glutamate release are mediated
by the same set of VGCC. In our work, we identified for the first time
the types of VGCCs mediating glutamate release at axon – OPC
synapses in the corpus callosum, with pharmacological methods
(Publication 1, Fig. 2). We voltage-clamped OPCs in the corpus
callosum, triggered glutamatergic responses by electrical stimulation
of axons, and applied blockers of different VGCCs via the bath. The
phasic responses were sensitive to bath application of both ωconotoxin-GVIa (selective blocker of N-type VGCCs) and to ωagatoxin-IVA (selective blocker of P/Q-type VGCCs). Both blockers
impaired the glutamatergic transmission to the same degree. The
average response amplitude to the first stimulation pulse within the
train decreased because of the drop in response probability, and
during the train the phasic amplitudes reached their peak later
(Publication 1, Fig. 2D-E). This was probably caused by the slower
accumulation of presynaptic Ca2+. We observed similar effect on the
delayed release: both antagonists decreased the rate of dEPSC
occurrence (Publication 1, Fig. 2M-N). Simultaneous application of
the two antagonists did not block the synaptic transmission
completely; therefore some other type of channels may also play a
role in the glutamate release at these synaptic sites. Alternatively,
Ca2+-independent transmitter release might also occur, as is known to
happen at some neuron – neuron synapses. It is also possible that in
different brain regions the glutamate release is mediated by different
types of VGCCs, as is the case with neurons (Schlick et al., 2010).
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Part III. Test in vivo whether the different axonal firing patterns
influence the differentiation and proliferation of OPCs in
dissimilar ways

Specific patterns of in vivo stimulation of callosal axons alter the
differentiation of callosal OPCs in freely behaving mice
To test whether elevated action potential activity of callosal axons
modifies the behavior of callosal OPCs in vivo, we implanted an array
of stimulation electrodes to the corpus callosum of adult mice and
stimulated callosal axons using different stimulation paradigms. The
tip of the electrode array was positioned into the corpus callosum,
beneath the primary motor area (stereotaxic coordinates from
Bregma: Rostral-caudal: -1.06 mm, lateral: 0.8 mm, vertical: 1.3
mm). Each mouse was stimulated only in one session. The paradigms
consisted of 20 pulses for 36 trains, separated by 5 minutes (total
duration 3 hours). We applied 3 different paradigms: 5 Hz, 25 Hz and
300 Hz. As a control group, we used mice with electrodes implanted,
but the stimulator was switched off when the animals were connected
to it. The animals were sacrificed 3 or 7 days after the stimulation
(Publication 1 Fig.7).
First we tested whether the differentiation of OPCs into OLs was
affected differently by the applied stimulation patterns (Publication
1 Fig.7). We found that 5 Hz stimulation was the most efficient in
triggering differentiation over seven days, because we observed
significant increase of pre-OL density (Publication 1 Fig.7H). 300
Hz stimulation did not affect the pre-OL density, while the 25 Hz
paradigm caused a slight, statistically not significant increase in preOL density compared to the controls. None of the stimulation
paradigms changed the density of the OPCs or the OLs seven days
after the stimulation. We observed a slight, but statistically significant
reduction of OPC density by the 300 Hz stimulation paradigm, three
days after the stimulation session (Publication 1 Fig.S2A). There are
three likely reasons for this reduction: 1. OPCs commit apoptosis at a
higher rate; 2. OPCs differentiated more readily; 3. OPCs reduce their
proliferation upon 300 Hz stimulation. We can rule out the increased
apoptotic activity, as we did not observe a rise Caspase-3 labeling in
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the corpus callosum (Publication 1 Fig.S3). We observed a small rise
in pre-OL density 3 days after the stimulation sessions (Publication
1 Fig.S2B), which indicates larger differentiation rate. The
proliferation dynamics I discuss below.
These results show that stimulation of callosal axons at low
frequencies acts as a differentiation signal for the OPCs, and
particularly 5 Hz stimulation is efficient in triggering the
differentiation process.
Higher frequencies
proliferation

of

callosal

stimulation

promote

OPC

We also tested whether the callosal stimulation affected the
proliferation of OPCs. Right after the stimulation sessions the mice
received EdU (5-ethynyl-2´-deoxyuridine) in their drinking water for
48 hours. This compound is built into the DNA as a thymidine
analogue, thus labeling the proliferating cells.
We counted the number of EdU+ cells in the stimulated region of the
corpus callosum, and determined the proportion of EdU+ OPCs. All
applied stimulation paradigms increased the number of EdU+ OPCs
compared to the control group, over seven days (Publication 1
Fig.8E), but this effect was statistically significant only upon the 25
Hz and 300 Hz stimulations. Remarkably, the 5 Hz stimulation, which
was so effective in triggering differentiation, did not increase
significantly the proliferation rate of the OPCs. Furthermore, the
stimulation also increased the density of EdU+ OLs, which means
that the newly born OPCs are more likely to turn into OLs than the
resting ones (Publication 1 Fig.8). This increased proliferation rate
did not result in increased OPC density compared to the sham
(Publication 1 Fig.7G), which could mean that 1. OPCs
differentiated; 2. OPCs migrated away; 3. OPCs died; or 4. the time
frame of our experiment is not sufficiently long to see the effect of
increased proliferation in the OPC density. We can rule out increased
cell death, because we did not see increased cell death in the corpus
callosum after the stimulation (Publication 1 Fig.S3). Therefore the
unchanged density of OPCs despite increased proliferation is most
likely due to a combination of the other mentioned factors.
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Taking together the results of our in vivo experiments, we can
conclude that lower stimulation frequencies of callosal axons are
more effective in triggering OPCs differentiation, while higher
frequency stimulation patterns rather promote proliferation of OPCs.
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Part IV. Investigate whether the functional properties of AMPA
receptors in axon – OPC synapses regulate the proliferation and
differentiation of OPCs

Retrovirus can introduce gene alterations in the oligodendrocytelineage
To study functional role of AMPA receptors in the regulation of
proliferation and differentiation of OPCs we aimed to modify the ion
channel function of AMPA receptors of OPCs in the corpus callosum.
We conducted these experiments in 2-3 weeks old mice, as at this age
the OPC proliferation rate is high (Psachoulia et al., 2009; Young et
al., 2013), and they also differentiate rapidly into myelin-forming OL
(Publication 2 Fig. 1C). We used retroviral gene delivery approach
(Tashiro et al., 2007), and introduced three modified GluA2 subunit
into OPCs in vivo: 1. Ca2+-permeable: expression of the unedited
GluA2(R583Q)-GFP subunit, where arginine(R)583 is replaced by
glutamine(Q), aiming to create exclusively Ca2+-permeable AMPARs
(Hume et al., 1991) 2. Pore-dead: expression of GluA2(R583E)-GFP
subunit, where the arginine(R)583 is replaced by glutamic acid (E).
This disables ionic function of mutant GluA2-containing AMPARs
(Dingledine et al., 1992) 3. Over-expression of C-tail: overexpression
of the cytoplasmic carboxyl-terminal (GluA2(813-862)) of GluA2,
which in neurons this perturbs the trafficking and postsynaptic
placement of the endogenous GluA2 subunits (Bassani et al., 2009).
Targeting the AMPA receptors based on their GluA2 content was
possible because in the investigated age group OPCs actively express
this subunit (Publication 2 Fig. 2D and Fig. S1A-B).
We first verified the integration of the introduced GluA2 subunits
with point-mutation into the membrane/postsynaptic site of axon –
OPC synapses, using voltage-clamp experiments (Publication 2 Fig.
2). We used two approaches: recording of the I-V curve and recording
of quantal axon-glia EPSCs. AMPA receptors that lack the edited
GluA2 subunit are highly Ca2+-permeable (Hume et al., 1991), and
their I-V curve shows strong inward rectification in the presence of
intracellular polyamines (Bowie and Mayer, 1995). To study Ca2+permeability of AMPA receptors at axon – OPC synapses we
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analyzed the I-V relationship upon all introduced constructs. We
found that the Ca2+-permeable and pore-dead mutants had strong
inward rectifying curves (Publication 2 Fig. 2D-E). This indicates
that both constructs were expressed by the OPCs and modified
subunits replaced the endogenous AMPA receptors. Upon the GFP
and the c-tail constructs the AMPA receptors showed no inward
rectification, and were very similar to the non-transduced control cells
(Publication 2 Fig. 2D-E, Fig.S1A-B). This suggests that the
endogenous AMPA receptor content of the axon – OPC synapses was
unaffected by the c-tail. To study the alterations in the strength of
axon – OPC synapses we recorded quantal EPSCs. We decided that
recording dEPSCs would be the best and most efficient method, based
on our findings in Part I. We analyzed the amplitude distribution of
the dEPSCs (Publication 2 Fig. 2F-H, Fig. S1C-E), and calculated
single channel conductance of AMPA receptors from these events
(Publication 2 Fig. 2I-J.). The amplitude of dEPSCs was increased
in OPCs expressing the Ca2+-permeable and pore-dead constructs
compared to the GFP construct (Publication 2 Fig. 2F-H). NSFA
revealed that single channel conductance was also increased in OPCs
expressing the Ca2+-permeable and pore-dead constructs compared to
the GFP construct (Publication 2 Fig. 2I-J). The single channel
conductance is larger in AMPA receptors which lack the edited
GluA2 subunit (Swanson et al., 1997). Taken together, our results
indicate that the modified GluA2-subunints were successfully
expressed, and the OPCs inserted them into their post-synaptic sites.
C-tail did not affect dEPSC amplitude, single-channel conductance or
the rectification of the I-V curve. These results suggest that this
construct did not alter the ionotropic function of the AMPA receptors
at the axon – OPC synapses.

All manipulations of GluA2 subunit altered the proportion of OPCs
and OLs within the oligodendrocyte lineage
We counted the transduced (GFP+) OPCs and OLs five days after the
viral injection (Publication 2 Fig. 3). All three manipulations of
GluA2 subunit (pore-dead, Ca2+-permeable and C-tail) increased the
percentage of OPCs and decreased the ratio of the OLs (Publication
2 Fig. 3G, L) within the GFP+ cell population (Publication 2 Fig.
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3E), compared to the control GFP-construct. The ratio of pre-OLs
remained the same in all four experimental groups. The changes
observed in cells over-expressing the C-tail were surprising and
somewhat unexpected, because C-tail did not alter the physiological
parameters of the axon – OPC synapses. The C-tail connects the
AMPA receptors to their intracellular binding partners (Henley,
2003); therefore it is possible that the over-expression of the C-tail
interferes with the downstream signaling cascade of the AMPA
receptors; thus preventing or sidetracking natural OPC
differentiation.

Pore-mutant subunit containing AMPA receptors increase OPC
proliferation
Several mechanisms may contribute to the increased ratio of OPCs to
OLs in our experiments ((Publication 2 Fig. 3): 1. Increased cell
death of OLs; 2. Increased proliferation of OPC; 3. OPCs have lower
probability to transition towards OL fate. We could rule out the first
mechanism, as we did not observe increased labelling for the
apoptotic marker caspase-3 in the corpus callosum in any of the
experimental group (Publication 2 Fig. S3F-K). To assess the second
possibility we used two approaches: we injected EdU to the mice at
the 3-5th day after the virus injection, and counted EdU+GFP+ cells;
and performed immunohistochemistry for Ki67(Publication 2 Fig.
4), a marker which is present throughout the cell cycle (Gerdes et al.,
1984). We found that expressing the GluA2 subunit with poremutations resulted in increased fraction of cycling (EdU+GFP+) cells
within the population of infected (GFP+) cells (Publication 2 Fig.
4C). The observed increase in GFP+ EdU+ cells results from an
increase in the number of EdU+ OPCs (Publication 2 Fig. 4D). The
retrovirus targeted those OPCs which were in the cell cycle at the time
of virus-injection. Thus the GFP+ cells are actively in the cell cycle
or just completed one. The EdU only labels freshly synthetized DNA.
Therefore GFP+EdU+ labeling is possible only if a cell continued
cycling after its transduction with retrovirus. The increased fraction
of EdU+NG2+ cells within GFP+ population upon pore mutations of
AMPARs (Publication 2 Fig.4D) suggests that the expression of these
subunit types drove OPCs to continue to cycle. In addition we found
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that only the pore-dead mutation increased the EdU+ fraction of
transfected OPCs (GFP+NG2+EdU+) significantly (Publication 2
Fig. 4E), suggesting that the pore-dead construct was more efficient
in driving further proliferation than the Ca2+-permeable. This was
supported by our finding that only the pore-dead construct increased
the GFP+NG2+EdU+Ki67+ proportion within the previously-cycling
population of OPCs (GFP+NG2+EdU+) (Publication 2 Fig. 4G) on
the 5th day of the experiment. The GFP+NG2+EdU+Ki67+ OPCs
represent the population which was still actively cycling at the time
of the sacrifice.
Overexpression of the C-tail did not alter the proliferation of OPCs
(Publication 2 Fig. 4C-E, G), but the proportion of OPCs was still
higher upon this construct than in the GFP control (Publication 2 Fig.
3E). These together suggest that C-tail indeed perturbs the
differentiation of OPCs without driving significant increase in their
proliferation.
Taken everything together in this section, two mechanisms may
explain the increased ratio of OPCs upon the different constructs:
either the transduced cells differentiate slower (or even leave the cell
cycle to the G0 phase without differentiating); or OPCs proliferate
rather than differentiate. Combining the differentiation and
proliferation data (Publication 2 Fig. 3H, FigS4) revealed that both
EdU+ and EdU- OPCs contributed to the increased ratio of OPCs
within the GFP+ cells, for all manipulations. Upon the pore-dead
construct the EdU+ population was larger than the EdU-; for the Ctail and the Ca2+-permeable the EdU- population was higher than the
EdU+ (although to a different degree). These results together suggest
that the AMPA receptors at axon – OPC synapses do modulate the
fate of OPCs; and depending on the exact construct they can
contribute to both mechanisms, i.e. lowering differentiation rate and
increasing the proliferation.
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Discussion and outlook
In my doctoral studies I have shown that OPCs give very different
synaptic responses to dissimilar patterns of repetitive neuronal
stimulation. As indicated by the AMPA receptor-mediated responses
of OPCs, axons dynamically modulate the quantity and temporal
profile of glutamate release at axon – OPC synapses in the corpus
callosum. To my knowledge, we were the first to analyze in details
the responses of OPCs to different repetitive neuronal firing patters.
Our data provide new important pieces of information, because, in
spite of the fact that cortical neurons often fire repetitively (Ramos et
al., 2008; Vijayan et al., 2010; Zhu and Connors, 1999), and changes
of neurotransmitter release at neuronal synapses during repetitive
activity have been studied extensively (Balakrishnan and Mironov,
2018; Hennig, 2013; Kim and McCormick, 1998; Regehr, 2012; Wu
and Borst, 1999; Zhang et al., 2011), no information has been
previously available with this regard for axon – OPC synapses.
I also demonstrated in vivo that different patterns of axonal
stimulation translate to distinct behavior of callosal OPCs: some
frequencies promote differentiation of OPCs, while others rather
enhance their proliferation. This is a remarkable finding because the
studies before usually focused on testing only one stimulation
frequency, and even used different brain regions for their studies.
We also found that physiological properties of the AMPA receptors
at the axon – OPC synapses also play a crucial role in the regulation
of the proliferation and differentiation of the OPCs.
These data together suggest that both pre- and post-synaptic
properties of axon – OPC synapses play a key part in modulating the
cellular fate and behavior of OPCs.
In my doctoral work, I have also provided an important
methodological contribution to research on axon – OPC synapses: I
have shown that the methods utilized by different researchers to
increase the occurrence of quantal axon – OPC currents with a goal
to investigate the properties these synapses are not interchangeable. I
found that despite the pharmacological approaches (such as
application of ruthenium red, high-osmolarity solutions or Strontium)
are useful for increasing the frequency of quantal events, they might
also change fundamental parameters of the glutamatergic synaptic
transmission at axon – OPC contacts, i.e. quantal amplitude, rise- and
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decay-times, or single channel conductance of AMPA receptors.
Contrariwise, the dEPSC elicited by minimal electrical stimulation of
callosal axons mirrored the amplitude distribution, rise- and decaykinetics of spontaneous mEPSCs. Upon dEPSC events the estimated
single channel conductance remained similar to the conductance upon
mEPSCs. Therefore recording dEPSC with the purpose of quantal
event detection is time-efficient; and dEPSC resemble greatly the
“gold standards” of quanal events, the spontaneous miniature EPSCs.

Specific patterns of neuronal activity promote OPC proliferation and
/ or differentiation
The dynamic modulation of the myelination process is a type of
plasticity of the CNS. This modern concept became widely
established in the last few years (Fields, 2015). The formation of
myelin coincides with the acquisition of new cognitive and motoric
skills in humans (Bengtsson et al., 2005; Fields, 2008; Nagy et al.,
2004); and also in rodents new myelin formation is a prerequisite of
motoric learning (McKenzie et al., 2014). The new myelin sheaths are
generated by OPCs differentiating into OLs (Emery, 2010), therefore
it is crucial to understand what signals drive OPC differentiation and
proliferation upon neuronal activity.
OPCs are one of the major proliferating cell types of the adult CNS.
The continuous proliferation and differentiation capability of OPCs
are crucial for the healthy functioning of the adult brain. OPCs
provide a constant renewing basis (Psachoulia et al., 2009; Young et
al., 2013) for myelination even in adulthood.
Mounting evidence in vivo suggest that the proliferation and the
differentiation of OPCs are regulated by the activity of the nearby
axons. Blocking action potentials in the optic nerve reduces the
proliferation of OPCs (Barres and Raff, 1993). Enhancing the
neuronal activity with electrical stimulation (Li et al., 2010; Nagy et
al., 2017) or with optogenetic methods (Gibson et al., 2014) supports
increased rate of proliferation and differentiation of OPCs. From
these three studies (Gibson et al., 2014; Li et al., 2010; Nagy et al.,
2017 (Publication 1)), we can draw several important conclusions.
First, stimulation frequency is an important aspect in the regulation
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of OPC proliferation: 333 Hz (Li et al., 2010); 20 Hz (Gibson et al.,
2014); and 25 Hz and 300 Hz (Publication 1 Fig.7-8.), all increased
the rate of OPC proliferation, but to a different degree (Publication
1 Fig.8.). However, 5 Hz stimulation did not increase the proliferation
of OPCs (Publication 1 Fig.7-8.). The 20 Hz stimulation (Gibson et
al., 2014) seems more efficient in triggering proliferation and
differentiation than the 25 Hz (Publication 1 Fig.8.), despite the
small frequency difference. However, as second conclusion, we can
state that the effect of the stimulation seems to be graded, more pulses
translate to a stronger effect: a total 18000 stimulation pulses in half
an hour (Gibson et al., 2014), or 1620000 electrical pulses over 10
days (Li et al., 2010) were more efficient in triggering proliferation
than 720 pulses delivered over three hours (Publication 1 Fig.7-8.).
This would also explain why 20 Hz stimulation applied by Gibson et
al. was more efficient in triggering stimulation than the 25 Hz
stimulation applied in our study. Third, lower frequencies of
stimulation are more effective in triggering differentiation: 20 Hz
(Gibson et al., 2014) and 5 Hz (Publication 1 Fig.7-8.) both increased
the differentiation rate significantly, while 25 Hz and 300 Hz failed
to do so (Publication 1 Fig.7-8.)(Nagy et al., 2017)(Nagy et al.,
2017)(Nagy et al., 2017)(Nagy et al., 2017)(Nagy et al., 2017)(Nagy
et al., 2017)(Nagy et al., 2017)(Nagy et al., 2017). Fourth, newly born
OPCs (indicated by their EdU+ labeling) more readily respond by
differentiation to these manipulations, as indicated by the increased
ratio of EdU+ OL upon 20 Hz (Gibson et al., 2014), 5 Hz, 25 Hz and
300 Hz (Publication 1 Fig.7-8.) stimulation paradigms.
The adaptation of these conclusions to more natural manipulations of
the neuronal activity is challenging. Increased physical activity or
enriched environment promotes OPC proliferation in the amygdala,
and also influences their differentiation (Ehninger et al., 2011), but it
is problematic to predict what kind of neuronal activity the OPCs
detect in these “brain states” (exploration or physical activity vs.
“baseline”). For example, regularly spiking pyramidal neurons of the
barrel cortex have an average firing rate of 8 Hz, but upon whiskervibration this can reach up to 35 Hz (Vijayan et al., 2010). This firing
range is close to our tested paradigms (5 Hz and 25, Hz), but what the
OPCs actually detect and decode from this dynamically changing
activity is uncertain. To complicate things further, while whiskerlesion reduces the glutamatergic input to OPCs in the barrel cortex, it
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increases OPC proliferation. Further investigations are necessary to
identify the properties of neuronal signaling to OPCs in vivo. For
example, patch-clamping OPCs in the barrel cortex in vivo while
stimulating the whiskers would reveal precisely what OPCs can
detect in the exploratory state of a mouse.
OPCs can distinguish different patterns of axonal stimulation via
their glutamatergic synapses
The physiology and location of glutamatergic synapses on OPCs
make them a prime candidate for detecting neuronal signals and
translate it to various cellular processes. We think that OPCs are able
to distinguish the distinct firing patterns of their presynaptic neurons
(Publication 1, Fig.1, 3-5.) because: 1. the degree of the short-term
facilitation of the phasic synaptic transmission at axon – OPC
synapses depends on the number and frequency of pulses during
repetitive axonal stimulation. 2. The delayed release of glutamate at
the axon – OPC synapses depends on the frequency of the firing and
the number of action potentials as well. 3. The temporal distribution
of the charge transferred through the AMPA receptors in OPCs, as
well as the pattern of the charge oscillations differ: at higher axonal
stimulation frequencies (100 Hz) the charge goes through the
receptors in one large bulk, whereas upon lower stimulation
frequencies (5 Hz and 25 Hz) it oscillates according to this frequency
of the stimulation.
Predicting how OPCs decode these type of oscillations can vary
according to how we consider these signals. Activation of AMPA
receptors can be simply seen as a bioelectrical signal to OPCs: the
AMPA receptor activation will lead to depolarization because the
resting membrane potential of the OPC. The temporal pattern of
membrane potential changes, e.g. during repetitive neuronal activity,
may contribute to the bioelectrical control of cell cycle (Blackiston et
al., 2009), e.g. through DNA-synthesis inhibition (LoTurco et al.,
1995); or inversely, by stimulating the proliferation through cyclindependent kinase 2 activation (Seo et al., 2006). In neurons, same
amount but different timing of electrical activity triggers transcription
of dissimilar genes (Lee et al., 2017). Similarly, the exact nature of
temporal and spatial distribution of the membrane depolarization may
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play a significant role in the regulation of cell cycle and
differentiation of OPCs.
Physiological properties of AMPA receptor at axon – OPC synapses
modulate OPC proliferation and differentiation
Several signal transductions pathways could be triggered downstream
of AMPA receptor activation (Henley and Wilkinson, 2013; Qin et
al., 2005). For example, AMPA receptor activation can influence the
mitogen-activated protein kinase pathway (Kuroda et al., 2001),
which directly modulates cell cycle and cellular fate. In neurons, the
C-tail of the AMPA receptor is responsible for the binding of
intracellular partner-molecules, and the over-expression of the C-tail
perturbs the subunit trafficking (Bassani et al., 2009). We found that
over-expression of the C-tail of the GluA2 subunit in OPCs
significantly impairs their differentiation, without changing the ionic
currents through the AMPA receptors (Publication 2 Fig.2). This
suggests that not just the bioelectrical signaling and / or ionic currents
through AMPA receptors play a role in regulating the differentiation
of OPCs (see below), but the intracellular binding partners of AMPA
receptors are just as important (Henley, 2003) in the signal
transduction. The underlying downstream signaling cascade is yet to
be identified.
One can look at the repeated activation of AMPA receptors as a
purely bioelectrical signal (see previous section), but the type of ions
which the AMPA receptor channels are letting through can be also
important. AMPA receptors are mainly permeable for K+ and Na+,
but depending on their subunit composition, AMPA receptors can be
permeable for Ca2+ as well (Hume et al., 1991). Migration (Tong et
al., 2009) and differentiation (Cheli et al., 2015) of OPCs is known
to be dependent on intracellular Ca2+-dynamics, and therefore it may
be influenced by Ca2+-permeability of AMPA receptors activated by
neuronal firing. Ca2+-permeability of AMPA receptors could be also
crucial for the regulation of proliferation for OPCs, for example Ca 2+
is a vital modulator of proliferation of neuronal progenitors (Jansson
and Åkerman, 2014), tumor cells (Cui et al., 2017), and endothelial
cells (Moccia et al., 2012). AMPA receptors in callosal OPCs in
young mice are impermeable for Ca2+ (Ziskin et al., 2007), and the
OPCs have short cell-cycle time and proliferate quickly (Psachoulia
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et al., 2009; Young et al., 2013). In the adult mice, callosal OPCs
express Ca2+-permeable AMPA receptors, while having much longer
cell cycle phases and lower differentiation capabilities. This may
indicate that the Ca2+-permeability is a key feature of AMPA
receptors in controlling the proliferation and differentiation of OPCs.
We tested this hypothesis by transducing the OPCs with different
retroviral vectors. The expression of unedited GluA2(R583Q)-GFP
subunit (“Ca2+-permeable”), or the expression of the of the
GluA2(R583E)-GFP subunit (“pore-dead”) (Publication 2 Fig.2)
both lead to increased expression of Ca2+-permeable AMPA receptors
(Publication 2 Fig.2) at the axon – OPC synapses, which drove the
OPCs towards proliferation instead of differentiation (Publication 2
Fig.3-4). Interestingly, we detected a very wide range of rectification
indices both in intact (Publication 2 Fig. S1B) and in GFPtransduced OPCs (Publication 2 Fig. 2E). This means that in
physiological conditions some OPCs express more Ca2+-permeable
AMPA receptors than the others. This would imply that there are
more subpopulations of OPCs. Based on our findings (Publication 2
Fig. 3-4), it is plausible that OPCs with higher rectification indices
more likely proliferate, thus providing continuous self-renewal for the
OPC population; while other OPCs with lower rectification indices
more likely differentiate, and responsible for myelin generation.
There is independent, indirect evidence for this: based on
transcriptomic analysis of oligodendrocyte lineage cells (Marques et
al., 2016), there are two distinct populations of oligodendrocyte
precursors: the OPCs and the “differentiation-committed
oligodendrocyte precursors” (COPs). The differences are subtle and
most of the transcriptomic content is similar. However, COPs express
less cell-cycle related markers than OPCs, and increase the expression
of genes involved in migration. Most likely in our study the “OPCs”
were a pooled population of OPCs and COPs.
The specific patterns of axonal firing and AMPA receptor properties
regulate together the proliferation and differentiation of OPCs
In adult naïve mice most callosal OPCs have Ca2+-permeable AMPA
receptors (Ziskin et al., 2007). Making the APMA receptors into Ca2+permeable in mice pups therefore mimics the “adult” phenotype of
OPCs. Our results indicate that the higher proportion of Ca 2+-
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permeable AMPA receptors lead to decreased differentiation and
increased proliferation (Publication 2 Fig. 3-4). We stimulated the
callosal axons in adult animals (Publication 1 Fig. 7-8), yet the OPCs
responded readily by differentiation to callosal stimulation of 5 Hz,
without significant increase in OPC proliferation. This suggests that
the two factors (presynaptic activation pattern and type of
postsynaptic AMPA receptor) together determine the final behavior
of the OPCs. This also raises the possibility that the optimal axonactivation patterns for promoting OPC proliferation or differentiation
are fundamentally different in young mice and older mice; just
because of the different AMPA-receptor set of the OPCs.

Final remarks
So how do the axonal activity and AMPA receptor activation translate
into OPC proliferation or differentiation? Through which signal
transduction mechanism(s) the OPCs decode the information? These
questions are still not answered. It also still has to be discovered
which neuronal firing patterns in vivo are the most efficient in
triggering / blocking proliferation and differentiation of OPCs. The
exact role of AMPA receptor in OPCs for regulation of these cellular
processes also should be further investigated. Other key factors
released by neurons could affect behavior and function of OPCs, will
have to be identified, not just in vitro, but in vivo as well. It is almost
certain that glutamate release is not the only cue from axons that is
important for OPCs: co-release of other factors, such as ATP (Wake
et al., 2015), adenosine, or nitric-oxide (Garthwaite et al., 2015) may
also play an important role in vivo. In future studies, the intracellular
signaling pathways leading to proliferation and differentiation will
have to be dissected. One possibility might be to look at the
transcriptional changes in the OPCs upon various axonal stimulation
paradigms. In this way, a gene network, switched on in OPCs by the
different patterns of neuronal activity and leading to either
proliferation or differentiation can be identified. The role of Ca 2+ in
the signal transduction pathways will also have to be further clarified.
Although from our studies the Ca2+-permeability of the AMPA
receptors seems to be crucial in the regulation of OPC proliferation
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and differentiation, we cannot rule out that other intracellular calcium
sources contribute or amplify the effect through their Ca 2+-release.
It is vital to understand in details the mechanisms leading to
proliferation or differentiation of OPCs, as here may lay the key for
healing severe pathological conditions, such as multiple sclerosis or
certain types of glioblastomas. Such research directions, based on the
results presented here, might be able to open new perspectives in
treating these severe oligodendroglia-related diseases.
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OPC: oligodendrocyte precursor cell
pre-OL: premyelinating oligodendrocyte
PDGF-Rα: receptor alpha for platelet-derived growth factor
PLP/DM20: proteolipid protein 1
TTX: tetrodotoxin
VGCC: voltage-gated calcium channel
Appendix
Materials and Methods for Part I: “Identify the most efficient
method to estimate the quantal physiological parameters of the
neuron-OPC glutamatergic synapses”
Electrophysiology: All patch-clamp recordings were performed as
described in details in Publication 1 (Nagy et al., 2017) and / or in
Publication 2 (Chen et al., 2018).
Briefly: Recording solution: Ringer solution containing (in mM): 124
NaCl, 3 KCl, 1.25 NaH2PO4*H2O, 2 MgCl2, 2 CaCl2, 26 NaHCO3,
10 glucose; 300 mOsm/kg; 7.4 pH; gassed with carbogen. Patchpipettes had 5-7 MOhm resistance, and were filled with (in mM): 125
K-gluconate, 2 Na2ATP, 2 MgCl2, 0.5 EGTA, 10 HEPES, 20 KCl, 3
NaCl; 280–290 mOsm/kg, titrated to pH 7.3 with KOH. All
recordings of synaptic currents were performed in the presence of
NMDA-receptor antagonist (RS)-3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP) and GABAA-receptor antagonist
(RS)-3-(2-Carboxypiperazin-4-yl)-propyl-1-phosphonic
acid
(gabazine, 5 μM). All drugs were added to Ringer solution and
perfused via the bath or applied locally. The following experimental
paradigms were applied:
1.
2.

mEPSC: TTX was perfused in order to block action
potentials, and spontaneous EPSC events were recorded
RR: same as 1., but in addition 100 µM ruthenium red was
perfused
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Sucrose: local application of 500 mM through a patch
pipette with 3-4.5 µm opening, by pneumatic drug ejection
system with microJECT (PDES; NPI Electronic)
dEPSC – minimal: electrical stimulation of single axons
with 20 pulses at 100 Hz, as described in Publication 1
(Nagy et al., 2017)
dEPSC – non-minimal: as in 4., but with higher stimulation
intensity
Strontium: as in 4., but in the Ringer solution Ca2+ was
removed, Mg2+ was reduced to 1 mM, and 3 mM Sr2+ was
added.

All data analysis was performed as described in Nagy et al. 2017. The
amplitude histograms (both conventional and cumulative) were built
for each recorded cell individually, and then the resulting histograms
were averaged for the graphs.
Skewness was defined for the histogram of each cell as:
1
𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
𝑉_𝑛𝑝𝑛𝑡𝑠

𝑉𝑛𝑝𝑛𝑡𝑠 −1

𝑌𝑖 − Y
∑ [
]3
𝜎
𝑖=0

Where V_npnts = number of EPSC events recorded from one cell; Yi
= amplitude of single EPSC; Y = mean of single EPSC amplitudes
for the given cell; σ = standard deviation of the mean of the amplitude.
Coefficient of variance of the amplitude was defined as:
A
𝐶𝑉 =

𝜎

x100

Where A =mean amplitude of events recorded from single cells; σ =
standard deviation of the mean of the amplitude.
Number of cells included in Part I. of the thesis: mEPSC: 10; RR: 13;
Sucrose: 11; dEPSC – minimal stimulation: 16; dEPSC – nonminimal stimulation: 10; Strontium: 10. To avoid pseudoreplications, we did not perform the same type of experiment from
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brain slices the same mouse. Occasionally, we recorded different
protocols from the same cell. A total number of 57 cells were included
in the analysis.
Non-stationary fluctuation analysis (NSFA): to estimate singlechannel conductance of AMPA receptors we performed peak-scaled
NSFA based on (Hartveit and Veruki, 2007). The analysis flow is
described in details in Chen et al 2018. The differences are: we
analyzed the EPSC events separately for small (<6.5 pA) and large
(>6.5 pA) events. The numbers of analyzed EPSC events were: 112
small events from 10 cells for mEPSC; 300 small and 170 large events
from 9 cells for RR; 185 small and 114 large events from 7 cells for
sucrose; 182 small and 87 large events from 12 cells for dEPSC –
minimal; 113 small and 69 large events from 10 cells for dEPSC –
non-minimal; 166 small and 182 large events from 7 cells for dEPSC
– Strontium. In the mEPSC group there were not enough large events,
even after we pooled the experimental data from 10 cells, therefore
we could not analyze single-channel conductance of large mEPSC
events.
For the other publications included in this thesis, the Materials and
Methods are described within the publications (see below!).
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Publication 1. Different patterns of neuronal activity trigger
distinct responses of oligodendrocyte precursor cells in the corpus
callosum.
Nagy B., Hovhannisyan A., Barzan R., Chen T-J., Kukley M.
(2017) PLOS Biol. 2017 Aug 22;15(8):e2001993.
Framework: In this original research paper we established that in
brain slices, oligodendrocyte precursor cells (OPCs) can decode the
different firing patterns of callosal axons via their glutamatergic
synapses. By in vivo stimulation of the corpus callosum, we
confirmed that low axonal stimulation frequencies trigger OPC
differentiation, while high frequencies promote OPCs proliferation.
Thus, the different stimulation patterns of axons modulate behavior
of OPCs in distinct ways. This suggests that axons can regulate their
own myelination.
Contributions: MK, AH and me conceptualized the study. I
performed 60 % of all patch-clamp recordings. The patch-clamp data
analysis was optimized with a series of trial analysis by me, AH, and
MK. The formal and final analysis of the patch-clamp data was
analyzed by me (~80%) and MK (~20%).
I independently established the surgical procedures, the in vivo setup
where I conducted the experiments, and all in vivo experimental
paradigms. This involved preparing all electrode arrays for
implantation, performing surgeries, in vivo stimulations, and the
tissue preparations for immunohistochemistry. I optimized the EdU
administration to the living mice, adjusted the EdU-visualization
protocol, the CD68-immunostaining protocol, and the caspase-3
immunostaining protocol.
I made roughly 90 % of the immunohistochemistry staining, and
made all confocal imaging experiments. The rest of the staining was
executed by TJC and MK. I performed approximately the 50% of the
cell counting. The other half of the cell counting was done by RB.
I performed all statistical analysis and made all figures with help and
feedback from MK, TJC, RB and AH. I and MK wrote the original
draft; we reviewed and edited it after the peer-review process.
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S1 Fig. Simultaneous application of ω-Conotoxin-GVIA and ω-Agatoxin-IVA
reduces synaptic transmission but does not abolish it completely.
(A-C) Average current amplitude including failures, response probability, and response
potency upon each stimulus of the train during control conditions and after perfusion of
ω-Conotoxin-GVIA (Ctx) and ω-Agatoxin-IVA (Atx). n = 3 cells from 3 mice. Each
point represents mean±SEM. Paired T-test (S8 Table). *p<0.05; **0.001 (D) Peak rate
of delayed currents in OPCs during control conditions and after perfusion of ωConotoxin-GVIA and ω-Agatoxin-IVA. Each grey point represents an average peak rate
in an individual experiment. Each point in color represents the mean peak rate within the
experimental group.
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S2 Figure. Effect of electrical stimulation on the number and differentiation of
OPCs three days after the stimulation session.
(A-B) Average density of (A)OPCs and (B)pre-OLs in corpus callosum upon
electrical stimulation of callosal axons at 25 Hz (n = 3 mice, total 11slices) or 300 Hz
(n = 3 mice, total 10 slices), vs. sham-treated control animals (n = 7 mice, total 25
slices). Note that differentiation rate was significantly increased by 25 Hz but not by
300 Hz stimulation (B). Nested ANOVA and post-hoc Tukey were used for statistical
analysis (S18 Data). Box- and whisker plots: the bottom and top of each box represent
25th and 75th percentiles of the data, respectively; while whiskers represent 10th and
90th percentiles (sometimes the whiskers are not visible). The midline represents the
median.
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S3 Fig. Cell death was not observed in the corpus callosum three days after the stimulation
at 300 Hz, and also not in sham treated animals.
(A-C) Sham-treated animal: Coronal section of corpus callosum showing double channel
immunofluorescent labelling with DAPI (A, blue), Caspase-3 (B, red), and the overlay of two
channels (C). Left column: Overview image taken with an open pinhole. The dashed and white
squares indicate the region of electrode implantation and the region of interest used for counting
of oligodendroglial cells, respectively. These regions are shown at a higher magnification in the
middle- and right-column images. Note that cell counting area is far away from injury site. ctx
= cortex, cc = corpus callosum, hc = hippocampus. Scale bars: 500 μm. Middle column: Higher
magnification of the area indicated on the left image with the dashed square. The image shows
the site of cortical injury caused by electrode implantation. Single confocal plane. Scale bars:
100 μm. Right column: Higher magnification of the area indicated on the left image with the
white square. The image shows the region of corpus callosum with white dashed line denoting
the region of interest where counting of oligodendroglial cells was performed. Single confocal
plane. Scale bars: 100 μm. (D-F) As in (A-C) but for 300 Hz stimulation. Note that in E (left
panel) the right part of the corpus callosum appears brighter. This is due to the folding of the
slice and not due to the positive labelling with caspase-3, as revealed by the single confocal
image of that region (right panel). Note that in both sham-treated and stimulated animal caspase3-expressing cells are visible only at the injury site, but not in corpus callosum. All images are
representative examples. Samples from the group of mice received stimulation at 25 Hz (not
shown) followed very similar pattern, i.e. caspase-3-expressing cells appeared at the injury site,
but not in the corpus callosum.
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S4 Fig. Microglia activation was not observed in the corpus callosum three days after the
stimulation at 300 Hz, and also not in sham-treated animals.
(A-C) Sham-treated animal: Coronal section of corpus callosum from a showing double channel
immunofluorescent labelling with DAPI (A, blue), CD68 (B, red), and the overlay of two channels
(C). Left column: Overview image taken with an open pinhole. The dashed and white squares
indicate the region of electrode implantation and the region of interest used for counting of
oligodendroglial cells, respectively. These regions are shown at a higher magnification in the
middle- and right-column images. Note that cell counting area is far away from injury site. ctx =
cortex, cc = corpus callosum, cc = hippocampus. Scale bars: 500 μm. (Continuation from previous
page) Middle column: Higher magnification of the area indicated on the left image with the dashed
square. The image shows the site of cortical injury caused by electrode implantation. Single confocal
plane. Scale bars: 100 μm. Right column: Higher magnification of the area indicated on the left
image with the white square. The image shows the region of corpus callosum with white dashed line
denoting the region of interest where counting of oligodendroglial cells was performed. Single
confocal plane. Scale bars: 100 μm. (D-F) As in (A-C) but for 300 Hz stimulation. Note that in both
sham-treated and stimulated animal CD68-expressing cells are visible only at the injury site, but not
in corpus callosum. All images are representative examples. Samples from the group of mice
received stimulation at 25 Hz (not shown) followed very similar pattern, i.e. CD68-expressing cells
appeared at the injury site, but not in the corpus callosum.
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Publication 2. In vivo regulation of oligodendrocyte precursor
cell proliferation and differentiation by the AMPA-receptor
subunit GluA2.
Chen T-J., Kula B., Nagy B., Barzan R., Gall A., Ehrlich I., and
Kukley M. (2018) Cell Reports 2018 25, 1-10
Framework: This is an original research paper. The aim was to study
in vivo how the functional properties of AMPA receptors in
oligodendrocyte precursor cells (OPCs) modulate the proliferation
and differentiation of OPCs. To address this aim, we targeted the
GluA2 subunit of AMPA receptors in OPCs in the corpus callosum
using retroviral approach. We found that introducing unedited or
pore-dead GluA2 subunit of AMPA receptors, the modifications
which render the receptors Ca2+-permeable, promoted OPC
proliferation, and reduced their capability to differentiate into
oligodendrocytes. Overexpression of the C-tail of the AMPA receptor
in OPCs reduced OPC differentiation, without affecting their
proliferation rate.
Contributions: I recorded 10 % of the I-V curve experiments and
delayed synaptic events, and analyzed these experiments. I counted
cells for the evaluation of the immunohistological data. The rest of
the counting was done by RB, T-JC and BK. I participated in the
optimization of the electrophysiological data analysis. The rest of the
electrophysiological and histological data was recorded and analyzed
by T-JC, BK and MK. All the molecular biology was performed by
T-JC, with the initial help from AG and IE. In vivo stereotaxic
retroviral injection was done by T-JC. Brain preparation and
immunohistochemistry were done by T-JC, BK and MK. The
statistical analysis was performed by T-JC with the help of BK and
me. The figures were prepared by T-JC, with feedback from BK, MK,
IE and me. T-JC, IE and MK wrote the original draft and T-JC, BK,
RB, IE, MK and me reviewed and edited the final version of
manuscript.
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Publication 3. Fate of neuron-glia synapses during proliferation
and differentiation of NG2 cells.
Fröhlich N., Nagy B., Hovhannisyan A., Kukley M. (2011) J Anat.
2011 Jul;219(1):18-32.
Framework: This is a review paper which gives a broad overview on
the general morphological and physiological features of the
oligodendrocyte precursor cells (OPCs). We highlighted new (in
2010-11) findings on the properties of OPCs in the developing and
the adult nervous systems of rodents. We discussed more specifically
how unique electrophysiological and synaptic attributes of OPCs
change during proliferation and differentiation. In the conclusion
sections we drew attention to some of the most interesting questions
arising from the reviewed literature, and set a new direction for our
research for the following years. I would like to emphasize that with
Nagy et al. (2017) and Chen et al. (2018) we successfully answered
some of the questions raised in this review.
Contributions: The authors selected on the reviewed themes and
research papers together. The outline of this review was decided
through discussions. Each author wrote parts of the original
manuscript. I wrote parts of the “Introduction”, and the sections
“Appearance, distribution and progeny of NG2 cells” and “NG2 cells
express voltage-gated potassium and sodium channels”. The layout
and design of the figures were decided together, and NF and MK
prepared the illustrations. NF and MK created the final manuscript
after the review process.
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