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Abstract 

Induction of neuronal plasticity by drugs and physiological mechanisms has been an important 
topic in the modern neuroscience investigations due to its potential to restore functions in a wide range 
of disorders. However, significant progress in this area has been hampered by the lack of knowledge on 
the precise mechanisms and underlying molecular pathways. Perineuronal nets (PNNs), extracellular 
matrix structures that are particularly abundant around parvalbumin-containing (PV+) neurons, mature 
towards the end of the critical period in the brain development and inhibit neuronal plasticity. However, 
molecular pathways affected by PNN composition are not well known. On the other hand, tropomyosin 
receptor kinase B (TRKB), receptor for brain-derived neurotrophic factor (BDNF), is a well-recognized 
facilitator of plastic changes in the central nervous system. Whether these two opposing mechanisms 
converge on any common molecular pathway has not been identified previously.  

In the first study, we identified that perineuronal nets inhibit flexibility of neuronal cells and 
circuits through binding to receptor-like protein tyrosine phosphatase sigma (PTPσ), which 
subsequently dephosphorylates and inactivates TRKB. Specifically, we found that PNN component 
aggrecan restricts TRKB phosphorylation, while PNN removal by enzymatic activity of chondroitinase 
ABC (chABC) increases TRKB phosphorylation in neuronal cultures in vitro. We also found that a well-
known ability of chABC to induce ocular dominance plasticity in the adult brain is dependent on TRKB, 
as mice deficient for TRKB in parvalbumin neurons (PV-TRKB+/-) do not exhibit enhanced plasticity in 
the visual cortex after chondroitinase treatment. We discovered that genetic knockdown of the PNN 
receptor PTPσ facilitates TRKB activation in vitro and in vivo, and that adult PTPσ+/- mice have juvenile-
like plasticity in the visual cortex. We confirmed that TRKB and PTPσ display interaction in vitro, and 
identified that interaction occurs in the transmembrane domain. Finally, we found that the interaction 
between TRKB and PTPσ is diminished by antidepressant fluoxetine in vitro and in vivo. Altogether, our 
study suggests that chABC and antidepressant treatment induce plasticity through activation of TRKB 
by relaxing dephosphorylating control of PTPσ over it. 

In the second study, we focused on studying the molecular and behavioral phenotype of 
increased tonic plasticity displayed by genetic deficiency of PTPσ. We found that PTPσ+/- mice have 
increased phosphorylation of PLCγ1 but not Akt or Erk, suggesting that PTPσ specifically modulates 
PLCγ1 but not the other TRKB downstream signaling pathways. We did not find any changes in the 
expression levels of PSD-93, PSD-95 or in the number of excitatory synapses in their brain, suggesting 
that their phenotype cannot be explained by an altered number of synapses. We carried out a battery 
of behavior tests and discovered that PTPσ+/- mice have improved short-term and deteriorated long-
term memory, as evident from their performance in the novel object recognition and fear conditioning 
tests. Finally, these mice do not exhibit any behavior abnormalities in elevated plus maze, open field, 
marble burying or forced swim test, suggesting that their behavioral changes are specific for tests 
requiring cognitive flexibility. We propose the term "hyperplasticity" to describe the PTPσ+/- mouse 
phenotype. 

Altogether, the current PhD project investigated the interaction between perineuronal nets, 
transmembrane phosphatase PTPσ and tyrosine receptor kinase TRKB in mediating plasticity in the 
brain. 
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Abbreviations 

Akt – RAC-alpha serine/threonine-protein kinase (protein kinase B) 

AP – action potential  

BDNF – brain-derived neurotrophic factor 

C – contralateral 

cAMP – 3',5'-cyclic adenosine monophosphate 

cDNA – complementary deoxyribonucleic acid 

E/I – excitatory/inhibitory  

ELISA – enzyme-linked immunosorbent assay 

Erk – extracellular signal-regulated kinase 

EPSC – excitatory postsynaptic current 

FRS2 – Fibroblast Growth Factor Receptor Substrate 2 

GABA – g-aminobutyric acid 

GABAA – GABA receptor type A 

GABAB – GABA receptor type B 

I – ipsilateral 

IgG – immunoglobulin type G antibody 

IPSC – inhibitory postsynaptic current 

Kbp – kilobase pairs 

KCL – potassium chloride 

KO - knockout 

LAR – leukocyte common antigen-related protein 

LRR – leucine-reach repeat  

LTD – long-term depression 

LTP – long-term potentiation  
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MAPK – mitogen-activated protein kinase 

MD – monocular deprivation 

MEK – mitogen-activated protein kinase kinase 

mRNA – messenger ribonucleic acid 

NGF – nerve growth factor 

NT-3 – neurotrophin-3 

NT-4/5 – neurotrophin-4/5 

ODI – ocular dominance index 

P – postnatal day 

PI3 – phosphatidylinositol-3 kinase 

PKA – protein kinase A 

PKC – protein kinase C 

PLCγ1 – phospholipase C gamma 1 

PNNs – perineuronal nets  

PPF – paired-pulse facilitation 

PTP – post-tetanic potentiation 

PTPσ – protein tyrosine phosphatase sigma 

PTP  – protein tyrosine phosphatase delta 

PV+ – parvalbumin-positive (neurons) 

Ras – rat sarcoma virus GTPase 

Shc – SHC-transforming protein 

TRKA – tropomyosin receptor kinase A 

TRKB – tropomyosin receptor kinase B 

TRKC – tropomyosin receptor kinase C 
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Introduction 

Neuronal plasticity underlies such fundamental functions of the brain as learning and memory. 
Plasticity significantly declines during development after the critical periods of brain development. 
Plasticity is further compromised in many pathologies including depression, trauma and 
neurodegenerative disorders. Therefore, neuroscientists and pharmacologists strive to find safe and 
effective approaches to re-open the “plasticity window” so that the diseased brain could restore its 
functions.  

One approach to enhance plasticity in the adult brain is antidepressant treatment, as 
established in rodent models (Maya Vetencourt et al., 2008; Karpova et al., 2011). However, despite a 
long history of conventional antidepressant treatment use in clinic, its plasticity-promoting effects in 
humans have not been shown directly. Moreover, antidepressants require chronic (weeks or months) 
administration, and a large percentage of patients do not respond to the treatment (Nierenberg et al., 
2000; Levinstein and Samuels, 2014).  

Another approach uses chondroitinase ABC (chABC), a bacteria-derived enzyme, to digest 
components of perineuronal nets (PNNs) (Pizzorusso et al., 2002; Massey et al., 2006). The PNNs form 
towards the end of the critical period of development, being particularly dense around parvalbumin-
positive (PV+) interneurons, and this is known to stabilize and consolidate neuronal networks (Wang 
and Fawcett, 2012). However, specific mechanisms of chABC action on plasticity have been largely 
unknown, and the need for direct injection of chABC to the brain raises safety concerns and severely 
limit its potential therapeutic use in humans.  

The field is obviously in need of better treatments that would be both effective and safe for 
patients. However, in order to successfully design new ways of interventions or novel drugs, it is 
important to understand the mechanisms of actions and molecular targets of the ones that are already 
known. The effect of chABC on plasticity was attributed to degradation of extracellular matrix 
components, which facilitates plasticity of neurites and synapses (Berardi et al., 2004; Kwok et al., 
2008). Plasticity-promoting effect of antidepressants was largely explained by their activation of TRKB 
signaling, which induces neuritogenesis and synaptic plasticity (Saarelainen et al., 2003; Rantamäki et 
al., 2007; Castrén and Rantamäki, 2010; Castrén and Hen, 2013). Whether these two ways to induce 
plasticity converge on a single pathway was not known.  

One of the aims of this PhD project was to investigate molecular and cellular mechanisms 
responsible for the plasticity prompted by chABC and antidepressant treatment in the adult brain. This 
resulted in the discovery that both of these treatments work by releasing TRKB from dephosphorylating 
inhibitory action of PTPσ. We also studied genetically induced plasticity in the adult brain of mice 
deficient in PTPσ, and characterized molecular and behavior changes triggered by this genetic 
modification. The more detailed description of our findings will be provided in the later chapters of this 
thesis work. 
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Review of the literature    

1. Neuronal plasticity 

1.1 Introduction 

Plasticity is the ability of the brain cells to form new connections and alter the structure and/or 
efficiency of the existing ones (including loss of the previously formed synaptic contacts), which is 
fundamental to the normal functioning of the nervous system (Duman, 2004). Plasticity is activity-
dependent: synaptic connections and neuronal networks get refined in the process of an organism's 
interaction with the environment, and life experience is essential for that (Fagiolini et al., 1994; Katz 
and Shatz, 1996; Holtmaat and Svoboda, 2009). Plasticity is highest during the critical periods, which is 
a time span during juvenility when the brain networks are particularly sensitive to the external input 
and are easily shaped by it. Critical periods may be different for different brain functions, species and 
even individuals (Takesian and Hensch, 2013; Reh et al., 2020). For example, a critical period for the 
development of visual acuity in humans is between birth and 3-5 years, while visual deprivation can 
significantly change visual acuity of a person up to the age of 7-8 years (Daw, 1998). Language 
acquisition skills in humans start to decline around the age of 4-6 years and steadily decrease until 
adulthood (Dupoux et al., 2001). After the critical period, the brain still retains its ability to adapt and 
rewire, but it is significantly limited as compared to the juvenile period (Hübener and Bonhoeffer, 2014). 
Plasticity in the adult brain can be artificially enhanced by a number of interventions, which will be 
discussed in more detail in the following chapters.  

Brain plasticity can be investigated using different techniques, ranging from a variety of in vitro 
to manifold in vivo methods. It is convenient to divide plasticity readouts into a structural category 
(such as synapse turnover, dendritic arborization length and complexity, extracellular matrix density, 
myelination levels, grey matter amount etc.) and a functional category (such as long-term potentiation 
(LTP) and long-term depression (LTD), paired pulse facilitation (PPF), paired pulse depression (PPD) and 
other changes in synaptic potentials and currents, changes in cell excitability, cognitive and other 
behavior alterations etc.) Different researchers utilize various methods of their choice, and direct 
comparison and harmonization of their findings often poses a challenge for systematic investigators.  

Plasticity can also be described at different levels of organization: network plasticity, which 
focuses on large-scale interactions between different brain areas and populations of cells; cellular 
plasticity, which investigates changes at the level of individual axons and dendrites and can further 
include a subdivision of synaptic plasticity, which specifically studies changes at synaptic sites; and 
molecular plasticity, which investigates proteins' and other molecular structures' interactions, 
modifications and signaling cascades underlying the plasticity phenomena. This literature review will 
go through all the three levels of plasticity organization, with a special focus on molecular structures. 

1.2 Plasticity at network level 

As it has been mentioned earlier, interaction with the environment is a major factor that drives 
the direction of plastic changes in neuronal networks (Fagiolini et al., 1994; Holtmaat and Svoboda, 
2009). The brain reacts to the incoming information by a chain of electrical signals, a large part of which 
is propagated through release of chemical substances – neurotransmitters – into synaptic clefts. 
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Balance in the signal propagation in the brain is achieved by fine-tuning of interaction between 
excitatory and inhibitory synapses. Excitatory synapses are the ones at which neurotransmitter release 
increases the likelihood of action potential (AP) generation at the postsynaptic site, while the opposite 
is true for the inhibitory synaptic connections (Purves et al., 2001). The type of synapse depends on the 
nature of the neurotransmitters released from the presynaptic site, and on the receptors expressed on 
the postsynaptic site. Some neurotransmitters (such as glutamate) are excitatory, some (such as 
gamma-aminobutyric acid (GABA)) are inhibitory (at least in the healthy adult brain), and some (such 
as acetylcholine, dopamine and noradrenaline) are called modulatory as they may have different effects 
depending on the brain region, local microcircuit conditions etc. (Valentino and Dingledine, 1981; 
Akaike et al., 1987; Mattson and Kater, 1989; Nicola and Malenka, 1997; Gao and Goldman-Rakic, 2003; 
Morilak et al., 2005).  

Balance of excitation/inhibition (E/I) is crucial for regulating plasticity at the level of networks. 
As E/I correlation is driven by interactions of excitatory (releasing excitatory neurotransmitters) and 
inhibitory (releasing inhibitory neurotransmitters) cells, changes in their physiology largely underlie 
network plasticity modulations. Studies in the rodent visual cortex revealed that during the critical 
period of plasticity, functional maturation of visual circuits is driven by parvalbumin-positive (PV+) 
inhibitory neurons and establishment of perineuronal nets around them (Hensch, 2005; Yazaki-
Sugiyama et al., 2009; Maffei et al., 2010; Kuhlman et al., 2013). Similar observations were made in the 
murine barrel cortex (Nowicka et al., 2009). Upon maturation, inhibitory neurons refine their output 
onto target pyramidal cells (as well as onto each other, i.e. other inhibitory neurons), which eventually 
leads to stabilization of the system and closure of the critical periods. Precocious maturation of PV+ 
cells in a methyl-CpG-binding protein 2 (MeCP2) mutant mouse model has been demonstrated to shift 
the critical period to an earlier onset and earlier closure (Krishnan et al., 2015). It is interesting to note, 
however, that sensorial experience is essential for maturation of the system and developmental 
establishment of excitatory/inhibitory balance. Visual deprivation of an animal from birth (e.g. through 
dark rearing) results in an immature state of the visual system, characterized by low stimulus selectivity, 
large receptive fields and low level of network inhibition as compared to excitation (Fagiolini et al., 
1994; Desai et al., 2002; Morales et al., 2002). 

Ocular dominance plasticity in the rodent visual cortex induced by monocular deprivation (MD) 
has been established as a popular model for studying plasticity in the brain, so it may be convenient to 
explain how plasticity works at the level of networks using this model. During the critical period, 
innervation from both eyes enters the cortex, and competition between the inputs occurs, as different 
cells display preference for information coming from either of the eyes. In some species such as cats, 
this leads to formation of clearly defined ocular dominance columns, as revealed by groundbreaking 
research of Hubel and Wiesel in 1960-s (Hubel and Wiesel, 1962, 1963). Rodents do not have clearly 
defined ocular dominance columns, but they normally display contralateral eye dominance, which 
means that stimulation of the contralateral left eye induces higher activity in the binocular region of 
the right hemisphere than stimulation of the ipsilateral right eye, and vice versa. (Drager, 1978). The 
measure of the difference in the magnitude of the contralateral and ipsilateral eye responses is 
expressed as ocular dominance index (ODI).  

During the critical period (around postnatal day (P) 21-35 for mice), the ODI can be relatively 
easily reversed in favour of the weaker eye by monocular deprivation of the previously stronger eye 
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(Maffei et al., 1992; Fagiolini et al., 1994; Gordon and Stryker, 1996; Katz, 1999; Levelt and Ḧubener, 
2012). It happens through two distinct processes: depression of the responses of the sutured 
(contralateral) eye and facilitation of the responses of the open (ipsilateral) eye (Smith et al., 2009). In 
mice, this mechanism seems to be changing with age: even though potentiation of the non-deprived 
eye continues to take place in the adulthood, depression of the contralateral eye does not seem to 
occur after P35 (Sawtell et al., 2003). 

Importance of GABAergic transmission for the network plasticity is highlighted by experiments 
where its integrity was compromised. For instance, genetic downregulation of one of the isoforms of 
GABA-synthesizing enzyme, glutamic acid decarboxylase 65 (GAD65), in a mouse model resulted in no 
shift of ocular dominance after monocular deprivation during the critical period, as lack of cortical 
inhibition did not allow the deprived eye to lose its responsiveness (Hensch et al., 1998). However, local 
administration of diazepam into the binocular region of one hemisphere restored the inhibitory 
transmission and reinstated ocular dominance plasticity in the GAD65 knockout (KO) mice (Hensch et 
al., 1998). 

Synchronous activation of neurons, which establishes network oscillations at different 
frequencies, is responsible for major brain processes, including neuronal plasticity (Guerra et al., 2019). 
Gamma oscillations (25-140 Hz) responsible for multiple cognitive functions are known to be largely 
generated by PV+ neuron activity (Antonoudiou et al., 2020) and are of particular interest to the current 
study. In a study on cats by Galuske et al., strong activation in the gamma band induced by visual stimuli 
of a particular orientation was demonstrated to be associated with enhanced plasticity, as neurons with 
orientation selectivity within 30° difference from the conditioning grating shifted their orientation 
preference towards the conditioned orientation when the stimuli were associated with strong gamma 
power (Galuske et al., 2019). Gamma rhythms were also shown to lead to activity-dependent 
modifications of hippocampal circuits in mice, and this process was dependent on PV+ interneurons 
(Zarnadze et al., 2016). Rhythmic neuronal entrainment into the 40 Hz frequency using flickering light 
induced synaptic plasticity and protected neurons after cerebral ischemia in mice (Zheng et al., 2020). 
Finally, gamma frequency transcranial magnetic stimulation delivered to the Parkinson's disease 
patients restored LTP-like activity in their motor cortex, suggesting it as a potentially promising therapy 
for rehabilitation (Guerra et al., 2020).  

1.3 Plasticity at cellular level 

 Changes in the brain connectivity and excitatory/inhibitory balance are responsible for the brain 
behavior at the network level. However, these processes depend on the underlying changes in the 
dendritic arborization, axonal extension/retraction, synapse formation, stabilization and elimination 
and synaptic transmission happening at the cellular level (Flores and Méndez, 2014; Fauth and Tetzlaff, 
2016; Kiyoshi and Tedeschi, 2020). Synaptic plasticity involves strengthening and weakening of the 
existing synapses as well as de novo formation and retraction of synapses, and studies on the dynamic 
regulation of axonal boutons and postsynaptic dendritic compartments provide valuable information 
about the plasticity states of the system. 
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1.3.1 Structural plasticity 

Structural plasticity of axons, dendrites and synaptic contacts is a valuable source of information 
about the changes of the system. Two-photon in vivo rodent imaging studies of the dendritic spine 
turnover have been particularly helpful in establishing our knowledge of structural synaptic plasticity. 
It has been demonstrated that synapse turnover happens in the brain at all ages; however, the turnover 
rates are age-dependent (Mostany et al., 2013). During the young age (P8–P12), the spines are highly 
motile (Lendvai et al., 2000). Spine elimination occurs with a higher frequency than spine formation, 
producing a net effect of 5-20% synaptic loss (depending on the age and brain region) (Holtmaat et al., 
2005; Zuo et al., 2005; Alvarez and Sabatini, 2007). The synapses actively involved in circuits persist 
while weaker synapses get lost in the process called synaptic pruning. With age, the turnover rate 
generally decreases. In adult mice (4–6 months old), 3%–5% of spines have been found to be both 
eliminated and formed over the 2-week time course in different cortical regions (Zuo et al., 2005). The 
fraction of persistent spines (those that last for the period longer than a few days) also increases with 
age. In a study by Holtmaat et al., the fraction of persistent spines in the mouse cortex has been shown 
to gradually increase during development and into adult life (postnatal days 16–25: 35%; postnatal days 
35–80: 54%; postnatal days 80–120: 66%; postnatal days 175–225: 73%) (Holtmaat et al., 2005). These 
experiments also demonstrated that synapses and synaptic circuits continue to stabilize even in the 
adulthood, long after the closure of the known critical periods in the brain (Holtmaat et al., 2005). 

Synapse turnover is known to be regulated by activity and sensory experience both during the 
critical periods and during the adult life in different cortical areas (Lendvai et al., 2000; Trachtenberg et 
al., 2002; Majewska and Sur, 2003; Alvarez and Sabatini, 2007). It is interesting to note that processes 
known to facilitate plasticity always increase the fraction of spines undergoing turnover (Caroni et al., 
2012). For instance, ketamine, an anesthetic drug recently recognized to have antidepressant 
properties, induces adult brain plasticity by facilitating spine turnover in the mouse prefrontal and 
somatosensory cortices (Pryazhnikov et al., 2018; Moda-Sava et al., 2019).  

Morphological characteristics of the synapses are also an important readout providing 
information about the synaptic function. The size of the spine head is known to be well-correlated with 
synaptic properties, synaptic strength and the long-term stability of the synapse (Matsuzaki et al., 2004; 
Holtmaat et al., 2005; Tokuoka and Goda, 2008). Overall, synapse stabilization and synaptic 
enhancement are regarded as cellular correlates of behavioral learning (Roberts et al., 2010). 

Finally, synaptic contacts are largely formed on the axonal and dendritic processes of neurons. 
Therefore, global structural changes in axons and dendrites are important plasticity hallmarks. Plasticity 
of axonal branches or initial axonal segments, as well as changes in complexity of dendritic arborization, 
have all been shown to be activity-dependent (Arikkath, 2012; Jamann et al., 2018). Plasticity of these 
processes is generally highest during the early postnatal age and well-defined critical periods (Jamann 
et al., 2018; Richards et al., 2020). However, methods that are known to promote plasticity in the adult 
brain are also known to affect axonal and dendritic global structures. For instance, spatial learning has 
been demonstrated to increase the complexity of dendritic arborization of the neurons born in the 
hippocampus of the adult rats (Tronel et al., 2010). Similarly, enriched environment is known to be an 
effective method to increase the adult dendritic complexity (Kolb and Whishaw, 2003). Multiple drugs 
of abuse have also been shown to affect the structure of dendrites and dendritic spines in the adult 
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brain (Robinson and Kolb, 2004). Various techniques targeting extracellular matrix or its receptors such 
as chondroitinase ABC injection, genetic knockdown of perineuronal net components or blockade of 
their target receptor binding have been found to improve axonal regeneration after injury in the adult 
central nervous system (Bradbury et al., 2002; Huebner and Strittmatter, 2009; Lang et al., 2015; Ribas 
and Costa, 2017).  

1.3.2 Functional synaptic plasticity 

While structural changes are useful readouts providing information on the plasticity state of the 
system, these changes are normally preceded and governed by functional changes at synapses.  

There are different types of synaptic enhancement that are classified depending on the time 
scale and the underlying molecular mechanisms. Short-term synaptic plasticity constitutes an increase 
in the neurotransmitter release from the presynaptic terminal due to elevated presynaptic Ca2+ 
concentrations. It includes paired-pulse facilitation (PPF), synaptic augmentation and post-tetanic 
potentiation (PTP). Paired-pulse facilitation is an enhancement in the amplitude of the second of two 
rapidly evoked excitatory postsynaptic potentials (EPSPs) which lasts tens to hundreds of milliseconds 
(Santschi and Stanton, 2003; Jackman and Regehr, 2017). Synaptic augmentation requires longer 
stimulation and lasts in the order of seconds, while post-tetanic potentiation is induced by even higher 
stimulation frequencies and lasts on the time scale of minutes (Fioravante and Regehr, 2011; Xue et al., 
2018). Short-term plasticity can also have a reverse effect. Short-term depression suppresses the 
likelihood of neurotransmitter release due to depletion of the readily releasable vesicle pool and can 
last from hundreds of milliseconds to tens of seconds (Fioravante and Regehr, 2011; Benita et al., 2012). 

There are also long-lasting, persistent forms of synaptic plasticity that lead to changes in the 
synaptic strength, namely long-term potentiation (LTP) and long-term depression (LTD), with duration 
of weeks, months and years. Since memories are thought to be encoded by synaptic contacts and 
modifications of their strength (Bliss and Collingridge, 1993), LTP and LTD are often referred to as 
cellular correlates of memory and forgetting (Becker et al., 2008; De Roo et al., 2008), although this 
topic has been highly disputable ever since LTP discovery by Terje Lømo in 1966 (Stevens, 1998; Nicoll, 
2017; Bliss et al., 2018). The mechanisms of LTP and LTD vary greatly depending on the brain region, 
cell type etc. and are not completely understood. The canonical, most well-studied form of LTP takes 
place in the hippocampal region where Schaffer collaterals, the axons of the cornu Ammonis 1 (CA1) 
neurons synapse on the cornu Ammonis 3 (CA3) pyramidal cells. This is a Hebbian form of LTP (requiring 
simultaneous depolarization of pre- and postsynaptic cells), dependent on N-methyl-D-aspartate 
(NMDA) receptors (Wigström and Gustafsson, 1986). Some forms of LTP are non-Hebbian (not requiring 
simultaneous cell depolarization) (Alonso et al., 1990) and some are anti-Hebbian, specifically requiring 
simultaneous presynaptic depolarization and postsynaptic hyperpolarization (Lamsa et al., 2007). There 
are also NMDA-independent forms of LTP, such as the one happening in mossy fibers (Harris and 
Cotman, 1986). Long-term depression is typically observed after persistent weak stimulation at low 
frequency. The Bienenstock-Cooper-Munro (BMC) theory of learning proposes that there is a certain 
threshold in the level of presynaptic stimulation and postsynaptic neuronal responses for the LTP/LTD 
induction (Bienenstock et al., 1982). If the postsynaptic firing response is below a certain threshold, the 
stimulation induces LTD, while if it is above a certain threshold, LTP will occur. A seminal work by 
Dunwiddie & Lynch demonstrated that a stimulation train of 100 pulses applied to CA1 pyramidal 
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neurons produced LTP when delivered at 5-100 Hz frequency, and induced LTD when delivered at 1 Hz 
(Dunwiddie and Lynch, 1978). LTD can also occur after simultaneous stimulation of a cell from two 
distinct pathways, such as when two afferent signals arrive simultaneously at a Purkinje cell (M et al., 
1982; Ito, 1989).  

Both LTP and LTD can be divided into two distinct phases, early- and late-phase LTP/LTD. The 
early-phase LTP/LTP includes initiation of the synaptic potentiation/depression and largely depends on 
activity of kinases and phosphatases, while late-phase LTP and LTD  are critically dependent on de novo 
protein synthesis (Kauderer and Kandel, 2000; Pfeiffer and Huber, 2006; Yin et al., 2006). 

Whichever form of plasticity is taking place, an important feature of plasticity is that it is largely 
specific – specific tasks induce changes in specific subsets of synapses relevant to the novel experience. 
For example, Wang et al. have shown that during a grasping task learning by adult rats, structural 
adaptations of neurons were restricted to the cells responsible for the control of distal forelimb 
musculature involved by the task, while the structure of the proximal forelimb-projecting cells not 
required for the learning was not altered (Wang et al., 2011). Similarly, in a cued fear conditioning 
paradigm, spine elimination and formation prompted by fear conditioning and extinction, respectively, 
took place on the same dendritic branches in a cue- and location-specific manner (Lai et al., 2012). 
While fear conditioning induced dendritic spine elimination in the mouse frontal association cortex, 
fear extinction by auditory cue presentation without foot shocks led to formation of new spines within 
two-micrometer distance of the ones that had been eliminated. When the mice underwent a second 
session of fear conditioning following extinction, it preferentially promoted elimination of spines that 
appeared during extinction. Finally, Lai et al. have shown that the magnitude of plastic changes 
correlates with learning, as the degree of spine elimination and appearance induced by fear 
conditioning and extinction strongly corresponded to the conditioned fear response and its extinction, 
respectively (Lai et al., 2012).  

It is interesting to note that synaptic remodeling in neurons exhibits spatiotemporal interaction, 
and plasticity is facilitated in the vicinity of potentiated spines. When a subset of spines undergoes 
potentiation, newly formed spines preferentially appear in close proximity to those synapses that had 
been stabilized (De Roo et al., 2008). These newly formed spines become functional within 24 hours, 
leading to a clustering of active synapses. Fu et al. further showed that when de novo spines emerge in 
response to learning in the motor cortex, approximately one-third of spines get formed in clusters, and 
these clusters are more likely to retain as compared to those non-clustered (Fu et al., 2012). While 
molecular mechanisms of clustered spinogenesis are incompletely understood, Ca2+-dependent local 
Ras GTPase diffusion initiated by LTP is known to at least partially account for this effect (Harvey et al., 
2008). 

Experimentally, there are two major ways to induce LTP: with a high-frequency tetanus 
stimulation (typically 100 Hz, 1 s) or with a theta-frequency stimulation (4-8 Hz) (Larson and Munkácsy, 
2015; Nicoll, 2017). Theta bursts stimulation is much closer to the physiological range of pyramidal cell 
firing, and bursts carried out at the frequency of approximately 5 Hz corresponding to the endogenous 
theta rhythm have been shown to produce maximal LTP (Larson and Munkácsy, 2015). Theta 
oscillations have been convincingly demonstrated to be implicated in synaptic plasticity, learning and 
memory (Huerta and Lisman, 1993, 1995; Orr et al., 2001; Solomon et al., 2017; Begus and Bonawitz, 
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2020). Interestingly, Bikbaev & Manahan-Vaughan observed that successful short-term potentiation of 
synapses and LTP induction induced by tetanus stimulation was correlated with an increase in theta 
power accompanied by a transient increase in the gamma power spectrum (Bikbaev and Manahan-
Vaughan, 2007, 2008). Previously, the firing rate of a few classes of brain interneurons has been 
demonstrated to be phase-locked to the pyramidal cell firing theta oscillations (Csicsvari et al., 2003; 
Klausberger et al., 2003). Utilizing these experimental results and the connectivity data of the brain 
microcircuitry between pyramidal cells and PV+ interneurons, Hamilton et al. propose a model under 
which LTP-associated theta oscillations may drive higher-frequency gamma oscillations to ensure 
successful learning (Hamilton et al., 2020). 

1.4 Plasticity at molecular level 

As mentioned before, plasticity of neuronal circuits is activity-dependent. Electrochemical 
information flow between neurons leads to changes in synaptic transmission, including potentiation of 
the active synapses and depression of the non-active ones. These processes are mediated by interaction 
of different classes of molecules, including changes in their activation, expression and different post-
translation modifications. Decades-long efforts of research have discovered multiple classes of proteins 
and other molecules responsible for plasticity at the molecular level. In spite of that, these mechanisms 
are yet to be understood completely. This chapter is not aimed to provide an exhaustive description of 
all the molecular mechanisms of synaptic plasticity known today but will rather look at some of the 
major classes.  

 Plasticity of excitatory synapses is largely mediated by N-methyl-D-aspartate (NMDA) and α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and cation channels, which 
means they open the pore and allow for the ion cell trafficking upon binding of their ligand glutamic 
acid (Blanke and VanDongen, 2009; Henley and Wilkinson, 2013). The pore of an NMDA receptor is 
normally blocked by a Mg2+ ion, and its removal requires membrane depolarization. Thus, activation of 
NMDA receptors requires both the presence of a ligand and voltage-gated changes in the membrane 
potential normally happening during the cell activation, and therefore NMDA receptors are often 
referred to as coincidence detectors (Tabone and Ramaswami, 2012). NMDA receptors are heteromers 
composed of NR1 and NR2 subunits, and NR2 subunits can further be of different A-D subtypes that 
exhibit distinct functional properties (Ishii et al., 1993). There is a well-characterized developmental 
switch from NR2B-predominant to NR2A-predominant subunit composition during the CNS maturation, 
and the time course of these changes closely matches the time course of the critical periods (Monyer 
et al., 1994; Sheng et al., 1994).  NMDA receptor composition is activity-dependent: for example, 
Quinlan et al. have shown that visual experience drives expression of NR2A-containing NMDA 
receptors, as rats dark-reared during the critical period demonstrate a significantly reduced number of 
NR2A NMDA subunits (Quinlan et al., 1999). Interestingly, dark rearing did not affect expression of 
either NR2B or NR1 NMDA subunits (Quinlan et al., 1999). NMDA receptors are overall crucial for 
experience-dependent plasticity. Bear et al. have shown that NMDA receptor blockade in the visual 
cortex of kittens during the critical period impairs normal orientation selectivity and visual 
responsiveness of neurons (Bear et al., 1990). 

 As it has been mentioned earlier, plasticity at brain synapses is largely bidirectional, as both LTP 
and LTD can be induced by varying the frequency of presynaptic stimulation, the timing of pre- and 
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postsynaptic action potentials and the membrane potential of the postsynaptic neuron (Shouval et al., 
2002). A unified model accounting for the differences in the direction of NMDA receptor-dependent 
plasticity of synapses has been suggested. This model proposes that the magnitude of the postsynaptic 
Ca2+ transients happening in response to presynaptic stimulation controls the magnitude and sign of 
the synaptic plasticity (Cormier et al., 2001; Shouval et al., 2002). According to this model, low-
magnitude Ca2+ influx to the postsynaptic site leads to LTD while high-magnitude Ca2+ dynamics lead to 
LTP induction.  

 AMPA receptors are another major type of receptors contributing to the plasticity, and their 
dynamic trafficking underlies regulation of synaptic strength. For example, LTP is known to require fast 
recruitment and insertion of AMPA receptors to the postsynaptic site, while long-term depression 
involves AMPA removal from the postsynaptic membrane via endocytosis (Huganir and Nicoll, 2013; 
Park, 2018). Experimental evidence demonstrated that LTP quickly recruits AMPA receptors from 
extrasynaptic sites of the plasma membrane or intracellular compartments to the post-synaptic density 
(the protein-reach postsynaptic site) of the synapse (Shi et al., 1999). This recruitment is concomitant 
with the strengthening of the synapse (Huganir and Nicoll, 2013). Co-activation of NMDA and AMPA 
receptors is an important factor determining the AMPA receptors fate: when AMPA receptors get 
activated together with NMDA receptors, they get reinserted to the membrane following endocytosis, 
when not – they get targeted to late endosomes and lysosomes for degradation (Ehlers, 2000). 

 Discovery of silent synapses further contributed to the understanding of AMPA receptor 
functioning in neurotransmission and synaptic plasticity (Isaac et al., 1995; Liao et al., 1995). Silent 
synapses are synaptic contacts that fail to respond to presynaptic stimulation with an action potential 
due to the lack of functional AMPA receptors (Kerchner and Nicoll, 2008). Strong activation of the 
postsynaptic site (such as the one during LTP) can lead to rapid AMPA insertion to the postsynaptic 
density and "unsilencing" of a silent synapse.  

 The full set of signaling cascades responsible for the LTP induction and maintenance remain to 
be investigated. However, the primary target mediating molecular effects of LTP following NMDA-
enabled Ca2+ cell entry at synapses from pre-synaptic excitatory to post-synaptic excitatory cells is 
believed to be Ca2+-calmodulin-dependent protein kinase II alpha (CaMKIIα). Elevated Ca2+ levels during 
LTP activate CaMKIIα deposits which are enriched near NMDA-NR2B subunits and voltage-sensitive 
calcium channels in a nanodomain-specific manner (Lee et al., 2009). Critical role of CaMKIIα in LTP has 
been demonstrated by experiments in mice where knockout of a critical CaMKIIα subunit (Silva et al., 
1992) or CaMKIIα blockade by an application of synthetic peptides (Malinow et al., 1989) prevented 
LTP induction. Upon activation, CaMKIIα gets autophoshorylated and also phosphorylates GluA1 
subunits of AMPA receptors (Barria et al., 1997; Mammen et al., 1997) and a variety of other 
postsynaptic density proteins, including the NR2B subunit of NMDA receptors and postsynaptic density 
protein 95 (PSD-95) (Lisman et al., 2012). PSD-95 is known to be particularly important for the 
experience-dependent maturation of silent synapses. PSD-95 silencing in the visual cortex after the 
closure of the critical period induced unsilencing of silent synapses and reopened juvenile-like ocular 
dominance plasticity, while its ablation before the critical period resulted in lifelong ocular dominance 
plasticity (Huang et al., 2015). Finally, CaMKIIα induces activation of Ras and Rho GTPases known to be 
crucial for the structural and functional synaptic plasticity (Jin et al., 2005; Murakoshi et al., 2011; 
Rangamani et al., 2016). However, precise mechanisms of CaMKIIα-dependent activation of Ras and 
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Rho GTPases have not been revealed yet. Additionally, a number of other kinases and signaling 
pathways have been discovered to be implicated in LTP. These include, among others, cAMP-dependent 
protein kinase A, protein kinase C, extracellular signal-regulated kinase (Erk), mitogen-activated protein 
kinase (MAPK) and Src kinases. (Citri and Malenka, 2007). Overall, the cascade of signaling events 
prompted by CaMKIIα activation and its targeting to the postsynaptic density site is followed by actin 
polymerization and enlargement of the stimulated spine (Okamoto et al., 2004), i.e. structural plasticity 
induction. Stabilizing plasticity-related proteins are further recruited and new protein synthesis occurs, 
which leads to long-lasting synaptic changes. The new proteins are normally synthesized in the soma 
and are presumably directed to the potentiated spine by the “synaptic tagging and capture” process, 
which allows the newly synthesized proteins to specifically find their way from the soma to the 
potentiated synapse (Redondo and Morris, 2010; Nicole and Pacary, 2020).  

Mechanisms of NMDA-dependent plasticity of synaptic contacts between pre-synaptic 
excitatory and post-synaptic inhibitory cells are less understood. Importantly, inhibitory neurons do not 
express CaMKIIα known to be crucial for the LTP occurrence at the postsynaptic site of excitatory cells 
(Liu and Jones, 1996). However, the CaMKIIα role in inhibitory neurons could be carried by its close 
relatives (such as CaMKIIβ expressed in inhibitory cells), other yet-to-be-identified kinases or alternative 
signaling cascades (Kullmann et al., 2012; Nicole and Pacary, 2020). 

 Molecular mechanisms of LTD are not thoroughly understood either. The most well-described 
form of LTD is NMDA receptor-dependent. There are also forms of LTD dependent on metabotropic 
glutamate receptors (mGluRs) (Gladding et al., 2009), and those independent of glutamatergic 
transmission (Berretta and Cherubini, 1998). As mentioned earlier, molecular mechanisms of NMDA-
dependent LTD usually involve AMPA receptor removal from the postsynaptic cell surface, their 
internalization and degradation. This process is believed to involve release of AMPA receptors from 
their anchor protein at the postsynaptic density, after which they undergo lateral movement to the 
edge of the postsynaptic density and then clathrin- and dynamin-dependent endocytosis (Blanpied et 
al., 2002; Ashby et al., 2004; Groc et al., 2004). Additionally, LTD has been found to correlate with 
dephosphorylation of protein kinase C (PKC) and cAMP-dependent protein kinase A (PKA) (Citri and 
Malenka, 2007).  

Synaptic plasticity does not depend exclusively on the postsynaptic terminal modifications but 
usually involves changes in the presynaptic bouton also. Typically, strong postsynaptic depolarization 
leads to release of retrograde messengers that act on the presynaptic site to affect the release of 
neurotransmitters. Specific choice of the retrograde messengers utilized by the synapse depends on 
the specific cell type and includes a variety of proteins and other substances, such as glutamate, GABA, 
dopamine, oxytocin, carbon monoxide, nitric oxide, endogenous cannabinoids and brain-derived 
neurotrophic factor (Arancio et al., 1996; Zilberter et al., 1999; Zilberter, 2000; Y et al., 2003; Magby et 
al., 2006; Oliet et al., 2007; Castillo et al., 2012; Ueno et al., 2020). 

 While plasticity of excitatory synapses is relatively well characterized and studied, plasticity of 
inhibitory synapses is much less understood, largely due to the diversity of inhibitory cell types and 
obstacles in the experimental approaches. For example, most inhibitory connections lack dendritic 
spines (and, whenever inhibitory synapses are present on spines, they are always adjacent to excitatory 
synapses (Villa et al., 2016)), making it harder to visualize them.  Nevertheless, some foundational 
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principles responsible for the induction of activity-dependent changes in the excitatory synaptic 
transmission also apply to inhibitory synapses.  

 One of the relatively well-characterized types of plasticity at inhibitory synapses is 
depolarization-mediated suppression of inhibition (DSI). This process constitutes suppression of GABA 
or glycine release from the presynaptic neuron in response to strong depolarization of the excitatory 
postsynaptic neuron (Llano et al., 1991; Pitler and Alger, 1992; Diana and Marty, 2004; Mukhtarov et 
al., 2005). Depolarization-mediated suppression of inhibition is mediated by retrograde signaling of 
endocannabinoid 2-arachidonoylglycerol, which is synthesized in the postsynaptic neuron and is 
released to activate G protein-coupled cannabinoid type 1 (CB1) receptors at the presynaptic site. 
When bound, 2-arachidonoylglycerol induces a temporary depression of both evoked and spontaneous 
inhibitory mediator release (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 
2001). Depolarization-mediated suppression of inhibition normally lasts in the order of minutes and is 
regarded as a short-term form of plasticity. 

 Endocannabinoids are also known to be involved into long-term plasticity of inhibitory circuits. 
Experiments by Marsicano et al. demonstrated that endocannabinoids and CB1 receptors were 
required for the long-term depression of GABAergic inhibitory currents in basolateral amygdala of mice 
(Marsicano et al., 2002). Azad et al. further demonstrated that anandamide-mediated retrograde 
signaling in this circuitry is dependent on mGluR1 activation at the postsynaptic neuron (Azad et al., 
2004).  

 Some types of inhibitory neurons, such as fast-spiking parvalbumin-positive neurons, do not 
express CB1. For such types of neurons, it has been proposed that glutamate released from the 
postsynaptic site in an activity-dependent manner can bind to the presynaptic NMDA or mGluR 
receptors and act as a retrograde messenger to regulate neurotransmission (Duguid and Smart, 2004; 
Harkany et al., 2004; De-May and Ali, 2013). Depending on the circuitry and cell type, glutamate 
retrograde signaling can induce either suppression or facilitation of the inhibitory presynaptic release 
(Duguid and Smart, 2004; Harkany et al., 2004; Lien et al., 2006; Liu and Lachamp, 2006; Duguid et al., 
2007; De-May and Ali, 2013). 

Similarly to excitatory synapses, plasticity of inhibitory synapses is dependent on the 
intracellular Ca2+ influx to the postsynaptic terminal (Vogels et al., 2013; Bannon et al., 2020). 
Depending on the proportional contribution of L- and R-type Ca2+ channels, action potentials in the 
cortical pyramidal cells can lead to either exocytosis or endocytosis of GABA receptors on them, which 
will induce LTP or LTD of GABAergic signals, respectively (Kurotani et al., 2008).  

There are multiple other molecules that influence both tonic and activity-dependent synaptic 
plasticity in the brain. One of the major classes of such molecules is neurotrophins and neurotrophic 
factors, a class of molecules that promote survival, growth and developmental of cells in the brain. 
These molecules play a crucial role in plasticity of both the developing and adult brain. The effect of 
neurotrophins and their receptors on the CNS plasticity will be reviewed in the next chapter. 
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2. Neurotrophins and their receptors 
 
2.1 Introduction  

Neurotrophins are a family of proteins that are known to guide survival, growth, differentiation 
and development of neurons. They belong to a larger class of molecules known as growth factors.  

The first neurotrophin, nerve growth factor (NGF) was discovered by Rita Levi-Montalcini in the 
lab of professor Viktor Hamburger in 1954 (Cohen et al., 1954). In 1934, Hamburger observed that upon 
surgical removal of a wing bud from a developing chick embryo there happens to be a dramatic decline 
in the size of the spinal ganglia, and a reduction in the number of cells on the amputated side 
(Hamburger, 1934). Hamburger hypothesized that this happens due to a lack of signaling from the 
developing target organ to the immature neuronal progenitor cells that prevented their differentiation 
and subsequent innervation of the target tissue. However, Rita Levi-Montalcini repeated the 
experiment and figured out that the neuronal cells continue to proliferate and differentiate but they 
die soon upon reaching the place of the amputated limb (Zeliadt, 2013). Therefore, she concluded that 
the shrinkage of the nerve tissue they observed was due to a degenerative process and a lack of the 
trophic support for the nerve cells rather than a failure to differentiate and innervate the target. Viktor 
Hamburger invited Rita Levi-Montalcini to his lab to investigate the phenomenon further, where, 
subsequently, with the help of biochemist Stanley Cohen, nerve-growth factor was purified (Cohen et 
al., 1954).  

 Almost three decades later a second member of the neurotrophin family, brain-derived 
neurotrophic factor (BDNF), was purified from the pig brain by Yves-Alain Barde in the lab of Hans 
Thoenen (Barde et al., 1982). Discovery of neurotrophin-3 (NT-3) (Hohn et al., 1990; Maisonpierre et 
al., 1990) and neurotrophin-4/5 (NT-4/5) followed in the beginning of 1990s (Berkemeier et al., 1991; 
Hallböök et al., 1991). All neurotrophins share ~50% homology and a distinctive three-dimensional 
structure (Binder and Scharfman, 2004).  

 Neurotrophins bind to tropomyosin-related kinase receptors (TRK) that belong to the family of 
receptor tyrosine kinases (Patapoutian and Reichardt, 2001). NGF binds with a high affinity to TRKA 
(Klein et al., 1991a), BDNF and NT-4/5 bind with a high affinity to TRKB (Klein et al., 1991b, 1992), and 
NT-3 is a high-affinity ligand for TRKC (Lamballe et al., 1991). NT-3 also binds to TRKB, but with a lower 
affinity (Klein et al., 1991b; Soppet et al., 1991; Squinto et al., 1991; Altar et al., 1994). The p75 
neurotrophin receptor (p75) is a low-affinity receptor activated by all neurotrophins in both their pro- 
and mature forms (Rodriguez-Tebar et al., 1990; Hallböök et al., 1991; Rodríguez-Tébar et al., 1992). 

2.2 Neurotrophins and synaptic plasticity 

Neurotrophins promote the expression and functional maturation of both glutamatergic and 
GABAergic synapses. Some neurotrophins promote synaptogenesis in a synapse type-specific manner: 
for example, NT-3 promotes formation of excitatory synapses while NT-4/5 preferentially promotes 
formation of inhibitory synapses (Vicario-Abejón et al., 1998; Seil, 1999; Han et al., 2016). BDNF 
promotes formation and maturation of both excitatory and inhibitory synapses (Vicario-Abejón et al., 
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1998; Seil, 1999; Gottmann et al., 2009). NGF is a major molecule promoting synapse formation in the 
peripheral nervous system (Raivich and Kreutzberg, 1993; Sharma et al., 2010).  

Neurotrophins are released in both constitutive and activity-dependent manner (Blöchl and 
Thoenen, 1995, 1996; Canossa et al., 1997). Neuronal activity modifies transcription of neurotrophins 
(Gall and Isackson, 1989; Zafra et al., 1990; Ernfors et al., 1991; Lauterborn et al., 2000) and their 
release. For example, activity induced by potassium chloride (KCl), veratridine, glutamate and carbachol 
has been shown to promote NGF release in hippocampal slices and hippocampal cells transfected with 
NGF in vitro (Blöchl and Thoenen, 1995). Membrane depolarization in response to KCl treatment has 
been demonstrated to induce a Ca2+-dependent release of BDNF in hippocampal cells in vitro (Goodman 
et al., 1996). Upregulation of neurotrophin synthesis is mostly mediated by glutamate in both NMDA-
dependent and NMDA-independent manner, downregulation is predominantly mediated by decrease 
of net electrical activity via GABA receptors (Zafra et al., 1991). 

Activity-dependent release of neurotrophins is an important regulator of neuronal plasticity 
(Thoenen, 1995; Berardi and Maffei, 1999). Neurotrophins increase spontaneous synaptic activity and 
release of neurotransmitters, in particular acetylcholine, glutamate and GABA (Knipper et al., 1994; 
Lessmann et al., 1994; Sala et al., 1998). Neurotrophins also induce immediate increase in intracellular 
Ca2+ concentrations (Berninger et al., 1993). Neurotrophin hypothesis of synaptic plasticity states that 
neuronal activity promotes the expression, secretion and signaling of neurotrophins at the synapses, 
which in turn shapes synaptic transmission and connectivity (Schinder and Poo, 2000).  

Neurotrophins affect synaptic plasticity in multiple ways. One of the important effects of 
neurotrophin release is its modulation of synaptic efficacy. Acute application of neurotrophins has been 
shown to enhance glutamate-mediated synaptic transmission in vitro (Lessmann et al., 1994; Kang and 
Schuman, 1995; Li et al., 1998; Berninger et al., 1999; Schinder et al., 2000). BDNF and NT-4/5 
application has been demonstrated to augment AMPA-mediated  synaptic currents (Lessmann et al., 
1994). Acute treatment of Xenopus nerve-muscle cultures with BDNF or NT-3 increases the frequency 
of spontaneous quantal transmitter release (without changing the quantal size) and the amplitude of 
evoked postsynaptic responses (Lohof et al., 1993). Interestingly, synaptic potentiation of glutamatergic 
synapses induced by BDNF has been shown to be more pronounced for initially weak, immature rather 
than well-established synapses (Berninger et al., 1999). Schinder et al. have also demonstrated target-
selective specificity of synaptic potentiation induced by both BDNF and NT-3: both neurotrophins 
evoked potentiation of glutamate release when the postsynaptic target (neuron) was glutamatergic but 
not GABAergic (Schinder et al., 2000). The specificity was maintained even when a single neuron 
targeted both glutamatergic and GABAergic cells, revealing synapse-specific modulation of the 
neurotrophin-induced response.  

Chronic treatment with neurotrophins in vitro has also been shown to enhance glutamatergic 
transmission and synaptic strength of excitatory synapses, although via cellular mechanisms distinct 
from those mediating their acute effect (Sherwood and Lo, 1999). Chronic BDNF treatment has been 
demonstrated to increase excitatory postsynaptic current (EPSC) amplitudes by upregulating quantal 
size of neurotransmitter release in cultured hippocampal neurons. These neurons also showed 
significantly less paired-pulse depression than cells from the control group (Sherwood and Lo, 1999). 
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In hippocampal brain slices, local administration of BDNF has been shown to enhance synaptic 
efficacy at CA3-CA1 synapses (Kang and Schuman, 1995). Certain other studies have failed to replicate 
this positive effect of exogenous BDNF on glutamatergic synapse potentiation (Tanaka et al., 1997; 
Frerking et al., 1998). Nevertheless, in vivo studies by Messaoudi et al. have confirmed BDNF-induced 
synaptic potentiation of excitatory currents in the rodent hippocampus (Messaoudi et al., 1998). BDNF 
and NGF have also been demonstrated to induce a fast potentiation of excitatory synaptic transmission 
in slices prepared from the rodent visual cortex (Akaneya et al., 1997; Carmignoto et al., 1997). BDNF 
genetic deficiency dramatically reduces LTP in CA3-CA1 (Korte et al., 1995), which can be rescued by 
BDNF viral expression (Patterson et al., 1996) or application of recombinant BDNF (Korte et al., 1996).  

Neurotrophins' effect on GABAergic transmission is somewhat more complex. Acute application 
of neurotrophins is known to depress GABAergic transmission. Acute treatment of rat hippocampal 
neurons with BDNF in vitro has been shown to rapidly decrease the amplitude of miniature inhibitory 
postsynaptic currents (mIPSCs) and reduce expression of GABAA receptors (Brünig et al., 2001). Acute 
treatment of rat hippocampal neurons with NT-4 yielded similar results on GABAA receptor expression 
(Brünig et al., 2001). Acute treatment of rat hippocampal slices with BDNF ex vivo has also reduced 
IPSCs and attenuated GABAA receptor response to GABA application (Tanaka et al., 1997; Frerking et 
al., 1998). Similarly, NT-3 application in the rat somatosensory neurons reduced IPSCs in vitro (Kim et 
al., 1994).  

Chronic neurotrophin application promotes inhibitory synaptic transmission. Baldelli et al. have 
shown that chronic BDNF application increases the frequency of miniature inhibitory postsynaptic 
currents (without changing their amplitude) by 40% and almost doubles the size of evoked inhibitory  
postsynaptic currents (eIPSCs) in cultured rat neurons (Baldelli et al., 2002). Ohba et al. demonstrated 
that transfection of cultured hippocampal neurons with the BDNF cDNA potentiates presynaptic 
GABAergic machinery and enhances the GABA release probability in vitro (Ohba et al., 2005). Both BDNF 
and NT-4/5 have been demonstrated to be necessary for proper development of inhibitory synaptic 
transmission in organotypic cerebellar cultures (Seil and Drake-Baumann, 2000). 

Neurotrophins act to potentiate synaptic activity in both an anterograde and retrograde 
manner. Their transport from the neuronal cell bodies to the axon terminals has been convincingly 
demonstrated both in vitro and in vivo (Altar et al., 1997; Conner et al., 1997; Smith et al., 1997; Yan et 
al., 1997). Similarly, neurotrophins have been shown to be released from the postsynaptic neuron and 
bind to the presynaptic part of the synapse to modify it (Goodman et al., 1996; Wang and Poo, 1997; 
Schinder and Poo, 2000; Choo et al., 2017). 

Finally, neurotrophin secretion is known to create a positive feedback loop leading to release of 
more neurotrophins. This effect seems to be mediated by both TRK and p75 receptors (Canossa et al., 
1997; Krüttgen et al., 1998).  

2.3 BDNF 

 Brain-derived neurotrophic factor is an important neurotrophin acting both in the central and 
peripheral nervous system. It is a crucial regulator of cell survival, differentiation and neuritogenesis.  
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BDNF was originally identified in 1982, and its full molecular structure was revealed in 1989 
(Barde et al., 1982; Leibrock et al., 1989). BDNF protein is encoded by the BDNF gene which has 9 exons 
in mouse and rat and 11 exons in humans, and expression of multiple transcripts undergoes complex 
regulation by different activity-dependent and tissue-specific promoters, transcription factors and 
alternative splicing (Aid et al., 2007; Pruunsild et al., 2007; Hong et al., 2008; Sakata et al., 2009; Fukuchi 
et al., 2017). BDNF gene structure is highly conserved among species, with 86–100 % identity among 
the vertebrates and humans (Kowiański et al., 2017). 

 Like all neurotrophins, BDNF is originally synthesized in the precursor form of proBDNF. 
ProBDNF is subsequently proteolytically cleaved either inside the cell or extracellularly following its 
secretion to form a mature form of the protein (Lu et al., 2014). Its cleavage is carried out by a number 
of proteases, including tissue plasminogen activator (tPA)/plasmin pathway, furin/prohormone 
convertase 1(PC1) pathway, matrix metalloproteinase 9 (MMP-9) and tolloid-like metalloproteinase 
(Pang et al., 2004, 2016; Gray and Ellis, 2008; Keifer et al., 2009; Mizoguchi et al., 2011; Dulka et al., 
2016). ProBDNF preferentially binds to the pan-neurotrophin p75 receptor, while mature BDNF 
activates TRKB receptor (Sakuragi et al., 2013). A "yin-yang" hypothesis of the pro- versus mature BDNF 
effect suggests that these two forms of the neurotrophic factor play in concert to carry out bidirectional 
regulation of plasticity in cells. Binding of pro-BDNF to p75 receptor induces long-term synaptic 
depression coupled with synapse elimination (Rösch et al., 2005; Woo et al., 2005; Sakuragi et al., 2013), 
while BDNF-TRKB interaction induces long-term synaptic potentiation and synaptogenesis (Korte et al., 
1995; Figurov et al., 1996; Patterson et al., 1996). Interestingly, studies have demonstrated that BDNF 
is involved in both early- and late-phase LTP, but these two stages are characterized by distinct patterns 
of proBDNF conversion. Early induction phase of LTP involves release of the existing proBDNF deposits 
followed by its extracellular cleavage by the tPA/plasmin pathway (Pang et al., 2016). Late maintenance 
LTP stage depends on de novo proBDNF synthesis and its subsequent intracellular cleavage by the 
furin/PC1 pathway (Lu et al., 2014; Pang et al., 2016). Deficits in hippocampal LTP were observed 
whenever the BDNF-TRKB pathway was hampered, for example, by means of full or conditional 
knockout of BDNF or TRKB, or via application of anti-BDNF or anti-TRKB antibodies (Korte et al., 1995; 
Patterson et al., 1996; Lu et al., 2014). Additionally, BDNF+/- animals have deficits in survival of newborn 
cells and reduced cell proliferation in response to physical activity and enriched environment as 
compared to wild type littermates (Choi et al., 2009).  

BDNF is secreted both constitutively and in response to activity (Castren et al., 1992; Griesbeck 
et al., 1995; Kuczewski et al., 2009; Nagappan et al., 2009). For example, high frequency stimulation 
used to induce LTP promotes expression of BDNF in the hippocampus (Patterson et al., 1992; Castrén 
et al., 1993). In a more ecologically valid context, dark-rearing has been shown to downregulate while 
light exposure to increase BDNF mRNA levels in the rat visual cortex (Castren et al., 1992) 

Activity-dependent expression and release of BDNF is indispensable for regulating plasticity in 
the brain (Schinder and Poo, 2000; Lu, 2003; Je et al., 2012). Activity-dependent BDNF secretion is well-
known to promote synaptogenesis. BDNF is necessary for the formation of both excitatory and 
inhibitory synapses, but inhibitory synaptic development is particularly sensitive to activity-dependent 
BDNF release (Vicario-Abejón et al., 1998; Aguado et al., 2003; Palizvan et al., 2004; Hong et al., 2008; 
Sakata et al., 2009; Chen et al., 2016). Mutations in the exon IV BDNF promoter that drives activity-
dependent BDNF transcription has been shown to disrupt inhibitory but not excitatory synaptic 
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transmission, leading to reductions in the inhibitory synapse number, diminished spontaneous 
inhibitory quantal events and suppressed expression of inhibitory presynaptic markers in the mouse 
cortex (Hong et al., 2008; Sakata et al., 2009). 

 Multiple ways for BDNF-mediated regulation of GABAergic synapses have been suggested. By 
inducing activation of the cAMP-response element (CRE)-binding protein (CREB), a ubiquitous 
transcription factor, BDNF regulates expression of multiple genes relevant for GABAergic signaling. 
BDNF has been shown to control expression of GABA-synthesizing enzyme GAD65 and GABAA receptor 
subunits (Anomal et al., 2013; Favuzzi et al., 2019). In the developing brain, BDNF-mediated increase in 
GABAA expression can be at least partially attributed to GABAB receptor activation which induces 
endogenous BDNF secretion (Fiorentino et al., 2009; Kuczewski et al., 2011). Interestingly, the effect of 
acute BDNF application on GABAA receptor expression seems to be age-dependent. BDNF upregulates 
expression of GABAA in the immature neuronal cells where activation of GABAA receptors depolarizes 
the cell, and downregulates GABAA when their activation induces hyperpolarization (Brünig et al., 2001; 
Obrietan et al., 2002; Cheng and Yeh, 2003; Porcher et al., 2011). These changes are attributed to 
developmental expression of potassium chloride cotransporter 2 (KCC2) which coincides with the 
developmental shift in the polarity of GABAA activation from depolarization to hyperpolarization 
(Rivera et al., 1999). Importantly, KCC2 expression has also been demonstrated to be regulated by BDNF 
(Rivera et al., 2002, 2004). Additionally, BDNF has been shown to regulate cell surface expression of 
GABAA receptors by increasing expression of gephyrin, a major scaffolding protein at the inhibitory 
synapse, and by promoting gephyrin-GABAA receptor interaction and clustering at the cell surface 
(González, 2014). BDNF was also suggested to inhibit GABAA receptor internalization through activation 
of the phosphatidylinositol-3 kinase (PI3 kinase)/PKC pathway (Porcher et al., 2018). Finally, while 
GABAA receptors are positively regulated by BDNF application in the developing brain, proBDNF exerts 
an opposing action and decreases GABAA expression, further supporting the "ying-yan" hypothesis of 
proBDNF/BDNF action (Riffault et al., 2014; Begum and Sng, 2017; Porcher et al., 2018). 

BDNF exerts powerful and precise control over maturation and plasticity state of inhibitory 
interneurons. BDNF overexpression induces a precocious maturation of GABAergic circuitry which leads 
to an early opening and premature closure of the critical period (Hanover et al., 1999; Huang et al., 
1999). While dark rearing is known to induce reduction in GABA and GAD65 expression and promote 
critical period-like plasticity, exogenous BDNF application has been shown to rescue GABA and GAD65 
expression deficits in the retinas of dark-reared mice (Lee et al., 2006). However, acute BDNF 
application rapidly reduces excitability of GABAergic cells and diminishes the amplitude and frequency 
of IPSCs via postsynaptic TRKB receptor (Tanaka et al., 1997; Frerking et al., 1998; Holm et al., 2009; 
Lemtiri-Chlieh and Levine, 2010). Optical activation of TRKB in the adult inhibitory PV+ interneurons in 
vivo has been shown to shift these interneurons towards a more juvenile-like immature state, reduce 
their excitability and promote plasticity of the network as demonstrated using the ocular dominance 
plasticity paradigm (Winkel et al., 2021). Interestingly, BDNF infusion in the kitten brain intracortically 
was sufficient to overcome the effects of monocular deprivation. Close to the injection site, the 
responsiveness of the neurons shifted towards the deprived eye while making the neurons lose their 
attention selectivity (Galuske et al., 1996). BDNF infusion in the juvenile cat brain has also been shown 
to prevent formation of ocular dominance columns (Cabelli et al., 1995), and similar effect was achieved 
by scavenging endogenous BDNF with TRKB-IgGs (Cabelli et al., 1997). BDNF infusion did not have an 
effect on the ocular dominance balance when carried out in the adult cat brain (Galuske et al., 2000). 
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2.4 TRKB 

 Tropomyosin receptor kinase B or tyrosine receptor kinase 2 (TRKB, encoded by NTRK2 gene) is 
a transmembrane receptor ubiquitously expressed in the central and peripheral nervous system. It was 
cloned by Klein et al. in 1989 (Klein et al., 1989), and identified as a receptor for BDNF, NT-3 and NT-
4/5 in the following years (Klein et al., 1991b, 1992).  TRKB activation by neurotrophins plays an 
indispensable role in neuronal survival and development (Alcántara et al., 1997; Atwal et al., 2000; 
Numakawa et al., 2010). TRKB functioning is also equally important for axonal growth, regeneration 
and growth cone guidance (Sawai et al., 1996; Novikov et al., 1997; Song et al., 1997). TRKB is a powerful 
facilitator of dendritic sprouting and remodeling (Horch et al., 1999; Horch and Katz, 2002). Finally, 
TRKB is an important regulator of synapse formation and dynamic synapse remodeling (Minichiello et 
al., 1999; Gomes et al., 2006; Musumeci et al., 2009; Yoshii and Constantine-Paton, 2010; Lu et al., 
2014). TRKB messenger ribonucleic acid (mRNA) is highly localized at synapses, enabling its local 
translation in an activity-dependent manner (Tongiorgi et al., 1997). 

NTRK2 is a large gene containing 24 exons, which can create, by different estimates, 35-100 
potential isoforms and around 10 different proteins (Stoilov et al., 2002; Luberg et al., 2010). This 
complexity is enabled by multiple promoters, alternative splicing and polyadenylation sites.  

Full-length TRKB protein has the following structure: an extracellular domain, containing a 
cysteine-rich domain, three leucine-rich repeats (LRRs), another cysteine-rich domain and two 
immunoglobulin-like (Ig-like) domains; a transmembrane domain; and an intracellular tyrosine kinase 
domain (Ntrk2 - BDNF/NT-3 growth factors receptor precursor - Mus musculus (Mouse) - Ntrk2 gene & 
protein; Pradhan et al., 2019). The second Ig-like domain of TRKB is responsible for the neurotrophin 
binding (Urfer et al., 1995; Windisch et al., 1995). Upon the neurotrophin binding, TRKB receptors 
undergo dimerization and autophosphorylation, which triggers activation of downstream pathways. A 
schematic representation of TRKB structure is given on Fig. 1. 

Fig. 1. Schematic representation of TRKB structure. 
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TRKB kinase domain contains three phosphorylation sites: tyrosine 515, 706 and 816 (Y515, 
Y706, Y816) (Middlemas et al., 1994; Atwal et al., 2000; Gruart et al., 2007). Phosphorylation of Y515 is 
recognized by Shc-transforming protein (Shc) and leads to activation of two major pathways: 
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway and Ras/mitogen-activated protein 
kinase kinase/ extracellular signal-regulated kinase (Ras/MEK/Erk) pathway, both of which promote 
neuronal survival, differentiation and neurite outgrowth (Bonni et al., 1999; Atwal et al., 2000; 
Minichiello, 2009). Fibroblast growth factor receptor substrate 2 (FRS2) competes with Shc for the 
TRKB.Y515 site binding and is believed to provide an alternative pathway for sustained activation of Ras 
and Erk (Reichardt, 2006; Minichiello, 2009). Tyrosine 706 is a TRKB autophosphorylation site that gets 
activated upon TRKB dimerization (Middlemas et al., 1994). Finally, phosphorylation of TRKB.Y816 
recruits phospholipase C gamma 1 (PLCγ1), which, once phosphorylated, activates the inositol-1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) pathways (Minichiello, 2009). IP3 induces calcium release 
from internal stores, which further activates Ca2+/calmodulin (Ca2+/CaM)-dependent kinases, including 
CaMKII. It also induces activation of cyclic AMP-responsive element-binding protein (CREB), 
transcription factor responsible for expression of multiple plasticity-related proteins. TRKB activation 
of PLCγ1-mediated pathways is particularly important for LTP and synaptic plasticity (Kang and 
Schuman, 1995; Kang et al., 1997; Minichiello et al., 1999; Gruart et al., 2007; Minichiello, 2009; Yoshii 
and Constantine-Paton, 2010; Pradhan et al., 2019). The induction stage (stage I) of late LTP involves 
BDNF-TrkB signaling mainly through the Erk pathway, whereas all three signaling pathways 
(phospholipase C-γ, PI3 kinase, and Erk) are required for the maintenance of late LTP at stage II (Pang 
et al., 2016). TRKB signaling pathways are schematically depicted on Fig. 2. 

Expression of TRKB receptors on the cell surface is regulated by both neuronal activity and BDNF 
release. Acute BDNF treatment rapidly enhances surface availability of TRKB (the increase occurs within 
seconds), while long-term BDNF treatment (minutes to hours) has an opposite effect (Haapasalo et al., 
2002). Upon BDNF binding and activation, TRKB receptors undergo endocytosis and post-endocytic 
sorting, when some of the receptors get transported to the soma for retrograde transport, others get 
directed to lysosomes for degradation, and yet another subset is reinserted to the cell surface for 
further utilization (Bhattacharyya et al., 1997; Zheng et al., 2008; Burk et al., 2017; Fred et al., 2019).   

There is a number of non-full-length TRKB isoforms that can be truncated in both C- and N-
terminus (Klein et al., 1990; Middlemas et al., 1991; Stoilov et al., 2002; Luberg et al., 2010). Perhaps 
the most well-studied truncated TRKB isoforms are TRKB.T1, TRKB.T2 and TRKB.Shc. TRKB.T1 and 
TRKB.T2 lack a tyrosine kinase domain and have only a 23- and 21-amino acid long sequences in the 
intracellular part, respectively (Klein et al., 1990; Middlemas et al., 1991; Baxter et al., 1997). These 
sequences are unique and different from the full-length TRKB isoform. TRKB.Shc also lacks a tyrosine 
kinase domain but retains the Shc-binding site (Stoilov et al., 2002). The isoforms are also different in 
their expression patterns: TRKB.T1 is expressed in both neurons and glial cells, TRKB.T2 and TRKB.Shc 
are expressed only in neurons (Armanini et al., 1995; Stoilov et al., 2002; Rose et al., 2003; Dorsey et 
al., 2006). In fact, TRKB.T1 is the major TRKB isoform found in the adult mammalian brain (Klein et al., 
1990; Middlemas et al., 1991; Matyas et al., 2017). 

TRKB.T1 truncated proteins are believed to primarily execute a dominant-negative role, forming 
non-functional heterodimers with full-length TRKB and thus inhibiting canonical TRKB signaling and 
function (Eide et al., 1996; Haapasalo et al., 2001; Stoilov et al., 2002). Additionally, TRKB.T1 receptors 
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on astrocytes can sequester and translocate BDNF found in the synaptic cleft (Biffo et al., 1995; Fryer 
et al., 1997). Similarly, TRKB.Shc has been shown to get upregulated following BDNF exposure and to 
decrease full-length TRKB phosphorylation levels (Wong and Garner, 2012). However, truncated TRKB 
isoforms have also been demonstrated to have biological significance beyond a dominant-negative role. 
In a study from 1997, Baxter et al. demonstrated that BDNF-induced activation of both TRKB.T1 and 
TRKB.T2 isoforms resulted in extracellular media acidification, which is a marker of increased metabolic 
activity of the cell (Baxter et al., 1997). TRKB.T1 has also been shown to regulate calcium signaling in 
astrocytes and astrocyte proliferation, morphogenesis and migration in a BDNF-dependent manner 
(Rose et al., 2003; Matyas et al., 2017; Holt et al., 2019). Interestingly, some of the TRKB.T1 effects are 
not dependent on BDNF binding. For example, TRKB.T1 receptor activation has been shown to induce 
neurite and filopodia outgrowth in neuronal and non-neuronal cells in a BDNF-independent manner 
(Haapasalo et al., 1999; Yacoubian and Lo, 2000; Ohira et al., 2007; Fenner, 2012). 

Fig. 2. Signaling pathways activated by TRKB phosphorylation. BDNF, brain-derived neurotrophic 
factor; FRS2, fibroblast growth factor receptor substrate 2; GRB2, growth factor receptor-bound 
protein 2; PDPK1, 3-phosphoinositide-dependent protein kinase 1; PtdIns(4,5)P2, 
phosphatidylinositol-4,5-bisphosphate; RSK, ribosomal protein S6 kinase; SHP2, SRC-homology 
phosphatase 2; SOS, son of sevenless. Reprinted from Minichiello, 2009 with permission from 
Springer Nature. 
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Proper signalling of TRKB receptors is essential for normal functioning of both peripheral and 
central nervous system. Most of the mice lacking normal expression of full-length TRKB die by postnatal 
day 1 (Klein et al., 1993). Those that survive up to P21 display significant increase in apoptotic cell death, 
reduced soma size and lacunae in the grey matter without neuronal bodies (Alcántara et al., 1997). 
They also demonstrate significant sensory deficits due to massive neuronal loss (Silos-Santiago et al., 
1997; Perez-Pinera et al., 2008). To avoid the effect of severe phenotype induced by full TRKB knockout, 
a few studies used conditional knockout of TRKB in certain brain areas, and their results highlighted the 
importance of TRKB in cognitive functions and stress response behaviour. For example, conditional KO 
of TRKB in the prefrontal cortex has been shown to lead to deficiencies in LTP and learning of complex 
behaviour (such as in the Morris water maze), as well as abnormal stress responses in the adulthood 
(Minichiello et al., 1999; Zörner et al., 2003). Similarly, point mutations at the phosphorylation sites of 
TRKB tyrosine kinase domain have been demonstrated to negatively affect different stages of adult 
learning (Musumeci et al., 2009). Conversely, overexpression of full-length TRKB has been shown to 
improve learning and memory in adult mice and counteract some cognitive and depression-like 
behaviour deficits induced by experimental models (Koponen et al., 2004; Karpova et al., 2014). 

Interestingly, TRKB activation also mediates induction of juvenile-like plasticity in the brain. 
Antidepressant drugs have been discovered to reinstate plasticity in the adult brain through activation 
of TRKB receptors (Saarelainen et al., 2003; Duman and Monteggia, 2006; Castrén and Monteggia, 
2021). Ketamine, whose novel effect as an antidepressant drug has been discovered more recently, has 
also been suggested to exert its therapeutic effect through BDNF-TRKB activation (Ma et al., 2017; 
Rantamäki, 2019; Li et al., 2020). A study from our lab has found that both classical antidepressants and 
ketamine act in the brain by binding to a transmembrane domain of TRKB receptors (Casarotto et al., 
2021). Finally, direct TRKB stimulation in a subset of inhibitory interneurons by means of optogenetic 
activation has been shown to rapidly induce critical period-like plasticity in the adult mouse visual 
cortex (Winkel et al., 2021). Altogether, these data convincingly demonstrate a central role of TRKB 
receptors as orchestrators of plasticity in the brain. 

3. Perineuronal nets 

 Perineuronal nets are complex extracellular matrix structures that surround somata, dendrites 
and initial axonal segments of certain types of neurons in the brain (Kwok et al., 2011). Perineuronal 
nets consist of a core protein (hyaluronan) and glycosaminoglycan chains attached to the hyaluronan 
backbone via link proteins (Fawcett et al., 2019). Specifically, chondroitin sulfate proteoglycans (CSPGs) 
composing PNNs belong to the lectican family of glycosaminoglycan proteins. There are four proteins 
in this family: aggrecan, brevican, neurocan and versican. Aggrecan is the major constituent of PNNs 
essential for their formation, as its loss prevented other ECM components from assembling into PNN 
structures and completely abolished PNN staining in vitro, in vivo and ex vivo (Giamanco et al., 2010; 
Rowlands et al., 2018). Lecticans use glycoprotein tenascin-R to bind to each other and stabilize the grid 
they form around the neurons (Fawcett et al., 2019). 

 Perineuronal nets are stabilizing elements of the network whose functions are important for the 
network consolidation, framing of cognitive flexibility and retention of memory. Formation of 
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perineuronal nets is activity-dependent. In an in vitro set of experiments, Dityatev et al. observed that 
suppressing activity of neurons by blocking neurotransmitter release, AMPA receptor conductance, L-
type calcium voltage-gated channel transmission or action potential generation severely hampered 
normal development of perineuronal nets in the cultured cell medium (Dityatev et al., 2007). In a living 
brain, formation of perineuronal nets is dynamically regulated by the network activity such as the one 
induced by learning, and is essential for it. Experiments have demonstrated that learning initially 
prompts downregulation of perineuronal net components, when acquaintance of new experience 
requires enhanced flexibility of the system, followed by their upregulation, when consolidation and 
storage of the acquired experience is needed (Banerjee et al., 2017; Niekisch et al., 2019; Shi et al., 
2019). This process is brain region-specific. Changes in PNN expression follow a different time course in 
different brain structures depending on the pattern of their involvement into the learning process. For 
instance, context-dependent memory is believed to be formed in the hippocampus and then 
transferred to the cortex for long-term storage. Correspondingly, Shi et al. demonstrated that PNN 
staining was increased in the hippocampus 4 and 96 hours following fear conditioning training, and in 
the anterior cingulate cortex 30 days later (Shi et al., 2019). It has even been proposed that the pattern 
of PNN formation may store long-term memory representations in the brain (Tsien, 2013).  

 Interference with PNN formation is generally known to boost memory in the short term while 
deteriorating memory in the long run. Romberg et al. discovered that enzymatic degradation of PNN 
components by chondroitinase ABC in the perirhinal cortex of adult mice improves short-term object 
recognition memory for a period of time up to 48 hours (Romberg et al., 2013). Similar results were 
obtained when a mouse line deficient for CRTL1/HAPLN1 gene was used in the study (Romberg et al., 
2013). CRTL1/HAPLN1 gene codes for cartilage link protein 1/hyaluronan and proteoglycan link protein 
1, which mediates the interaction between versican and hyaluronan (Wirrig et al., 2007). Rowlands et 
al. used a mouse model deficient for aggrecan, the major PNN chondroitin sulfate proteoglycan, and 
demonstrated improved object recognition memory 24 hours after the last training session (Rowlands 
et al., 2018).  

However, pharmacologically or genetically induced PNN reduction eventually leads to 
labilization of memories and makes them vulnerable for erasure. Injection of chABC into the prefrontal 
cortex, hippocampus and amygdala has been demonstrated to impair different stages of fear memory 
formation and/or retrieval (Gogolla et al., 2009; Hylin et al., 2013; Pignataro et al., 2017; Shi et al., 
2019). Additionally, Banerjee et al. showed that chABC injection into the auditory cortex disrupts fear 
learning and consolidation in the cued fear conditioning paradigm which involves pairing foot shocks 
with an auditory stimulus (Banerjee et al., 2017). Interestingly, PNN degradation has also been shown 
to be an effective tool for removal of drug-conditioned place preference in rodents, suggesting that it 
could be a promising tool against drugs of abuse dependency (Xue et al., 2014; Slaker et al., 2015). 
Finally, chABC digestion of perineuronal nets in the entorhinal cortex has been shown to impair spatial 
representations in the hippocampus by destabilizing the upstream grid cell connections (Christensen et 
al., 2021). Exposure to the novel environment was shown to be a factor mitigating the chABC effect in 
this context, suggesting that new sensorial information further promotes alteration of the brain 
networks when the state of permissive plasticity is induced by pharmacological methods (Christensen 
et al., 2021). Similar evidence demonstrating importance of extinction training for changing the 
previously established brain representations facilitated by chABC injection was acquired in other animal 
models (Gogolla et al., 2009; Xue et al., 2014). 



30 
 

During the development of the brain, the PNN formation marks structural consolidation and 
functional maturation of brain networks, and full-scale establishment of PNNs coincides with the end 
of critical periods (Hensch, 2005; Wang and Fawcett, 2012; Fawcett et al., 2019). Strikingly, PNN deposit 
degradation has been discovered to reopen critical period-like plasticity in the brain. In a seminal work 
from 2002, Pizzorusso et al. demonstrated that chondroitinase ABC injection into the visual cortex 
induces ocular dominance plasticity in the brain of adult rats (Pizzorusso et al., 2002). ChABC injection 
into the spinal cord has also been shown to promote structural and functional plasticity of both afferent 
and efferent axons and prompt improvement in locomotion an proprioception in the rat model of spinal 
cord lesions (Bradbury et al., 2002). In fact, the effect that PNN reduction exerts on the long-term 
memory extinction described above can also be viewed as juvenile-like plasticity reinstatement, since 
such a phenotype of enhanced plasticity of acquired memories is typical for the animals during the 
critical period but not beyond it (Gogolla et al., 2009; Kim and Richardson, 2010; Karpova et al., 2011). 

Interestingly, while chondroitin sulfate proteoglycans that constitute perineuronal nets are 
generally known to exert inhibitory functions in the CNS, their effect on plasticity is non-binary and 
depends on the sulfation pattern of the chondroitin sulfate glycosaminoglycan chains (CS-GAGs). While 
CS-GAGs sulfated at position 4 (CS type A, CS-A) or disulfated at positions 4 and 6 (CS-E) are prominent 
inhibitors of plasticity (Wang et al., 2008; Brown et al., 2012; Fawcett et al., 2019; Sakamoto et al., 
2019), CS-GAGs sulfated at position 6 (CS-C) have a permissive role in modulating it (Lin et al., 2011; 
Miyata et al., 2012; Fawcett et al., 2019). Reduction in CS-C GAGs has recently been demonstrated to 
be associated with age-related decline in plasticity and cognitive function, while their viral reexpression 
in the brain restored the age deficits (Yang et al., 2021). 

Molecular mechanisms of PNN-mediated effects on plasticity are incompletely understood. 
Physiologically, PNNs are regulated by molecules such as matrix metalloproteinase (MMP) and a 
disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs) which cleave their 
components and induce their degradation (Mayne and Burne, 2019). Both the MMP- and ADAMTS 
family of proteins have been repeatedly shown to be involved into plasticity processes in the brain 
(Fujioka et al., 2012; Lemarchant et al., 2013; Gottschall and Howell, 2015). Perineuronal nets are also 
suggested to serve as buffering constructs that facilitate targeting of ligands to their cell surface 
receptors and/or sequestering them when in excess (Miller and Hsieh-Wilson, 2015). Many plasticity-
related molecules, including neurotrophins and transcription factors, bind to perineuronal nets 
(Fawcett et al., 2019). PNN digestion with chABC has also been shown to promote formation of new 
synapses (Dembitskaya et al., 2020). Perineuronal nets are known to influence both excitatory and 
inhibitory neurotransmission. For example, simultaneous genetic deletion of four PNN components - 
tenascin-C, tenascin-R, neurocan and brevican – has been demonstrated to lead to increase in the 
abundance of excitatory synaptic markers and decrease in inhibitory with an overall increase in the 
network activity levels (Gottschling et al., 2019). Interestingly, single knockout of any of those molecules 
separately has  been shown to produce deficits in the hippocampal LTP (Bukalo et al., 2001; Zhou et al., 
2001; Brakebusch et al., 2002; Evers et al., 2002). Finally, PNNs are particularly enriched around PV+ 
interneurons and play an important role in their physiology. For example, PNN component brevican 
controls cellular and synaptic forms of plasticity in PV+ cells by regulating the localization of potassium 
channels and AMPA receptors (Favuzzi et al., 2017). The PNN-PV+ interaction will be described in more 
detail in one of the following chapters.  
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Perineuronal net regulation is a complex process and known to be dependent on many factors, 
such as environmental conditions, hormonal release, seasonal changes and even time of the day. 
Pantazopoulos et al. have revealed that expression of perineuronal nets is regulated by circadian 
rhythms in mice, with an overall PNN increase during sleep, which, the authors suggest, may contribute 
to sleep-related memory consolidation (Pantazopoulos et al., 2020). Cornez et al. observed seasonal 
changes in PNN formations in singing birds, when sensitive period for vocal learning followed an annual  
cycle (Cornez et al., 2020). Finally, depressive-like behavior induced by repeated social defeat stress in 
the adult rats has been demonstrated to be associated with increase in PNNs in the hippocampus (Riga 
et al., 2017). While chronic stress and depression are well-known to severely affect brain plasticity in 
the negative direction (Pittenger and Duman, 2007; Radley et al., 2015; Duman et al., 2016), and thus 
their effect on PNN levels observed by Riga et al. is not surprising, it is important to remember that it 
may be age- and brain region-specific. For example, depressive-like behavior induced by chronic mild 
stress has been associated with decreased PNN expression in the prelimbic cortex of young rats (Yu et 
al., 2020). 

4. PTPσ 

Protein tyrosine phosphatase sigma (PTPσ) or receptor-type tyrosine-protein phosphatase S 
(PTPRS) is a transmembrane phosphatase belonging to type II a (or LAR) family of receptor-type protein 
tyrosine phosphatases (Takahashi and Craig, 2013). This family also includes its close relatives protein 
tyrosine phosphatase delta (PTPδ) and leukocyte common antigen-related protein (LAR). PTPσ has been 
separately discovered by three groups in 1993 (Pan et al., 1993; Walton et al., 1993; Yan et al., 1993), 
and has been known under multiple alternative names: R-PTP-S, PTPSIGMA; R-PTP-sigma, RPTPσ, 
CRYPα, NE-3, PTP-P1. Essentially as early as it has been discovered, PTPσ was proposed to play a role in 
plasticity restriction (Stoker, 1994). 

PTPRS gene produces multiple protein isoforms in a tissue-specific and developmentally 
regulated manner, and is ubiquitously expressed in both the central and peripheral nervous systems. 
PTPRS splicing in the brain first follows the pattern similar to the other tissues and then switches to a 
neuron-specific mode, with distinct region-specific expression around E10 (Stoker, 1994). Two major 
mRNA variants produced by alternative splicing are of approximately 6 and 7 kilobase (kb) pairs (Stoker, 
1994; Wagner et al., 1994).  

Full-length PTPσ protein of approximately 217 kDa contains multiple shedding sites that 
undergo proteolytic processing in an activity-dependent manner, resulting in protein products of lower 
molecular weight (Aicher et al., 1997; Davis et al., 2018). Full-length PTPσ protein contains: an 
extracellular part with three immunoglobulin-like domains and eight fibronectin type-III domains; a 
transmembrane part; and an intracellular part with two tyrosine protein phosphatase domains (PTPRS 
- Receptor-type tyrosine-protein phosphatase S precursor - Homo sapiens (Human) - PTPRS gene & 
protein). A schematic representation of PTPσ structure is given on Fig. 3.  

PTPσ has been shown to bind chondroitin sulfate proteoglycans (CSPGs), major components of 
perineuronal nets, and heparan sulfate proteoglycans (HSPGs), another type of glycoproteins having 
heparan sulfate chains attached to the core protein (Aricescu et al., 2002a; Shen et al., 2009; Coles et 
al., 2011). The first PTPσ Ig-like domain has been shown to be necessary and sufficient for the binding 
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of both HSPGs and CSPGs (Aricescu et al., 2002a; Shen et al., 2009; Coles et al., 2011). Additionally, 
Katagiri et al. discovered another HSPG-binding domain in the juxtamembrane region of PTPσ (Katagiri 
et al., 2018). Chondroitin sulfate proteoglycan and heparan sulfate proteoglycan sugar residues can be 
modified by addition of sulfate groups at various positions, and PTPσ binding has been shown to depend 
both on the sulfation pattern and degree of sulfation (Tadai et al., 2018). PTPσ preferentially interacts 
with CS-E units of chondroitin sulfate proteoglycans, which are disulfated at C-4 and C-6 positions (Tadai 
et al., 2018; Sakamoto et al., 2021).  

Fig. 3. A schematic representation of PTPσ structure. Ig, immunoglobulin-like domain; FN, fibronectin 
domain; D1 and D2, phosphatase domains. Reprinted from Chagnon et al., 2004 with the permission 
of the publisher. © Canadian Science Publishing or its licensors. 

As for the two intracellular domains of PTPσ, the first phosphatase domain is an active one that 
exerts dephosphorylation of other proteins, while the second phosphatase domain is catalytically 
inactive and is believed to play an auxiliary function in the protein dimerization (Wallace et al., 1998; 
Jeon et al., 2013; Du and Grandis, 2014). PTPσ has been shown to interact with and dephosphorylate a 
number of proteins, including ERK and TRK receptors (Faux et al., 2007; Kurihara and Yamashita, 2012; 
Davis et al., 2018).  

PTPσ plays a role in many processes in the nervous system. One of the well-studied function of 
PTPσ is its inhibition of axonal regrowth and regeneration in both the peripheral and central nervous 
systems (McLean et al., 2002; Thompson et al., 2003; Sapieha et al., 2005; Shen et al., 2009; Fry et al., 
2010). PTPσ has been shown to be expressed in axonal growth cones, and in neuronal cell cultures 
prepared from mice lacking PTPσ (PTPσ-/-), the rate of axonal growth was increased as compared to the 
wild type mice-extracted cells (Thompson et al., 2003). Moreover, PTPσ-/- mice exhibit a faster 
functional recovery after the facial nerve injury as assessed by the whisker movement behavior score 
(Thompson et al., 2003), and faster nerve regeneration after sciatic nerve injury, as evident from 
immunohistochemical, electrophysiological and behavioral measurements (McLean et al., 2002). 
Similarly, PTPσ has been shown to promote axonal regeneration in the central nervous system. Sapieha 
et al. showed that in the mouse model of the optic nerve lesion, the number of retinal ganglion cell 
axons that overcame the glial scar formations and demonstrated extension into the optic nerves was 
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significantly increased in PTPσ-/- mice versus wild type mice (Sapieha et al., 2005). PTPσ knockout was 
also beneficial for axonal regeneration spanning through the inhibitory proteoglycan region in the 
mouse model of spinal cord injury (Shen et al., 2009; Fry et al., 2010). Interestingly though, PTPσ 
deficiency was also demonstrated to negatively affect precision of the axonal directional regrowth, 
implicating the role of PTPσ in the axon guidance (McLean et al., 2002). Finally, a study in lampreys has 
found that PTPσ genetic deletion significantly impairs axonal regeneration after spinal cord transection, 
primarily due to reduced long-term survival of neurons (Rodemer et al., 2020). These data suggest that 
PTPσ may not be only a negative regulator of axonal regeneration, and further research is needed to 
clarify this topic. 

As for the molecular underpinnings, it is interaction of PTPσ with HSPGs and CSPGs that is known 
to be crucial for the effects PTPσ exerts on axonal growth and guidance (Shen et al., 2009; Coles et al., 
2011; Chien and Ryu, 2013). Additionally, N-cadherin has been shown to be a PTPσ substrate whose 
dephosphorylation accounts for the PTPσ-induced inhibition of axonal growth (Siu et al., 2007). 

The stunning results of genetic models of PTPσ modulation inspired research in pharmaceutical 
engineering, and both PTPσ-blocking peptides and small molecule inhibitors were recently developed 
(Martin et al., 2012; Lang et al., 2015; Li et al., 2015a; Zhang et al., 2019). Peptides blocking the PTPσ 
inhibitory effect on the axonal regeneration were demonstrated to improve conditions of animals in 
the models of spinal cord injury and multiple sclerosis (Lang et al., 2015; Li et al., 2015a; Luo et al., 2018; 
Rink et al., 2018; Tran et al., 2018). 

In addition to HSPGs and CSPGs, PTPσ interacts with a number of other proteins in both cis- and 
trans-synaptic manner. LAR family of receptors and PTPσ in particular are recognized as hub-like 
receptors that mediate cell adhesion and synaptic self-assembly (Kwon et al., 2010; Takahashi et al., 
2011; Horn et al., 2012; Takahashi and Craig, 2013; Coles et al., 2014; Um et al., 2014; Ji et al., 2015; 
Naito et al., 2017; Bomkamp et al., 2019; Han et al., 2020a; Roppongi et al., 2020). PTPσ expression is 
found both pre- and postsynaptically (Horn et al., 2012), however, it seems that it's presynaptic PTPσ 
binding to postsynaptic adhesion proteins that is essential for synaptogenesis (Takahashi et al., 2011; 
Takahashi and Craig, 2013; Bomkamp et al., 2019). PTPσ specifically regulates excitatory but not 
inhibitory synapse formation (Kwon et al., 2010; Takahashi et al., 2011; Takahashi and Craig, 2013; Ji et 
al., 2015; Naito et al., 2017; Han et al., 2020a; Roppongi et al., 2020).  

The whole process of PTPσ-mediated synapse formation is yet to be fully characterized, but it is 
known to involve trans-synaptic interaction with multiple leucine-rich repeat domain-containing 
proteins, including leucine-rich repeat transmembrane proteins (LRRTMs) (Ko et al., 2015; Roppongi et 
al., 2020), netrin-G ligand-3 (NGL-3) (Kwon et al., 2010), synaptic adhesion-like molecule/leucine-rich 
repeat and fibronectin type III domain containing proteins 3 and 5 (SALM3/Lrfn3 and SALM5/Lrfn5) (Li 
et al., 2015b; Choi et al., 2016), Slit- and TRK-like family proteins (Slitrks) (Um et al., 2014) and TRKC 
(Takahashi et al., 2011; Takahashi and Craig, 2013; Coles et al., 2014; Naito et al., 2017). Presynaptically, 
PTPσ-mediated excitatory synapse formation has been shown to involve neurexins (Takahashi and 
Craig, 2013; Roppongi et al., 2020), scaffolding protein liprin-α (Han et al., 2018; Bomkamp et al., 2019) 
and p250 Rho GTPase-activating protein (p250RhoGAP) (Han et al., 2018). Overall, Gong et al. has 
recently identified around 100 PTPσ-interacting partners, but functional role of most of these 
interactions remains to be investigated (Gong et al., 2021). 
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PTPσ-/- mice display strong neurodevelopmental deficits, retarded postnatal growth and severe 
neurological and neuroendocrine deficits, with approximately 97-98% death rate (Elchebly et al., 1999; 
Wallace et al., 1999). Those that survive have abnormal excitatory synaptic transmission. They exhibit 
increased miniature EPSC frequency and increased paired-pulse facilitation at excitatory synapses in 
the hippocampus (Horn et al., 2012). Additionally, long-term potentiation in these mice is 
compromised, while long-term depression does not seem to be affected (Horn et al., 2012).  

To overcome the limitations and biases of severe developmental deficits and possible 
compensatory mechanisms that full PTPσ knockout mice may develop, Kim et al. engineered a mouse 
with conditional knockout of PTPσ specifically in excitatory neurons in the cortex and hippocampus 
(Kim et al., 2020). These mice were shown to have normal basal excitatory synaptic transmission but 
decreased NMDA receptor-mediated hippocampal LTP in response to both theta burst- and tetanus-
induced stimulation. AMPA receptor-mediated transmission does not seem to be affected in this mouse 
model. NMDA-dependent but not mGluR-dependent long-term depression was also decreases in these 
mice. Interestingly, suppression of PTPσ expression in the presynaptic neurons by viral injection into 
the CA3 region of the hippocampus suppressed LTP at SC-CA1 synapses, while viral-mediated 
downregulation of PTPσ in the postsynaptic neurons in the CA1 had no effect. These data further 
support the importance of presynaptic PTPσ in the excitatory synapse regulation, and provides novel 
evidence for the presynaptic PTPσ modulation of postsynaptic NMDA receptors (Kim et al., 2020).  

Interestingly, Kim et al. have found that conditional knockout of PTPσ in excitatory synapses 
leads to increase in phosphorylation of proteins responsible for synaptic reorganization in the 
presynaptic zone, and decreased phosphorylation of proteins responsible for synaptic reorganization 
in the postsynaptic zone (Kim et al., 2020). We will further look into the role of PTPσ-regulated protein 
phosphorylation in the next chapter. 

5. Interplay between TRKB, PTPσ & PNNs 

 As mentioned earlier, PTPσ is a receptor for both HSPGs and CSPGs (Aricescu et al., 2002b; Shen 
et al., 2009). These two types of proteoglycans exert opposite effects on PTPσ upon binding (Coles et 
al., 2011). Coles et al. demonstrated that heparan sulfate proteoglycans induce PTPσ ectodomain 
oligomerization in solution, which was prevented by chondroitin sulfate presence. Coles et al. have 
suggested a model where heparan sulfate proteoglycans promote PTPσ clustering and CSPGs prevent 
it. According to this model, clustering of PTPσ receptors would make them closely packed in certain 
regions of the cell membrane while depleting the other parts of their phosphatase activity. This will 
enable phosphorylation and active state of growth-promoting proteins in these regions, allowing for 
the permissive state of neuronal plasticity (Coles et al., 2011). This hypothesis was confirmed in live 
cells by Wu et al. who demonstrated PTPσ dimerization upon HPSG binding which was prevented by 
chondroitin sulfate proteoglycans (Wu et al., 2017). Utilizing an artificial phosphatase substrate assay, 
they also showed that CSPG treatment promotes PTPσ activity in membrane fractions isolated from 
PTPσ-expressing cells.  

Chondroitin sulfate proteoglycans are well known for their inhibitory effect on the neurite 
outgrowth, and PTPσ is recognized to be important to mediate this effect as its functional ablation 
downregulates the ability of CSPGs to inhibit plasticity (Shen et al., 2009; Duan and Giger, 2010; Coles 
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et al., 2011; Kurihara and Yamashita, 2012). For example, PTPσ-/- mice display substantial elevation of 
axonal regeneration after injury even in the presence of CSPGs (Sapieha et al., 2005; Shen et al., 2009). 
However, until recently, molecular pathways underlying this effect remained largely unknown.  

 Interestingly, almost since the very discovery of the molecule and its role in the neural 
development, PTPσ was proposed to interact with TRK receptors (Stoker, 1994). In 2007, Faux et al. 
demonstrated that PTPσ interacts with TRK receptors and modulates their activity by 
dephosphorylation, including suppression of their phosphorylation by neurotrophins (Faux et al., 2007). 
In the experiments by Faux et al., PTPσ was shown to interact stably with TRKA and TRKC but not TRKB, 
even though all three receptors were dephosphorylated in the PTPσ presence. Later on, Kurihara et al. 
demonstrated that PTPσ forms stable complexes with TRKB in the cortical neuronal culture (Kurihara 
and Yamashita, 2012). TRKB:PTPσ interaction was shown to be increased by BDNF exposure, suggesting 
that phosphorylation of TRKB prompts subsequent phosphatase recruitment to the activated receptors. 
Furthermore, Kurihara et al. showed that treatment of cells with CSPGs attenuates TRKB-mediated 
increase in the dendritic spine density typical for neurons treated with BDNF. This effect of CSPG-
mediated attenuation of BDNF-induced increase in the dendritic spine density was absent when the 
cells were treated with shRNA that exerted knockdown of PTPσ. Therefore, Kurihara et al. concluded 
that chondroitin sulfate proteoglycans downregulate dendritic spine formation by targeting TRKB via 
PTPσ-induced dephosphorylation (Kurihara and Yamashita, 2012).  

 There is a lot of evidence in the literature demonstrating the involvement of PNNs-PTPσ and 
TRKB in the similar processes with the opposite direction. While chronic stress is known to 
downregulate TRKB (Barfield and Gourley, 2018) and promote PNN formation (Riga et al., 2017), 
antidepressant treatment has been shown to restore TRKB activity levels (Saarelainen et al., 2003) and 
reduce PNNs (Riga et al., 2017). Stress-related increase in PNN formation can at least partially be 
attributed to the decreased activity of enzymes that degrade PNN components under normal conditions 
such as matrix metalloproteinases (MMP) and a disintegrin and metalloproteinase with 
thrombospondin motifs (ADAMTSs). These enzymes essential for ECM remodeling are also crucial for 
synaptic plasticity in the healthy nervous system as well as for development, repair and regeneration 
(Lemarchant et al., 2013; Verslegers et al., 2013; Padamsey et al., 2017). Stress has been shown to 
downregulate activity of matrix metalloprotease-2 (MMP-2) (Koskinen et al., 2020), while monoamines 
and monoamine modulators have been previously shown to increase expression and activation of 
metalloproteases, in particular, MMP-2 and MMP-9 (Alaiyed and Conant, 2019; Alaiyed et al., 2019). At 
the same time, PTPσ has been demonstrated to regulate secretion of proteases (in particular, cathepsin 
B and MMP-2) (Luo et al., 2018; Tran et al., 2018), and release of cathepsin B in turn has been shown 
to upregulate activity of matrix metalloproteinase-9 (MMP-9) and can allegedly upregulate MMP-2 
(Padamsey et al., 2017; Tran et al., 2018). Interestingly, the same matrix metalloproteinases (MMP-2 
and MMP-9) have been recognized to be essential for TRKB transactivation by endogenously present 
metals copper and zinc (Jung et al., 2005; Hwang et al., 2007). 

 Other interesting pieces of evidence suggesting involvement of TRKB and PTPσ into a single 
pathway come from research on their downstream targets. Experiments with cancer cell lines and 
retinal tissue derived from PTPσ-/- mice demonstrated that PTPσ negatively regulates Ras/MEK/Erk and 
Akt pathways, both of which are known to be activated by TRKB (Sapieha et al., 2005; Davis et al., 2018). 
Similarly, CSPG treatment has been shown to downregulate Erk signaling in cultured neuronal cells, 
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while CSPG digestion with chABC or application of intracellular sigma peptides inhibiting PTPσ restored 
Erk phosphorylation levels (Lang et al., 2015). Overall, protein tyrosine phosphatases, including PTPσ, 
have been recognized as cancer suppressors, and mutations in PTPRS gene hampering its function were 
discovered to be associated with cancer (Du and Grandis, 2014; Wang et al., 2015; Davis et al., 2018). 
TRKB, on the contrary, is known to drive progression of cancer, and TRKB-downregulating medical 
treatment was shown to suppress development of tumors (Shen et al., 2019). To the best of my 
knowledge though, despite the compelling evidence, work investigating mutual regulation of TRKB and 
PTPσ in cancer is missing. 

6. PV+ interneurons  

6.1 Introduction 

GABAergic inhibitory neurons are neurons that release γ-aminobutyric acid (GABA) as the 
neurotransmitter from the presynaptic cleft, which, upon binding to the postsynaptic part of the 
synapse, leads to the hyperpolarization of the neuron and decrease in the likelihood of its firing, at least 
in the adult healthy brain. GABAergic cells comprise only 10-20% of the total neuronal population in 
the brain, but they are indispensable for the proper functioning of the brain as they control and fine-
tune activity of the principal excitatory neurons (Courtin et al., 2014; Swanson and Maffei, 2019).  

GABAergic interneurons are often divided based on three or four different characteristics: their 
morphology, including special features of axonal branching and dendrite arborization; their 
electrophysiological properties, i.e. firing response to the intracellular current injection; expression of 
certain biochemical markers, such as neuropeptides or Ca2+-binding proteins; and, finally, their 
postsynaptic targets (Contreras, 2004). 

PV+ cells are a distinct subpopulation of interneurons that express parvalbumin (PV+), a Ca2+-
binding protein. In the mouse cortex, they account for approximately 40% of the total population of 
inhibitory interneurons (Tamamaki et al., 2003; Rudy et al., 2011; Tremblay et al., 2016). They are well 
known for their fast-spiking properties, as discovered by Kawaguchi et al. in 1987 (Kawaguchi et al., 
1987). PV+-cells possess fast-spiking properties thanks to the expression of Kv.3 K+ channels which have 
positively shifted voltage dependencies and fast deactivation rates, which in turn allows for fast 
repolarization of action potentials with high spike initiation and height (Rudy and McBain, 2001; Hu et 
al., 2010).  

There are two types of PV+ interneurons: basket and chandelier cells (DeFelipe, 1997). Basket 
cells target somata and proximal dendrites of principal pyramidal neurons (Williams et al., 1992), while 
chandelier cells target exclusively initial axonal segments of the pyramidal cells (DeFelipe et al., 1989; 
Tremblay et al., 2016). Such specificity of synaptic inputs is believed to be gained by distinct molecular 
programs displayed by distinct subpopulations of PV+ cells, which they acquire when first establishing 
synaptic contacts. Favuzzi et al. carried out RNA-sequencing and whole-transcriptome analysis of 
different subtypes of PV+ neurons and came out with heatmaps of differentially expressed genes 
(Favuzzi et al., 2019). Among the genes that displayed the highest degree of specificity were: Cbln4, 
coding for cerebellin-4 protein, specific for dendrite-targeting inhibitory contacts;  Lgi2, encoding 
leucine-rich repeat LGI family member 2, specifically regulating perisomatic innervation; and Fgf13, 
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encoding fibroblast growth factor 13 protein that regulates development of axon initial segment-
targeting chandelier cells (Favuzzi et al., 2019). 

PV+ cells have extensive dendritic arborization that often spans multiple layers. One basket cell 
may have more than 10000 synaptic contacts, innervating more than 1500 principal neurons and more 
than 50 PV+ cells (Sik et al., 1995; Halasy et al., 1996). PV+ neurons are interconnected, often 
reciprocally, by both gap junctions and chemical synapses (Galarreta and Hestrin, 2002), while they 
provide little inhibition to other types of interneurons (Pfeffer et al., 2013). PV+ cells themselves receive 
excitatory input from the principal cells on distal dendrites and inhibitory input mainly on cell bodies 
and proximal dendrites (Kameda et al., 2012; Hioki et al., 2013). In total, PV+-cells receive over 10 times 
more excitatory than inhibitory inputs (Halasy et al., 1996).  

PV+ cells synchronize firing of principal pyramidal neurons and orchestrate the activity of large 
cell populations. They can convert an excitatory input signal into an inhibitory output within a 
millisecond (Hu et al., 2014). In response to stochastic excitatory events, parvalbumin interneurons 
resonate in the gamma power band, a frequency strongly associated with higher cognitive functions 
(Buzsáki and Wang, 2012). They are known to be important for it, as pinpointed in multiple studies 
using in vitro, in vivo, ex vivo and in silico approaches (Bartos et al., 2007; Volman et al., 2011; Buzsáki 
and Wang, 2012; Etter et al., 2019; Metzner et al., 2019; Antonoudiou et al., 2020; Chung et al., 2020; 
Park et al., 2020).  

PV+ interneurons are known to be crucial for the network plasticity in both juvenile and adult 
brains (Yazaki-Sugiyama et al., 2009; Baho et al., 2019). Expression of parvalbumin in these cells 
coincides with the onset of the critical periods  (del Rio et al., 1994) and depends on the region-specific 
developmental time courses (Condé et al., 1996; Reh et al., 2020). PV+ cells orchestrate refinement of 
cortical circuits in response to sensorial input, and their maturation follows a relatively extended time 
course, with the establishment of fully developed circuits happening towards the end of adolescence 
(Chattopadhyaya et al., 2004; Baho et al., 2019). Experience is crucial for PV+ interneuron maturation, 
as demonstrated by multiple studies with sensory deprivation in rodents (Sugiyama et al., 2008; Liu et 
al., 2013; Ye and Miao, 2013; Koh and Sng, 2016). Interestingly, the level of parvalbumin expression in 
PV+ cells is strongly associated with an overall plasticity state of the brain networks. Low parvalbumin 
expression corresponds to the high plasticity levels and facilitated learning, while higher expression 
levels of parvalbumin are a marker of a low plasticity state (Donato et al., 2013).  

Manipulations with the PV cell physiology have been demonstrated to promote plasticity. For 
example, chemogenetic silencing of PV+ cells has been shown to reinstates juvenile-like plasticity in the 
adult rat auditory cortex (Cisneros-Franco and De Villers-Sidani, 2019). Optically induced 
downregulation of PV+ cell functions was demonstrated to produce similar effects in the adult mouse 
visual cortex (Winkel et al., 2021). Interestingly though, transplantation of embryonically-derived 
inhibitory neurons to the brain of older mice has also been shown to induce cortical plasticity beyond 
the critical period (Southwell et al., 2010; Tang et al., 2014). This effect does not seem to be exclusively 
dependent on PV+ cells only. In the study by Southwell et al., embryonically-derived neurons contained 
different subpopulations of interneurons, including parvalbumin-, somatostatin-, calbindin- , calretinin- 
and neuropeptide Y-expressing cells (Southwell et al., 2010). In the study by Tang et al., transplantation 
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and functional expression of either parvalbumin- or somatostatin-positive neurons alone was sufficient 
to facilitate plasticity in the brain beyond the normal endogenous timeframe (Tang et al., 2014). 

6.2 Role of PNNs in PV+ cells  

Parvalbumin-positive cells are a type of neurons that are preferentially enwrapped by 
perineuronal nets, and PNN establishment is indispensable for PV+ cell functional maturation (Kosaka 
and Heizmann, 1989; Wang and Fawcett, 2012; Fawcett et al., 2019). However, the interaction between 
PV+ cells and perineuronal nets seems to follow a complex pattern, and there is sometimes 
controversial evidence regarding their mutual influence upon each other.  

As it has been mentioned earlier, both maturation of PV+ neurons and establishment of PNNs 
is activity-dependent. Lack of experience-dependent activity postpones maturation of PV+ cells and 
delays PNN formation around them (Sugiyama et al., 2008; Liu et al., 2013; Ye and Miao, 2013; Koh and 
Sng, 2016). There is a positive correlation between high expression of parvalbumin and high density of 
perineuronal nets in PV+ neurons (Carceller et al., 2020), and selective knockout of aggrecan, a crucial 
CSPG composing perineuronal nets, results in lower parvalbumin expression in PNN-bearing neurons in 
the mouse cortex (Rowlands et al., 2018). Similarly, chemogenetic silencing of PV+ neurons in the adult 
brain reduces PNN expression in vivo (Devienne et al., 2019). Building up on this information and the 
expression profile of multiple protease-related genes in PV+neurons, Davienne et al. suggest that adult 
PV+ cells are able to exert cell-autonomous dynamic regulation of PNN densities in response to changes 
in the local microcircuit environment (Devienne et al., 2019).  

Multiple studies have demonstrated that PNN downregulation by chondroitinase ABC treatment 
or genetically engineered knockout of PNN components disrupts normal PV+ cell excitability and firing, 
even though the evidence regarding the underlying changes is sometimes conflicting. Lensjø et al. and 
Tewari et al. demonstrate reduced inhibitory activity of the network attributed to decreased PV+ cell 
firing following the PNN degradation in the rodent cortex in vivo and ex vivo, correspondingly (Lensjø 
et al., 2017; Tewari et al., 2018). Carceller et al. also observed a decrease in the gamma activity, the 
power band primarily associated with the PV+ cell firing, in the medial prefrontal cortex of adult mice 
treated with chondroitinase ABC in vivo. Conversely, Lensjø et al. and Faini et al. observed that chABC 
treatment induces a counterintuitive increase in the gamma power band in the animal visual cortex 
(Lensjø et al., 2017; Faini et al., 2018). Finally, Faini et al. did not find any differences in the firing 
dynamic of PV+ interneurons in the mouse visual cortex following chondroitinase-induced PNN 
digestion (Faini et al., 2018). These discrepancies in experimental findings leave open the question of a 
specific role that PNNs play in the gamma-frequency PV+ cell firing. 

Tewari et al. further demonstrate that the reduced firing rate of PV+ cells following the PNN 
degradation they observed was caused by increase in their membrane capacitance. Tewari et al. 
suggest that PNNs serve as a membrane insulator which decreases PV+ membrane capacitance under 
physiological conditions, allowing PV+ cells to fire at supra-physiological frequencies (Tewari et al., 
2018). Brevican knockdown in PV+ cells has been shown to reduce membrane clustering of Kv.3.1 
channels that are known to be responsible for the fast-spiking properties of PV+ cells, which can at least 
partially account for the decrease in PV+ cell activity induced by PNN downregulation (Favuzzi et al., 
2017).  
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 Another ex vivo study in slices from the adult mouse somatosensory cortex by Balmer et al. 
observed that chondroitinase treatment reduces excitability and gain of PV+ cells and delayed their 
spike generation (Balmer, 2016). However, using hippocampal slices from young adult mice, Hayani et 
al. observed that PNN removal by chABC injection enhances excitability of PV+ cells (Hayani et al., 2018). 
Similarly, using hippocampal slices from young adult mice of a comparable age, Favuzzi et al. found that 
genetic knockdown of brevican in PV+ cells enhances their intrinsic excitability, since PV+ cells in mutant 
PV-brevican mice had decreased action potential threshold and reduced latency to the action potential 
generation (Favuzzi et al., 2017). Finally, Faini et al. did not find any differences in the passive 
membrane properties of PV+ cells in the adult mouse visual cortex following chondroitinase injection 
(Faini et al., 2018). Discrepancies in the results of these studies could be explained by significant 
differences in the experimental design used by these groups. Balmer et al. used slices from the 
somatosensory cortex of >P70 mice that were treated with chABC ex vivo. Faini et al. used slices 
prepared from the visual cortex of mice older than P70. Hayani et al. used hippocampal slices prepared 
from mice 3-5 weeks old that were injected with chABC in vivo 7 days before the electrophysiological 
recordings. Favuzzi et al. used hippocampal slices from P26-P38 mice that had brevican deleted 
specifically from PV+ cells. These differences render the effect of PNN degradation on PV+ cell 
excitability elude a single straightforward interpretation. 

Perineuronal nets also play an important role in regulating the innervation pattern of 
parvalbumin-positive cells. Carceller et al. have shown that PNN-positive PV+ cells have a higher 
number of excitatory and inhibitory synaptic inputs (Carceller et al., 2020). However, the data regarding 
the effect of PNN experimental manipulation on the PV+ cell connectivity significantly vary, as PNN 
downregulation was reported to reduce inhibitory innervation on PV+ cells (Carceller et al., 2020), 
increase inhibitory input into them (Hayani et al., 2018) or leave it unaltered (Favuzzi et al., 2017). As 
for the excitatory input into PV+ interneurons, Hayani et al. and Favuzzi et al. reported its decrease 
following the PNN reduction, Faini et al. found its increase while Carceller et al. did not find any changes 
(Favuzzi et al., 2017; Faini et al., 2018; Hayani et al., 2018; Carceller et al., 2020). 

As evident from the multiple studies described in the paragraphs above, the role of PNNs in the 
PV+ cell physiology is not precisely revealed and may follow a complex age- and brain region-specific 
pattern. However, despite diverse and sometimes contradictory findings on the underlying cellular and 
synaptic mechanisms, the effect of PNN reduction on PV+ cell dematuration and juvenile-like plasticity 
reopening is solid. It has been convincingly demonstrated using various paradigms, including fear 
conditioning (Gogolla et al., 2009; Banerjee et al., 2017; Pignataro et al., 2017; Shi et al., 2019), drug-
induced conditioned place preference (Xue et al., 2014; Slaker et al., 2015) and ocular dominance 
plasticity in the visual cortex (Pizzorusso et al., 2002; Lensjø et al., 2017; Faini et al., 2018; Rowlands et 
al., 2018). 

6.3 Role of TRKB in PV+ cells 

While BDNF expression in GABAergic cells remains controversial with only one recent study 
demonstrating proBDNF localization in the endoplasmic reticulum of GABAergic cells in the mouse 
hippocampus and cortex (Tomás et al., 2020), TRKB is known to be expressed both in excitatory and in 
inhibitory neurons, including PV+ neurons (Gorba and Wahle, 1999). Moreover, parvalbumin 
expression in these cells during early development has been shown to depend on TRKB (Patz et al., 



40 
 

2004). However, even if GABAergic cells do not express BDNF themselves, they are known to be highly 
dependent on exogenous BDNF that they receive through network signaling and mediate by TRKB. 

Mice with negative mutations in BDNF gene show aberrant synaptic signaling and potentiation 
in PV+ neurons, as evident from reduced amplitude and frequency of spontaneous IPSCs and an altered 
spike-timing-dependent plasticity in the hippocampus (Sakata et al., 2009). They also demonstrate a 
dramatic reduction in the total PV+ cell numbers (Sakata et al., 2009). Interestingly, genetic 
manipulation with BDNF gene that accelerated the postnatal increase in the BDNF protein levels has 
been shown to positively modulate PV+ cell function, promoting their maturation and precociously 
closing the critical period for plasticity in the mutant mouse visual cortex (Huang et al., 1999). 

 Genetic modifications of TRKB have also been demonstrated to downregulate PV+ cell 
development. Conditional knockout of TRKB expression in parvalbumin-positive cells leads to a 
significant loss of their numbers in the cerebrum and cerebellum (Xenos et al., 2018). The remaining 
PV+ neurons have a decreased synaptic density and a significantly reduced number of synaptic contacts 
with pyramidal cells, which leads to disinhibition and enhanced firing of principal cells (Zheng et al., 
2011; Xenos et al., 2018). Additionally, these mutant mice display reduced gamma oscillations in the 
somatosensory cortex and exhibit prominent deficits in the cognitive and motor behavior assays (Zheng 
et al., 2011; Xenos et al., 2018). In a study by Guyon et al., interference with normal TRKB signaling in 
parvalbumin-positive cells in the prefrontal cortex by overexpression of a dominant negative form of 
TRKB has been shown to lead to morphological and physiological changes in these cells (Guyon et al., 
2021). PV+ neurons in these mutant mice displayed reduced GABA expression and deficits in the 
regulation of GABA release, with downregulated maintenance of firing rate. These mice also 
demonstrated increased anxiety and aggression during social interaction, highlighting the importance 
of normal TRKB functioning in PV+ cells in the prefrontal cortex for the social interaction (Guyon et al., 
2021). 

 Finally, an interesting study by Winkel et al. revealed the role of TRKB in regulating plasticity 
levels of PV+ cells (Winkel et al., 2021). Using optogenetic methods, Winkel et al. have shown that 
activation of TRKB in PV+ neurons downregulates parvalbumin expression and promotes removal of 
PNNs surrounding these cells, shifting them towards a more plastic, immature state (Winkel et al., 
2021). Similar results have been achieved by chronic treatment of mice with antidepressant fluoxetine 
(Karpova et al., 2011; Winkel et al., 2021). Both methods of treatment have also been shown to induce 
network plasticity and reinstate juvenile-like plasticity in the brain of adult mice (Maya Vetencourt et 
al., 2008; Umemori et al., 2018; Winkel et al., 2021). 

7. Reactivation of juvenile-like plasticity in the brain 

 7.1 Introduction 

A lot of the current insights on the mechanisms of neuronal plasticity are based on studies with 
animals during the critical periods (Caroni et al., 2012). However, certain manipulations may reinstate 
juvenile-like plasticity in the adult brain or prevent the closure of critical periods. Many of these 
interventions specifically target inhibitor networks using optical, pharmacological, genetic or 
pharmacogenetic methods (Harauzov et al., 2010; Morishita et al., 2010; Chen et al., 2011; Donato et 
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al., 2013; Kuhlman et al., 2013; Cisneros-Franco and De Villers-Sidani, 2019; Winkel et al., 2021). It 
seems that plasticity of inhibitory neurons precedes plasticity of excitatory neurons and provides 
permissive state for plasticity of the latter (Chen and Nedivi, 2010; Chen et al., 2011; Keck et al., 2011). 
For example, Keck et al. showed that a subset of inhibitory neurons have dendritic spines, forming 
synaptic contacts with excitatory neurons. These dendritic spines undergo a rapid reduction in number 
following the retinal lesion, which reduces excitatory drive on these cells and subsequently leads to 
their loss of output axonal boutons (Keck et al., 2011). Chin et al. further demonstrated that visual 
deprivation in the adulthood leads to loss of inhibitory inputs onto their pyramidal cell targets in layer 
2/3 of the visual cortex, which allows for higher flexibility of the network, including formation of novel 
excitatory synapses (Chen et al., 2011). Similar effect could be achieved by chronic treatment of rodents 
with fluoxetine, a drug that is known to lead to dematuration of inhibitory PV+ neurons and induce 
juvenile-like plasticity in the adult brain (Maya Vetencourt et al., 2008; Chen et al., 2011; Ohira et al., 
2013). Dematuration of PV+ inhibitory cells induced by optical stimulation has been shown to switch 
the adult brain to the state of enhanced plasticity and induce ocular dominance plasticity in the visual 
cortex (Winkel et al., 2021). Similar effects have been achieved by chemogenetic activation of PV+ cells 
in other brain areas, such as auditory cortex (Cisneros-Franco and De Villers-Sidani, 2019) and 
hippocampus (Donato et al., 2013). 

 Ocular dominance plasticity in the visual cortex has been established as a canonical method to 
evaluate plasticity in the brain. Early studies demonstrated that visual cortical innervation and 
formation of ocular dominance happens early in life, and forced restriction of vision to one eye during 
the critical period leads to amblyopia, as the deprived eye loses its visual acuity and contrast sensitivity 
due to the massive loss of input connections (Hubel and Wiesel, 1963; Drager, 1978; Maffei et al., 1992). 
However, experiments carried out in L. Maffei's lab revealed that administration of nerve growth factor 
into the brain of young rats counteracts the effect of monocular deprivation on the visual acuity and 
contrast sensitivity and prevents a shift in ocular dominance induced by it, for the first time 
demonstrating that neurotrophic factors could manipulate ocular dominance plasticity (Domenici et al., 
1991; Maffei et al., 1992). Furthermore, Domenici et al. demonstrated that exogenous application of 
anti-NGF antibodies extends the duration of the critical period in the visual cortex of adult rats, and 
monocular deprivation can still induce a shift of the ocular dominance at the age when the critical 
period is normally closed (Domenici et al., 1994). Since then, ocular dominance plasticity has been 
utilized by multiple laboratories all over the world to demonstrate the effect of various interventions 
on the induction of juvenile-like plasticity in the brain, and most of the studies described below utilized 
this method to assess plasticity state of the neuronal networks. 

Of course, there are some other physiological readouts relevant for the plasticity assessment. 
They include complexity of dendritic arborization, dendritic spine turnover, axonal growth and 
branching, electrophysiological changes in synaptic transmission and local field potentials, maturation 
state of different neuronal classes, density of PNNs, myelination levels etc. Behavioral readouts include 
flexibility of adaptation to different environmental challenges and changes, such as spatial learning, 
extinction of previously acquired behavioral patterns and resocialization (Kolb and Whishaw, 2003; 
Caroni et al., 2012; Pryazhnikov et al., 2018; Fawcett et al., 2019).  

Interventions aimed at reactivation of juvenile-like plasticity in the brain can target different 
components of the plasticity regulation and include various strategies, such as pharmacological, 
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genetic, optogenetic methods and lifestyle changes. We will have a closer look at some of these 
strategies below. 

7.2 Reactivation of juvenile-like plasticity by antidepressant treatment 

 As early as in 1990s, antidepressant treatment was observed to increase mRNA levels of both 
BDNF and TRKB in the rat brain (Nibuya et al., 1995). Further on, it was shown that antidepressant-
induced behavioral changes require intact signaling of TRKB, as mice with genetically aberrant TRKB 
signaling were unresponsive to antidepressant treatment in the forced swim test, a behavioral model 
typically used to assess antidepressant responses in rodents (Saarelainen et al., 2003).  

Fluoxetine, a widely prescribed antidepressant, has been shown to induce a shift in ocular 
dominance after monocular deprivation in the visual cortex of adult rodents (Maya Vetencourt et al., 
2008; Guirado et al., 2016). Similar results were obtained by treatment of adult mice with subanesthetic 
doses of ketamine, which is known to display antidepressant properties (Grieco et al., 2020).  

Combined with the extinction training, fluoxetine treatment has also been demonstrated to 
induce reduction of previously acquired fear memories, a phenomenon typically occurring in the 
juvenile but not the adult brain (Karpova et al., 2011). Interestingly, antidepressant effect of fluoxetine 
has been shown to be significantly dependent on the environment. In an experiment by Alboni et al., 
mice with depressive-like phenotype underwent fluoxetine treatment combined with either 
environmental enrichment or chronic stress (Alboni et al., 2015). While mice exposed to the positively 
enriched environment displayed improvements in their depression-like behavior, mice that 
experienced stressful conditions displayed worsening of their symptoms. These data suggest that rather 
than improving depressive-like behavior as such, antidepressant treatment induces a state of 
permissive plasticity, and the direction of changes is further shaped by the environment, which may 
lead to either improvement or maladaptation (Castreń, 2013; Castrén and Hen, 2013; Umemori et al., 
2018; Castrén and Monteggia, 2021). In support of this hypothesis, numerous studies in humans have 
convincingly demonstrated that while psychotherapy and antidepressant prescription both lead to 
positive outcomes in the treatment of mood disorders, their combination has a synergistic effect, 
providing a better outcome and higher improvement rates in patients diagnosed with depression 
(Pampallona et al., 2004).  

 While it has long been known that different antidepressant classes induce juvenile-like plasticity 
via activation of TRKB receptors, understanding of the precise mechanisms responsible for this effect 
were lacking. However, a recent research from our lab demonstrated that antidepressants promote 
plasticity by directly binding to TRKB (Casarotto et al., 2021). Casarotto et al. have shown that both 
classical and fast-acting antidepressants bind to the transmembrane region of TRKB and promote TRKB 
cell-surface expression and synaptic clustering, facilitating its activation by BDNF (Casarotto et al., 
2021). 

7.3 Reactivation of juvenile-like plasticity by chondroitinase ABC treatment 

Chondroitinase ABC is a bacterium-derived enzyme that cleaves polysaccharide chains of 
chondroitin sulfate proteoglycans. Effects of chondroitinase treatment have long been investigated in 



43 
 

the animal models of both PNS and CNS injuries, as chABC digests glial scar formations and promotes 
axonal recovery after trauma (Bradbury et al., 2002; Massey et al., 2006; Warren et al., 2018). 

Using extracellular recordings of single-unit activity in the visual cortex, Pizzorusso et al. have 
shown that chABC injection induces ocular dominance plasticity after monocular deprivation in adult 
rats (Pizzorusso et al., 2002). Additionally, Pizzorusso et al. have shown that chABC treatment combined 
with reverse monocular deprivation in the adulthood can completely rescue the anatomical and 
functional abnormalities induced my monocular deprivation during the critical period (Pizzorusso et al., 
2006). A further study by Lensjø et al. demonstrated that chABC injection into the rodent visual cortex 
reduces the activity of inhibitory units while promoting excitatory unit activity (Lensjø et al., 2017), 
similar to the changes happening after monocular deprivation in juvenile mice (Kuhlman et al., 2013).  

ChABC treatment has also been tested in the fear conditioning paradigm. During the fear 
conditioning, the animals learn to associate unconditioned fear stimuli (foot shocks) with conditioned 
stimuli (usually an auditory tone) or with an environmental context. Fear conditioning sessions are 
normally followed by extinction training, when an animal is prompted to learn that the fear-associated 
unconditioned stimulus or context is no longer unsafe. Typically, significant reduction of fear expression 
following extinction training happens in juvenile but not in adult mice (Gogolla et al., 2009; Kim and 
Richardson, 2010). However, chondroitinase ABC injection into the adult brain has been shown to 
facilitate fear extinction in the brain of adult rodents in a region- and time-specific manner, further 
supporting the idea that chABC-induced plasticity strongly resembles plasticity endogenously present 
in the juvenile brain (Gogolla et al., 2009; Pizzorusso, 2009; Hylin et al., 2013; Banerjee et al., 2017; 
Pignataro et al., 2017; Shi et al., 2019).  Finally, chondroitinase injection into the adult brain has also 
been demonstrated to promote extinction of previously acquired conditioning in the drug-induced 
conditioned place preference paradigm in rodents (Xue et al., 2014; Slaker et al., 2015). 

7.4 Reactivation of plasticity by other methods 

 Some other methods have been found to promote plasticity in the adult brain. While visual 
experience is known to be essential for maturation of neuronal networks, dark rearing is known to 
extend critical periods of plasticity in the visual cortex (Fagiolini et al., 1994; Lander et al., 1997). 
Interestingly, visual deprivation in adulthood is also known to reinstate juvenile-like plasticity  in the 
brain (He et al., 2006, 2007). 

 Another method to reopen critical period-like or juvenile-like plasticity in the adult brain is 
enriched environment, when the standard living conditions of animals are significantly augmented by 
extra toys, space and usually larger populations of cohabitants (Nithianantharajah and Hannan, 2006; 
Sale et al., 2007). Environmental enrichment has been shown to promote plasticity in the visual cortex 
of adult rats, concomitant with reduced GABAergic inhibition, reduced PNN formations and increased 
production of BDNF (Sale et al., 2007). It has also been shown to enhance the synapse turnover and 
improve learning (Bednarek and Caroni, 2011). Bednarek et al. suggest that enriched environment non-
specifically facilitate an amount of dynamic synapses in the adult brain, while learning subsequently 
stabilizes their specific subset (Bednarek and Caroni, 2011). Interestingly, a recent study has 
demonstrated that changes in gut microbiota induced by environmental enrichment are crucial for the 
reopening of critical period-like plasticity in the adult brain, as mice depleted of this microbiota did not 
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demonstrate an ocular dominance shift despite the environmental enrichment (Lupori et al., 2021). 
Strikingly, the effect of enriched environment seems to work transgenerationally, as the offspring of 
the animals that were housed with environmental enrichment still display an altered epigenetic 
phenotype and exhibit some cognitive benefits (Arai et al., 2009; Mychasiuk et al., 2012; Benito et al., 
2018).  

 Various methods interfering with normal functioning of the inhibitory brain networks were also 
shown to be effective in reinstating brain plasticity in adults. For example, intracortical infusion of a 
GABA synthesizing enzyme inhibitor into the rat brain induced partial reactivation of ocular dominance 
plasticity in the visual cortex (Harauzov et al., 2010). Transplantation of GABAergic neuron precursors 
into the brain of older animals has been shown to induce ocular dominance plasticity beyond the age 
when the critical period naturally occurs (Southwell et al., 2010; Tang et al., 2014). More recently, 
advances in genetic and optogenetic methods allowed for a more sophisticated targeting of functions 
of specific neuronal subtypes. Morishita et al. observed ocular dominance plasticity in the adult visual 
cortex by inducing a redox dysregulation in PV+ cells using genetic methods (Morishita et al., 2015). A 
study from our lab by Winkel et al. demonstrated that optical activation of TRKB in parvalbumin 
interneurons dematurates these cells, decreases cortical inhibition and induces ocular dominance 
plasticity in the brain of adult mice (Winkel et al., 2021). Silencing of PV+ neurons in the cortex using 
designer receptors exclusively activated by designer drugs (DREADDs) was also shown to promote 
plasticity beyond the critical period both in the auditory and visual cortex of rodents (Kuhlman et al., 
2013; Cisneros-Franco and De Villers-Sidani, 2019). Additionally, chemogenetic silencing of PV+ neurons 
led to their dematuration and facilitated learning in the adult mice (Donato et al., 2013).  

Genetically-induced downregulation of the plasticity-restricting genes has also shown to be 
effective to promote plasticity in the adulthood. For example, knockout of aggrecan (Rowlands et al., 
2018) or cartilage link protein Crtl1 (Carulli et al., 2010) reinstated juvenile-like ocular dominance 
plasticity in the visual cortex of adult mice. Similar results were achieved by downregulation of Lynx1 
gene, a protein decreasing sensitivity of acetylcholine receptors in the adult brain under physiological 
conditions (Morishita et al., 2010), and genetic ablation of PSD-95 (Huang et al., 2015). Interestingly, 
while loss of PSD-95 after the critical period closure reopened juvenile-like plasticity in the brain, its 
downregulation before the critical period resulted in the ocular dominance plasticity throughout the 
lifetime (Huang et al., 2015).  

Recently, microRNAs and their modulation have received attention in the context of plasticity 
research. MicroRNAs are small non-coding RNA molecules that are involved in posttranscriptional 
regulation of protein expression (Tanase et al., 2012). Some microRNAs (such as miR-29, -124, -132, -
134, and -138) have been demonstrated to regulate synaptic plasticity process, including BDNF 
expression, and be essential for plasticity at the network level (Schratt, 2009; Bredy et al., 2011; Mellios 
et al., 2011; Tognini et al., 2011; Hou et al., 2015). Injection of locked nucleic acid blocking miR-29 into 
the mouse visual cortex has been demonstrated to induce ocular dominance plasticity in the adult brain 
(Napoli et al., 2020). Considering that locked nucleic acid is a type of treatment approved for use in 
humans and validated for its safety (Roberts et al., 2020), modulating plasticity by the means of 
microRNA downregulation may be a promising clinical tool for many patients suffering from 
compromised plasticity. 
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There are lots of other interventions that are known to modulate the plasticity state of the brain. 
For example, stress and stress-related hormones are important modulators of plasticity (Duman, 2004; 
McEwen, 2012). While chronic stress downregulates synapse turnover in some brain areas such as 
hippocampus (Magariños and McEwen, 1995; McEwen, 1999; Sousa et al., 2000), prefrontal cortex and 
medial amygdala (Bennur et al., 2007)), it upregulates it in the others (basolateral amygdala). A recent 
study by Rodríguez et al. demonstrated that deafening induces a shift of ocular dominance in the brain 
of adult mice, the phenomenon that the authors name cross-modal reinstatement of plasticity 
(Rodríguez et al., 2018). However, molecular mechanisms and physiological consequences of these 
interactions are distinct from the juvenile-like plasticity reinstatement, and therefore are beyond the 
scope of this literature review. 

  



46 
 

Aims of the study 

The overall goal of my PhD has been to investigate a hypothesis that perineuronal nets restrain 
plasticity through  PTPσ-mediated TRKB dephosphorylation. To achieve this goal, the following specific 
aims were set:  

1) Investigate the interaction of perineuronal nets, PTPσ and TRKB in regulating plasticity in the 
brain; 

2) Study the molecular pathways responsible for the plasticity-promoting effect of 
chondroitinase ABC and PTPσ; 

3) Study a site of interaction between TRKB and PTPσ; 

4) Investigate whether PTPσ specifically regulates TRKB downstream signaling pathways; 

5) Investigate molecular and behavior changes induced by PTPσ genetic downregulation in mice. 
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Materials and methods 

Animals (I,II)  

Balb/c and C57BL/6J mice heterozygous for PTPRS gene (PTPσ+/- mice) and their wild-type 
littermates, C57BL/6J mice heterozygous for TRKB gene in parvalbumin-expressing (PV+)-interneurons 
(PV-TRKB+/-) and their PV-Cre littermates (PV-TRKB+/+), wild-type C57BL/6J mice were used in the 
experiments. Balb/c PTPσ+/- mice were originally developed by Michel Tremblay’s lab (McGill University, 
Canada) (Elchebly et al., 1999) and kindly donated to us by Heikki Rauvala (University of Helsinki, 
Finland). Ten-week-old Balb/c PTPσ+/- mice and their wild type littermates were used for brain sample 
collection and pTRKB level assessment by enzyme-linked immunosorbernt assay (ELISA) in study I. 
Balb/c PTPσ+/- mice and their wild type littermates 2 months old were used for the Western blot 
experiments in study II. Two-three-month-old balb/c PTPσ+/- mice and their wild type littermates were 
used for the ELISA experiment in study II. For optical imaging experiments, balb/c mouse line was 
rederived  to C57BL/6J background, and N4 generation of the offspring was used for testing. The mice 
were 2 months old at the beginning of the experiments. PV-TRKB+/- (TRKBflx/wt, PVcre/wt) mice were 
generated by mating heterozygous floxed TRKB mice (TRKBflx/wt) (Minichiello et al., 1999) and 
homozygous PV-specific Cre line (PVcre/cre) (Pvalb-IRES-Cre, JAX: 008069, Jackson laboratory) 
(Hippenmeyer et al., 2005). PV heterozygous (TRKBwt/wt, PVcre/wt) littermates with intact TRKB in PV+ 
neurons were used as a control group for PV-TRKB+/- mice. The mice were 4 months old at the beginning 
of the experiments. Five-month-old wild-type C57BL/6J mice were used to assess fluoxetine effect on 
TRKB:PTPσ interaction in the visual cortex in vivo. The mice were kept under standard laboratory 
conditions with 12-hour light/dark cycle (lights on at 6:00 am) and access to food and water ad libitum. 
All the procedures involving animals were done in compliance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals guidelines and were approved by the Experimental 
Animal Ethical Committee of Southern Finland (ESAVI/10300/04.10.07/2016). 

Brain sample collection and processing (I, II)  

For ELISA and Western blot analyses, mice were sacrificed with CO2. The death was confirmed 
by ascertaining cardiac and respiratory arrest. The animals were decapitated, the brain areas were 
dissected and stored at -80° C. Samples from the primary visual cortex were sonicated in NP lysis buffer 
(137mM NaCl, 20mM Tris, 1% NP-40, 10% glycerol, 48mM NaF) containing a protease and phosphatase 
inhibitor mix (#P2714 and #P0044, Sigma Aldrich, USA) and 2mM Na2VO3. The homogenate was 
centrifuged for 15 min. at 15000 x g, 4° C. The supernatant was collected and used for further analysis. 
Protein levels were measured using DC Protein Assay Kit (Bio-Rad, USA, #5000116) by colorimetric 
Lowry method in Varioskan Flash (Thermo Fisher Scientific, USA). 

Transfection (I) 

70% confluent MG87.TRKA and MG87.TRKB fibroblast cell lines were transfected using 
Lipofectamine 2000 (Thermo Fischer Scientific, USA). MG87.TRKA and MG87.TRKB cells were 
transfected with PTPσ (RefSeq number NM_019140) Myc-DDK-tagged open-reading frame (ORF) 
plasmid purchased from OriGene (#RR209636), pCMV6-Entry vector with C-terminal Myc-DDK Tag 
(#PS100001) was used to transfect control cells.  
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Drug treatment (I) 

10 μg/ml aggrecan was added to rat cortical neurons (prepared on embryonic day 18 and 
cultured 6 days in vitro (DIV)), and the cells were collected 1 day after the aggrecan treatment (7 DIV). 
20 ng/ml BDNF was added to cortical cells for 10 min. 0.1 and 1 μM fluoxetine was added to cortical 
cells cultured 7 DIV, and the cells were collected after 30 minutes of treatment. HEK293T cells were 
treated with 10 μM fluoxetine for 30 min. Balb/c PTPσ+/- and wild type mice were injected with one 
dose of 30 mg/kg fluoxetine intraperitoneally and sacrificed with CO2 30 min later. The brain samples 
were collected and stored at -80 C° until further processing. 

Immunoprecipitation and Western blot (I, II) 

The cells were lysed using NP lysis buffer containing 2 mM sodium orthovanadate and protease 
inhibitor mix. The homogenized suspension was centrifuged (15000 x g, 10 min, +4 °C), and the resulting 
supernatant was used for analysis. For immunoprecipitation, TRKB was captured using anti-TRKB 
antibodies (R&D Systems, USA). The samples were incubated with sepharose, washed with NP lysis 
buffer twice and the proteins were denaturedby heating in 2X Laemmli buffer (4% SDS, 20% glycerol, 
10% 2-mercaptoethanol, 0.02% bromophenol blue and 125mM Tris HCl, pH 6.8) for 5 min. at 95° C. The 
samples were loaded to NuPAGE 4-12% Bis-Tris Protein polyacrylamide gels (Invitrogen, USA, 
#NP0323BOX), and the proteins were separated according to their molecular weight using 
electrophoresis. The samples were transferred to polyvinylidene difluoride (PVDF) membrane, 
incubated in 1:1000 primary antibody dilution in 3% bovine serum albumin (BSA) in tris-phosphate 
buffer containing 0.1% Tween-20 (TBST) overnight at 4° C and subsequently incubated in horseradish 
peroxidase (HRP) conjugated secondary antibodies (1:10000) for 1 hour at room temperature (RT). The 
bands were visualized using chemiluminescent western blotting substrate in Fuji LAS3000 camera 
(Tamro Medlabs, Finland). 

ELISA (I, II) 

Levels of TRKB phosphorylation (pTRKB) were evaluated using ELISA for pTRKB developed in our 
lab (Vesa et al. 2011). On day 1, the high-binding 96-well OptiPlate (Perkin Elmer, USA) was incubated 
overnight at 4° C with 1:500 anti-TRKB antibody diluted in a homemade carbonate buffer (57.4 mM 
sodium bicarbonate, 42.6 mM sodium carbonate, pH=9.8). On day 2, the plate was incubated for 2 
hours at RT in the blocking buffer (3% BSA in PBST) to block non-specific binding. Homogenized and 
centrifuged brain samples or lysated cell samples were added to the plate and incubated overnight at 
4° C. On day 3, the plate was washed 4 times with PBST using an automated plate washer (Thermo 
Fisher Scientific Wellwash Versa, USA), and the samples were incubated in anti-pTRKB antibodies 
diluted 1:1000 in the blocking buffer overnight at 4° C. On day 4, the samples were washed 4 times in 
PBST and incubated with tertiary HRP-conjugated antibodies in the blocking buffer (1:5000) at RT for 1 
hour. Finally, ECL was added to the plate and luminescence was measured with 1 s integration time 
using Varioskan Flash plate reader (Thermo Fisher Scientific, USA). Levels of TRKB:PTPσ interaction were 
evaluated by ELISA using a similar protocol. TRKB was captured using anti-TRKB antibodies, and anti-
PTPσ were applied afterwards to assess levels of PTPσ bound to TRKB. 
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Immunohistochemical analysis (IHC) (II) 

For the IHC analysis, samples from 2 months old male and female mice transcardially perfused 
and fixed with 4% paraformaldehyde were used. The brain sections were cut using Cryostat and were 
subsequently stored in a homemade cryoprotective solution (1% polyvinyl-pyrrolidone (PVP-40), 30% 
sucrose, 30% ethylene glycol, 0.05 M PB) at – 20° C. For immunostaining, the samples were washed 
from the cryoprotective solution in PBST 2 x 5 min and blocked in the blocking buffer (3% BSA, 10% 
normal goat serum and 0.04% sodium azide in PBST) for 30 min at room temperature. After that, the 
samples were incubated in the primary anti-PSD-95 and anti-synaptophysin antibodies mix (1:100 in 
the blocking buffer) at + 4° C for 48 hours. After that, the slices were washed in PBST 2 x 5 min and 
incubated in secondary antibodies mix (goat anti-mouse Alexa Fluor 568 and goat anti-rabbit Alexa 
Fluor 647) at room temperature for 1 hour. After the incubation, the slices were washed in PBST 3 x 10 
min and stored in 0.1 PB during mounting on slides. The mounting was done with DAKO fluorescence 
mounting medium (Agilent, #S3023). 

Confocal imaging and image analysis (II) 

Brain slice imaging was performed using confocal microscope LSM 700 (Carl Zeiss) with 63x/1.46 
M27 oil-immersed Plan Apochromat objective (Carl Zeiss, # 420780-9971-000) and 3.0 digital zoom-in. 
A Z-stack containing 6 consecutive images with a distance 0.5 μm was obtained from each section. 
Colocalization analysis was performed with Zen Blue 2.1 software using Manders Overlap Coefficient 
(MOC) (Manders et al., 1993). An average value over a Z-stack for each brain slice was evaluated, and 
then an average MOC value of 4 slices per animal was calculated for statistical analysis. 

Transparent skull surgery (I) 

Transparent skull surgery was carried out as described in (Steinzeig et al., 2017). Animals were 
anesthetized either with a mixture of 0.05 mg/kg Fentanyl (Hameln, Germany), 5 mg/kg Midazolam 
(Hameln, Germany) and 0.5 mg/kg Medetomidine (Orion Pharma, Finland) administered 
intraperitoneally (i.p.). or isoflurane combined with 0.05 mg/kg buprenorphine analgesia administered 
subcutaneously (s.c.). 5 mg/kg carprofen (ScanVet, Nord Ireland) was administered s.c. for 
postoperative analgesia. Under anesthesia, the scalp and periosteum of the animals were removed, the 
skull was polished, and two layers of transparent acryl powder (EUBECOS, Germany) mixed with methyl 
methacrylate liquid (Dentsply, Germany) were applied on the surface. Metal holders (Neurotar, Finland) 
were installed on the top of the head and fixed with a mixture of acryl polymer powder (Dentsply, 
Germany) and cyanoacrylate glue (Steinzeig et al., 2017).  

Monocular deprivation (I) 

Monocular deprivation (MD) was carried out by suturing the eye contralateral to the imaged 
hemisphere (left eye) with perma-hand silk thread (Ethicon, USA). The length of the MD was 3.5 days 
for the PTPσ+/- vs WT experiment and 7 days for the PV-TRKB+/- vs WT experiment. The integrity of the 
suture was checked on a daily basis before the lights were on.  

Optical Imaging of the intrinsic signal (I) 

Optical imaging of intrinsic signals was carried out as previously described in (Steinzeig et al., 
2017). Visual cortex of the right hemisphere of each animal was imaged. Continuous-periodic 
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stimulation with continuous synchronized data acquisition was used for the processing of the intrinsic 
signals. А drifting thin horizontal bar 2° wide moving upwards with a temporal frequency of 1 cycle/ 8.3 
s (0.125 Hz) and a spatial frequency of 1/80° was utilized to alternatively stimulate the left and right 
eye, while the other eye was patched.  The drifting bars were displayed -15° to +5° from the center to 
optimally stimulate the binocular area of the right visual cortex. The imaging was done under 1.2% 
isoflurane anesthesia in a 1:2 mixture of O2:air. 

Optical imaging of PV-TRKB+/- mice (I) 

Four-month-old mice were used for the experiments. During week 1, the animals underwent 
transparent skull surgery. After 7 days, during week 2, the animals underwent the first session of the 
optical imaging under isoflurane anesthesia (IOS1). During week 3, the animals were injected with 50 
mU of chABC in PBS or PBS into the binocular area of the visual cortex and were subjected to monocular 
deprivation (MD) for 7 days. During week 4, the eyes were opened, and IOS2 immediately took place. 

Optical imaging of PTPσ+/- mice (I) 

Two-month-old mice were used for experiments. During week 1, the animals underwent 
transparent skull surgery. After 7 days, the animals underwent the first session of the optical imaging 
(IOS1) followed by MD for 3.5 days. We have switched to the shorter monocular deprivation length as 
compared to the previously described experiment since it has been recently demonstrated to be 
sufficient for the induction of the critical period-like plasticity (Baho et al., 2019). On day 4 of the 
monocular deprivation, the eyes were opened, and IOS2 took place. 

Stereotaxic surgeries (I) 

The mice were anesthetized with isoflurane combined with 0.05 mg/kg buprenorphine 
analgesia. Images acquired during the first session of the optical imaging were used to identify the 
binocular area of the visual cortex. A hole in the skull was made with a drill, and 50 mU of chABC in 1 μl 
of PBS or 1 μl of PBS were injected in the center of the binocular area using a microsyringe pump. 10 μl 
Nanofil syringe (WPI Nanofil) with drilled 1.1 mm outlet bore to accommodate 1.0 mm glass needle and 
custom-made bevelled borosilicate glass needles with a 50 μm tip diameter were used for the infusions. 
Infusions were done at the speed of 2 nl/sec. After the surgery, the animals were left to recover in the 
home cage, and the second imaging session took place 7 days later. 

Novel Object Recognition test (II)  

Male and female mice 3-4 months old were used for these experiments. NOR test was 
performed in a transparent arena (39x20x16 cm) where two identical objects (white plastic ping-pong 
balls glued to 50-ml Falcon tube caps) holders at the bottom) were located (adapted from (Casarotto 
et al., 2021)). The animals were allowed to explore the objects for 15 min in 3 consecutive days (training 
sessions). At the test session (4 hours or 5 days after the last training session to assess short-term or 
long-term memory, respectively) one of the old objects was replaced by a new one (black rubber squash 
ball glued to 50-ml Falcon tube caps), and the animals were allowed to explore both objects for 5 min. 
The number of interactions with the objects was calculated, and the difference between the visits to 
the new object and the old object (fB-fA) was used to assess memory. Total number of visits (fA+fB) 
was used to assess total exploratory activity. Two different cohorts of animals were used to assess 
short-term and long-term memory. 
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Fear Conditioning (II) 

Male mice 4-7 months old were used for this experiment. This cohort of mice was older than 
the rest of the mice used in the other experiments. However, previous studies in the literature found 
no difference in the rodent performance of these age groups as compared to 2-3 months old animals 
in the cued fear conditioning paradigm (Stoehr and Wenk, 1995; Oler and Markus, 1998; Houston et 
al., 1999; Kaczorowski and Disterhoft, 2009). Mice were subjected to fear conditioning in a squared 
arena A (23 cm side, 35 cm height) with a metal grid on the floor and transparent acrylic glass walls, 
with continuous background white noise and 100 lux illumination. On day 1, the animals received five 
foot shocks (0.6 mA, 1 s) each preceded by a 30-s sound cue (latency to the first foot shock: 150 s, time 
between the last foot shock and the end of the trial: 30 s, inter-shock interval: 30-120 s, total session 
length: 8 min 45 s). On day 10, the mice were first placed in a new arena B (same size as arena A but 
with plastic grey floor and plastic black walls), and freezing in response to the sound cue was measured 
(cue retrieval). Two hours later, the mice were placed in the same context where fear conditioning took 
place (arena A), and freezing in response to the sound cue was measured (context + cue retrieval). 
Behavior was counted as freezing if the mouse was not moving for at least 3 s, and measurements were 
done automatically by TSE system software.  

Elevated Plus Maze (II) 

Male mice 3 months old were used for this experiment.  The apparatus consisted of a central 
zone (5 x 5 cm), two open arms (30 x 5 cm) and two closed arms (30 x 5 cm) surrounded by transparent 
acrylic glass walls (15 cm height). The maze was elevated 40 cm above the floor. The illumination was 
set to ~150 lux. The animal was placed in the center of the arena and allowed to explore the maze for 
5 min. The animal activity was tracked automatically by the Noldus EthoVision XT 8 system. 

Open Field test (II) 

Male mice 3 months old were used for this experiment. The test was carried out in a squared 
arena (30 cm side) with transparent walls (20 cm) and white floor. The illumination was set at ~100 lux. 
The mice were placed in the center of the arena and allowed to explore it freely for 5 min. The activity 
was tracked automatically by Noldus EthoVision XT 8 system. 

Marble Burying test (II) 

Male mice 3 months old were used for this experiment. 12 glass marbles were evenly distributed 
on a fresh 5 cm-deep wood chip bedding in a rectangular plastic arena similar in size to the mouse home 
cage (39x20x16 cm). The mice were given 15 min to explore the marbles, and the number of buried 
marbles was counted. A marble was considered buried if at least 2/3 of its surface was covered with 
bedding chips (Njung’e and Handley, 1991).  

Forced Swim test (II) 

Male mice 3 months old were used for this experiment. The animals were placed in a 5-liter 19-
cm ø glass cylinder with a 20-cm water column at room temperature (~22° C) and were left there for 6 
min. Percentage of time spent floating during the last 4 min (immobility time) was used for the analysis.  
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Statistical analysis (I, II) 

The data were analyzed using Graph Pad Prism 6 software. Parametric tests were preferentially 
used when possible, non-parametric tests were used when the values were discrete or 
homoscedasticity was not observed. ROUT test was used to identify outliers (Motulsky and Brown, 
2006). Differences between groups were considered statistically significant when p < 0.05.  
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Results 

TRKB interacts with PTPσ through the transmembrane domain (I) 

 TRKA and TRKC have been shown to form stable complexes with PTPσ, but there has been 
conflicting evidence in the literature whether TRKB interacts with PTPσ (Faux et al., 2007; Kurihara and 
Yamashita, 2012). In order to clarify this issue, we used PTPσ plasmid vector and transfected two MG87 
cell lines that stably expressed either TRKA or TRKB. We immunoprecipitated TRKB using anti-TRKB 
antibody and detected TRKB:PTPσ using Western blot. Following incubation with anti-PTPσ antibodies, 
the band corresponding to the molecular weight of full-length PTPσ was detected in TRKB-expressing 
but not TRKA-expressing cells, demonstrating that TRKB is able to form stable complexes with PTPσ in 
cells in vitro (I, Fig. 2A). No signal was detected in cells transfected with an empty control vector. 

 We also transfected cells with PTPσ plasmid and two types of plasmids carrying TRKB sequence: 
full-length TRKB and TRKB with two point mutations in the transmembrane region. We checked the 
interaction between TRKB and PTPσ using enzyme-linked immunosorbent assay (ELISA) and found that 
the transmembrane mutation in TRKB decreased its binding with PTPσ by about 50% (I, Fig. 3D). This 
experiment allowed us to make two conclusions. First, TRKB and PTPσ interact in the transmembrane 
domain, as the mutation in the transmembrane region of TRKB has decreased their interaction. Second, 
since the mutation decreased but did not eliminate the interaction completely, it is plausible to assume 
that additional sites of interaction between TRKB and PTPσ exist. Considering that phosphorylated 
tyrosine residues of TRKB are located inside the cell and that PTPσ exerts its phosphatase activity 
through the intracellularly located phosphatase domain, we speculate that TRKB and PTPσ should 
interact in the intracellular region.  

PTPσ downregulation promotes TRKB activation (I, II) 

 Our hypothesis was that PTPσ counteracts TRKB kinase activity via dephosphorylation. To test 
this hypothesis, we assessed activation of TRKB by checking phosphorylation levels of its tyrosine 
residues in the tissue from adult mice heterozygous for PTPRS gene (PTPσ+/-). We found that PTPσ+/- 

mice have around 50% increase in phosphorylated TRKB in all the brain structures we tested – 
prefrontal cortex, visual cortex, hippocampus and amygdala (I, Fig. 2C,D; II, Fig. 1A), suggesting that 
they have constitutively increased activation of TRKB in the brain. 

PTPσ specifically regulates PLCγ1 but not the other TRKB downstream signaling pathways (II) 

TRKB regulates a number of functionally distinct processes in the brain, and its phosphorylation 
can lead to activation of three separate pathways: PI3/Akt, Ras/MEK/Erk and PLCγ1. We aimed to test 
whether PTPσ modulation of TRKB activity is specific for any of its downstream pathways. We used 
samples from the prefrontal cortex, hippocampus and amygdala of PTPσ+/- mice and checked 
phosphorylation levels of Akt, Erk and PLCγ1 by Western blot. We found increased phosphorylation of 
PLCγ1 (II, Fig. 1C) but not Akt or Erk (II, Fig. 1D,E,F) in the samples from PTPσ+/- mice, suggesting that 
PTPσ specifically regulates PLCγ1 but not the other downstream targets of TRKB.  

As PTPσ is known to be actively involved in the excitatory synapse formation (Takahashi et al., 
2011; Takahashi and Craig, 2013; Han et al., 2018, 2020b), we also checked whether PTPσ exerts 
influence on the expression levels of postsynaptic density (PSD) proteins PSD-93 and PSD-93. However, 
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samples from PTPσ+/- mice did not have any significant changes in PSD-93 or PSD-95 expression levels 
as compared to the samples derived from wild type mice (II, Fig. 1 H,I). 

Plasticity-promoting effect of PTPσ genetic deficiency in ocular dominance paradigm (I) 

 TRKB is a protein known to regulate neuronal plasticity, and its activation boosts plasticity of 
the networks in the adult brain (Saarelainen et al., 2003; Castrén and Hen, 2013; Casarotto et al., 2021; 
Winkel et al., 2021). Since we discovered increased TRKB phosphorylation in different brain structures 
of PTPσ+/- mice, we decided to check whether these mice display a phenotype of enhanced plasticity. 
To test it, we used ocular dominance plasticity after monocular deprivation, a popular paradigm to 
assess plasticity in the visual cortex. We used adult (>P60) PTPσ+/- mice and their wild type littermates 
in the experiment. The animals underwent two sessions of optical imaging of intrinsic signal that 
evaluated their ocular dominance in the binocular region of the visual cortex. The imaging sessions 
were separated by 3.5 days of monocular deprivation. While wild type animals kept the contralateral 
eye dominance typical for the mice of their age, PTPσ+/- mice demonstrated an activity-dependent shift 
in ODI (Fig. 2F). Such shift is typical for animals of the young age but does not normally happen in the 
brain of adult mice. These data demonstrate that PTPσ+/- mice have critical period-like plasticity in the 
visual cortex that extends into adulthood. 

Plasticity-promoting effect of PTPσ genetic deficiency in memory tests (II) 

 Considering the extended critical period-like plasticity in the brain of PTPσ+/- mice and increased 
phosphorylation of TRKB in their brain structures actively involved in cognition, we set out to investigate 
whether PTPσ+/- mice display any abnormalities in learning and memory processes. First, we tested two 
cohorts of mice in Novel Object Recognition paradigm (Dere et al., 2007). Briefly, an animal is placed in 
an arena with two identical objects that it is prompted to explore for a fixed period of time during the 
training phase. We used 15 min of training for three consecutive days to let the animals habituate to 
and remember the objects. On the test day, one of the objects was changed to a different one, and the 
number of times an animal attended each of the objects was counted. Since it is an innate rodent 
behavior to attend more to the object that is new, the difference in the attention the animal pays to 
the novel object as compared to the old one is used as a proxy of its memory of the old one. One of the 
mouse cohorts was tested 4 hours after the last training session to assess their short-term memory, the 
other cohort was tested 5 days after the training for the long-term memory evaluation. Interestingly, 
PTPσ+/- mice displayed a better short-term memory but deteriorated long-term memory as compared 
to their wild type littermates (II, Fig. 2A,B). Five days after the training, PTPσ+/- mice displayed almost 
no difference in the number of visits between the old and the new objects, suggesting that their 
memory of the objects was evanescent.  

To investigate if the observed memory changes induced by PTPσ genetic knockdown were 
specific to recognition memory or if it was a more general memory impairment, we tested the animals 
in fear conditioning, another paradigm that is known to rely heavily on memory performance. The mice 
were subjected to cued fear conditioning where they learned to associate an auditory tone (cue) with 
a foot shock and, therefore, acquire fear response to the cue. When the mice were tested 10 days after 
they underwent fear conditioning, their fear response to either cue alone or both the context and the 
cue was measured. Surprisingly, significant differences between the genotypes were found in the cue 
vs context + cue responses. PTPσ+/- and wild type mice displayed relatively similar freezing levels when 
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they heard an auditory cue associated with fear. However, while the freezing responses were 
potentiated in the wild type group when the tone was present in the context where the mice were 
conditioned with fear, this potentiation did not happen in PTPσ+/- mice (II, Fig. 2C). This latter 
observation suggests that the wild type group retained a strong association between the conditioned 
stimulus and the fear context but this association was lost in the PTPσ+/- mice. Altogether, these 
experiments pinpoint the role that PTPσ may play in the processes of learning and memory.  

PTPσ+/- mice do not display behavioral abnormalities in non-cognitive tests (II) 

To see whether PTPσ+/- animals display any other behavior abnormalities, we evaluated their 
locomotion, anxiety, obsessive-compulsive-like and antidepressant-like behavior in a battery of 
behavioral tests. However, these mice were not significantly different from the wild type in any of the 
assessed indicators we used in open field, elevated plus maze, marble burying or forced swim tests (II, 
Fig. 3). 

Antidepressant treatment disrupts TRKB:PTPσ interaction (I) 

 Antidepressant treatment is known to induce activation of TRKB, and it seems to be 
indispensable for the effect  of the treatment (Saarelainen et al., 2003; Castrén and Rantamäki, 2010).  
Antidepressants are also known to modulate TRKB interaction with its protein partners, and these 
changes may be responsible for the antidepressant effect on the brain (Fred et al., 2019). We asked 
whether antidepressant treatment affects the interaction between TRKB and PTPσ and may therefore 
explain the treatment-induced increase in activation of TRKB. We treated wild type mice with 30 mg/kg 
fluoxetine through an intraperitoneal injection acutely and checked the interaction between TRKB and 
PTPσ by ELISA. We found that fluoxetine treatment decreases the interaction of proteins by about 50% 
(I, Fig. 3B), providing evidence that fluoxetine-induced release of TRKB from dephosphorylating control 
of PTPσ may account for antidepressant-induced increase in TRKB signaling previously observed in the 
literature (Saarelainen et al., 2003; Rantamäki et al., 2007).  

CSPGs negatively regulate TRKB signaling (I) 

 It has been shown that chondroitin sulfate proteoglycans exert the negative effect on plasticity 
through their binding to PTPσ, and that CSPG treatment promotes PTPσ activity (Shen et al., 2009; Coles 
et al., 2011; Wu et al., 2017). Therefore, we aimed to test whether CSPG presence may affect TRKB 
phosphorylation. We treated cultured rat neurons in vitro with proteoglycan aggrecan for 24 hours and 
assessed the effect of the treatment on TRKB. While aggrecan did not detectably change basal TRKB 
phosphorylation levels that are initially very low in vitro, aggrecan decreased the ability of BDNF to 
induce TRKB phosphorylation, suggesting that CSPGs negatively regulate TRKB activation, presumably 
through PTPσ (I, Fig. 1C). 

 We also tested whether disruption of PNN structure would render TRKB more active. We 
treated cultured rat neurons with chondroitinase ABC for 30 min and evaluated the effect that PNN 
digestion would have on TRKB. We observed that chABC dramatically increased phosphorylation of 
TRKB, suggesting that reduction in PNNs decreases TRKB dephosphorylation (I, Fig. 1B). 
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Plasticity-promoting effect of chondroitinase ABC depends on intact TRKB expression in PV+ 
neurons (I) 

 The plasticity-promoting effect of chABC in the adult brain has been demonstrated by multiple 
experiments (Pizzorusso et al., 2002; Gogolla et al., 2009; Xue et al., 2014; Lensjø et al., 2017). However, 
specific molecular pathways involved in chABC-mediated plasticity have been poorly understood. We 
hypothesized that chABC-induced degradation of PNNs and other CSPG compositions may decrease the 
activity of PTPσ and facilitate signaling of TRKB. Since PNNs preferentially enwrap PV+ positive 
interneurons (Fawcett et al., 2019), and manipulation of TRKB in these interneurons was shown to 
promote ocular dominance plasticity in the adulthood (Winkel et al., 2021), we asked whether chABC 
effect on plasticity in the adult brain may be TRKB-dependent. To test that, we used mice that were 
heterozygous for full-length TRKB specifically in PV+ neurons, and that had normal TRKB expression 
elsewhere in the brain. While chABC induced changes in the ocular dominance in wild type mice (as 
previously demonstrated in the literature), chABC injection failed to do so in mice with genetic 
deficiency of TRKB in PV+ cells (PV-TRKB+/-) (Fig. 1A). Our experiments provide evidence that the chABC 
effect on plasticity is mediated by TRKB signaling in parvalbumin neurons, at least in the visual cortex 
of adult mice. 
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Discussion 

We have discovered that perineuronal nets, which mature towards the end of the critical period 
and articulate its shutdown, and TRKB, which promotes synaptic plasticity, neuritogenesis and overall 
plasticity of brain networks, constitute the same pathway that can be dynamically regulated both 
endogenously and by pharmacological interventions. We propose a model of PNN-PTPσ-TRKB 
interaction, when under the normal physiological conditions in the adult brain, perineuronal nets are 
bound to their cognate receptor PTPσ on the cell membrane. The interaction with PNNs activates PTPσ, 
whose phosphatase activity keeps TRKB dephosphorylated and inactive. This molecular interaction 
sustains low-plasticity configuration of parvalbumin-positive interneurons, which further landmarks 
low-plasticity state of the system. When PNNs are removed following chABC injection (or potentially 
when they are not yet established in the juvenile brain), PTPσ is inactive, which releases TRKB from its 
dephosphorylating control and promotes plasticity. Finally, we suggest that antidepressant treatment 
disrupts TRKB:PTPσ interaction, which allows for enhanced TRKB activation even in the presence of 
perineuronal nets. Interestingly, TRKB activation by antidepressant treatment has been shown to 
downregulate PNN formations around PV+ interneurons (Ohira et al., 2013; Winkel et al., 2021), which 
may further help to sustain plasticity in a positive feedback mechanism. A schematic representation of 
the model is depicted in Fig. 4.  

While detailed discussion on the results and possible interpretation of all experimental data can 
be found in the corresponding parts of the original publications, I would like to specifically elaborate on 
the parts that did not fit the narrative of a journal article.  

Fig. 4. Schematic model of PNN-PTPσ-TRKB interaction in the brain. Left: Perineuronal nets bind and 
activate PTPσ, which dephosphorylates TRKB, restricting its signaling. Middle: When PNNs are not 
present, PTPσ is inactive, which promotes TRKB phosphorylation. Right: Antidepressant treatment 
disrupt the interaction between TRKB and PTPσ, promoting plasticity even in the presence of PNNs. 
P: phosphorylation; Flx: fluoxetine. Source: Lesnikova et al., 2021. 
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First, while we suggest that PTPσ can modulate the activity of TRKB directly through 
dephosphorylation, it doesn't exclude the possibility for its non-direct modulation of TRKB. As described 
in detail in the literature review, PTPσ inhibition has been shown to activate proteases, such as 
cathepsin B and MMP-2 (Luo et al., 2018; Tran et al., 2018). In turn, cathepsin B promotes activation of 
MMP-9 and is hypothesized to upregulate MMP-2 (Padamsey et al., 2017; Tran et al., 2018). By sheer 
coincidence or not, it is exactly MMP-2 and MMP-9 that are known to mediate transactivation of TRKB 
by copper and zinc, which has been previously described in the literature (Jung et al., 2005; Hwang et 
al., 2007). It is plausible to assume that PTPσ may also exert non-direct control over TRKB activation via 
suppression of metalloproteases, and it would be interesting to investigate that. 

 Second, PTPσ is not the only phosphatase that can potentially mediate CSPG-TRKB interaction, 
or interaction of TRKB with other extracellular ligands. For example, similarly to PTPσ, its close family 
member LAR has been shown to interact both with chondroitin sulfate proteoglycans (Fisher et al., 
2011; Xu et al., 2015; Ohtake et al., 2016, 2018; Dyck et al., 2018) and TRKB (Yang et al., 2006). 
Interestingly though, while LAR binding to CSPGs inhibits axonal regrowth and thus downregulates 
plasticity similarly to PTPσ, LAR interaction with TRKB has been shown to positively regulate the activity 
of the latter (Yang et al., 2006). This suggests that these two phosphatases do not display redundancy 
but rather specificity in their mode of action. Additionally, while TRKC and PTPσ were shown to be 
involved in the excitatory synapse formation, PTPδ, the third LAR family member, has been shown to 
specifically regulate development of inhibitory synapses (Takahashi et al., 2012; Takahashi and Craig, 
2013; Yim et al., 2013). Considering the importance of TRKB signaling at the inhibitory synapses, it is 
plausible to assume that TRKB and PTPδ could interact to exert bidirectional control of the inhibitory 
synapse development. Overall, the interaction between transmembrane phosphatases and TRK family 
of receptors is an attractive topic for further studies.  

Third, I would like to draw attention of the reader to our findings regarding the hyperplasticity 
phenotype of mice genetically deficient for PTPσ. Specifically, while these mice demonstrate improved 
learning/short-term memory (depending on the interpretation of the behavioral data) in the novel 
object recognition test, they demonstrate a significantly diminished ability for long-term memory 
retention. Promoting plasticity in the brain may be beneficial and utterly desirable in a wide set of 
conditions ranging from depression to developmental and neurodegenerative disorders, however, this 
process may also have side-effects that may interfere with normal brain functions. Thus, these data 
should serve as a warning that interventions aimed at plasticity enhancement have to be thoroughly 
thought through before application, and that plasticity cannot be increased in an unlimited way and 
does have an optimal window. 

Fourth, knowledge about TRKB:PTPσ interaction and its consequences may be beneficial in the 
areas beyond neuroplasticity research. For example, as mentioned previously in the literature review, 
both TRKB and PTPσ are known to be involved in cancer, with TRKB exerting an oncogenic activity 
(Barbacid, 2019; Meng et al., 2019) and PTPσ being a tumor suppressor (Morris et al., 2011; Wang et 
al., 2015; Davis et al., 2018). While involvement of both of these proteins in cancer was studied 
separately by independent research groups, the casual link between these two molecules has not been 
established. I believe studying this protein interaction in complex may be beneficial both for 
understanding the basic biology of cancer and discovery of more effective treatments. 
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Fifth, there are certain limitations that the study is not devoid of. One of the limitations is use 
of different ages and sexes of mice in some of the experiments due to the restricted availability of 
animal cohorts. This makes some of the paradigms and experimental results difficult to compare 
directly. Another important issue to consider is potential translatability of the study results to humans. 
While we did demonstrate that the PNN-PTPσ-TRKB interaction plays an important role in mediating 
plasticity in the rodent nervous system, this still has to be tested and demonstrated to be true in 
humans. 

 Finally, the molecules described above are not the only ones that carry out important functions 
in regulating plasticity in the brain. Almost every biological article reads that "molecule X is a key 
regulator of process Y in organ Z", which has been concluded by genetic knockdown or another 
sophisticated destruction of the molecule's function. This statement is obviously misrepresentation. 
There are dozens, if not hundreds, of molecules that have been demonstrated to be involved in 
regulating plasticity: growth factors and their receptors, perineuronal nets and their components, 
postsynaptic density proteins, homeoproteins, transcription factors etc. Interventions targeting each of 
this molecular type have all been found to modulate plasticity in the brain (Maffei et al., 1992; Galuske 
et al., 2000; Pizzorusso et al., 2002; Sugiyama et al., 2008; Beurdeley et al., 2012; Huang et al., 2015; 
Krishnan et al., 2015; Winkel et al., 2021). Plasticity in the brain is not exclusively modulated by any of 
the molecules but by a complex interaction of hundreds of them. For decades, biological sciences have 
been restricted to studying one or just a few proteins at a time due to the method limitations. While 
this still holds to be true to a certain extent now, an advantage we are currently having is availability of 
computational methods that could be utilized for mathematical modelling of all the protein effects and 
their interactions at the same time. I argue that significant time and effort should be invested into 
preparing the experimental data in a format that would be digestible by computers, so that all pieces 
of evidence could be simultaneously considered, weighted, mutually augmented or cancelled out 
within the same computational module. It is my great curiosity to figure out what this knowledge map 
will look like, and which place my research there will take.  
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Conclusions 

The aim of this thesis has been to investigate the involvement of perineuronal nets, PTPσ and 
TRKB into mediating plasticity processes in the brain, using mouse as a model organism. We found out 
that PNNs-PTPσ-TRKB constitute a single axis that can downregulate plasticity upon maturation and 
upregulate it after plasticity-promoting treatments.   

The main conclusions we made during the study are: 

1) Perineuronal nets inhibit plasticity by binding to and activating PTPσ, which dephosphorylates 
TRKB; 

2) Chondroitinase ABC and antidepressant fluoxetine promote plasticity by releasing TRKB from 
the inhibitory control of PTPσ; 

3) TRKB and PTPσ interact in the transmembrane region, and this interaction can be modulated 
by antidepressant treatment; 

4) PTPσ specifically regulates PLCγ1 but not the other TRKB downstream signaling pathways; 

5) PTPσ+/- mice demonstrate a phenotype of tonic hyperplasticity with improved short-term but 
deteriorated long-term memory and juvenile-like plasticity in the visual cortex in the adulthood. 

In a broader context, this study provides insights into both physiological mechanisms of 
plasticity regulation and mechanisms of drug action in the brain. Understanding these mechanisms is 
important for the development of precisely targeted treatments that are both effective and safe. While 
translatability of these findings is yet to be proven, these pre-clinical data holds promise to benefit all 
kinds of patients whose conditions require exogenous plasticity modulation, such as those suffering 
from depression, neurodevelopmental or neurodegenerative diseases. Moreover, technologies of 
targeted plasticity modulation can become popular for application even in the healthy brain as a tool 
to provide biological enhancement. Ethicality of these ideas is not yet widely accepted by the broad 
scientific community, but they are being actively advanced by ideologies such as transhumanism and 
will eventually gain weight and get attention of science in the future.  
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