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Teach us something please, 
Whether we be old and bald, 
Or young with scabby knees, 

Our heads could do with filling, 
With some interesting stuff, 

For now they're bare and full of air, 
Dead flies and bits of fluff, 

So teach us things worth knowing, 
Bring back what we've forgot, 

Just do your best, we'll do the rest, 
And learn until our brains all rot. 

 

Harry Potter and the Philosopher’s Stone – J.K. Rowling  
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Abstract 

The brain is the most complex organ that animals possess. Many different cellular types, 

connections and specialised procedures compose the organ responsible for our 

actions, emotions and thoughts. Neuroscience is the branch responsible for the study 

of the brain, its key players and its mechanisms. Despite years of investigations, most of 

the machinery is still unknown. In this chapter, I will review the main aspects of the 

neocortex and the hippocampus, two parts of the brain implicated in important 

processes such as memory and decision-making. Both areas are composed of cellular 

elements that communicate and form an intricate neural network. Furthermore, for this 

sophisticated network to function efficiently, the nervous system has developed a way 

to enhance the speed of intracellular neuronal conduction and optimise energy 

expenditure: the myelin sheath. However, when this system or the cellular components 

fail to work, mental disorders such as schizophrenia arise. I will also summarise the main 

alterations found in essential areas, such as the neocortex or the hippocampus, in this 

psychiatric disease.  
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Introduction to the neocortex 

There are billions of neurons in the brain, but just a few hundreds of different subcellular 

types, each one of them with their special characteristics and function. Identifying them 

is crucial to understand how the brain functions and provides us with the key to target 

particular brain insults and mental disorders. 

Santiago Ramón y Cajal was the first to shed light on the microstructural anatomy of the 

brain at the beginning of the 20th century1. In his work, he depicted the intrinsic 

organisation of the neocortex, the largest and most developed region of the cerebral 

cortex, as well as other brain regions. The neocortex is sterotypically described as 

having a six-layered organization that is subdivided into columns2 (Figure 1a). Each of 

these layers are involved in different tasks: layer I contains cell processes; layer II-III 

contains cells that project their axons to neighbouring areas of the neocortex; layer IV 

receives inputs from sensory areas; layer V and VI projects to areas outside the 

neocortex3. The function and structure across these layers also determine the 

distribution and morphology of the cells that reside within them. Several cell types can 

be distinguished within these layers, of which pyramidal cell comprise the most 

abundant type of neurons. The pyramidal cell name derives from their conic-shaped 

soma, from which originates the apical dendrite, the basal dendrites, and a single axon. 

This specialised structure serves to optimise local and inter-areal communication of 

brain structures. Precisely, the length of their axons is dependent on their long- and 

short-range projections, for which the complexity of their dendritic arborisation 

leverages the neuronal activity and plasticity4,5. In contrast to projection neurons, 

cortical interneurons keep their axons within the neocortex6 and provide local 

inhibition, which is crucial for shaping and maintaining the cortical maps. Principal cells, 

interneurons and other non-neuronal cells named glia form cortical columns, which are 

the basic functional unit of the neocortex, where incoming information is processed and 

an output response is built. Information travels across different layers and columns in an 

intracolumnar and transcolumnar manner, which all together form the circuitry of the 

neocortex6,7. 

In his drawings, Ramón y Cajal also depicted the hippocampal formation (Figure 1b). 

The hippocampus is a structure of the cortical grey matter embedded in the temporal 

lobe. It belongs to the limbic system and is mainly involved in memory formation and 

retrieval, emotions, spatial navigation and decision making, for which it connects with 

many regions of the neocortex. The hippocampus - so called because of its 

resemblance with a seahorse (from Latin hippocampus) - has a curved shape named 

Cornu Amonis (CA). The CA is subdivided into four subfields from CA1-CA4, which ends 
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in the V-shaped region called dentate gyrus. The hippocampus receives inputs from the 

entorhinal cortex into the dentate gyrus and CA3 region via the perforant path. Mossy 

fibres connect the dentate gyrus with the CA3 region, which connects to the 

homolateral CA1 via Schaffer collaterals and the contralateral CA1 via the associational 

commissural pathway. CA1 sends projections into the subiculum that in turn send 

output back into the entorhinal cortex, completing a loop called the Papez circuit8. 

The hippocampus is a well-preserved structure from an evolutionary point of view. 

Given the critical roles subserved by this cortical region and the elegant organization of 

this anatomical region, a widespread heterogeneity of cellular types could explain its 

differential functions9. Like in the neocortex, pyramidal cells represent the vast majority 

of the cells in the dentate gyrus and the subfields of the Cornu Ammonis. Recent 

transcriptomic analyses have revealed distinct CA3 and CA1 pyramidal populations10–12 

that are homologous to neocortical pyramidal cells13. In contrast, analysis with RNA-

sequencing of GABAergic interneurons in the hippocampal formation showed similar 

physiological and anatomical characteristics to those in the isocortex, with some cell 

types unique to the hippocampus13. Together, the diversity of cell types forms a network 

that ensures the functionality of the limbic area.  

Connectivity of the brain and network dynamics 

Pyramidal cells are the building blocks of the cerebral cortex. Information in the brain 

flows within and between neurons through special connections between axon and 

dendrites, named synapses. The specialized structure of pyramidal neurons enables 

them to project their axons locally and interareally, and to receive synaptic inputs onto 

Figure 1. Drawings of the neocortex and hippocampus by Nobel laureate Santiago Ramón y 
Cajal. a) From left to right: Nissl and Golgi staining from human visual and motor cortex, where 
the six layers of the brain can be observed. b) Cross-section of the hippocampus. Imaged taken 
from Cajal Institute (CSIC), Madrid. 
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their dendrites. Pyramidal cells release glutamate - the main excitatory neurotransmitter 

in the cortex - onto the synaptic cleft of their targets, triggering an excitatory response 

that induces the membrane voltage potential of the postsynaptic cell to depolarize, and 

if reaching threshold, to generate an action potential (AP; see Figure 4a). In this 

manner, information is transmitted between cells, thereby creating a neuronal network. 

Cortical and hippocampal networks are not only composed of excitatory glutamatergic 

pyramidal neurons, but also GABAergic inhibitory interneurons. γ -aminobutyric acid 

(GABA) is the main inhibitory neurotransmitter in the central nervous system (CNS). 

There is a large diversity of GABAergic interneuron types, each one exhibiting different 

anatomical, morphological, molecular and electrophysiological features. GABAergic 

interneurons have diverse functionality, such as regarding modulation of cellular 

excitability and the oscillatory activity of the brain, controlling temporal precision of 

pyramidal cells, synchronising cortical rhythms and maintaining excitation/inhibition 

(E/I) balance. Interneurons can be broadly classified into three major groups according 

to cell-type specific gene expression: parvalbumin (PV), somatostatin (SST) and the 

ionotropic serotonin receptor 5HT3aR14 (Figure 2). 
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Figure 2. GABAergic interneuron classification based on non-overlapping molecular 
markers. Morphological and biophysical properties are depicted here. Target, synaptic 
properties and anatomical characteristics also help with the classification of this heterogeneous 
GABAergic group.  Figure from Tremblay, R, et al. (2016)15. 

 

PV+ interneurons play a major role in the neocortex and hippocampus16. They are fast-

spiking interneurons, which can fire at frequencies higher than 50 Hz. PV+ interneurons 

comprise two cellular types: basket cells, which are the most common subtype and 

exihibit perisomatic synapses onto pyramidal cells; and chandelier cells, accounting for 

only 10% of PV+ interneurons, that synapse onto pyramidal cells’ axon initial segment 

(Figure 3). Basket cells receive excitatory inputs from pyramidal cells and inhibitory 

inputs from other PV+ interneurons or themselves. Feedforward inhibition refers to PV+ 

interneurons synapsing onto a pyramidal cell upon activation from afferent excitatory 

inputs17. During feedback inhibition, an activated pyramidal cell excites a PV+ 

interneuron, which in turn inhibits the pyramidal cells back17.  

Synchronization of neuronal network activity is essential to ensure proper 

communication within and between cortical regions. Neural oscillations are rhythmic 

Figure 3. Outline of GABAergic cells. Pyramidal cells (blue) receive inhibitory synapses from 
basket cells (red) and chandelier cells (pink). Pyramidal cells also receive synaptic inputs on their 
tufted dendrite in layer 1 from Martinotti cells (yellow). Other cells such as double bouquet cells 
(in brown) contact pyramidal cells on their proximal dendrites to modulate the activity of the 
microcolumn. Neuroglia form cells (in green) project towards apical dendrites and provide slow 
cortical inhibition. Other cell types such as non-Martinotti cells, multipolar or single bouquet cells 
are not depicted here but also contribute to the correct functioning and synchronization of the 
cortical network. 
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repetitive patterns of electrical activity that ensure synchronization of neuronal networks 

in vivo18, and they are organised into different frequency bands19. These electrical 

patters are well preserved across species19. Interneurons are involved in maintenance 

of cortical waves. PV+ interneurons are responsible for the generation of gamma 

oscillations (30 – 80 Hz)20. These high-frequency oscillations contribute to sensory 

synchronisation and coordinate neuronal activity21,22. Thus, they are important in 

information processing and higher cognitive functions23. A deeper understanding of 

single-neuronal activity has greatly facilitated models of neuronal interactions in 

multicellular populations24, and ultimately how information is encoded and retrieved 

within neural systems.  

Models of neuronal activity 

Neuronal activity is essential during development to regulate and refine neuronal 

connections through synapse formation and remodeling25. There are two types of 

synapses: electrical and chemical. In both cases, when a sufficient input current reaches 

the axon of the post-synaptic cell, an AP is generated (Figure 4a). To describe the ionic 

mechanisms that explain the initiation and propagation of an AP, the Nobel laureates 

Hodgkin and Huxley developed a mathematical model using the giant squid axon26. 

Neurons are excitable cells and each one of their components can be treated as an 

electrical element. In this manner, the cell membrane acts as a capacitor (Cm), where 

the voltage (Vm) describes the sum of changes across the membrane. Each channel 

type is represented as non-linear resistors. The resistance of each channel varies 

depending on whether the channel is open or closed. The equilibrium potential – or 

Figure 4. a) Classical phases of an action potential. 1) Cell is at resting membrane potential. Stimuli 
do not generate an action potential because the membrane potential does not reach the 
threshold. 2) Cell receives enough stimuli to reach the threshold, Na+

v channels open and Na+ 
enters the cell. 3) Na+

v channels close and K+
v channels begin to open. 4) K+

v channels fully open 
and K+ exits the cell. 5) Na+-K+ pumps activate and three Na+ ions exit the cell while two K+ ions 
enter, in order to repolarise the cell membrane. 6) During the refractory period, K+

v channels close. 
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electrochemical gradient -, calculated with the Nernst equation, is represented as a 

battery (En). The specific voltage-gated channels are defined by their conductance (gn). 

Therefore, the total current (I) is the sum of the individual ion currents, which are a 

function of voltage and time (Figure 4b). 

This complex electrical system has evolved and adapted to optimize the transmission 

of information. Channels in the lipid bilayer of the cellular membrane are adjusted 

according to the firing properties of each cellular type. This precise system of wires and 

connections comes at a high energetic cost. Thus, the CNS has developed different 

ways to cope with the metabolic expenditure28, among which include isolation of the 

axonal compartment through myelination, specificity of synaptic function, glial support, 

or connectivity hubs (regions with a higher degree of connectivity)29–31.  

Myelin 

In the CNS, we can distinguish two major anatomical compartments: grey and white 

matter. Grey matter is formed by the somata of neurons and glia and is responsible for 

most of the information processing of the CNS. White matter is composed of bundles 

of a fatty substance that surrounds axonal fibres, called myelin. Myelin is the lipid 

membrane that ensheaths axons in the peripheral nervous system (PNS) and in the CNS 

to enable saltatory conduction of APs. Similar to cables and wires, the myelin sheath 

covers axonal fibres in a manner that permits information to travel from the soma to the 

axonal terminal at a higher speed and with high fidelity, while also reducing the 

metabolic consumption of the neuron. 

The extraordinary process of myelination is exclusive to vertebrates. Two glial cells – 

supporting cells to neurons – are in charge of insulating the axons of neurons: Schwann 

cells in the PNS and oligodendrocytes in the CNS. Oligodendrocytes undergo a 

complex differentiation process, from oligodendrocyte progenitor cells (OPCs) to 

myelinating oligodendrocytes (Figure 5).  

These cells select the axons they are going to myelinate based on different molecular 

signals, most of which remain unknown32. Attractive and repulsive cues work together 

to establish myelination profiles33. Oligodendrocytes only myelinate those axons with a 

calibre thicker than 0.2 µm34, but other biophysical properties such as fibre shape 

should also be considered35. Different myelination profiles are seen across layer and 

cellular types36,37. Cortical myelin plasticity is an adaptive mechanism38, in which OPCs 

enter, in order to repolarise the cell membrane. 6) During the refractory period, K+
v channels close. 

7) Extra K+ ions leak down the electrochemical gradient and returns to resting state. Image 
adapted from BioRender. b) Hodgkin-Huxley model. Image from Thanapitak, S. (2012)27.  
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and mature oligodendrocytes39,40 adapt to changes in neuronal activity41, and therefore 

refine neural circuitry. This process is essential for learning, memory and cognition38,42. 

The myelin sheath serves several purposes. The most extensively investigated is its 

function as an electrical insulator. The lipid bilayer that defined the internodes in the 

axons of some neurons reduces current leakage out of the axon and enables saltatory 

conduction of APs. The term saltatory refers to AP propagation through unmyelinated 

regions of axons, called nodes of Ranvier, that are densely populated with sodium and 

potassium channels. Because the flow of current is generated only at the nodes, the 

conduction velocity of APs is greatly increased up to 100-fold (APs can travel up to 

velocities of 150 m/s or 540 km/h)43,44. The isolation function of the myelin sheath has 

an indirect effect on the membrane resistance of the cell. Because channels are 

restricted to nodal regions, resistance is increased. On the other hand, the increase in 

the membrane thickness leads to a decrease in the capacitive current of the cell. 

Altogether, it allows a faster forward propagation of the AP. 

Figure 5. Differentiation and maturation process of oligodendrocyte lineage and associated 
markers. In the forebrain, OPCs are generated in the ventricular zone32,45,46, from where they migrate 
to other areas of the brain, for which they depend on several extracellular matrix proteins47. Pre-
myelinating oligodendrocytes start to express different proteins and glycoproteins that will enable 
them to start the myelinating process34,48,49. Mature oligodendrocytes produce myelin sheaths and 
express a series of myelin proteins, among which we can find myelin basic protein (MBP), proteolipid 
protein (PLP) and myelin associated glycoprotein (MAG)49,50. Different proteins are expressed at 
different stages of oligodendrocyte differentiation, from OPCs to mature and myelinating 
oligodendrocytes. Platelet-derived growth factor receptor (PDGFR-α); neural/glial antigen 2 (NG2); 
myelin proteolipid protein (PLP); galactocerebroside (GalC); myelin basic protein (MBP); myelin-
associated glycoprotein (MAG); myelin oligodendrocyte glycoprotein (MOG). Figure based on Kuhn, 
S et al. (2019) and Zhou, B. et al (2021)49,50. 
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Myelin substantially reduces the energetic consumption of neurons. The metabolic cost 

of an unmyelinated AP is high. ATP is necessary to restore the normal ionic gradients 

through Na+ and K+ -ATPases, which are more pronounced in unmyelinated axons. 

Oligodendrocytes provide neurons with metabolites to sustain the energy load of the 

cell51. Therefore, metabolic fuelling of myelinated axons through glial interactions and 

reduction of the number of open channels considerably lowers the energy demands of 

the cell. 

Lastly, myelin-generating oligodendrocytes play an important role in the trophic 

support of the axon. Glia-axonal signalling is indispensable for the long-term integrity 

of the axon and its survival51. Additionally, membrane protein interactions between 

oligodendrocytes and neurons are also vital for the axon, without necessarily being 

implicated in myelin production44. This suggests that oligodendrocytes support axons 

beyond myelinating them. 

Introduction to schizophrenia 

Schizophrenia is a severe and chronic psychotic disorder characterised by disturbances 

in cognition, perception, and behaviour. The lifetime prevalence is estimated between 

0.3 to 0.7%, with an onset peak in the mid-20s52. The associated features of 

schizophrenia can be classified into three categories: positive, negative and cognitive 

symptoms. Positive symptoms refer to the presence of ideas or perceptions that are not 

typically present in people without psychosis; the most common are hallucinations, 

delusions, disorganised speech or catatonic behaviour. Negative symptoms are 

defined as characteristics which are normally present, but absent or reduced in 

schizophrenia, such as anhedonia, apathy, alogia or avolition. Finally, cognitive 

symptoms involve deficits concerning language, executive function, memory or social 

behaviour53. The presence of two or more of these symptoms for a long period of time 

are necessary criteria to establish a diagnosis52. 

Despite years of investigation, the pathophysiology underlying schizophrenia remains 

elusive. Schizophrenia is considered a polygenic disorder in which not only genetic but 

also environmental factors are involved in the aetiology54 (Figure 6).  Several 

hypotheses have been proposed to account for the onset and course of this disorder, 

however, none of them successfully fulfils all of the available data. The classical 

hypothesis is the dopaminergic theory, formulated in the 1960s. According to this 

hypothesis, the dopaminergic system becomes hyperactive in certain areas of the brain, 

explaining some of the positive symptoms55. This theory is supported by antipsychotic 

treatments, which block dopamine receptor D256. However, the dopaminergic theory 

alone is unlikely to explain all the symptoms. Genome-wide association studies (GWAS) 
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have identified over 200 different alleles that could be linked to the course and 

development of schizophrenia57. Among these, a large proportion are related to 

neurotransmission57,58. Additionally, environmental risk factors also play a role in the 

disorder. Most of these agents occur during neurodevelopment59, but also socio-

economic factors60, alcohol and drug consumption61 have been associated with an 

increased risk of developing schizophrenia at older ages. 

Network alterations in psychiatric disorders  

Post-mortem studies in schizophrenia patients have enabled us to understand the 

morphological changes that the brain undergoes. At the cellular level, patients suffering 

from schizophrenia present a disorganised pattern of hippocampal pyramidal cells62, 

and alterations in the expression of synaptic, mitochondrial or degradation genes are 

also found63. On the morphological level, pyramidal cells in the cortex showed a lower 

number of dendritic spines, consistent with a reduced number of excitatory inputs64,65. 

The reduced number of spines is associated with an increase of dendritic pruning 

triggered by an excess of synaptic glutamate66. The glutamate hypothesis proposes that 

there is a hypofunction of the NMDA receptor, a ionotropic glutamate receptor, which 

translates to an excess of neutrotransmitter67,68. Altogether, genetic and functional 

alterations combined can explain some of the clinical features of the disease. 

Figure 6. Interaction of genetic and environmental risk factors in the developmental 
pathology of schizophrenia. Effect of multiple genetic and environmental factors at prenatal and 
perinatal periods might lead to the development of schizophrenia by affecting important processes 
such as cell proliferation, neuronal migration or dendrite arborisation.  Accumulation of these 
factors impair postnatal changes such as myelination, interneurons maturations, dopaminergic 
projections and glutamatergic synapses. After a prodromal phase, where some changes start to 
happen, there is the first psychotic event, generally during adolescence.  Figure from Owen, P, et 
al. (2016)59. 
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The GABAergic system is pivotal for the development and onset of psychiatric 

disorders. Early in development, the role of GABA is crucial for the establishment of 

cortical architecture69 and cellular maturation70–72. Deficits in GABAergic inhibition have 

been widely reported in patients with schizophrenia73. Interneuron dysfunction has 

mostly focused on PV+ interneurons. Synaptic alterations and projections onto other 

neurons have been observed74, and the mRNA expression of GABAergic producing 

enzymes, such as GAD67, and GABA levels are reduced75–78. PV+ interneuron intensity, 

a marker for neuronal activation, and density are decreased in cortical regions such as 

the PFC79,80. Furthermore, PV+ interneurons govern gamma-oscillations81 involved 

during complex tasks such as attention, working memory or cognition82, which are also 

altered in schizophrenia83–85. 

The E/I balance is a homeostatic and/or developmental process to maintain the ratio of 

excitatory and inhibitory synapses. An emerging hypothesis is that the increase in the 

ratio of E/I is involved in the neurophysiology of psychiatric disorders and contributes 

to the cognitive and behavioural deficits found in these patients86–89. Neurobiological 

mechanisms including neuronal homeostasis and deviations during development can 

effectively decrease E/I balance89. Many different dynamics explain the underlying 

mechanisms of the altered excitability, such as an increase in glutamatergic synapses or 

a decrease of inhibition. PV+ interneurons are important in the maintenance of E/I 

balance90; first, by modulating the capacity of pyramidal cells to fire, thus, opening a 

wide range of firing activity and input responses91, and second, by limiting the time 

window of pyramidal cells to integrate excitatory inputs and produce an AP92. Certain 

regions, such as the PFC, where the E/I balance is 20/80%93, are more susceptible to 

dysregulation with critical consequences for proper network functioning. Increasing 

inhibition in the PFC rescues some of the hallmark features of psychiatric disorders in 

mouse models87,94, suggesting that E/I equilibrium is impaired in schizophrenia90,95. To 

sum up, PV+ interneurons control several fundamental processes, and loss of function 

can lead to aberrant cognition and behaviour. 

Myelination and mental illness 

Demyelination is the term employed to describe the loss of compact myelin from axons, 

ultimately leading to axonal damage and nerve conduction impirments96. It can be 

caused by an infection, autoimmune reactions, genetic causes or unknown reasons. 

Among the most well-known demyelinating diseases are multiple sclerosis and 

leukodystrophies. In schizophrenia, many studies link aberrant myelination with the 

onset and progression of the disease59,97. Clinical studies support that impaired 

myelination correlates with cognitive decline and other symptoms98,99. Neuroimaging 

studies have shown white matter abnormalities in many brain regions, especially the 
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corpus callosum, the frontal cortex and temporal regions98,100. Furthermore, several 

oligodendroglia markers have been found to be altered in these subjects101,102, together 

with aberrant OPCs and reduced numbers of oligodendrocytes103–106. Notably, GWAS 

data pooled a handful of myelin/oligodendroglia genes associated to schizophrenia107. 

However, it is important to consider that schizophrenia is highly polygenic and many 

other genes and processes are associated with a higher risk of psychotic 

symptoms57,108,109. The interneuron myelination hypothesis of schizophrenia97, for 

example, incorporates another participant into the myelin/oligodendrocyte equation. 

PV+ cells establish important connections with OPCs110 and their myelination has been 

widely reported37,97,111. As these cells play important roles in network synchronisation, 

impaired myelination and loss of axonal integrity may be imperative for the tuning of 

the circuit. 

Re-myelination is the process by which oligodendrocytes re-establish the myelin sheath 

in demyelinated axons. Myelin can be restored by establishing new myelin patterns 

formed by new myelinating oligodendrocytes112,113, suggesting that recovery of the 

myelin sheath might reverse some of the symptoms. Indeed, novel pharmacological 

approaches that enhance remyelination have been introduced as potential therapeutic 

treatments for schizophrenia114,115, suggesting possible alternatives to classical 

antipsychotic therapies. 
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Scope and outline of this thesis 

The aim of this thesis is to unveil mechanisms that explain myelination of excitatory and 

inhibitory neurons in the neocortex and its relationship with psychiatric disorders such 

as schizophrenia. To that end, we will navigate through different cellular types with 

special emphasis on GABAergic interneurons, a minority neuronal population that has 

gained its way to the spotlight due to the important processes they are involved in, and 

their key role in psychiatric disorders.  

Chapter 1 describes the main known findings of the literature related to interneurons, 

myelination and schizophrenia, and aims to lay the foundations for the upcoming 

chapters.  

In Chapter 2, we explored the fundamental relationship between pyramidal cells and 

their myelination status. We found that this relationship is not only dependent on axon 

morphology but also brain region- and layer-dependent. Remarkably, human 

pyramidal cells also showed a strong association between myelination and axonal 

morphology. 

In Chapter 3, we studied non-fast-spiking interneuron myelination, an understudied 

population of GABAergic interneurons. Myelination in the mouse brain was scarce 

across non-fast-spiking interneurons. Surprisingly however, human non-fast-spiking 

interneurons are often myelinated, indicating inter-species differences in these cellular 

types. Human interneurons also displayed a robust correlation between myelination 

and axonal morphology. 

In Chapter 4, we examined the relationship between axonal morphology and 

myelination in fast-spiking interneurons. We observed that the joint combination of 

axonal calibre and length are strong predictors of interneuron myelination. Across 

species, human and mouse, predictive axonal thresholds were maintained.  

In Chapter 5, we assessed the impact of lack or loss of myelin on PV+ interneurons. The 

effects on brain activity, and in particular over slow brain waves, which are inhibited by 

PV+ interneurons, were impacted by impaired myelination, but could be restored upon 

re-activation of myelin-deficient PV+ interneurons.   

In Chapter 6, we investigated the consequences of demyelination over self-inhibition in 

PV+ interneurons. We found that impairing myelination at young ages has detrimental 

effects on the number of autapses and the firing properties of these cells. Re-

myelination leads to partial recovery of these deficits. 
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In Chapter 7, we analysed the effect on myelination of a gene mutation known to be 

critical for changes in cellular morphology. We found that despite this mutation, 

oligodendrocytes were able to form myelin sheaths normally and there were no 

discernible impairments in the firing pattern of PV+ interneurons.  

In Chapter 8, we carried out electrophysiological and immunohistochemical 

experiments to understand the hyperexcitability of PV+ interneurons in a mouse model 

of the 22q11 syndrome, which increases the risk of schizophrenia. We found that 

potassium channels play an important role in the excitability of these cells and that their 

modulation was not affected by specific agonists or antagonists, suggesting that these 

channels are not functional. 

Finally, in Chapter 9, I critically review the main findings of the previous research and 

their significance in both fundamental and translational neurobiology. I focus on 

myelination of interneurons and the role they play in neuropsychiatric disorders, and 

propose mechanisms that could contribute to the consequentially aberrant functioning 

of cortical networks. 
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Abstract 

GABAergic fast-spiking parvalbumin-positive (PV) interneurons are frequently 

myelinated in the cerebral cortex. However, the factors governing the topography of 

cortical interneuron myelination remain incompletely understood. Here, we report that 

segmental myelination along neocortical interneuron axons is strongly predicted by the 

joint combination of interbranch distance and local axon caliber. Enlargement of PV+ 

interneurons increased axonal myelination, while reduced cell size led to decreased 

myelination. Next, we considered regular-spiking SOM+ cells, which normally have 

relatively shorter interbranch distances and thinner axon diameters than PV+ cells, and 

are rarely myelinated. Consistent with the importance of axonal morphology for guiding 

interneuron myelination, enlargement of SOM+ cell size dramatically increased the 

frequency of myelinated axonal segments. Lastly, we confirm that these findings also 

extend to human neocortex by quantifying interneuron axonal myelination from ex vivo 

surgical tissue. Together, these findings establish a predictive model of neocortical 

GABAergic interneuron myelination determined by local axonal morphology. 
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Introduction 

Myelination is the insulating ensheathment of axons by oligodendrocytes to enhance 

action potential propagation and provide metabolic support1. Recent studies have 

shown that a large fraction of neocortical myelination arises from axons of fast-spiking, 

parvalbumin-positive (PV) interneurons2,3. Nearly every cortical PV+ interneuron is 

myelinated, and most frequently with a proximally-biased axonal topography consisting 

of short internodes interspersed with branch points3,4. In contrast, other neocortical 

GABAergic interneuron subtypes are more rarely and sparsely myelinated, raising the 

question of what factors determine this cell type-restricted pattern of neocortical 

interneuron myelination. 

Axonal diameter has been previously demonstrated as an important neuronal factor 

influencing myelination. In the peripheral nervous system (PNS), a critical threshold of 

axonal diameter of ~1 µm has been identified, which largely predicts myelination5. 

However, in the central nervous system (CNS), the pattern is much less clear. Axons with 

diameters ~200 nm can become myelinated6, while axon diameters as large as ~800 

nm can remain unmyelinated6. In vitro, oligodendrocytes reliably initiate myelination of 

synthetic nanofibers above a critical diameter of ~300 nm but rarely do so for smaller 

diameters7–9. The diameter findings appear to extend to grey matter in vivo, where 

myelinated axons <300 nm are rarely observed2,9. Moreover, following acute 

demyelination regenerated myelin sheaths often re-establish their pre-morbid pattern 

of myelination, suggesting that intrinsic axonal factors are primary determinants of 

myelination10. Furthermore, oligodendrocytes appear to sense axonal diameters in 

vitro, and adjust their internode length based on fiber diameter8. Taken together, 

axonal diameter is firmly established as an important determinant underlying internode 

formation. However, in contrast to its high predictive validity in the PNS, axonal diameter 

is only moderately predictive of myelination topography in the CNS. 

Here we examine the relationship between cortical interneuron myelination and axonal 

morphology in adult mouse prefrontal cortex. We find that the topography of 

myelination along individual PV+ axons is strongly predicted by the joint combination 

of axonal diameter and interbranch distance. The bivariate model combining axonal 

diameter and interbranch distance was superior to univariate models involving either 

axonal diameter or interbranch distance alone. We further explored the model 

robustness by implementing bidirectional manipulations of PV+ interneuron size. 

Enlargement of PV+ interneuron size resulting from cell-type specific deletion 

of Tsc1 increased the incidence of myelinated segments. Conversely, reduction of PV+ 

interneuron size by cell-type specific deletion of Ube3a decreased the frequency of 
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myelinated segments. Yet notably, in both cases, the joint combination of interbranch 

distance and local axon caliber remained highly predictive of myelin topography. Lastly, 

we considered regular-spiking SOM+ cells, which normally have relatively shorter 

interbranch distances and thinner axon diameters than PV+ cells, and are rarely 

myelinated. However, enlargement of SOM+ cell size by cell type-specific deletion 

of Tsc1 dramatically increased the frequency of myelinated axonal segments and with a 

topography accurately predicted by the bivariate model. Lastly, we find that 

interneurons reconstructed from human ex vivo surgical tissue also exhibit similar rules 

governing their axonal myelination. Together, these results establish a highly predictive 

model of neocortical GABAergic interneuron myelination topography based on local 

axonal morphology. 

Results 

Super-resolution imaging of individual fast-spiking, PV+ interneuron axons 

To examine the relationship between the axonal morphology of PV+ interneurons and 

their myelination, we targeted fluorescent PV+ interneurons in the adult medial 

prefrontal cortex (mPFC) of Pvalb::cre11,Ai1412 mice for whole-cell patch-clamp 

recording and biocytin filling (n = 8 cells; Figure 1a, b; Supplementary file 1). 

Recorded cells exhibited the fast-spiking pattern associated with PV+ interneurons 

(Figure 1c). Biocytin-labeled cells were imaged by confocal microscopy for 

reconstruction (Figure 1d), followed by structured illumination microscopy (SIM) for 

high-resolution analysis of individual axonal segments13 (see 

Materials and methods; Figure 1 — Figure supplements 1-3). We systematically 

analyzed PV+ interneuron axonal segments up to the 7th branch order, beyond which 

myelination was rarely observed in this region3,4. Axon shaft diameter averaged 

0.34 ± 0.01 µm (range 0.16–0.98 µm) and decreased with increasing branch order 

(Figure 1e-g). En passant boutons, located primarily on more distal branches 

(≥5th branch order), averaged 0.71 ± 0.01 µm in diameter (range 0.34–1.26 µm; Figure 

1h). 

PV+ interneuron myelination co-varies with axon morphology 

Myelin was visualized by immunolabeling for myelin basic protein (MBP). Consistent 

with previous studies3,4, reconstructed PV+ interneurons consistently exhibited 

myelination of their proximal axons (8 out of 8; 100%, Figure 2a, c), while distal axonal 

segments remained unmyelinated (Figure 2b, c). Myelination of PV+ interneurons 

typically extended from branch point to branch point (Figure 2c), in which ~84% of 

myelinated internodes had their boundaries within 5 µm of an axonal branch point 
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(Figure 2d). For each reconstructed interbranch segment, we examined the 

relationship between the probability of segmental myelination and the average axon 

shaft diameter using receiver operating characteristic (ROC) analysis14. Axon shaft 

diameter strongly co-varied with myelination, with a critical univariate threshold at 334 

Figure 1. Super-resolution microscopy of fast-spiking, PV+ interneuron axons. a) 
Experimental approach. Biocytin-filled fast-spiking PV+ interneurons from mPFC were analyzed 
using both confocal imaging and structured illumination microscopy (SIM) imaging. See 
also Figure 1 — Figure supplements 1-3.b) Maximum projection confocal image of a 
representative biocytin-filled PV+ cell from mPFC layer V (red). Scale bar, 50 µm. c) Current clamp 
recording of evoked action potentials. Scale bars are 20 mV, 100 pA and 100 ms from top to 
bottom (right). d) Full reconstruction of a mPFC layer V PV+ interneuron. Soma and dendrites in 
black, axon in brown. e) Representative SIM z-stack projections of PV+ interneuron axonal 
segments (top), along with their corresponding FWHM diameter profiles (bottom). White 
arrowheads indicate measurement boundaries. From left to right: First branch order axon initial 
segment; second branch order unmyelinated axonal segment; third branch order myelinated 
axonal segment; sixth branch order unmyelinated axonal segment featuring multiple en-
passant boutons (indicated by asterisks). Scale bar, 10 µm. f) Distribution histogram of PV+ 
interneuron axon shaft diameters, fitted with a Gaussian curve. n = 140 axonal segments/8 cells. g) 
Average axon shaft diameter decreases steadily over centrifugal branch order. n = 140 
segments/8 cells. p<0.001, one-way ANOVA. h) Distribution of axonal en passant bouton 
diameters of PV+ interneuron axons, fitted with a Gaussian curve. n = 250 boutons/8 cells. 
Abbreviations: FWHM, full-width half-maximum. I, input current. SIM, structured illumination 
microscopy. Vm, membrane voltage. 
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nm (area under curve, AUC = 0.93; sensitivity = 97.2%, specificity = 84.4%), above 

which internodes were often present and below which myelination was rarely observed 

(Figure 2e-g). However, 30% of interbranch segments with axon shaft diameter >334 

nm remained incorrectly classified by the univariate ROC model (15 of 50 segments), 

suggesting additional deterministic factors underlying the variance in segmental 

myelination.  

We next considered the univariate relationship of interbranch distance with segmental 

myelination. We found that myelination occurred more frequently along uninterrupted 

interbranch segments greater than 17.4 µm (AUC = 0.79; sensitivity = 97.2%, 

specificity = 60.4%; Figure 2f, g). However, similar to the relationship with axonal 

diameter, a substantial proportion of interbranch segments >17.4 µm were 

unmyelinated (48%, 35 of 73 segments). 

Therefore, we implemented a bivariate ROC analysis15 to explore whether the 

intersection of interbranch distance and axonal diameter might yield improved 

estimates of segmental myelination. Using a bivariate ROC analysis, the optimal 

interbranch distance and axonal diameter were 13.7 µm and 334 nm, respectively 

(AUC = 0.99; Figure 2f, g). The joint combination of these two thresholds correctly 

predicted whether 128 of 132 segments contained an internode (97.0% accuracy), a 

significant improvement over the univariate models (interbranch distance: 70.5% 

accuracy, Fisher’s Exact Test p<0.001; axonal diameter: 87.9% accuracy, Fisher’s Exact 

Test p=0.005). In particular, the bivariate model correctly predicted 35 of 36 myelinated 

internodes (sensitivity = 97.2%), matching that of the univariate predictors (Fisher’s 

Exact Test p=0.99). However, the joint combination of interbranch distance and axonal 

diameter also predicted with high accuracy those segments in which myelination was 

absent (93 of 96 segments, specificity = 96.9%), in contrast to the univariate models 
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(Fisher’s Exact Test; axonal diameter: p=0.004, interbranch distance: p<0.001). These 

findings suggest that the combination of interbranch distance and axonal diameter are 

highly predictive of segmental myelination along PV+ interneurons.  

To independently corroborate the findings from supra-resolution imaging, we utilized 

electron microscopy (EM) for assessing the morphology and myelination of PV+ cell 

axons. We utilized a genetic labeling method to enhance the electron dense contrast of 

PV+ cell axons by stereotactic injection of a cre-dependent adeno-associated virus 

(AAV2) into the mPFC of Pvalb::cre mice. Virus-transduced Pvalb::cre cells expressed 

the EM marker APEX216 fused with membrane-targeted GFP (mGFP-APEX2), permitting 

cell-type specific visualization of labeled PV+ cells in both fluorescence and electron 

micrographs (Figure 3a-c, e, f). Prior to ultrastructural analysis, we used confocal 

microscopy to confirm that GFP+ neurons resembled PV+ cells morphologically. We 

also confirmed that nearly all of the virally labeled cells were immunopositive for PV 

(93.9 ± 1.3%; Figure 3b-d). We then used APEX2-mediated peroxidase histochemistry 

to produce intracellular electron dense labeling. PV+ cells were readily detected by 

their darkened cytoplasmic staining in electron micrographs. This allowed us to identify 

axonal processes belonging to PV+ interneurons, whether myelinated or not (Figure 

3e, f). The distributions of axon shaft diameter and bouton diameter, and their 

relationship with axonal branch order, were also highly comparable to previous 

ultrastructural analyses of fast-spiking, PV+ interneurons16–18. Consistent with the 

fluorescence microscopy analysis (Figure 2), myelination was observed exclusively 

Figure 2. PV+ interneuron axon diameter co-varies with myelination. a) Average SIM z-stack 
projection of a biocytin-filled PV+ interneuron axon (red) along with its myelination (MBP; green 
arrowhead), centered over a fourth branch order segment. Note that the relatively thinner axonal 
segment is unmyelinated (white arrowhead). Scale bar, 5 µm. b) Average SIM z-stack projection of 
a biocytin-filled PV+ interneuron axon (red) lacking myelination (MBP), centered over a seventh 
branch order segment. Note the frequent en passant boutons and thin axon shaft. (c) Neurolucida 
reconstruction of an mPFC fast-spiking PV+ interneuron axon. Axon in grey, myelinated segments 
in green. Note the proximal onset of myelin, consisting of short internodes interspersed by branch 
points. d) Frequency histogram of nearest neighbor distance from internodes to branch 
points. n = 81 segments/5 cells. e) Average axon segment diameter versus branch order, 
exclusively for segments showing myelination. n = 39 segments/8 cells. p<0.001, one-way 
ANOVA. f) The joint combination of axonal diameter and interbranch point distance is highly 
predictive of segmental myelination. Each circle represents an individual axonal segment. 
Myelinated segments (green) are consistently thicker and longer compared to unmyelinated 
segments (black), with critical thresholds (dotted lines) of 13.4 µm and 334 nm for interbranch 
distance and diameter, respectively. n = 140 segments/8 cells. g) Receiver-operator characteristic 
(ROC) curves for interbranch distance (blue) and diameter (red) as univariate predictors, as well as 
the significantly improved joint bivariate prediction (green) of myelination status (p<0.001). 
Diagonal dotted line indicates the non-discrimination reference boundary. Abbreviations: ROC, 
receiver-operator characteristic. 
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around PV+ axonal fibers with shaft diameters > 330 nm. Mean diameter was 

significantly larger in myelinated than in unmyelinated segments (Figure 3g). Thus, 

axon morphology strongly predicts myelination of PV+ interneurons using two 

independent methods. 

Bi-directional manipulation of PV+ axon morphology alters myelination 

In order to examine the robustness of axonal morphology in predicting PV+ interneuron 

myelination topography, we performed cell-type specific manipulations known to 

Figure 3. APEX2 contrast-enhanced electron microscopy confirms that smaller-diameter 
axonal segments lack myelination. a) Experimental flowchart. Pvalb::cre mice were given 
unilateral injections into mPFC with AAV2/CAG-flex-mGFP-APEX2, and sacrificed for confocal and 
electron microscopy after 7 to 14 days. b) Confocal image of unilateral PV-specific mGFP-APEX2 
expression in mPFC (green). White square depicts the region of interest in the prelimbic area. c) 
Representative confocal microscopy image of mGFP-APEX2 fluorescence (green) and its 
colocalization with PV immunofluorescence (red). d) Quantification of colocalization between 
mGFP-APEX2+ cells and PV immunofluorescence. 93.9 ± 1.3% of mGFP-APEX2+ cells expressed 
PV. n = 2 mice e–f) Electron microscopy images (14kx) of PV::mGFP-APEX2+ myelinated e) and 
unmyelinated f) axons (arrows). Morphological enlargements featuring mitochondria (asterisks) 
were not included in the diameter analysis. g) PV+ interneuron axonal segments featuring 
myelination have a larger average diameter (green) than unmyelinated axons (black). 
Unmyelinated: 0.269 ± 0.019 µm, n = 38; myelinated: 0.570 ± 0.045 µm, n = 15. ***p<0.001. 
Unpaired two-tailed Student’s t-test. Black bars represent mean ± s.e.m. 
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influence axonal geometry. Deletion of the Tsc1 gene has been previously shown to 

induce enlarged somata of various neuronal cell types across a diversity of brain 

regions19–22. Moreover, the Akt-mTOR pathway, a downstream target of Tsc1, is one of 

the main regulators of axon caliber23. Conversely, mice harboring a deletion 

of Ube3a have recently been shown to exhibit smaller neurons24,25 with reduced axonal 

diameters in corpus callosum26. 

To obtain PV cell-specific deletions, Pvalb::cre mice were crossed with 

floxed Tsc1f/f mice (PV::TSC1) and floxed Ube3ap/f mice (PV::UBE3A) (Figure 4a; Figure 

4 — Figure supplements 1-2). PV+ cells in adult mPFC of PV::TSC1 mice exhibited 

a ~50% increase in soma size, in accordance with a strong upregulation of pS6235/236, a 

downstream target of mTOR (Figure 4b,c). PV::TSC1 cells showed filopodia-like 

extensions on their soma and proximal dendrite, which were not observed in PV::WT 

cells (Figure 4 — Figure supplement 1f). Conversely, PV::UBE3A mice exhibited 

a ~15% reduction in PV+ interneuron soma area (Figure 4b, c). Notably, mPFC PV cell 

density was similar across PV::UBE3A, PV::TSC1, and PV::WT mice (Figure 4 — Figure 

supplement 3a-b).  

 

Figure 4. PV::TSC1 and PV::UBE3A mice exhibit reciprocal alterations of PV+ cell 
morphology. a) Overview of mouse breeding scheme. b) Maximum projection confocal image of 
PV+ somata (red) in PV::UBE3A mice lacking UBE3A (green; top), and in PV::TSC1 mice showing 
high pS6 expression (green, bottom). Higher magnification images are provided in Figure 4—figure 
supplements 1–2. Scale bar, 15 µm. (c) Quantification of PV+ interneuron maximum projection 
soma area from mPFC layers II-V. PV::UBE3A: 92.1 ± 2.7 µm2; n = 58 cells; PV::WT: 104.6 ± 2.5 
µm2; n = 109 cells PV::TSC1: 160.2 ± 3.8 µm2; n = 159 cells; n = 3 mice per group. d) Experimental 
procedure. PV::UBE3A, PV::WT and PV::UBE3A were stereotactically injected with AAV9/CAG-
Flex-eGFP in the mPFC and analyzed two weeks later with SIM imaging. e) Representative 
projection of a SIM z-stack showing primary axon branches (red) originating from transfected GFP+ 
somata in PV::UBE3A and PV::TSC1 mice. White arrowhead indicates location of axon onset. Scale 
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To examine axon caliber, adult PV::TSC1, PV::UBE3A and PV::WT mice received 

unilateral stereotactic injections in the mPFC of adeno-associated virus (AAV) 

containing cre-dependent GFP. Fourteen days later, mice were sacrificed and axons 

originating from GFP+ somata were imaged using SIM (Figure 4d). Since we observed 

that the diameter of the 1st branch order strongly correlated to diameter of consecutive 

axonal segments (Figure 1), we measured primary axonal diameter at the 1st branch 

order for GFP-labelled cells from PV::TSC1, PV::UBE3A and PV::WT cells as a high-

throughput indication of axon caliber. Consistent with enlarged somata, this analysis 

revealed a significantly increased primary axonal caliber of PV::TSC1 PV+ cells 

compared to PV::WT cells (Figure 4e, f). In contrast, axons from PV::UBE3A showed a 

non-significant trend toward decreased primary axon caliber compared to PV::WT cells 

(Figure 4e, f). 

We next performed whole-cell electrophysiological recordings of adult mPFC PV+ cells 

combined with biocytin-filling and post hoc MBP immunofluorescence as previously 

described (Figure 5a; Figure 4 — Figure supplement 4)3,4. Recorded PV+ cells in 

PV::TSC1, PV::UBE3A and PV::WT exhibited fast-spiking firing characteristics, with no 

detectable differences between genotypes (Figure 5b – d; Figure 4 — Figure 

supplement 4). Confocal imaging followed by proximal axonal reconstructions (Figure 

5e–h) revealed that all PV::TSC1 cells exhibited axonal myelination (13 of 13 cells; 

100%; Figure 5f–i), similar to PV::WT cells (10 of 11 cells; 90%) and PV::UBE3A cells (7 

of 8 cells; 88%). Tsc1-deficient PV+ cells showed increased axonal myelination per cell 

compared to PV::WT cells (Figure 5j). Interestingly, the increase in myelination per cell 

was associated with both an increase of average internode length (Figure 5k) as well as 

a higher number of internodes per cell (Figure 5l), but without a change of interbranch 

distance (Figure 5m). Onset of myelination, measured as axonal distance from the 

soma or originating dendrite to the beginning of the first internode, was unchanged 

(Figure 5n). In contrast to PV::TSC1 cells, Ube3a-deficient PV+ cells exhibited a 

supplements 1–2. Scale bar, 15 µm. (c) Quantification of PV+ interneuron maximum projection 
soma area from mPFC layers II-V. PV::UBE3A: 92.1 ± 2.7 µm2; n = 58 cells; PV::WT: 104.6 ± 2.5 
µm2; n = 109 cells PV::TSC1: 160.2 ± 3.8 µm2; n = 159 cells; n = 3 mice per group. d) Experimental 
procedure. PV::UBE3A, PV::WT and PV::UBE3A were stereotactically injected with AAV9/CAG-
Flex-eGFP in the mPFC and analyzed two weeks later with SIM imaging. e) Representative 
projection of a SIM z-stack showing primary axon branches (red) originating from transfected GFP+ 
somata in PV::UBE3A and PV::TSC1 mice. White arrowhead indicates location of axon onset. Scale 
bar, 2 µm. f) PV+ interneuron axon caliber quantifications from mPFC layers II-V. PV::UBE3A: 
0.613 ± 0.023 µm; n = 36 axons; PV::WT: 0.665 ± 0.019 µm; n = 46 axons; PV::TSC1: pS6+ 
0.846 ± 0.034 µm; n = 30 axons; n = 3 mice per group. ***p<0.001; **p<0.01; *p<0.05. One-way 
ANOVA followed by post hoc Tukey’s test. Black bars represent mean ± s.e.m. 
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decrease in axonal myelination (Figure 5i,j), including both a lower number and shorter 

length of internodes (Figure 5k, l), consistent with their reduced soma size. Finally, the 

initial point of myelin onset from the soma was unchanged in PV::UBE3A cells (Figure 

5n). Despite these PV+ cell type-specific alterations in myelination, no robust changes 

were observed in global myelination (Figure 5 — Figure supplement 1a, b) or CC1+ 

mature oligodendrocyte density (Figure 5 — Figure supplement 1c, d).  
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Systematic analysis of individual PV+ interneuron axonal segments in PV::UBE3A and 

PV::TSC1 cells confirmed a similarly strong co-variation between axon morphology and 

segmental myelination as observed in PV::WT mice (Figure 5o-s). ROC analysis of 

PV::UBE3A cells yielded bivariate thresholds of axonal diameter >332 nm and 

interbranch distance >14.1 µm (sensitivity = 100%, specificity = 97.5%; AUC = 0.99) 

(Figure 5p, q). Analogously, ROC analysis of the PV::TSC1 cells yielded bivariate 

thresholds of axonal diameter >378 nm and interbranch distance >18.6 µm 

(sensitivity = 100%, specificity = 94.6%; AUC = 0.99) (Figure 5r, s). Similar to PV::WT, 

the bivariate model for PV::TSC1 significantly improved the prediction accuracy of 

Figure 5. PV::UBE3A and PV::TSC1 mice exhibit bi-directional alterations in PV+ interneuron 
axonal myelination. a) Experimental approach. Biocytin-filled fast-spiking PV+ interneurons from 
each genotype were first analyzed using confocal imaging. b–d) Maximum projection image of a 
representative biocytin-filled PV+ cell (red, top), a close-up of a biocytin-filled somata (red, 
bottom), with a corresponding fast-spiking action potential train for PV::UBE3A b), PV::WT c), and 
PV::TSC1 d). Scale bars are 50 µm (left) and 20 mV, 100 pA and 100 ms from top to bottom 
(right). e) Representative SIM z-stack projection of a biocytin-filled PV+ interneuron axon centered 
over a 4th order branch (red), demonstrating myelinated (MBP, green; green arrowhead) and 
unmyelinated segments (white arrowhead). Scale bar, 5 µm. f–h) Proximal axon reconstructions 
(grey) including myelinated segments (green) of representative cells from PV::UBE3A f), PV::WT 
g), and PV::TSC1 h) mice. i) Nearly all PV+ cells exhibit axonal myelination, independent of 
genotype. j–l) PV+ cell-specific genetic manipulations bi-directionally alter myelin content j), 
internode length k) and number of internodes per cell l). m) The distribution of interbranch 
distance remains similar across genotypes (p=0.575, repeated measures ANOVA group x branch 
order interaction). n) Distance from the soma to the onset of myelination was unaffected by PV+ 
cell-specific deletion of Ube3a or Tsc1. p=0.589, one-way ANOVA. o) Experimental approach. 
Biocytin-filled fast-spiking PV+ interneurons from PV::UBE3A and PV::TSC1 mice were analyzed 
using both confocal and SIM imaging. p) The joint combination of axonal diameter and interbranch 
point distance is highly predictive of PV::UBE3A cell segmental myelination. Critical thresholds 
(dotted lines) for interbranch distance and axonal diameter were 14.1 µm and 332 nm, 
respectively. n = 49 segments/3 cells. Myelinated segments, green circles. Unmyelinated 
segments, black circles. q) Receiver-operator characteristic (ROC) curve for PV::UBE3A cells. ROC 
curves of segmental myelination, comparing univariate models of interbranch distance (blue) and 
axonal diameter (red), and their joint bivariate combination (green). Diagonal dotted line indicates 
the non-discrimination reference boundary. (r) The joint combination of axonal diameter and 
interbranch point distance is highly predictive of PV::TSC1 cell segmental myelination. Critical 
thresholds (dotted lines) for interbranch distance and axonal diameter were 18.6 µm and 378 nm, 
respectively. n = 58 segments/3 cells. Myelinated segments, green circles. Unmyelinated 
segments, black circles. s) ROC curves for PV::TSC1 cells. ROC curves of segmental myelination, 
comparing univariate models of interbranch distance (blue) and axonal diameter (red), and their 
joint bivariate combination (green). Diagonal dotted line indicates the non-discrimination 
reference boundary. ***p<0.001, **p<0.01, *p<0.05, n.s. non-significant. One-way ANOVA in j, k, 
l and n. Repeated measures ANOVA in m. Black bars represent mean ± s.e.m. Abbreviations: I, 
input current. ROC, receiver-operator characteristic. Vm, membrane voltage. 
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segmental myelination compared to the univariate models (axonal diameter: p=0.015; 

interbranch distance: p=0.027). For PV::UBE3A, the bivariate model was a significant 

improvement over the univariate model based on interbranch distance (p=0.004), but 

statistically similar to the univariate model for axonal diameter (p=0.500). Together, 

these findings demonstrate the robustness of the joint combination of interbranch 

distance and axonal diameter for accurately predicting the topography of PV+ 

interneuron myelination in vivo, across a wide range of axonal morphologies. 

SOM+ and PV+ interneurons adhere to similar myelination rules 

Regular spiking, SOM+ interneurons27 have relatively few myelinated internodes along 

their axons in mPFC3 and contribute minimally to total neocortical myelination content2. 

Is this sparse myelination also predicted by their axonal morphology, as we observed 

for PV+ interneurons? Do SOM+ interneuron axons share the thinner shaft diameters or 

more closely spaced branch points of unmyelinated segments of PV+ axons? 

To examine this possibility, we performed whole-cell recordings and intracellular 

biocytin-labeling of SOM+ interneurons in mPFC using Sst::cre28,Ai1412 mice 

(n = 10; Figure 6a-d; Figure 1 — Figure supplement 3). The identity of filled cells was 

further confirmed as SOM+ interneurons based upon their characteristic 

electrophysiological and morphological features27 (Figure 6c, d; Supplementary file 

2; Figure 7 — Figure supplement 1e). Among the 10 reconstructed SOM+ axons, we 

found only a single myelinated internode (Figure 6e- h). Axonal shaft diameter as 

quantified using SIM averaged 0.303 ± 0.015 µm (range 0.222–0.561 µm; Figure 

6f, Figure 7 — Figure supplement 1f) and decreased with increasing branch order 

(Figure 6g). Notably, the vast majority of unmyelinated SOM+ axonal segments had 

smaller diameters and/or more closely spaced branch points than the threshold values 

identified among myelinated segments in PV+ interneurons (Figure 6h inset; dashed 

line). 

Since we identified only a single myelinated segment, we could not reliably determine 

critical thresholds for axonal diameter and interbranch distance thresholds among wild-

type SOM+ interneurons. Notably, however, this single myelinated segment had an 

axonal diameter of 561 nm and interbranch distance of 16.8 µm, which exceeded the 

morphometric thresholds we identified for wildtype PV+ interneurons. Similarly, the vast 

majority of unmyelinated SOM+ interneuron axon segments fell below morphometric 

thresholds for axonal diameter and/or interbranch distance identified for PV::WT cells 

(79 of 88 segments; 89.8%) (Figure 6h). These data indicate that the myelination rules 

derived from the analysis of PV+ cells may be generalizable to other neocortical 

interneurons, including SOM+ cells. 
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Figure 6. mPFC SOM+ interneurons have subthreshold axonal morphology and are 
correspondingly unmyelinated. a) Experimental approach. Biocytin-filled regular-spiking SOM+ 
interneurons from mPFC were analyzed using both confocal imaging and SIM imaging. See 
also Figure 1—figure supplements 1–3. b) Maximum projection confocal image of a 
representative biocytin-filled SOM+ interneuron (red). Scale bar, 50 µm. c) SOM+ interneuron 
recording demonstrating a low threshold for AP initiation, spike frequency adaptation, and AP 
amplitude attenuation. Scale bars are 20 mV, 100 pA and 100 ms from top to bottom. d) 
Neurolucida reconstruction of the SOM+ cell depicted in b). Soma and dendrite in black, axon in 
brown. Note the tortuous axonal arbor and dendrites. e) mPFC SOM+ interneurons are rarely 
myelinated. Representative confocal image of a SOM+ interneuron axon (red), centered over a 
3rd branch order segment (white arrowhead) without myelination (MBP, green; green arrowhead). 
Scale bar, 10 µm. f) Frequency histogram of SOM+ interneuron axon shaft diameter, fitted with a 
Gaussian curve. n = 88 axonal segments/6 cells. g) Axon shaft diameter decreases monotonically 
with increasing centrifugal branch order. n = 88 segments/6 cells. p<0.001, one-way ANOVA. h) 
Distribution of axonal segment diameter and interbranch distances for myelinated (green circles) 
and unmyelinated (black circles) segments. n = 88 segments/6 cells. Dotted lines indicate the 
bivariate thresholds derived from PV::WT interneurons. Abbreviations: I, input current. Vm, 
membrane voltage. 

 

Genetic manipulation of SOM+ axon morphology induces de novo 

myelination 

Factors other than axon morphology could explain why SOM+ interneurons are largely 

unmyelinated, such as expression of active inhibitors of myelination29 (Redmond et al., 

2016). We therefore asked whether we could induce de novo myelination of SOM+ cells 

by altering their axonal morphology. Using an analogous approach to that we used for 

PV+ cells, we deleted Tsc1 specifically in SOM+ cells by crossing Sst::cre and 

floxed Tsc1f/f mice. SOM+ interneurons identified by post hoc immunolabeling 

had ~65% larger soma size in mPFC compared to WT mice (Figure 7a, b; Figure 7 — 
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Figure supplement 1). Moreover, cre-dependent viral labeling of SOM+ cells followed 

by SIM imaging showed increased axon calibers for SOM::TSC1 cells (1st order 

branches) compared to WT mice (Figure 7c, d). SOM+ cell density was unchanged in 

the mPFC of SOM::TSC1 mice (Figure 7 — Figure supplement 2a, b). 

We next performed whole-cell electrophysiological recordings in mPFC SOM+ cells 

combined with biocytin-filling and post hoc MBP immunofluorescence to examine the 

influence of the enlarged morphology on axonal myelination (Figure 7e, f; Figure 1 — 

Figure supplement 3; Figure 7 — Figure supplement 1). Recorded SOM::TSC1 cells 

exhibited reduced input resistance and intrinsic excitability, with no changes in single 

action potential characteristics (Figure 7 — Figure supplement 3). 

Confocal microscopy followed by axonal reconstruction showed that whereas SOM::WT 

cells were rarely myelinated (0 out of 6; 0%), which is in line with the Sst::cre,Ai14 cells, 

myelination of SOM::TSC1 cells was highly frequent (11 out of 11; 100%; Figure 7f – h). 

Moreover, SOM::TSC1 cells showed corresponding increases in total length of 

myelination (Figure 7i), internode length (Figure 7k), and number of internodes 

(Figure 7j). Myelin onset appeared at 55.8 ± 7.2 µm from the soma (Figure 7n), typically 

initiating between the 2nd and 6th branch order. No myelin was identified on more distal 

axonal segments (branch order ≥10). Myelination was found equally on the primary 

axon and on axon collateral branches (Figure 7l). Furthermore, SOM::TSC1 myelination 

was constrained by axonal branch points, in that 87% of internodes began or ended 

within 5 µm of a branch point (Figure 7m). 

Analyses of individual axonal segments using SIM along SOM::TSC1 cells revealed a 

similar relationship between myelination and the joint combination of axonal diameter 

and interbranch distance (Figure 7o-q) as found in wildtype PV+ cells (Figure 

2f, Figure 5n, o). ROC analysis of SOM::TSC1 cells yielded thresholds of axonal 

diameter >406 nm and interbranch distance >11.8 µm (sensitivity = 0.95, 

specificity = 0.90; AUC = 0.94) (Figure 7p). The bivariate model exhibited a 

significantly improved the prediction accuracy for segmental myelination compared to 

the univariate models (axonal diameter: p<0.001, interbranch distance: p<0.001). 

These findings suggest that axonal morphology, and in particular the combination of 

axonal caliber and interbranch distance, governs the local segmental myelination of 

PV+ and SOM+ neocortical interneurons.  
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Figure 7. SOM::TSC1 cells are frequently myelinated. a) Overview of mouse breeding scheme. 
b) SOM::TSC1 cells have enlarged somata. Left: Representative confocal images of SOM+ cells 
(red) confirm the increased expression of pS6 (green) in SOM::TSC1 cells. Higher magnification 
images in Figure 7—figure supplement 1. Right: SOM+ interneuron maximum projection soma 
area from mPFC layers II-V. SOM::WT: 101.8 ± 1.9 µm2, n = 81 cells; SOM::TSC1: 166.4 ± 3.7 
µm2, n = 103 cells; n = 3 mice per group. ***p<0.001. Unpaired two-tailed Mann-Whitney U-test. 
c) Representative SIM z-stack projection images of GFP-labelled SOM+ interneuron axons (red). 
SOM::WT (top), SOM::TSC1 (bottom). Scale bar, 3 µm. d). SOM::TSC1 cells have an increased 
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axonal diameter. SOM::WT: 0.799 ± 0.049 µm, n = 18 cells; SOM::TSC1: 1.407 ± 0.076 µm, n = 17 
cells; n = 3 mice per group. ***p<0.001. Unpaired two-tailed Mann-Whitney U-test. e) 
Experimental approach. Biocytin-filled regular-spiking SOM+ interneurons from mPFC of 
SOM::WT and SOM::TSC1 mice were analyzed using confocal imaging f) Representative 
confocal z-stack projection image of a biocytin-filled SOM::TSC1 interneuron axon (red) and 
myelination (MBP), centered over a 7th branch order segment. Unmyelinated branch point 
indicated by white arrowhead. Scale bar = 10 µm. g) Neurolucida reconstruction of an mPFC 
SOM::TSC1 cell. The axon (grey) shows multiple myelinated internodes (green) along the main 
branch. Note the frequent thin, tortuous, and unmyelinated axon collaterals. h) In contrast to 
SOM::WT cells, all 11 reconstructed SOM::TSC1 cells were myelinated. i–k) SOM::TSC1 cells 
exhibit a robust i) total myelin (208.30 ± 33.14 µm), j) number of internodes (6.97 ± 0.90 µm), and 
k) internode length (28.33 ± 1.31 µm). ***p<0.001, Unpaired Student’s two-tailed t-test. 
SOM::WT: n = 6; SOM::TSC1: n = 11. l) Myelin segments occur with similar frequency on main 
SOM::TSC1 axon branches and axon collaterals (p=0.99, Fisher’s Exact Test). m) Frequency 
histogram of nearest neighbor distance from internodes to branch points. n = 38 segments/4 cells. 
n) Distance from the soma or originating dendrite to the onset of myelination was measurable only 
for SOM::TSC1 cells due to the very infrequent myelination of SOM::WT cells. o) Experimental 
approach. Biocytin-filled regular-spiking SOM+ interneurons from SOM::TSC1 mice were analyzed 
using confocal and SIM imaging. p) The joint combination of axonal diameter and interbranch 
point distance is highly predictive of PV::TSC1 cell segmental myelination. Critical thresholds 
(dotted lines) for interbranch distance and axonal diameter were 11.8 µm and 406 nm, 
respectively. n = 86 segments/5 cells. Myelinated segments, green circles. Unmyelinated 
segments, black circles. q) ROC curves for SOM::TSC1 cells. ROC curves of segmental myelination, 
comparing univariate models of interbranch distance (blue) and axonal diameter (red), and their 
joint bivariate combination (green). Diagonal dotted line indicates the non-discrimination 
reference boundary. Unpaired Student’s two-tailed t-test in i), j) and k). Unpaired two-tailed Mann-
Whitney U-test in b) and d) owing to non-normality. Black bars represent mean ± s.e.m. 
Abbreviations: ROC, receiver-operator characteristic. 

 

Neocortical SOM+ interneurons are morphologically and electrophysiologically 

heterogeneous30. Therefore, to further examine the extent of SOM::TSC1 myelination 

across a wider population of cells, we employed SOM-specific sparse viral transduction 

using cre-dependent GFP expression in adult mPFC, followed by MBP 

immunofluorescence (Figure 8a). Although this method precludes 

electrophysiological confirmation of adapting spiking patterns and detailed axonal 

reconstructions, it provides a higher-throughput examination of mPFC SOM+ 

interneuron myelination. We examined axons originating from mPFC layer II-V GFP+ 

interneuron somata from SOM::WT and SOM::TSC1 mice for colocalization with MBP 

(Figure 8b). Of 26 SOM::WT+ cells examined, 4 (15%) were myelinated (Figure 8c). 

Conversely, of 50 SOM::TSC1+ cells examined, 46 (92%) were myelinated 

(p<0.001; Figure 8c). Consistent with the high proportion of SOM+ cell myelination, 

the mPFC of SOM::TSC1 exhibited a marked increase of global myelination (Figure 8d, 

e) and a higher density of CC1+ mature oligodendrocytes (Figure 8f, g). 
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Together, these data suggest that axonal morphology is necessary and sufficient to 

govern neocortical interneuron myelination. In particular, we propose that the 

combination of interbranch distance and axonal diameter together determine the 

topographical distribution of internodes along the axons of neocortical interneurons.  

 

Figure 8. Extensive axonal myelination of SOM::TSC1 cells. a) Experimental flowchart. Adult 
SOM::WT and SOM::TSC1 mice were injected with low-titer AAV9 cre-dependent GFP reporter 
virus in mPFC, and sacrificed 14 days later for MBP immunofluorescence labeling and confocal 
microscopy. b) Maximum projection confocal image of a GFP-labelled SOM::TSC1+ interneuron 
showing circumferential MBP expression (green). Scale bar, 5 µm. c) A high proportion of virally-
labelled SOM::TSC1 cells exhibited myelination (92.0%, 46 of 50 cells), in contrast to SOM::WT 
cells (15.4%, 4 of 26 cells) (p<0.001, Fisher’s Exact Test). d) Representative low-magnification 
confocal image from mPFC showing the robust increase of myelination (MBP, green) in SOM::TSC1 
compared to SOM::WT mice. DAPI in white. Scale bar, 100 µm. e) Quantification of MBP+ area in 
mPFC of SOM::TSC1 mice (5.7 × 104 ± 0.48 x 104 µm2) compared to SOM::WT mice (1.8 × 
104 ± 0.36 x 104 µm2). p<0.001, Unpaired Student’s two-tailed t-test. f) Confocal microscopy image 
showing immunofluorescence of CC1 (cyan) and DAPI (white) in adult mPFC of SOM::WT and 
SOM::TSC1 mice. Scale bar, 100 µm. g) CC1+ cell density in adult mPFC of SOM::TSC1 and 
SOM::WT mice. p<0.001, Unpaired Student’s two-tailed t-test. Black bars indicate mean ± s.e.m. 
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Human neocortical interneurons adhere to similar myelination rules 

We next examined whether the above findings in mice also extend to human neocortex. 

Using ex vivo resected tissue from patients undergoing tumor surgery, we performed 

whole-cell electrophysiological recordings (Supplementary file 3) and intracellular 

biocytin labeling with post hoc MBP immunofluorescence of fast-spiking interneurons 

classified on the basis of morphology and electrophysiology (Figure 9a-e; 4 cells from 

four donors; see Materials and methods). 

Reconstructed human fast-spiking interneurons exhibited a similar total length of 

myelination (432.0 ± 137.9 µm), average internode length (44.7 ± 4.9 µm), and number 

of internodes (9.7 ± 1.9 internodes) as previously described3. Myelin onset appeared at 

36.2 ± 13.3 µm from the soma, initiating between the 1st (2 out of 4 cells; 50%) and 

3rd branch order (2 out of 4 cells; 50%). Analogous to mouse interneurons, no myelin 

was identified on more distal axonal segments (branch order ≥10; Figure 9f).  

Figure 9. Myelination thresholds extend to fast-spiking interneurons in human cortex. a) 
Experimental approach. Biocytin-filled interneurons from human ex vivo resected cortical tissue 
were analyzed using confocal imaging. b) Maximum projection confocal image of a representative 
biocytin-filled human fast-spiking interneuron (red). Scale bar, 50 µm. c) Current clamp recording 
of evoked action potentials of human fast-spiking interneuron. Scale bars are 20 mV, 100 pA and 
100 ms from top to bottom (right). d) Full reconstruction of a human fast-spiking interneuron. Soma 
and dendrites in black, axon in brown. e) Representative SIM z-stack projection image of a PV+ cell 
(biocytin, red), centered over a myelinated (MBP; green) 1st order axonal segment. Note that the 
myelinated axonal segment (green arrowhead) has a larger diameter than the unmyelinated axon 
segment (white arrowhead). f) Representative SIM z-stack projection featuring an unmyelinated 
segment of axon (red) centered over the 3rd branch order. Scale bar 10 µm for e) and f). g) 
Neurolucida reconstruction of a human fast-spiking interneuron axon. Axon in grey, myelinated 
segments in green. Since axon originated from proximal dendrite, dendrite is also depicted in 
brown. Note the proximal onset of myelin, consisting of short internodes interspersed by branch 
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Analyses of individual axonal segments using SIM along human fast-spiking 

interneurons revealed a similar relationship between myelination and the joint 

combination of axonal diameter and interbranch distance (Figure 9h – j) as found in 

mouse PV+ cells (Figure 2f). ROC analysis of human interneurons yielded thresholds of 

axonal diameter >328 nm and interbranch distance >13.7 µm (sensitivity = 92.5%, 

specificity = 89.3%; AUC = 0.96; Figure 9k). The accuracy of the bivariate model 

(90.6%, 87 of 96 segments) was significantly higher than interbranch distance (66.7%, 

p<0.001) but non-significantly different from axonal diameter (83.3%, p=0.198). 

Together, these findings suggest that mouse and human neocortical interneurons 

follow similar morphological rules guiding the topography of axonal myelination. 

Discussion 

Fast-spiking, PV-positive interneurons are frequently myelinated in the cerebral cortex, 

and their myelination forms a considerable proportion of cortical myelin2,3,31. PV+ 

myelination exhibits a proximally-biased topography consisting of short internodes 

interspersed by branch points, whereas more distal axonal segments decorated with 

frequent en passant boutons remain unmyelinated3,4. Conversely, other interneuron 

subclasses, such as irregularly spiking SOM-positive interneurons, are sparsely 

myelinated and contribute minimally to the total content of neocortical myelin3. 

However, it has remained unknown why PV+ interneurons are preferentially myelinated 

compared to other neocortical interneuron subtypes. Here, we have provided evidence 

 (biocytin, red), centered over a myelinated (MBP; green) 1st order axonal segment. Note that the 
myelinated axonal segment (green arrowhead) has a larger diameter than the unmyelinated axon 
segment (white arrowhead). f) Representative SIM z-stack projection featuring an unmyelinated 
segment of axon (red) centered over the 3rd branch order. Scale bar 10 µm for e) and f). g) 
Neurolucida reconstruction of a human fast-spiking interneuron axon. Axon in grey, myelinated 
segments in green. Since axon originated from proximal dendrite, dendrite is also depicted in 
brown. Note the proximal onset of myelin, consisting of short internodes interspersed by branch 
points. h) Frequency histogram of nearest neighbor distance from internodes to branch 
points. n = 55 segments/3 cells. (i) Experimental approach. Biocytin-filled interneurons from 
human ex vivo resected cortical tissue were analyzed using SIM imaging. j) The joint combination 
of axonal diameter and interbranch point distance is highly predictive of human fast-spiking 
interneuron segmental myelination. Critical thresholds (dotted lines) for interbranch distance and 
axonal diameter were 13.7 µm and 328 nm, respectively. n = 96 segments/4 cells. Myelinated 
segments, green circles. Unmyelinated segments, black circles. k) ROC curves for human fast-
spiking interneurons. ROC curves of segmental myelination, comparing univariate models of 
interbranch distance (blue) and axonal diameter (red), and their joint bivariate combination 
(green). Diagonal dotted line indicates the non-discrimination reference boundary. Abbreviations: 
ROC, receiver-operator characteristic. I, input current. Vm, membrane voltage. 



Chapter 4 
 

107 
 

suggesting that axonal morphology is a strong determinant of the topography of 

myelination along individual axons. 

Using single-cell axonal reconstructions, we revealed a high co-variation between 

segmental myelination and the joint combination of interbranch distance (~14 µm) and 

axonal diameter (~330 nm) thresholds. These parameters were remarkably similar 

across two interneuron subtypes (PV vs. SOM) and independent of genetic 

manipulation of their morphologies. Moreover, our results appear to provide an 

explanation for the proximally-biased topography of PV+ interneuron myelination, in 

which internodes are consistently present at the first axonal branch order with a 

declining probability at increasing branch orders3,4. Given that axonal shaft diameter 

decreases with increasing branch order (see Figure 1h, but also Hu and Jonas, 201418), 

distal axonal segments would therefore remain unmyelinated by virtue of their thinner 

axon shafts, despite often retaining supra-threshold interbranch distances. Differences 

in axon morphology presumably also account, at least in part, for the more robust 

myelination of neocortical PV+ interneurons relative to other interneuron subtypes2,3. 

However, it remains unknown whether the myelination rules revealed here for 

interneurons extends to neocortical pyramidal cells, which also exhibit interspersed 

unmyelinated segments32. Prior studies using serial EM have identified a ~ 300 nm 

threshold of axon diameter for both GABAergic as well as non-GABAergic axons, 

suggesting the morphological parameters could well extend to excitatory axons2. 

We find here that an uninterrupted interbranch distance of ~14 µm is a strict 

requirement for segmental myelination in both PV+ and SOM+ interneurons. This 

threshold approximates the length of the smallest myelinated internodes found on 

neocortical axons of PV+ interneurons3 and pyramidal neurons32, and more generally 

across unspecified cell types in the cerebral cortex33. Notably, pre-myelination nodal 

clustering – the clustering of voltage-gated sodium channels which later form nodes of 

Ranvier – exists in similar intervals34. One possibility is that ~14 µm is the minimum 

biophysical length compatible with oligodendrocyte ensheathment. 

The functional consequence of cortical interneuron myelination is currently unknown. 

Fast-spiking PV+ interneurons have demanding metabolic requirements35. As 

myelination has been established to function critically in providing axonal metabolic 

support36–38, myelination of PV+ interneurons could function by helping to optimize 

axonal energy utilization. Moreover, PV+ interneurons coordinate fast synchronizing 

network activity in the gamma frequency range39, for which segmental interneuron 

myelination could enhance synchronized inhibition through local modulation of action 

potential conduction velocity. This is particularly interesting given recent findings that 

distance-dependent inhibition functions in regulating gamma synchrony40. 
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Only a small fraction of neocortical myelin localizes along the axons of irregular-spiking 

SOM+ interneurons, even though these cells represent ~30% of interneurons41. 

Accordingly, we found that the limited myelination of SOM+ interneurons was highly 

consistent with their generally thinner axon diameter and shorter interbranch distances 

compared to PV+ cells. Enlargement of SOM+ interneurons by cell-type restricted 

deletion of Tsc1 led to a dramatic increase in the frequency and extent of axonal 

myelination. Notably, this de novo myelination of SOM::TSC1 cells was also accurately 

predicted by the same joint axonal diameter and interbranch distance parameters as 

identified in PV+ interneurons. However, compared to the PV::TSC1 cell manipulation, 

SOM::TSC1 mice exhibited a more robust increase of global myelination in the mPFC, 

which was accompanied by an increased number of CC1+ mature oligodendrocytes. 

One possibility for this finding is that PV+ cell morphology is already largely optimized 

for supra-threshold morphology permissive of myelination, in contrast to SOM+ cells 

which are predominantly unmyelinated under normal conditions and therefore exhibit 

a greater magnitude increase of myelination when their morphology is enlarged by 

deletion of Tsc1. A second non-mutually exclusive possibility is that SOM::TSC1 

deletion results in additional non-cell autonomous effects that enhance global 

myelination and recruitment of mature oligodendrocytes. 

An important outstanding question is whether the axonal morphology rules of PV+ and 

SST+ interneurons extend to neocortical glutamatergic pyramidal cells42. Some 

evidence exists to suggest that analogous morphological thresholds might also extend 

to non-GABAergic cells in the neocortex2,43. For example, the more frequently 

myelinated first-order axonal segment of PV+ GABAergic axons has a ~ 2.5 fold larger 

caliber than glutamatergic pyramidal neurons44. However, the highly discontinuous 

topography of internodes along glutamatergic pyramidal cells also suggests a major 

influence of factors beyond morphology32. One possibility is that myelination of 

pyramidal neurons involves a combination of attractive and/or repulsive molecular 

cues, such as neuregulin-ErbB signaling45 or glutamatergic signaling46–50, in addition to 

axonal morphological thresholds51. Furthermore, a recent study observed that a subset 

of neocortical oligodendrocytes exclusively ensheath GABAergic interneurons, raising 

the possibility that distinct subtypes of oligodendrocytes might have neuronal cell type-

specific rules governing axonal myelination52. 

Myelination of neocortical glutamatergic pyramidal neurons is modulated in vivo by 

experience, as well as direct manipulation of neuronal activity53. Activity-dependent 

myelination also extends to neocortical PV+ interneurons, a finding associated with 

concordant alterations in axonal morphology4. When considered together with the 

current findings, it is therefore possible that neuronal activity-dependent 
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myelination54,55 in the cerebral cortex might be mediated by axonal morphological 

plasticity. 

The current studies were focused primarily on locally-projecting GABAergic 

interneurons in prefrontal cortex. However, several studies have identified long-range 

GABAergic projecting cells including, but not limited to, PV+ and SOM+ subclasses56–

59. The high proportion of cerebral cortex PV+ cells exhibiting axonal myelination3 

makes it likely that long-range PV+ cells are also myelinated. However, due to technical 

limitations of slicing and intracellular biocytin labeling, it was not possible to definitively 

identify and reconstruct long-range GABAergic axons. Thus, the question remains open 

whether long-range GABAergic axons are also frequently myelinated and whether 

axonal morphology is similarly predictive of their myelination. Moreover, a related issue 

regards whether the present findings acquired in grey matter also extend to white 

matter, especially given regional differences among oligodendrocyte lineage cells60,61. 

Myelination of GABAergic interneurons has been observed in multiple mammalian 

species31. Notably, human neocortical fast-spiking PV+ interneurons appear to have 

more extensive total myelination per cell than is observed in mice3,43. This raises the 

possibility that neocortical interneuron myelination might have a crucial influence on 

higher cognitive function, as well as potentially in the pathophysiology of disorders 

involving CNS myelination impairments, such as multiple sclerosis or schizophrenia31,47. 

Therefore, it is important to determine the extent to which the morphological 

determinants of interneuron myelination are evolutionarily conserved. Here, we have 

performed axonal reconstructions and determined the topographical distribution of 

myelin internodes along human fast-spiking interneurons from acutely resected ex vivo 

neocortical tissue. We found that segmental neocortical interneuron myelination 

conforms to similar bivariate morphological thresholds as observed in mouse 

neocortex, on the basis of interbranch distance and axonal diameter, suggesting a 

species conservation of the biophysical constraints on the myelinating function of 

oligodendrocytes. 

In conclusion, we demonstrate that the joint combination of interbranch distance and 

axonal shaft diameter accurately predicts the topography of neocortical interneuron 

myelination in vivo in both mouse and human. 

Materials and methods 

Mice 
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All experiments were approved by the Dutch Ethical Committee and in accordance with 

the Institutional Animal Care and Use Committee (IACUC) guidelines. The following 

mouse lines were obtained from Jackson Laboratory: 

 Pvalbtm1(cre)Arbr/J mice (Pvalb::cre)11 www.jax.org/strain/008069 

 Ssttm2.1(cre)Zjh/J (Sst::cre)12,28 www.jax.org/strain/013044 

 Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J12 (Ai14) www.jax.org/strain/013044  

 Tsc1tm1Djk/J (Tsc1f/f) www.jax.org/strain/005680 

 C57BL/6J (WT) www.jax.org/strain/000664 

Floxed Ube3a mice (Ube3ap+/mf) were described previously26. 

All lines were backcrossed for more than 10 generations in C57BL/6J. Reporter lines 

were crossed to obtain heterozygous Pvalb::cre/heterozygous Ai14 (Pvalb::cre,Ai14) 

and heterozygous Sst::cre/heterozygous Ai14 (Sst::cre,Ai14). Mutant lines were crossed 

to obtain heterozygous Pvalb::cre/homozygous Tsc1/f (PV::TSC1). Heterozygous 

Pvalb::cre/heterozygous Ube3ap+/mf (PV::UBE3A) were obtained by crossing male 

homozygous Pvalb::cre with female Ube3ap+/mf. Heterozygous Pvalb::cre mice wildtype 

littermates for the mutant alleles from both breeding lines were used as controls 

(PV::WT). Both mutant lines were viable and healthy, although PV::TSC1 mice 

developed a severe ataxia during development. We have occasionally observed 

spontaneous seizures during routine handling in PV::TSC1 but not PV::UBE3A lines. In 

addition, mutant lines were crossed to obtain heterozygous Sst::cre/homozygous Tsc1/f 

(SOM::TSC1). Heterozygous Sst::cre mice wildtype littermates for the mutant alleles 

from this breeding lines were used as controls (SOM::WT). SOM::TSC1 mice did not 

display any behavioral abnormalities. No spontaneous seizures were observed during 

routine handling. 

For all experiments, mice were used from 8 to 12 weeks of age. Mice were group-

housed and maintained on a 12 h light/dark cycle (lights on 07:00-19:00) with ad libitum 

access to food and water. All experiments were performed during the light phase of the 

cycle. 

Human brain tissue 

Infiltrated peri-tumoral neocortical tissue was obtained from four patients undergoing 

tumor resection surgery at the Department of Neurosurgery (Erasmus University 

Medical Center, Rotterdam, The Netherlands). All procedures regarding human tissue 

were performed with the approval of the Medical Ethical Committee of the Erasmus 

University Medical Center. Written informed consent of each patient was provided in 

accordance with the Helsinki Declaration. 
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 Patient #1 was an 84-year-old male who presented with a glioblastoma in the 

right parieto-occipital lobe. He had no significant psychiatric or past medical history, 

and no history of epilepsy or seizures. Patient received no anti-epileptic or cytostatic 

medication. 

 Patient #2 was a 52-year-old male who presented with metastases secondary 

to a melanoma in right temporal lobe. He had no significant psychiatric or other notable 

past medical history, and no history of epilepsy or seizures. Patient received no anti-

epileptic or cytostatic medication. 

 Patient #3 was a 62-year-old male who presented with a right temporal lobe 

glioblastoma. He had no history of seizures, or notable psychiatric or medical history. 

Patient received no anti-epileptic or cytostatic medication. 

 Patient #4 was an 80-year-old male who presented with a glioblastoma in the 

right frontoparietal lobe. He had no significant psychiatric or other notable past medical 

history, no history of epilepsy or seizures, and received no anti-epileptic or cytostatic 

medication. 

Viral labeling and CNO injections 

Adult mouse viral labelling was performed as reported before3, with minor adjustments. 

Specifically, adult PV::TSC1, PV::UBE3A, PV::WT, SOM::TSC1 and SOM::WT were used 

for axon diameter analysis, electrophysiology and single-cell reconstructions. 

Uncrossed heterozygous Pvalb::cre mice were used for PV-specific electron microscopy 

using APEX2. The following viral vectors were used: 

 AAV9/CAG-Flex-eGFP (University of Pennsylvania Viral Vector Core). 

 AAV2/CAG-Flex-mGFP-APEX2 (a gift from ML Leyrer and DM Berson)62. 

Anesthesia was induced using 5% isoflurane (O2 flow of 0.5 L/min), and subsequently 

maintained with 1–2% isoflurane during surgery. Body temperature was maintained at 

37°C. Mice were placed into a custom-made stereotaxic frame using a mouth bar 

(Stoelting) for head fixation. Analgesia was provided systemically by subcutaneous 

Temgesic injection (buprenorphine 0.5 mg/kg) and locally by xylocaine spray (100 

mg/mL, AstraZeneca) directly applied on the skull. To access the brain, a longitudinal 

scalp incision of ~1 cm length was made to reveal the skull, and a small craniotomy (<1 

mm) was performed overlying the injection sites at the following coordinates (in mm): 

mPFC: +1.75 bregma, ±0.35 lateral, −1.9 dorsoventral (mm, from brain surface). 

Mice used for electrophysiological recordings received 0.5 µL in a ¼ dilution in 0.1 M 

PB. Virus was aspirated in a borosilicate glass micropipette, which was slowly lowered 

to the target site. Virus injection was controlled by an automated syringe pump (infusion 

speed 0.1 µl/min). At the conclusion of the injection, the micropipette was maintained 
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in place for 5 min and then slowly withdrawn. The surgical wound was closed with skin-

glue (Derma+flex). Mice were left to recover for exactly 14 days to allow expression of 

the GFP protein. Importantly, mice were single-housed after surgery until used for 

electrophysiology or perfusion and immunofluorescence processing. 

Electrophysiology 

Mice 

Anesthesia was induced using 5% isoflurane and mice were decapitated in ice-cold, 

NMDG-based cutting solution containing (in mM): 93 N-methyl-d-glucamine (NMDG), 

93 HCl, 30 NaHCO3, 25 D-glucose, 20 HEPES, 5 Na-ascorbate, two thiourea, 10 MgCl2, 

3 Na-pyruvate, 2.5 KCl, 1.25 NaH2PO4 and 0.5 CaCl2 (300 mOsm, pH 7.4) oxygenated 

with 95% O2/5% CO2 before decapitation. After decapitation, the brain was quickly 

dissected. Coronal slices from the frontal cortex (300 μm) were cut with a vibrating slicer 

(Microm HM 650V, Thermo Scientific) and incubated in cutting solution at 37°C for 5 

min., followed by oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (aCSF) at 

37°C for 15 min. ACSF contained (in mM) 127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 

1.25 NaH2PO4, 1.5 MgSO4 and 1.6 CaCl2. Slices were then allowed to recover at room 

temperature in the dark for at least 1 h before recordings. 

In Pvalb::cre;Ai14 and Sst::cre;Ai14 mice, PV+ and SOM+ interneurons respectively 

were visualized by native tdTomato fluorescence using an RFP filter (Semrock, 

Rochester, NY, USA). In PV::TSC1, PV::WT, and PV::UBE3A mice, PV+ interneurons were 

visualized by expression of GFP using a GFP filter (Semrock, Rochester, NY, USA). 

Similarly, in SOM::TSC1 and SOM::WT mice, SOM+ interneurons were visualized by 

expression of eGFP using a GFP filter. Whole-cell recordings were made from layer III-

V of the prelimbic area of the mPFC (between ~200 and 600 µm from midline; 

see Figure 1 — Figure supplement 3; bregma: +2.10 till +1.54 mm) at between ~20 µm 

and ~60 µm of the slice surface using borosilicate glass pipettes (3.5–5.5 MΩ resistance) 

with intracellular solution containing (in mM) 120 K-gluconate, 10 KCl, 10 HEPES, 10 K-

phosphocreatine, 4 ATP-Mg, 0.4 GTP, and 5 mg/ml biocytin (pH was adjusted to 7.4 

using KOH, and osmolarity measured 285–290 mOsm). 

Recordings were performed in aCSF at near-physiological temperatures (32–33°C) 

using HEKA EPC10 quattro amplifiers and Patchmaster software (40 Hz sampling rate). 

Series resistance was typically <25 MΩ and fully compensated for bridge balance and 

capacitance; recordings in which the series resistance exceeded 25 MΩ were not 

included in the pooled averages. No correction was made for liquid junction potential. 

Data analysis was performed offline using Igor Pro v6 (Wavemetrics). Individual 

interneurons were recorded and filled for at least 20 min. In addition, cells were injected 
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at least 10 times with large depolarizing currents in current clamp mode (500 pA, 5 Hz, 

2 s) to facilitate biotin diffusion into fine axonal arbors. 

Basic physiological characteristics were determined from voltage responses to square-

wave current pulses of 500 ms duration, ranging from –100 pA to +400 pA, and 

delivered in 20 pA intervals. Input resistance was determined by the slope of the linear 

regression through the voltage-current curve. Sag was determined as the voltage 

difference between the lowest voltage response and the steady-state response at the 

last 50 ms to a square-wave current pulses of 500 ms duration at –100 pA. Single action 

potential (AP) characteristics were obtained from the first elicited action potential. AP 

threshold was defined as the inflection point at the foot of the regenerative upstroke. 

AP amplitude was defined as the voltage difference between the threshold and peak 

voltage. AP half-width was measured at half of the peak amplitude. AP rise time was 

quantified as duration from 10% to 90% of the peak amplitude. The fast after-

hyperpolarizing potential (fAHP) amplitude was measured as the peak hyperpolarizing 

deflection from AP threshold following AP initiation. AP frequency was determined from 

the number of APs in response to a square-wave current pulse of 500 ms duration. 

Human 

Ex vivo recordings of acutely resected frontal cortex were performed as previously 

described3. Non-eloquent overlaying tissue requiring surgical resection was utilized in 

order to access the location of a tumor. Immediately following resection, the tissue 

block was transferred to oxygenated (95% O2/5% CO2) ice-cold artificial cerebrospinal 

fluid (aCSF) containing (in mM) 127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 

NaH2PO4, 1.5 MgSO4 and 1.6 CaCl2 during rapid transport to the laboratory. The time 

between surgical resection and tissue slicing was <10 min. Whole-cell recordings were 

performed similarly to mice as described above. 

Fluorescence immunohistochemistry 

Mouse 

Deep anaesthesia was induced by intraperitoneal injection of pentobarbital, and mice 

were transcardially perfused with saline followed by 4% paraformaldehyde (PFA). Brains 

were dissected and post-fixed in 4% PFA for 2 h at room temperature. Brains were 

transferred into 10% sucrose phosphate buffer (PB 0.1 M, pH 7.3) and stored overnight 

at 4°C. Embedding was performed in a 12% gelatin/10% sucrose block, with fixation in 

10% paraformaldehyde/30% sucrose solution (PB 0.1 M) for 2 h at room temperature 

and immersed in 30% sucrose (PB 0.1 M) at 4°C overnight. Forty micrometer coronal 

sections were collected serially (rostral to caudal) using a freezing microtome (Leica, 
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Wetzlar, Germany; SM 2000R) and stored in 0.1 M PB. Sections were pre-incubated with 

a blocking PBS buffer containing 0.5% Triton X-100% and 10% normal horse serum 

(NHS; Invitrogen, Bleiswijk, The Netherlands) for 1 h at room temperature. Sections 

were incubated in a mixture of primary antibodies in PBS buffer containing 0.4% Triton 

X-100% and 2% NHS for 72 h at 4°C. The following primary antibodies were used: 

 mouse anti-PV (1:1000, Swant, 235, lot #10-11(F)); RRID:AB_10000343 

 rabbit anti-PV (1:1000, Swant PV25); RRID:AB_10000344 

 goat anti-MBP (1:300, Santa Cruz, C-16, sc-13914, lot #F2416); RRID:AB_648798 

 mouse anti-MBP (1:300, Santa Cruz, F-6, sc-271524); RRID:AB_10655672 

 mouse anti-Ube3a (1:300, Sigma, 3E5, SAB1404508, lot #G4251-3E5); 

RRID:AB_10740376 

 rabbit anti-pS6S235/236 (1:300, Cell Signaling Technologies, 2211S, lot #23); 

RRID:AB_331679 

 goat anti-SOM (1:300, Santa Cruz, D-20, sc-7819, lot #E1915); RRID:AB_2302603 

 mouse anti-APC [CC1] (1:200, Abcam, ab16794); RRID:AB_443473 

Sections were washed with PBS and incubated with corresponding Alexa-conjugated 

secondary antibodies (1:300, Invitrogen) and cyanine dyes (1:300, Sanbio, Uden, The 

Netherlands) in PBS buffer containing 0.4% Triton X-100, 2% NHS for 2–5 h at room 

temperature. Sections were washed with PB 0.1 M and mounted on slides, cover slipped 

with Vectashield H1000 fluorescent mounting medium (Vector Labs, Peterborough, 

UK), sealed and imaged. 

Recovery of biocytin-labelled cells following electrophysiological recordings was 

performed as reported before3, with minor alterations. Specifically, 300 µm slices were 

incubated overnight at 4°C in fresh 4% paraformaldehyde (PFA). Slices were extensively 

rinsed at room temperature in PBS and stained in PBS buffer containing 0.4% Triton X-

100, 2% normal horse serum (NHS; Invitrogen, Bleiswijk, The Netherlands) and 

streptavidin-conjugated secondary antibody (1:300, Jackson; for PV::cre,Ai14-labelled 

and SOM::cre,Ai14-labelled cells) or streptavidin-Cy3 (1:300; Invitrogen; for GFP-

labelled cells) overnight at 4°C. Slices were washed with PBS and PB 0.1 M and mounted 

on slides, cover slipped with 150 µl Mowiol (Sigma), sealed, and imaged for their axonal 

morphology (see Confocal imaging and analysis). To avoid excessive thinning or 

dehydration of 300 µm sections, cells were mounted, immediately imaged and returned 

to PB 0.1 M directly after imaging. 

After full cell imaging, 300 µm slices were extensively washed in PB 0.1 M and incubated 

overnight at 4°C in 30% sucrose (0.1 M PB). Sections were then carefully recut at 40 μm 

using a freezing microtome (Leica, Wetzlar, Germany; SM 2000R) and stored serially in 

0.1 M PB at 4°C. Serial 40 µm sections were extensively washed with PBS and pre-
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incubated with a blocking PBS buffer containing 0.5% Triton X-100% and 10% NHS for 

1 h at room temperature. Sections were incubated in PBS buffer containing 0.4% Triton 

X-100% and 2% NHS for 72 h at 4°C and goat anti-MBP. Then, sections were washed 

with PBS, and incubated with corresponding Alexa-conjugated secondary antibodies 

(1:300, Invitrogen) and cyanine dyes (1:300, Sanbio, Uden, The Netherlands) in PBS 

buffer containing 0.4% Triton X-100, 2% NHS for 5 h at room temperature. For biocytin, 

streptavidin-A488 (1:300, Jackson) and streptavidin-Cy3 (1:300, Invitrogen) were 

additionally used. Sections were washed with PB 0.1M and mounted on slides, cover 

slipped with Vectashield H1000 fluorescent mounting medium (Vector Labs, 

Peterborough, UK), sealed and imaged. 

Human tissue 

Three-hundred μm electrophysiology slices with biocytin-labelled cells were incubated 

overnight at 4°C in 4% PFA. Slices were stained with secondary streptavidin-Cy3 (1:300, 

Sanbio, Uden, The Netherlands) in PBS buffer containing 0.5% Triton X-100% and 1% 

BSA for 5 h at room temperature. Next, three-hundred thick images were taken with 

confocal microscopy (see Confocal imaging and analysis). Slices were then rinsed at 

room temperature in 0.1 M PB, incubated for 16 h at 4°C in 10% sucrose (0.1 M PB), and 

overnight at 4°C in 30% sucrose (0.1 M PB). Forty μm sections were collected serially 

using a freezing microtome (Leica, Wetzlar, Germany; SM 2000R) and stored in 0.1 M 

PB. Sections were extensively washed and pre-incubated with a blocking PBS buffer 

containing 0.5% Triton X-100% and 5% bovine serum albumin (BSA; Sigma-Aldrich, The 

Netherlands) for 1 h at room temperature. Next, sections were incubated in a mixture 

of primary antibodies in PBS buffer containing 0.5% Triton X-100% and 1% BSA for 72 

h at 4°C. The following primary antibodies were used: mouse anti-MBP (1:300, Santa 

Cruz, F-6, sc-271524). 

Sections were extensively washed with PBS (>2 h), and incubated with corresponding 

Alexa-conjugated secondary antibodies (1:300, Invitrogen), and streptavidin-cyanine 

dyes (1:300, Sanbio, Uden, The Netherlands) in PBS buffer as previously described. 

Sections were washed with PB 0.1 M and mounted on slides, cover slipped with 

Vectashield H1000 fluorescent mounting medium (Vector Labs, Peterborough, UK) and 

sealed. 

Confocal imaging and analysis 

Confocal imaging was performed using a Zeiss LSM 700 microscope (Carl Zeiss) 

equipped with Plan-Apochromat 10x/0.45 NA, 40x/1.3 NA (oil immersion) and 63x/1.4 

NA (oil immersion) objectives. Alexa405/DAPI, Alexa488, Cy3/mCherry/tdTomato, and 
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Alexa647 were imaged using excitation wavelengths of 405, 488, 555, and 639, 

respectively. 

Quantification of interneuron-specific deletion of Tsc1 or Ube3a as well as cell size 

analyses were performed in the prelimbic region in both hemispheres of the mPFC 

(bregma: +2.10 till +1.54 mm). We obtained tiled z-stack images (2048 × 2048 pixels) 

at 40x magnification with 1x digital zoom at a step size of 1 μm. Stacks were randomly 

sampled across layers II-V. For quantification of deletion efficiency, immunofluorescent 

somatic co-localization of PV or SOM and pS6S235/236 or Ube3a was manually-counted 

using NIH ImageJ (version 1.41). At least three z-stacks were analyzed per mouse. For 

quantification of cell size, outlines of non-overlapping PV+ or SOM+ cell bodies were 

manually drawn and area and outline were calculated using Measure function of 

ImageJ. Cells were post hoc divided into pS6+ and pS6- or Ube3a+ and Ube3a- groups 

and compared. 

Density of PV+, SOM+ and CC1+ cells were measured in the prelimbic area of the mPFC 

(bregma +2.20 till +1.70) in brain slices obtained from transcardially perfused animals. 

For PV+ cell counts, single plane 3 × 3 tile scan (1789 × 1789 µm) confocal images were 

obtained using the 10x objective with 1x digital zoom. All images captured both 

hemispheres. A 750 × 800 µm counting frame was established bilaterally from the 

midline. Within this counting frame, cells were manually counted utilizing the multi-

point tool (Fiji image analysis software, version 2.0.0). Cell density was calculated in 

standardized 104 µm2 fields of view. SOM+ and CC1+ cell counts were performed using 

single plane 6 × 3 tile scan (1767 × 896 µm) confocal images capturing both 

hemispheres, with a 20x objective and 1x digital zoom. 

Overall myelination in the prelimbic area of the mPFC (bregma +2.20 to +1.70) was 

measured in brain slices obtained from transcardially perfused animals. To capture both 

hemispheres, single plain, 6 × 3 tile scans (1767 × 896 µm) where made using a 20x 

objective with 1x digital zoom. MBP+ fluorescent area was quantified by employing the 

particle analysis tool in Fiji image analysis software (version 2.0.0). 

Axonal examinations of virally-labelled cells were obtained by 63x magnification with 

1x digital zoom and a step size of 0.5 µm. Cells were randomly sampled from layers II-V 

of the prelimbic area of the mPFC. Examination of occurrence of axonal myelination was 

performed offline using ImageJ. Axons were identified as the thinnest, smoothest, and 

most highly branched processes originating from either the soma or primary dendrite. 

In addition, axons seemed to branch at more obtuse ≥90° angles from one another, 

often turning back toward the soma, whereas dendrites branched at smaller angles 
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(<90°), continuing their trajectory away from the soma. Additionally, SOM+ interneuron 

dendrites ubiquitously showed spines, whereas axons did not. 

Axonal reconstructions of biocytin-filled cells were obtained at 63x magnification with 

1x digital zoom and a step size of 0.5 μm. Images were transferred to Neurolucida 360 

software (v2.8; MBF Bioscience) and reconstructed using interactive tracing with the 

Directional Kernels method. Reconstructed soma, axon and myelin segments were 

analyzed with Neurolucida Explorer (MBF Bioscience). All reconstructed PV+ cells had 

a classic basket cell morphology30, for which none had a chandelier cell morphology. 

SOM+ cells predominantly exhibited a Martinotti morphology30 with an axonal arbor 

directed toward layer II-III. All SOM+ interneurons contained dendritic spines, whereas 

none of the PV+ interneurons did, including in any of the mutant lines. 

Images for exact locations of all biocytin-filled cells (Figure 1—Figure supplement 3) 

were obtained at 10x magnification with 1x digital zoom, and distance from the center 

of the soma till the midline was measured using ImageJ. 

Axons were considered to be myelinated when they exhibited at least one MBP-positive 

myelinated internode. Axons were considered to be unmyelinated when we could not 

identify a single MBP-positive myelinated internode across the axon up to at least the 

7th branch order in mice and 10th branch order in human cells. The distance to first 

myelin was defined as the distance along the axon from the soma, or in the case of 

dendrite-originating axons the distance from the originating dendrite, to the initial point 

of MBP immunofluorescence. Myelin segments that exited a slice were removed from 

subsequent analysis. Distance from internodes till consecutive branch points were 

quantified from the center of the branch point till the onset of MBP 

immunofluorescence. Internodes that were not followed by a branch point – followed 

by another internode or an axonal segment that exited the slice – were not taken along 

for analysis. No spatial corrections were made for tissue shrinkage. 

Structured Illumination Microscopy (SIM) and Analysis 

Imaging was performed using a Zeiss Elyra PS1 system. 3D-SIM data was acquired using 

a 63x/1.4 NA (oil immersion) objective. 488, 561 and 642 100 mW diode lasers were 

used to excite the fluorophores together with respectively a BP 495–575 + LP 750, BP 

570–650 + LP 75 or LP 655 emission filter. For 3D-SIM imaging, a grating was present in 

the light path, modulated in 5 phases and five rotations, and multiple z-slices with an 

interval of 110 nm were recorded on an Andor iXon DU 885, 1002 × 1004 EMCCD 

camera. Raw images were reconstructed using Zen 2012 software (Zeiss), and analyzed 

with NIH ImageJ and Fiji image analysis software. 
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To avoid overexposure and induce background minimization, images were taken 

starting from the edge of the soma or dendrite following along the first axonal branch 

order onward. Each axonal segment was imaged individually from branch point till the 

next branch point, with the experimenter blinded to the myelination status of the 

segments. Axonal segments that exited the slice were removed from further analysis. 

Axonal segments that were predominantly oriented in the z-axis (maximum z-

range: ~15–20 µm) were not taken along for further analysis. 

For structured branch diameter analysis, images were loaded into Fiji and analyzed 

analogously to previously reported13 using custom-written software. Briefly, an average-

intensity projection was applied on individual axonal segments. A confocal whole-cell 

overview image and full reconstruction were used to track the centrifugal branch order 

of each traced segment. Segments were traced from the center of a branch point along 

the axon till the center of the next branch point using the Simple Neurite Tracer plugin 

for Fiji63. Traces always followed the centrifugal direction away from the soma. Next, 

along the trace, perpendicular lines of 50 pixels (equals 2 µm) were placed on every 

pixel (~40 nm) along the trace. On these perpendicular lines, biotin fluorescence 

intensity values were determined and a Gaussian curve was fitted on the intensity 

profile. Only fits with r2 >0.9 were included in further analysis, resulting in a loss of 

approximately ~10% of axonal pixel measurements. Subthreshold fits (r2 <0.9) occurred 

due to occasional high background fluorescence, other processes in close proximity 

(axons/dendrites), extensive axon curvature, or rare axonal filopodia. Next, from the 

Gaussian fit the full width at half maximum (FWHM) was calculated. Consecutive FHWM 

values were not averaged, and individual pixel FWHM values are provided. Diameter 

profiles of full axon segments (excluding branch points and en passant boutons) were 

generated and analyzed further. Axonal segments that exited the slice before reaching 

the next branch point would be excluded from further analysis. Where applicable, after 

complete analysis segments were divided into unmyelinated and myelinated segments. 

For comparative axon diameter analysis of PV+ and SOM+ interneurons in PV::TSC1, 

PV::UBE3A, PV::WT, SOM::TSC1 and SOM::WT, GFP-transduced cells from layers II till 

V were imaged, and the axon diameter of individual cells was determined at the start of 

the AIS at ~3–5 µm from the soma or from the originating dendrite using FWHM 

measurements in Fiji. Similar to the detailed axon segment reconstructions, only 

measurements with fits > 0.9 were included in the analysis. 

mGFP-APEX2 labeling, Electron Microscopy and image analysis 

Adult heterozygous Pvalb::cre mice were unilaterally injected (see Viral Labeling) with 

AAV2/CAG-Flex-mGFP-APEX2 in a 0.5 µl bolus undiluted with a titre of 2.93 × 1012 in 
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the adult mPFC using the following coordinates: mPFC: +1.75 from bregma,±0.35 

lateral, −1.9 dorsoventral (mm, from brain surface). After 7–14 days, mice were 

anesthetized by intraperitoneal injection of pentobarbital and transcardially perfused 

with saline followed by ice-cold 4% paraformaldehyde (PFA)/1% glutaraldehyde in 0.1M 

PB. Brains were carefully dissected and post-fixed in the same solution overnight at 4°C. 

The brains were washed extensively in cold 0.1 M PB, and 100 µm coronal slices from 

the frontal cortex (bregma: +2.10 till +1.54 mm) were cut on a vibrating slicer (Microm 

HM 650V, Thermo Scientific). Sections were serially stored in cold 0.1M PB and 

processed for 3–3’-diaminobenzidine (DAB) staining. 

Sections were incubated in full concentration DAB (0.1 M PB, 0.66% DAB, 0.033% H202) 

for 6 h at room temperature in the dark. Sections were washed in cold PB and post-fixed 

in cold 2% glutaraldehyde in 0.1 M PB for 2 h at 4°C. Regions of interest were manually 

cut out and processed for electron microscopy. Samples were post-fixed in 1% osmium 

tetraoxide, dehydrated, and embedded in epoxy resin. Ultrathin sections (40–60 nm) 

were cut on a Leica Ultramicrotome Supercut UCT, contrasted with uranyl acetate and 

lead citrate and analyzed in a Phillips CM100 electron microscopy (Aachen, Germany) 

at 80 kV. Multiple non-overlapping regions were imaged at 14kx and analyzed off-line 

using Fiji image software. 

Statistical analysis 

Statistical analysis was performed using IBM SPSS (version 23). Data sets were analyzed 

using Shapiro-Wilk test for normality. No outlier data were identified or removed. 

Experiments were designed using sample sizes comparable to previously published 

studies3,4. Masking was used for group allocation, data collection, and data analysis 

whenever possible. Data sets with normal distributions were analyzed for significance 

using unpaired Student’s two-tailed t-test or analysis of variance (ANOVA) measures 

followed by Tukey’s post hoc test. Data are expressed as mean ± standard error. Data 

sets with non-normal distributions were analyzed using Mann-Whitney U test or Kruskal-

Wallis test with Dunn’s adjustment for multiple comparisons. 

Receiver operating characteristic (ROC) curves were generated using a custom-written 

algorithm to implement univariate14 and bivariate64 methods. Univariate and bivariate 

thresholds were determined at the corresponding points of maximization of the 

Youden’s J statistic15, represented as the sum of the sensitivity and specificity. Area 

under the curve (AUC) values were computed as the integral of the univariate or 

bivariate ROC curves. 

Exact P-values values are provided in the text, except when p<0.001. Significance 

threshold was set at p<0.05. 
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Author contribution 

Human PV interneuron electrophysiological recordings, immunohistochemistry, SIM 

imaging, reconstruction and analysis. 
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Supplementary data 

Figure 1 – supplement 1. Experimental flowchart for axonal reconstructions. 

 

Figure 1 – supplement 2. Axonal diameter analysis. Interbranch axonal diameter was sampled 
at high spatial frequency from branch point to branch point. This representative example based 
on Figure 1e, depicts a 3rd order branch segment. a) Axonal diameter was measured using the 
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average intensity projection of a z-stack series of SIM images (red). A semi-automated, user-guided 
line was traced from the center of each axonal branch point to the center of the subsequent distal 
branch point (thin white line). Each segment was analyzed in the direction centrifugally oriented 
from the soma along the axon, as indicated by the white arrow. For every consecutive 40 nm of 
axon, a 50-pixel wide line (~2.0 µm) was drawn orthogonally to the tangent line of axonal 
orientation (white). Scale bar, 5 µm. b) Along the orthogonals, pixel fluorescence intensities were 
extracted (black diamonds) and a Gaussian line was fitted (grey). Fits with r2 <0.9 were excluded 
from further analysis. From the Gaussian fit at each consecutive axonal position, the full-width at 
half-maximum (FWHM) was calculated. In this representative example, the FWHM (axonal 
diameter) =0.238 µm and r2 = 0.987. c) Left axis: Axonal diameter measurements as a function of 
centrifugal distance along the axonal segment shown in (a). Right axis: Fit (r2) of the Gaussian 
function along the axonal segment. Black arrows indicate the location of the corresponding fit 
shown in (b). d) Distribution over branch order of median Gaussian fit (r2) prior to exclusion of 
points with r2 <0.9. Individual cells in grey, average in black. e) Goodness of fit (r2) is similar 
between myelinated and unmyelinated segments. Individual cells in grey, average in black. 
Abbreviations: FWHM, full-with at half-maximum.  

 

 

 

 

 

 

 

 

Figure 1 – supplement 3. Locations of biocytin-filled and reconstructed PV+ and SOM+ cells. 
a) Maximum projection confocal image of a biocytin-filled mPFC SOM+ interneuron (red), with the 
distance to midline indicated. (b–e) Soma locations of Pvalb::cre,Ai14 cells b), PV::UBE3A, PV::WT, 
PV::TSC1 cells c), Sst::cre,Ai14 cells d), and SOM::WT, SOM::TSC1 cells e) Black bars indicate 
mean ± s.e.m. 
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Figure 4 – supplement 1. PV::TSC1 mice exhibit PV-specific deletion of Tsc1. a) Pvalb::cre 
mice were crossed with floxed Tsc1f/f to obtain heterozygous Pvalb::cre x homozygous Tsc1-/- mice. 
In the absence of Tsc1, mTOR signaling is disinhibited leading to excessive S6K activity. b) Low 
magnification confocal image from the mPFC showing PV (red) and pS6235/236 (green) 
immunofluorescence in adult mPFC, confirming the PV-specific increased S6K activity. c) Maximum 
projection confocal image showing increased expression of pS6235/236 (green) in most (arrows) but 
not all (asterisk) PV+ cells (red). Uncropped image from Figure 4b. d) Corresponding deletion 
of Tsc1 was observed in 83.8 ± 3.6% of PV+ cells, n = 3 mice. e). High magnification confocal image 
showing a rare instance of an oddly shaped enlarged pS6+ PV::TSC1 cell (red). f) Biocytin-filled 
PV::TSC1 cells (red) show short, thin filopodia (white arrowheads) radiating from the enlarged 
soma. Black bars indicate mean ± s.e.m. 
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Figure 4 – supplement 2. PV::UBE3A mice exhibit PV+ cell-specific deletion of Ube3a. a) PV-
specific knockout of Ube3a. b) Low magnification confocal microscopy image showing 
immunofluorescence of Ube3a (green) and PV (red) in adult mPFC. Note that the remaining non-
PV neuronal cell types still retain intact Ube3a expression. Scale bar, 10 µm. c) High magnification 
confocal image confirming the absence of Ube3a (green) in most (arrows) but not all (asterisk) PV+ 
cells (red). Uncropped image corresponding to Figure 4b. d) Ube3a was deleted in 73.6 ± 2.8% of 
PV+ cells, n = 3 mice. Black bars indicate mean ± s.e.m. 

 

Figure 4 – supplement 3. PV cell-specific mutations of Ube3a or Tsc1 do not alter PV+ cell 
density in mPFC. a) Confocal microscopy image showing immunofluorescence of PV (red) and 
DAPI (white) in adult mPFC for PV::UBE3A, PV::WT, and PV::TSC1. Scale bar, 100 µm. b) 
Quantification of PV+ cell density. p=0.780, Kruskal-Wallis test owing to non-normality. Black bars 
indicate mean ± s.e.m. 
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Figure 4 - supplement 4. Electrophysiological properties of PV::TSC1, PV::WT, and 
PV::UBE3A cells. a) input resistance. p=0.741. b) resting membrane potential. p=0.267. (c) 
Frequency-current plot, in response to square-wave current steps. p=0.999. PV::WT, n = 14 cells; 
PV::TSC1, n = 22 cells; PV::UBE3A, n = 16 cells. d–h) Analysis of the first action potential. d) AP 
threshold. p=0.518. e) AP amplitude. p=0.410. f) fast afterhyperpolarization (fAHP) amplitude. 
p=0.160. g) AP rise time. p=0.309. h) AP half-width. p=0.368. i–m) Analysis of the first action 
potential. i) AP threshold. p=0.696. j) AP amplitude. p=0.855. (k) fast afterhyperpolarization (fAHP) 
amplitude. p=0.073. (l) AP rise time. p=0.082. m) AP half-width. p=0.475. One-way ANOVA in a), 
b), d), e), g), h), i), j), l), and m). Mann-Whitney U test in f) and k). Repeated measures ANOVA in 
(c). Black bars indicate mean ± s.e.m. Abbreviations: AP, action potential; fAHP, fast 
afterhyperpolarization). 
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Figure 5 – supplement 1. Intact global myelination and mature oligodendrocyte density in 
mPFC of mice with PV cell-specific mutations of Ube3a or Tsc1. a) Confocal microscopy image 
showing immunofluorescence of MBP (green) and DAPI (white) for PV::UBE3A, PV::WT, and 
PV::TSC1. Scale bar, 100 µm. b) Quantification of MBP+ area. p=0.256, Kruskal-Wallis test owing 
to non-normality. c) Confocal microscopy image showing immunofluorescence of CC1+ mature 
oligodendrocytes (cyan) and DAPI (white) in adult mPFC for PV::UBE3A, PV::WT, and PV::TSC1. 
Scale bar, 100 µm. d) CC1+ mature oligodendrocyte density. p=0.950. One-way ANOVA. Black 
bars indicate mean ± s.e.m. 
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Figure 7 – supplement 1.  SOM::TSC1 mice exhibit SOM-specific deletions of Tsc1. a) Sst::cre 
mice were crossed with floxed Tsc1f/f to obtain heterozygous Sst::cre x homozygous Tsc1-/- mice 
(SOM::TSC1). In the absence of Tsc1, mTOR signaling is disinhibited leading to excessive S6K 
activity. b) Maximum projection confocal image showing increased expression of pS6235/236 (green) 
in most SOM::TSC1 cells (red). Uncropped image from Figure 7b. c) Maximum projection confocal 
image showing low expression of pS6235/236 (green) in a minority of SOM::WT cells (red). 
Uncropped image from Figure 7b. d) Corresponding deletion of Tsc1 was observed in 95.8 ± 2.1% 
of cells, n = 3 mice. e) High magnification SIM image of a biocytin-filled cell confirming the 
presence of dendritic spines on SOM+ interneurons. Scale bar, 10 µm. f) r2 for FWHM Gaussian fits 
of SOM+ cell reconstructions. Median Gaussian fits (r2) over branch order, prior to exclusion of 
points with r2 <0.9. Individual cells in grey, average in black. Black bars denote means ± s.e.m. 

Figure 7 – supplement 2. SOM::TSC1 mice have a normal SOM+ cell density in mPFC. a) 
Confocal microscopy image showing immunofluorescence of SOM (red) and DAPI (white) in adult 
mPFC for SOM::WT, and SOM::TSC1. Scale bar, 100 µm. b) SOM+ cell density in mPFC of 
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SOM::TSC1 and SOM::WT mice. p=0.416, Unpaired two-tailed Student’s t-test. Black bars indicate 
mean ± s.e.m. 

 

Figure 7 – supplement 3. Electrophysiological properties of SOM::TSC1 and SOM::WT cells. 
a) input resistance. p=0.018. b) sag potential. p=0.023. c) resting membrane potential. p=0.993. 
d) AP threshold. p=0.605. e) AP amplitude. p=0.994. f) fast afterhyperpolarization (fAHP) 
amplitude. p=0.915. g) AP rise time. p=0.639. h) AP half-width. p=0.265. i) Frequency-current plot, 
in response to square-wave current steps. p<0.001. SOM::WT, n = 6 cells; SOM::TSC1, n = 13 
cells. *p<0.05 Unpaired two-tailed Student’s t-test in a) through f) and i). Mann-Whitney U test in 
h). Repeated measures ANOVA in i). Black bars denote means ± s.e.m. Abbreviations: AP, action 
potential; fAHP, fast afterhyperpolarization. 
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Abstract 

Parvalbumin-positive (PV+) γ-aminobutyric acid (GABA) interneurons are critically 

involved in producing rapid network oscillations and cortical microcircuit computations, 

but the significance of PV+ axon myelination to the temporal features of inhibition 

remains elusive. Here, using toxic and genetic mouse models of demyelination and 

dysmyelination, respectively, we find that loss of compact myelin reduces 

PV+ interneuron presynaptic terminals and increases failures, and the weak phasic 

inhibition of pyramidal neurons abolishes optogenetically driven gamma oscillations in 

vivo. Strikingly, during behaviors of quiet wakefulness selectively theta rhythms are 

amplified and accompanied by highly synchronized interictal epileptic discharges. In 

support of a causal role of impaired PV-mediated inhibition, optogenetic activation of 

myelin-deficient PV+ interneurons attenuated the power of slow theta rhythms and 

limited interictal spike occurrence. Thus, myelination of PV axons is required to 

consolidate fast inhibition of pyramidal neurons and enable behavioral state-

dependent modulation of local circuit synchronization. 

  



Chapter 5 
 

135 
 

Introduction 

GABAergic interneurons play fundamental roles in controlling rhythmic activity patterns 

and the computational features of cortical circuits. Nearly half of the interneuron 

population in the neocortex is parvalbumin-positive (PV+) and comprised mostly of the 

basket cell (BC) type1,2. PV+ BCs are strongly and reciprocally connected with pyramidal 

neurons (PNs) and other interneurons, producing temporally precise and fast 

inhibition3–5. The computational operations of PV+ BCs, increasing gain control, 

sharpness of orientation selectively, and feature selection in the sensory cortex6–10, are 

mediated by a range of unique molecular and cellular specializations. Their extensive 

axon collaterals targeting hundreds of PNs are anatomically arranged around the soma 

and dendrites, and electrotonically close to the axonal output site. In addition, the 

unique calcium (Ca2+) sensor in PV+ BCs terminals, synaptotagmin 2 (Syt2), is tightly 

coupled to Ca2+ channels mediating fast and synchronized release kinetics11,12, 

powerfully shunting excitatory inputs and increasing the temporal precision of spike 

output1,5,13,14. 

Recent findings have shown that the proximal axons of PV+ interneurons are covered by 

myelin sheaths5,13,15–18. How interneuron myelination defines cortical inhibition remains, 

however, still poorly understood. Myelination of axons provides critical support for 

long-range signaling by reducing the local capacitance that results in rapid saltatory 

conduction and by maintaining the axonal metabolic integrity19,20. For PV+ BCs, 

however, the average path length between the axon initial segment (AIS) and release 

sites involved in local circuit inhibition is typically less than ~200 µm5,21,22, and theoretical 

and experimental studies indicate the acceleration by myelin may play only a limited 

role15,21. Another notable long-standing hypothesis is that myelination of PV+ axons may 

be critical for the security and synchronous invasion of presynaptic terminals13. In 

support of a role in reliability, in Purkinje cell axons of the long Evans shaker (les) rat, 

which carries a deletion of Mbp, spike propagation shows failures and presynaptic 

terminals are disrupted23. Interestingly, in a genetic model in which oligodendrocyte 

precursor cells lack the γ2 GABAA receptor subunit, fast-spiking interneuron axons in 

the neocortex are aberrantly myelinated and feedforward inhibition is impaired24. At the 

network level, PV+ BC-mediated feedback and feedforward inhibition is critical to 

produce local synchronization between PNs and interneuron at the gamma (γ) 

frequency (30–80 Hz), which is a key rhythm binding information from cell assemblies, 

allowing synaptic plasticity and higher cognitive processing of sensory information1,7,25–

27. Here, we determined whether PV+ BC-driven neocortical rhythms require 

myelination by using de- and dysmyelination models, studying the cellular properties 
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of genetically labeled PV+ BCs and examining the functional role of myelin by 

longitudinally examining the frequency spectrum of cortical oscillations. 

Results 

Behavioral state-dependent increase in theta power and interictal 

epileptiform discharges 

We investigated in vivo cortical rhythms by recording local field potential (LFP) in layer 

5 (L5) together with surface electrocorticogram (ECoG) signals from both primary 

somatosensory (S1) and visual (V1) areas. Freely moving mice (C57BL/6, 7–9 weeks at 

the start of the experiment) were recorded in their home cage every second week (18–

24 hr/week) across an 8-week cuprizone treatment, inducing toxic loss of 

oligodendrocytes in white- and gray matter areas28–30. Remarkably, after 6 weeks of 

cuprizone feeding we detected high-voltage spike discharges (approximately five times 

the baseline voltage and ~50–300 ms in duration, Figure 1a – c). These brief spike 

episodes on the ECoG and LFP (Figure 1c) occurred bilaterally and near synchronously 

in S1 and V1, resembling the interictal epileptiform discharges (also termed interictal 

spikes) that are a hallmark of epilepsy31–34. Automated detection of interictal spikes in 

the raw ECoG–LFP signal was performed with a machine-based learning classifier 

(see Figure 1 — figure supplement 1 and Materials and methods), revealing a 

progressively increasing number of interictal spikes, from ~5/hr at 4 weeks up to ~70/hr 

at 8 weeks of cuprizone treatment (Figure 1d). Interestingly, interictal spikes were 

highly dependent on vigilance state and present exclusively during quiet wakefulness 

(30 out of 30 randomly selected LFP segments from awake or quiet wakefulness, chi-

square test p<0.0001, n = 6 cuprizone mice), with no other discernible association to 

specific behaviors (Figure 1—figure supplement 1b, Figure 1). Whether the 

pathological cortical oscillations were specific to certain frequency bands, including 

gamma (γ, 30–80 Hz), was examined by plotting the power spectrum density of the LFP 

in S1 during periods of quiet wakefulness or active movement (Figure 1e). During quiet 

wakefulness, LFP power in cuprizone-treated mice was selectively amplified in the theta 

frequency band (θ, 4–12 Hz, Šidák’s multiple comparisons test, p=0.0013, Figure 1e, 

f, Figure 1 — figure supplement 1c). In contrast, during active states when mice were 

moving and exploring no differences were observed in the power spectrum, in none of 

the frequency bands (Šidák’s multiple comparisons test, p>0.166, Figure 1e, f, Source 

data 1). Finally, to more firmly establish whether interictal epileptiform discharges result 

from the lack of myelin, we analyzed ECoG signals in the dysmyelinated shiverer mice 

(MbpShi) lacking compact myelin due to a truncating mutation in Mbp35. Shiverer mice 

suffer progressively increasing number of epileptic seizures beginning at approximately 
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8 weeks of age35,36. ECoG recordings at 8 weeks showed that in addition to ictal 

discharges interictal spikes were detected with a rate of ~1/min, comparable to 

cuprizone-treated mice (Figure 1g and h, Figure 1 — figure supplement 2). Although 

the waveform of interictal spikes in shiverer was substantially longer in duration (~100–

500 ms), analysis of the power across the four frequency bands around interictal spikes 

revealed no difference in comparison to the cuprizone-treated mice (two-way analysis 

of variance [ANOVA] p=0.7875, n = 6 mice for both groups, Figure 1 — figure 

supplement 2).  

 

Figure 1. Loss of compact myelin causes interictal spikes and behavioral state-dependent 
amplification of theta rhythms. a) Schematic of the electrocorticogram (ECoG) and local field 
potential (LFP) recordings in freely moving mice. Electrodes were placed right (SR) and left (SL) in 
the primary somatosensory cortex, and a left LFP electrode (SL-LFP) into layer 5 (L5). A similar array 
of electrodes was positioned in the primary visual cortex (VR, VL, and VL-LFP). One electrode was 
placed around neck muscle recording electromyography (EMG) and one used as reference (Ref). 
b) Interictal spikes (*) appear from 4-week cuprizone and onward. Example raw LFP traces (SL-LFP). 
c) Representative interictal spike example showing spatiotemporal synchronization of the spike 
across cortical areas and hemispheres. Higher magnification of interictal spikes (red, ~50–300 ms 
duration) overlaid with the average (black). d) Cuprizone treatment caused a progressively 
increasing frequency of interictal spikes (mixed-effects two-way ANOVA). Time × treatment 
interaction p<0.0001, Šidák’s multiple comparisons tests, cupri vs. con; 4 weeks p=0.121, 6 weeks 
*p=0.0406 and 8 weeks **p=0.0054. e) Power spectral content during two different brain states, 
awake and moving (am, dotted lines) and quiet wakefulness (qw, solid lines) in control (black) and 
cuprizone (red). Red arrow marks amplified theta band power (θ) during quite wakefulness in 
cuprizone mice (Cupr_qw). f) Cuprizone amplifies selectively θ power during quiet wakefulness 
(two-way ANOVA treatment p<0.0001, Šidák’s multiple comparisons cupr vs. con; for δ, p=0.8118; 
θ, p=0.0013; β, p=0.8568 and for γ, p=0.9292) but not during moving (two-way ANOVA treatment 
p=0.0575). g) Left: schematic of ECoG and LFP recordings from Mbp+/+ and MbpShi mice with 
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example trace showing interictal spikes (*). Right: overlaid individual interictal spikes 
in MbpShi mice (red) combined with the population average (black). h) Bar plot of interictal rate 
in MbpShi mice. Two-tailed Mann–Whitney test **p=0.0095. Data shown as mean ± SEM with gray 
lines d) or open circles h) individual mice. 

 

Loss of myelin impairs fast PV+ BC-mediated inhibition 

Increased power of sensory-driven slow oscillations and epileptiform activity in the 

neocortex of normally myelinated brains is also observed when PV+ interneurons are 

optogenetically silenced9,27,37. To investigate how myelin loss affects the 

PV+ interneuron morphological and functional properties, we crossed 

the PvalbCre mouse line, having Cre recombinase targeted to Pvalb-expressing cells, 

with a tdTomato fluorescence (Ai14) Cre reporter line (hereafter called PV-Cre; Ai14 

mice). The cytoplasmic fluorescence allowed quantification of PV+ cell bodies and their 

processes in the primary somatosensory cortex (Figure 2a, b, Figure 2 — figure 

supplement 1a), and immunofluorescent labeling with myelin basic protein (MBP) 

revealed substantial myelination of large-diameter PV+ axons (mean ± SEM, 80.15% ± 

9.95% along 83 mm of PV+ axons analyzed, n = 3 slices from two mice, z-stack with a 

volume of 7.66 × 105 μm3, Figure 2b, Figure 2 — figure supplement 1a). Electron 

microscopy (EM) immunogold-labeled tdTomato showed that PV+ axons possessed 

multilamellar compact myelin sheaths (on average, 6.33 ± 0.80 myelin lamella) with 10.8 

± 0.76 nm distance between the major dense lines and a mean g-ratio (axon 

diameter/fiber diameter) of 0.74 ± 0.01 (n = 6 sheaths, Figure 2c). PV-Cre; Ai14 mice 

fed with 0.2% cuprizone for 6 weeks showed strongly reduced MBP in S1 and PV+ axons 

were largely devoid of myelin (Figure 2a, b, Figure 2 — figure supplement 1b) while 

the total number of PV+ cell bodies across cortical layers remained constant (control 

density, 326 ± 14 cells mm–2 vs. cuprizone density, 290 ± 48 cells mm–2, n = 6 sections 

from N = 6 animals/group, Mann–Whitney test p=0.1649, Figure 2d). Further, single-

cell analysis was performed on biocytin-filled PV-Cre+ interneurons that were re-

sectioned and stained for MBP to identify the location of myelin and the axon 

morphology (Figure 2e, Figure 2 — figure supplement 1c, d). Myelin was present on 

multiple proximal axonal segments of all control BCs (4/4 fully reconstructed axons, on 

average 2.8% ± 1.2% myelination). In contrast, none of the BCs from cuprizone-treated 

mice showed myelinated segments (0/6 axons). Furthermore, the total number of axon 

segments (~80 per axon, Mann–Whitney test p=0.3032, Figure 2f) as well as the total 

path length were unaffected by cuprizone treatment (on average ~4.5 mm in both 

groups, range 2.0–9.5 mm, Mann–Whitney test p=0.9871, Figure 2g, Figure 2 — figure 

supplement 1c-f). 
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To examine whether myelin loss changes the intrinsic excitability of PV+ BCs, we made 

whole-cell recordings in slices from PV-Cre; Ai14 mice (Figure 2h). Recording of steady-

state firing properties by injecting increasing steps of currents injections revealed an 

increase in the rheobase current (~90 pA, Figure 2i, j) and an ~50 Hz reduced firing 

frequency during low-amplitude current injections (two-way ANOVA, treatment 

p=0.0441, Šidák’s multiple comparisons post hoc test at 200 pA; p=0.0382, 250 pA; 

p=0.0058, 300 pA; p=0.0085) without a change in the maximum instantaneous firing 

rate (two-way ANOVA, Šidák’s multiple comparisons post hoc test, p=0.92, data not 

shown). However, neither the AP half-width (control, 290 ± 10 µs, n = 34 cells from 12 

mice vs. cuprizone, 295 ± 10 µs, n = 15 cells from 7 mice, two-tailed Mann–Whitney U-

test p=0.7113) nor AP amplitude was affected by cuprizone treatment (control 78.12 ± 

1.66 mV, n = 34 cells from 12 mice vs. cuprizone, 80.13 ± 2.48 mV, n = 15 cells from 7 

mice, p=0.4358). In contrast, the resting membrane potential (VRMP) of 

PV+ interneurons was on average ~4 mV significantly more hyperpolarized (Figure 2k) 

without a change in the apparent input resistance (control, 133.3 ± 8.55 MΩ, n = 42 cells 

from 21 mice vs. cuprizone 125 ± 8.96 MΩ, 27 cells out of 13 mice, p=0.5952). In 

addition to the hyperpolarization in VRMP, demyelinated PV+ interneurons also had an 

~3 mV more hyperpolarized AP voltage threshold (control, –40.51 ± 0.97 mV, n = 34 

cells from 12 mice) and cuprizone –43.65 ± 1.29 (n = 15 cells from 7 mice, Mann–

Whitney test p=0.0269). Taken together, the results indicate that cuprizone treatment 

completely demyelinates proximal branches of PV+ interneuron axons, and while not 

affecting axon morphology, causes a net decrease in the intrinsic PV+ interneuron 

excitability. 

Is myelin required for PV+ BC-mediated inhibition? Single PV+ BCs typically make 5–15 

synapses with a PN in a range of <200 µm, forming highly reliable, fast, and 

synchronized release sites5,14,21,38. Intercellular variations in both myelin distribution and 

aberrant myelin patterns have been associated with conduction velocity changes21,24. 

To examine the role of myelin on inhibitory transmission, we made paired recordings of 

PV+ BCs and L5 PNs with and without myelination, in control or cuprizone-treated PV-

Cre; Ai14 mice, respectively (Figure 3). We evoked APs in PV+ BCs while recording 

unitary inhibitory postsynaptic currents (uIPSCs) under conditions of physiological 

Ca2+/ Mg2+ (2.0/1.0 mM in n = 78 pairs, Figure 3a, b). Concordant with optogenetic 

mapping of PV+ inputs onto L5 PNs in mouse S1 (Packer and Yuste, 2011), in control 

slices the probability of a given PV+ cell being connected to a nearby PN was high 

(~0.48, Figure 3c). In contrast, the connection probability was significantly lower in 

cuprizone-treated mice (~0.23, p=0.0182, Figure 3b, c). In 13 stable connected pairs, 

we examined unitary IPSC properties including failure rate and amplitude, as well as 

rise- and decay time, using automated fits of the uIPSCs (n > 80 trials per 
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connection, Figure 3d). Cuprizone treatment led to a significant increase in the number 

of failures (from 0.05 to 0.26, Figure 3e) and an ~2.5-fold reduction in the average 

uIPSC peak amplitude (Figure 3f). To obtain an estimate of propagation speed, we 

determined on successful trials the latency between the AP peak and uIPSCs at 10% 

peak amplitude (Figure 3d). Interestingly, both the mean latency and the trial-to-trial 

latency variability remained unchanged (average ~800 µs; Mann–Whitney test p>0.999; 

SD in cuprizone 319 ± 65 µs, n = 7 pairs, SD in control, 276 ± 38 µs, n = 5 pairs, 

p>0.60, Figure 3g). 

 

Figure 2. Demyelination preserves parvalbumin-positive (PV+) interneuron number and 
morphology but reduces excitability. a) Left: confocal z-projected overview image of S1 in a PV-
Cre; Ai14 mouse (tdTomato+, red) overlaid with myelin basic protein (MBP, cyan). Right: overview 
image showing loss of MBP after + weeks cuprizone. b) Myelinated PV+ axons in control (left) and 
PV+ axons demyelination with cuprizone treatment (right). c) Electron microscopy (EM) of 
transverse cut tdTomato+ immunogold-labeled axons (false-colored red). Right: higher 
magnification of immunogold particles and ultrastructure of the PV interneuron myelin sheath. d) 
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PV+ interneuron number across the cortical lamina was not affected by cuprizone treatment (two-
way ANOVA, treatment effect p=0.6240). e) Top: example of a high-resolution 3D reconstruction 
of a biocytin-labeled PV axon (red) labeled with MBP (cyan) of a control mouse, showing the first 
approximately six axonal branch orders. Bottom: control axonogram showing axon branch order 
and myelinated segments (cyan). f, g) Total axon branch number and length are not changed by 
demyelination (Mann–Whitney tests p=0.3032 and p=0.8822, respectively). n.s., not significant. h) 
Left: brightfield/fluorescence overlay showing patch-clamp recording from a 
tdTomato+ interneuron. Right: example PV+ interneuron APs from control (dotted line) and 
cuprizone-treated mice (continuous lines). i) Steady-state sub- and suprathreshold voltage 
responses during 700 ms current injections. Firing rates near threshold reduced and the j) 
rheobase current significantly increased in cuprizone (***p=0.0003). k) PV+ basket cells (BCs) 
showed an ~4 mV hyperpolarized resting membrane potential (**p=0.0036). Data shown as mean 
± SEM and open circles individual cells. 

 

To further examine the properties of GABA release in demyelinated PV-BCs, we 

recorded uIPSCs during a train of five APs at 100 Hz (averaging >50 trials, Figure 3h). 

Consistent with the temporary facilitation in IPSCs of adult Purkinje cells39, uIPSC 

recordings in control PV BCs showed that paired-pulse ratios were on the second spike 

facilitated by 20% (uIPSC2/uIPSC1 1.20 ± 0.060) and gradually depressed on the 

subsequent spikes (spikes 3–5). In contrast, in cuprizone-treated mice uIPSCs were 

depressed during the second and subsequent pulses (two-way repeated-measures 

ANOVA pulse × treatment effect p<0.021, Šidák’s multiple comparisons tests for 

uIPSC2/uIPSC1 0.89 ± 0.041, p=0.0339, Figure 3h). 

The uIPSC failures and impairment of temporary facilitation may reflect failure of AP 

propagation along demyelinated PV axons, changes in the GABA release probability or 

a lower number of active release sites (<55,14). To further examine the properties of 

inhibition at L5 PNs, we recorded miniature inhibitory postsynaptic currents (mIPSCs). 

In line with the uIPSC findings, the results showed that mIPSCs were significantly 

reduced in peak amplitude (from ~20 to ~7 pA, p=0.002) without a change in frequency 

(Figure 3 — figure supplement 1c). Furthermore, using PV immunofluorescence 

staining with biocytin-filled L5 PNs the number of PV+ puncta was 40% reduced both at 

the soma and the primary apical dendrite, correlating with the overall reduction in 

immunofluorescent signals in cuprizone treatment (Figure 3 — figure supplement 1g 

– i). Interestingly, in contrast to the loss of perisomatic PV+ BC puncta, putative 

PV+ chandelier cell inputs, identified by co-staining with the AIS marker ßIV-spectrin, 

were preserved (~8 puncta/AIS, Mann–Whitney test p=0.96, Figure 3 — figure 

supplement 2). Furthermore, staining for Syt2, a Ca2+ sensor protein selective for 

PV+ presynaptic terminals12,40  confirmed an ~35% reduction (Figure 3 — figure 

supplement 3a, b). Together with the reduction in uIPSC peak amplitudes (Figure 3f), 

these data suggest that cuprizone-induced demyelination causes a loss of presynaptic 
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PV+ terminal sites. Interestingly, Syt2+ puncta analysis in the dysmyelinated shiverer 

mouse line also showed a reduced number of Syt2+ puncta at L5 PN somata and a 

reduced frequency of mIPSCs (p=0.019, Figure 3 — figure supplement 3c-g), 

indicating that compact myelin is not only required for maintaining PV+ interneuron 

inputs but also for PV+ BC presynaptic terminal development. 

Cuprizone treatment did not affect PV+ axon length (Figure 2 — figure supplement 1f), 

suggesting that the density of presynaptic terminals should be reduced. To test this 

idea, we performed Syt2 immunolabeling of individually biocytin-filled PV+ BCs (Figure 

3i). Consistent with the hypothesis, cuprizone treatment significantly reduced the 

density of Syt2+ puncta by twofold (cuprizone, ~1 Syt2+ puncta per 10 µm vs. 1 

Syt2+ puncta per 5 µm in control, Mann–Whitney test p<0.0001, Figure 3j, k). 

Interestingly, recordings of miniature excitatory postsynaptic currents (mEPSCs) from 

PV+ interneurons of control and cuprizone-treated mice showed no changes in peak 

amplitude nor frequency (Figure 3 — figure supplement 4), in keeping with the 

preservation of excitatory inputs onto L5 PNs following cuprizone-induced 

demyelination29 and suggesting that myelin loss has a significant impact on inhibitory 

synapse stabilization and maintenance.  



Chapter 5 
 

143 
 

Figure 3. Demyelination decreases connectivity, reliability, and rapid facilitation of 
parvalbumin-positive (PV+) unitary inhibitory postsynaptic currents (uIPSCs). a) 
Immunofluorescence image of a connected control PV+ basket cell (BC) (red) and layer 5 (L5) 
pyramidal neuron (PN) (white). b) Example traces of 10 single-trial uIPSC traces (gray) overlaid with 
mean average (>60 trials, black). Inset: uIPSCs abolished by gabazine (GABAA blocker, 4 µM). c) 
Cuprizone-treated mice show significantly lower connection probability between PV+ BC and L5-
PN (chi-square test *p=0.0182, n = 78 pairs). d) Example fits (blue) of uIPSCs for rise- and decay 
time, amplitude, failure rate, amplitude, and latency analyses (δ, AP to 10% uIPSC peak amplitude). 
e) Cuprizone increased failures by fivefold and the average peak amplitude by ~2.5-fold (Mann–
Whitney test **p=0.012) and f) reduces the mean amplitude (Mann–Whitney test *p=0.0256). g) 
uIPSCs latency remained unchanged (Mann–Whitney test n.s., p>0.999). h) Cuprizone impairs 
short-term facilitation. Dotted line indicates expected amplitude for uIPSC2 (scaled from uIPSC1). i) 
Left: confocal z-projected image of a control PV+ axon (red) immunostained with Syt2 (green). 
Right: surface-rendered 3D image of the same axon. j) Example sections of 3D reconstructions. k) 
Cuprizone increased the Syt2+ puncta spacing by approximately twofold (Mann–Whitney test 
****p<0.0001, n = 12). Data shown as mean ± SEM and open circles individual axons or pairs. n.s., 
not significant. 

 

Thus, myelin loss reduces the number of presynaptic sites, causing an increase of GABA 

release failures and a frequency-dependent depression, ultimately limiting the fast 

component of BC to PN inhibitory transmission. 

PV+ activation rescues interictal spikes and theta oscillations, but not the loss 

of gamma 

To understand how myelin deficits and loss of fast PV-mediated inhibition of PNs 

impacts network dynamics, we used AAV1-mediated delivery of Cre-dependent 

channelrhodopsin-2 (ChR2) into L5 of PV-Cre; Ai14 mice (Figure 4a). The ChR2 

transduction rate was comparable between control and cuprizone mice (~70%, Figure 

4b, c). In acute slices, we voltage-clamped L5 PNs and optogenetically evoked IPSC 

(oIPSC) with full-field blue light illumination (Figure 4d). Consistent with S1 L5 PNs 

receiving converging input from >100 PV+ interneurons38, control oIPSCs rapidly 

facilitated to a peak amplitude of ~700 pA followed by rapid synaptic depression 

(Figure 4f, g). In slices from cuprizone mice, however, the oIPSC peak amplitude was 

significantly reduced (approximately twofold) while neither the steady-state amplitude 

during vesicle replenishment nor the total charge transfer reached a significant 

difference (control, –99.58 ± 28.5 pC vs. cuprizone, –54.3 ± 20.57 pC, p=0.236, n = 9 

control and n = 8 cuprizone neurons, Figure 4f, h). 
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Figure 4. Demyelination impairs phasic parvalbumin-positive (PV+) basket cell (BC) 
inhibition of layer 5 (L5) pyramidal neurons (PNs). a) Immunofluorescent image of AAV1-
hChR2-YFP expression (green) injected into L5 of S1. b) Confocal images of separate fluorescent 
channels showing td-Tomato+ cell bodies and neurites (red, top), the localization of AAV1-hChR2-
YFP (green, middle), and the merge image (bottom). The majority of tdTomato+ cells were 
YFP+ (white arrows). c) Average transfection rate of AAV1-hChR2-YFP in the L5 (>70%) is 
comparable in control and cuprizone conditions (Mann–Whitney test p=0.889, n = 5). d) Schematic 
showing full-field blue light optogenetically evoked postsynaptic inhibitory currents (oIPSCs) in L5 
PNs. e) Example trace of a whole-cell current-clamp recording from a PV+ interneurons (bottom 
red) compared to a separate whole-cell voltage-clamp recordings from an L5 PN. A 1 s blue light 
field illumination (blue bar) produces sustained firing in PV-Cre AAV1-ChR2 interneurons. f) Single 
trial oIPSCs (gray) from different experiments (1 s duration pulses) overlaid with the average oIPSC 
(black) revealing a lower peak amplitude in cuprizone (red arrow). g) Population data revealed an 
approximately twofold reduction in oIPSCs’ peak amplitude (Mann–Whitney test p=0.0172). h) 
Steady-state oIPSCs’ amplitude did not reach significance, n.s., Mann–Whitney test p=0.0789. 
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Impaired phasic PV+ interneuron-mediated inhibition predicts a disrupted γ-rhythm. 

Experimental and computational studies show that in most cortical areas γ-rhythms are 

strongly shaped by electrically and synaptically coupled PV+ interneurons, which, by 

temporally synchronizing firing rates, synaptic inhibitory time constants (  9 ms), and 

the recurrent excitatory feedback from PNs, give rise to network resonance in the 30–

80 Hz bandwidth3,7,26,41,42. To test the cellular and circuit properties of the γ-rhythm, we 

examined the extent of evoked γ-modulation by leveraging optogenetic activation of 

PV+ interneurons with AAV1-hChR2-YFP and introducing a laser fiber into L5 and 

recording the LFP (Figure 5a). Evoking brief pulses of blue light (1 ms at a low gamma 

frequency of 30 Hz) showed that local circuit currents were modulated and highly 

phase-locked in slices from control mice (bandpass filter 25 and 40 Hz, Figure 5b, 

c, Figure 5 — figure supplement 1). In striking contrast, no modulation or entrainment 

was observed in cuprizone-treated mice, neither when using high laser power (up to 6.5 

mW, Figure 5b – e, Figure 5 — figure supplement 1). 

Could the diminished PV+ BC activity cause the emergence of θ rhythm and interictal 

spikes during quiet behavioral states of wakefulness? To test the direct contribution of 

PV+ BCs, we activated ChR2 for 1 s duration pulses in PV-Cre; Ai14 mice to generate 

tonic GABA release (Figure 6a). In cuprizone-treated mice, we found that optically 

driving PV+ interneurons normalized the LFP power in the θ band to control levels, 

without affecting δ, β, and γ rhythms (two-way ANOVA treatment × light p=0.0124, 

Šidák’s multiple comparisons tests in cuprizone, light on vs. off; for δ, p=0.9975; θ, 

p=0.0076; β, p=0.9481; γ, p=0.9998, Figure 6a – c, Source data 1). Furthermore, 

activation of blue light significantly reduced the frequency of interictal epileptic 

discharge frequency (p=0.0089, Figure 6d, e , Figure 6). The normalization of cortical 

rhythms by elevating sustained PV+-mediated activity suggests that GABAA receptors 

are insufficiently activated in the demyelinated cortex. Finally, to directly examine the 

role of GABAA receptors agonism in dampening global interictal spikes we 

administered a nonsedative dose of diazepam (2 mg/kg i.p.), an allosteric modulator of 

postsynaptic GABAA receptors, in cuprizone-treated mice (7-week treatment). The 

results showed that diazepam significantly suppressed the interictal epileptiform 

discharges in cuprizone mice, indicating a prominent role of GABA in the deficits of 

circuit excitability (Figure 6f, Figure 6 — figure supplement 1). 

 

(black) revealing a lower peak amplitude in cuprizone (red arrow). g) Population data revealed an 
approximately twofold reduction in oIPSCs’ peak amplitude (Mann–Whitney test p=0.0172). h) 
Steady-state oIPSCs’ amplitude did not reach significance, n.s., Mann–Whitney test p=0.0789. 
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Figure 5. Demyelination impairs optogenetically evoked γ entrainment. a) Schematic for 
chronic local field potential (LFP) recordings and in vivo optogenetic stimulation in freely moving 
PV-Cre; Ai14 mice. b) Time frequency plot showing low gamma frequency (γ) entrainment (40 blue 
light pulses of 1 ms duration at 30 Hz) in control but not in cuprizone mice. c) Raw LFP (top) and 
bandpass-filtered trace (25–40 Hz, bottom) from control and cuprizone during low-γ entrainment. 
i) Population data of γ power with increasing laser power reveals impaired γ in cuprizone-treated 
mice. d) Myelin-deficient mice low-γ band entrainment to optogenetic stimuli (two-way ANOVA 
followed by Šidák’s multiple comparisons cuprizone vs. control, 0 mW, p>0.999; 1.5 mW, p=0.979; 
4.5 mW, *p=0.0221, 6.5 mW, **p=0.0046). e) Data are shown as mean ± SEM with gray lines 
individual cells, gray lines individual mice. n.s., not significant. 
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Discussion 

In this study, we identified that the cellular microarchitecture of myelination of PV+ BCs 

is required for stimulus-induced fast gamma frequencies, limiting the power of slow 

cortical oscillations and interictal spikes during quiet wakefulness. Interictal discharges 

identified as spikes on the EEG are an important diagnostic criterium in epilepsy and 

reflect hypersynchronized burst firing of PNs and interneurons31,34,43. The brief episodic 

and generalized nature of ECoG spikes we recorded in both demyelinated and 

dysmyelinated cortex (~50–500 ms in duration and ~1/min) resemble interictal spikes 

reported in epilepsy models43,44 and are concordant with recordings in the 

Figure 6. Optogenetic activation of myelin-deficient parvalbumin-positive (PV+) 
interneurons rescues theta rhythm and interictal epileptiform discharges. a) Schematic 
drawing for chronic local field potential (LFP) and optogenetic stimulation in freely moving mice. 
A 1 s blue light pulse with 100 ms off periods activated PV+ interneurons. Blue light was switched 
on during high interictal activity (>10 spikes/min). b) Power spectral content collected from 2 s 
epoch windows in control (black) and cuprizone (red) before (left) and during 3 min (right) 
optogenetic activation of PV+ interneurons. Insets: raw LFP signals (top) and θ content (bottom) in 
control (black) and cuprizone (red) condition. c) Population data showing optogenetic activation 
of PV+ cells attenuated the amplified θ frequency in cuprizone mice to control levels (Šidák’s 
multiple comparisons test in cuprizone, light on vs. light off for θ, **p=0.0076). d) Example time 
frequency plot (top) and raw LFP traces (below) showing suppression of interictal spikes during 
light on conditions. e) Population data of transient optogenetic suppression of the interictal activity 
in 8-week cuprizone-treated mice (one-way ANOVA p=0.0165, Tukey’s multiple comparisons 
tests; off vs. on, **p=0.0089; on vs. off, p=0.0539; off vs. off, p=0.928). f) 2 mg/kg i.p. injection of 
diazepam in cuprizone-treated mice reduces interictal rate for at least 10 hr (two-tailed Student’s t-
test *p=0.024). Data shown as mean ± SEM and gray lines individual mice. 
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hippocampus of cuprizone-treated mice by Hoffmann et al., 200833. Here, we 

fundamentally extend the insights into interictal spikes by showing their spatiotemporal 

synchronization across cortical areas and hemispheres and a selective manifestation 

during the vigilance state of quiet wakefulness. During brain states of quiescence, for 

example, when whiskers are not moving, whole-cell in vivo recordings in the barrel 

cortex reveal low-frequency (<10 Hz) highly synchronized membrane potential 

fluctuations of PNs and interneurons, during which fast-spiking PV+ interneurons are 

dominating action potential firing45,46. Consistent with the state-dependent increased 

activity of cortical interneuron firing, we found a selective amplification of the LFP theta 

power during quiet wakefulness, which may be explained by the reduced intrinsic 

excitability of PV+ BCs and deficiency of fast inhibitory transmission in the demyelinated 

cortex (Figures 2 and 3). In support of this conjecture, optogenetic inhibition of 

PV+ interneurons in the normally myelinated cortex is sufficient to increase PN firing 

rates, elevating the power of slow oscillations and triggering epileptiform activity9,27,37. 

While our optogenetic activation of demyelinated PV+ BCs normalized the power in the 

theta bandwidth, these interneurons are not critical for generating theta7,26. 

Physiological theta oscillations are strongly driven by the long-range corticothalamic 

circuitry and cortical PN firing during non-rapid eye movement (NREM), also called 

thalamocortical spindles47. Interestingly, recordings in epilepsy patients showed that 

interictal discharges occur frequently during NREM sleep stages and coupled with the 

spindle activity48,49. Whether interictal spike-spindle coupling occurs in cuprizone-

treated mice or specific sleep stages are affected is not known, but the present results 

warrant investigation of the corticothalamic loop in the generation of interictal 

discharges during demyelination. 

A major limitation of the experimental toolbox available to experimentally study 

myelination is the lack of axon- or cell-type selectivity. Whether amplified theta- and 

abolished gamma-frequency oscillations are the consequence of PV+ axon 

demyelination, the loss of excitatory axon myelination or the combination thereof, 

remains to be further examined when more refined genetic or molecular methods 

become available to interrogate oligodendroglial myelination of specific cell types. In 

the absence of such strategies, however, our in vivo experiments optogenetically 

driving selectively PV+ interneurons or activating GABAA receptors (Figure 5) uncover 

important converging evidence for a role of interneurons in the amplification and 

synchronization of slow oscillations and epileptic discharges. Interestingly, while 

tonically driving action potential firing in myelin-deficient PV+ interneurons with 

optogenetic activation was able to rescue theta hypersynchrony, using a 30 Hz 

stimulation regime failed to entrain the LFP in the low-gamma frequency. This may 

suggest that for gamma, precisely timed spike generation of PV+ BCs alone is 
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insufficient and may require in addition synchronized inhibitory synaptic transmission, 

which is selectively reduced in demyelinated PV+ BCs. Alternatively, a specific circuit 

connectivity or presynaptic GABA release dynamics may be lost in cuprizone-treated 

mice. In future studies, the role of myelination could be further examined by exploring 

whether remyelination restores the ability of PV+ interneurons to modulate gamma 

oscillations. 

Myelination of PV+ axons determines synapse assembly and maintenance 

The requirement of myelination of PV+ BCs to generate gamma rhythms is surprising in 

view of its sparse distribution in patches of ~25 µm across <5% of the total axon 

length15,21,50 (Figure 2, Figure 2 — figure supplement 1). The sparseness of 

interneuron myelination previously raised the question whether myelin speeds 

conduction velocity in these axon types15,50,51. In a genetic mouse model with aberrant 

myelin patterns along fast-spiking interneuron axons, the inferred conduction velocity 

was reduced24. In contrast, we found that the average uIPSC latency (~800 µs) in 

completely demyelinated axons was normal and well within the range of previous 

paired recordings between myelinated PV+ BC and PNs (700–900 µs52,53). Assuming a 

typical axonal path length of ~200 µm between the AIS and presynaptic terminals 

connected with a PN, combined with an ~250 µs delay for transmitter release, the 

calculated conduction velocity would be 0.4 m/s, consistent with optically recorded 

velocities in these axons (~0.5 m/s54). Our paired recordings, made near physiological 

temperature (34–36°C), may have had a limited resolution to detect temporal 

differences and are not excluding changes in the order of microseconds. To study 

submillicecond changes, it may be necessary to employ simultaneous somatic and 

axonal whole-cell recording55 and/or high-resolution anatomical analysis of myelin 

along the axon path, which recently showed a small albeit positive correlation between 

percentage of myelination and conduction velocity21. Furthermore, conduction velocity 

tuning by myelination of GABAergic axons may become more readily apparent for long-

range projections. Another constraint of the present study is the lack of information on 

the nodes of Ranvier along demyelinated PV+ BC axons. Aberrant interneuron myelin 

development, causing myelination of branch points, impairs the formation of nodes of 

Ranvier24. Reorganization of nodal voltage-gated ion channel clustering also occurs with 

the loss of myelin or oligodendroglial-secreting factors causing deficits in action 

potential propagation56,57. How PV+ BC interneuron myelin loss changes the nodal ion 

channel distribution remains to be examined. 

Converging evidence from the two distinct models (shiverer and cuprizone) showed 

that interneuron myelination critically determines PV+ release site number, dynamics, 

and connection probability (Figure 3, Figure 3 — figure supplement 3), concordant 
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with the observed synapse loss in Purkinje axons of the les rat23. The molecular 

mechanisms how compact myelination of proximal axonal segments establishes and 

maintains GABAergic terminals in the higher-order distal axon collaterals are not known 

but may relate to its role in supplying metabolites to the axon58. The PV+ interneuron 

myelin sheath contains high levels of noncompact 2′,3′-cyclic nucleotide 3′-
phosphodiesterase (CNP) protein15,59, which is part of the inner cytoplasmic inner 

mesaxon60. In the absence of inner cytoplasmic loops of oligodendroglial myelin the 

interneuron axons may lack sufficient trophic support to maintain GABAergic 

presynaptic terminals. Another possibility is pruning of the presynaptic terminals by 

microglia61–63. Microglia become increasingly activated during sub-demyelinating 

stages within the first week of cuprizone treatment64,65 and in aged Mbp+/– mice66. In 

future studies, it needs to be examined whether attenuation of microglia activation 

could protect against PV+ synapse loss and interictal epileptiform discharges. 

Implications for cognitive impairments in gray matter diseases 

The identification of a cellular mechanism for interictal spikes may shed light on the role 

of PV+ axon myelination in cognitive impairments in MS67 and possibly other 

neurological disorders. In preclinical models of epilepsy and epilepsy patients, interictal 

spikes have been closely linked to disruptions of the normal physiological oscillatory 

dynamics such as ripples required to encode and retrieve memories31,44,68,69. Interictal 

epileptic discharges are also observed in other neurodegenerative diseases, including 

Alzheimer70. Notably, reduced gray matter myelination and oligodendroglia disruption 

are reported in multiple epilepsy models and recently in Alzheimer71,72. Therefore, the 

cellular and circuit functions controlled by PV+ interneurons may represent a common 

mechanism for memory impairments in neurological disease encompassing myelin 

pathology. In support of this idea, neuropathological studies in MS show a specific loss 

of PV+ interneuron synapses in both cortex and hippocampus63,73. In MS patients, 

increased connectivity and synchronization in delta and theta band rhythms during 

resting state or task-related behavior have been reported74,75 and low GABA levels in 

sensorimotor and hippocampal areas are correlated with impairments of information 

processing speed and memory76,77. Taken together with the present work, promoting 

PV+ interneuron myelination, and thereby strengthening fast inhibition, may provide 

important new therapeutic avenues to improve cognition. 
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Materials and methods 

Key Resources Table 

Reagent type 
(species) or 

resource 
Designation Source or 

reference 
Identifiers Additional 

information 

strain, strain 
background (Mus 

musculus 
male/female) 

C57BL6 Janvier Labs 
Cat# 2670020, 

RRID:MGI:267002
0 

 

strain, strain 
background (Mus 

musculus 
male/female) 

B6;129P2-
Pvalbtm1(cre)Arbr/J 

  

Jackson 
laboratories 

Stock No: 008069 
RRID:IMSR_JAX:0

08069  

 

strain, strain 
background (Mus 

musculus 
male/female) 

B6;129S6-
Gt(ROSA)26Sortm14(CAG

-tdTomato)Hze/J 

Jackson 
laboratories 

Stock No: 007908 
RRID:IMSR_JAX:0

07908  

 

strain, strain 
background (Mus 

musculus 
male/female) 

C3Fe.SWV-Mbpshi/J Jackson 
laboratories 

Stock No: 001428 
RRID:IMSR_JAX:0

01428  

 

Transfected 
construct 

(Mus musculus) 

pAAV-EF1a-double-
floxed-hChR2(H134)-
EYFP-WPRE-HGHpA 

Addgene.org 
#20298 

RRID:Addgene_2
0298  

 

antibody Rabbit monoclonal, 
anti-MBP Santa Cruz Cat# sc-13564, 

RRID:AB_675707 (1:300) 

antibody Mouse monoclonal, 
anti-PV 

Swant 
Cat#: 235 

RRID:AB_100003
43  

(1:1000) 

antibody Rabbit polyclonal, 
anti-syt2 

Synaptic 
Systems 

Cat# 105 223, 
RRID:AB_108940

84 
(1:500) 

antibody Rabbit polyclonal, 
anti-ßIV-spectrin 

M. Ransband 
(BCM) 

N/A (1:200) 

peptide, 
recombinant 

protein 

Alexa 488 -
streptavidin 

Thermofisher 

Cat#: S32354 
RRID:AB_231538

3 
 

(1:500) 

peptide, 
recombinant 

protein 

Alexa 633- 
streptavidin Thermofisher 

Cat#: S21375 
RRID:AB_231350

0 
 

(1:500) 

chemical 
compound, drug 

Bis(cyclohexanone)ox
aldihydrazone Merck Cat#: C9012  

chemical 
compound, drug Diazepam 

Centrafarm 
Nederland 

B.V 
Cat#: RVG56691  

chemical 
compound, drug 

Biocytin Sigma Cat#: B4261  
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chemical 
compound, drug 

D-AP5 HelloBio Cat#: 0225  

chemical 
compound, drug 

Gabazine Sigma Cat#: S106  

chemical 
compound, drug CNQX HelloBio Cat#: HB0205 

  

chemical 
compound, drug 

Tetrodotoxin (TTX) 
citrate Tocris Cat#: 1069 

  

software, 
algorithm 

Neurolucida 360 
Neurolucida Explorer 

MBF 
Bioscience 

V2018.02 
RRID:SCR_001775  

software, 
algorithm 

Synaptic puncta 
quantification FIJI (ImageJ) 

V2.0, V.2.0.0-rc-
65/1.5w 

RRID:SCR_002285  

 

software, 
algorithm Neuroarchiver tool  

Open source 
Instruments 
Dubey et al., 

2018 

LWDAQ_8.5.29  

software, 
algorithm 

Igor pro 8 WaveMetrics 
V8.04 

RRID:SCR_000325 
 

 

software, 
algorithm Axograph Axograph RRID:SCR_014284  

software, 
algorithm 

GraphPad Prism 8 and 9 RRID:SCR_002798  

software, 
algorithm SP8 X (DM6000 CFS) 

Leica 
application 

Suite 

AF  v3.2.1.9702 
RRID:SCR_013673  

other Electrode (90% Pt, 
10% Ir) 

Science 
Products 

Cat#: 101R-5T  

other Optical fiber Thorlabs Cat#: FP200URT  
other Ceramic ferrule Thorlabs Cat#: CFLC230-10  

other 
Fiber coupled blue 

laser 

Shanghai 
Laser & Optics 

Co. 

Cat#: 473 nm, DPSS 
Laser with fiber 

coupled (T3) 
 

other Cyclops LED driver Open-
ephys.org 

Cat#: Cyclops LED 
driver 3.7  

other Patch-clamp amplifier Dagan 
Corporates 

BVC-700A  

other Patch-clamp amplifier 
Molecular 

device Axon Axopatch 200B  

other 
In-vivo multichannel 

systems (Portable-ME-
systems) amplifier 

Multi channels 
systems 

ME16-FAO-uPA  

 

Animals 

We crossed PvalbCre mice (B6;129P2-Pvalbtm1(cre)Arbr/J, stock no: 008069, Jackson 

Laboratory, RRID:IMSR_JAX:008069) with the Ai14 Cre reporter line B6;129S6-
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Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (stock no: 007908, Jackson Laboratory, 

RRID:IMSR_JAX:007908). For other experiments, we used C57BL/6 mice (Janvier Labs, 

Saint-Berthevin Cedex, France, RRID:MGI:2670020). Shiverer mice were obtained from 

Jackson (C3Fe.SWV-Mbpshi/J, stock no: 001428, RRID:IMSR_JAX:001428) and 

backcrossed with C57BL/6 mice for >10 generations. All mice were kept on a 12:12 hr 

light-dark cycle (lights on at 07:00, lights off at 19:00) with ad libitum food and water. 

For cuprizone treatment, either PV-Cre; Ai14 or C57BL/6 male or female mice, from 7 

to 9 weeks of age, were fed ad libitum with normal chow food (control group) or were 

provided 0.2% (w/w) cuprizone (Bis(cyclohexanone)oxaldihydrazone, C9012, Merck) 

added either to grinded powder food or to freshly prepared food pellets (cuprizone 

group). Cuprizone-containing food was freshly prepared during every second or third 

day for the entire duration of the treatment (6–9 weeks). The average maximum weight 

loss during cuprizone feeding was ~11% (n = 31). All animal experiments were done in 

compliance with the European Communities Council Directive 2010/63/EU effective 

from 1 January 2013. The experimental design and ethics were evaluated and approved 

by the national committee of animal experiments (CCD, application number AVD 80100 

2017 2426). The animal experimental protocols were designed to minimize suffering 

and approved and monitored by the animal welfare body (IvD, protocol numbers 

NIN17.21.04, NIN18.21.02, NIN18.21.05, NIN19.21.04, and NIN20.21.02) of the Royal 

Netherlands Academy of Arts and Science (KNAW). 

In vitro electrophysiology 

Mice were briefly anesthetized with 3% isoflurane and decapitated or received a 

terminal dose of pentobarbital natrium (5 mg/kg) and were transcardially perfused with 

ice-cold artificial CSF (aCSF) of the composition (in mM): 125 NaCl, 3 KCl, 25 glucose, 

25 NaHCO3, 1.25 Na2H2PO4, 1 CaCl2, 6 MgCl2, 1 kynurenic acid, saturated with 95% 

O2 and 5% CO2, pH 7.4. After decapitation, the brain was quickly removed from the 

skull and parasagittal sections (300 or 400 µm) containing the S1 cut in ice-cold aCSF 

(as above) using a vibratome (1200S, Leica Microsystems). After a recovery period for 

30 min at 35°C, brain slices were stored at room temperature. For patch-clamp 

recordings, slices were transferred to an upright microscope (BX51WI, Olympus 

Nederland) equipped with oblique illumination optics (WI-OBCD; numerical aperture, 

0.8). The microscope bath was perfused with oxygenated (95% O2, 5% CO2) aCSF 

consisting of the following (in mM): 125 NaCl, 3 KCl, 25 D-glucose, 25 NaHCO3, 1.25 

Na2H2PO4, 2 CaCl2, and 1 MgCl2. L5 PNs were identified by their typical large 

triangular shape in the infragranular layers and in slices from PV-Cre; Ai14 mice the 

PV+ interneurons expressing tdTomato were identified using X-Cite series 120Q 

(Excelitas) with a bandpass filter (excitation maximum 554 nm, emission maximum 581 



Chapter 5 

154 
 

nm). Somatic whole-cell current-clamp recordings were made with a bridge current-

clamp amplifier (BVC-700A, Dagan Corporation, USA) using patch pipettes (4–6 MΩ) 

filled with a solution containing (in mM): 130 K-gluconate, 10 KCl, 4 Mg-ATP, 0.3 Na2-

GTP, 10 HEPES, and 10 Na2-phosphocreatine, pH 7.4, adjusted with KOH, 280 

mOsmol/kg, to which 10 mg/mL biocytin was added. Voltage was analog low-pass 

filtered at 10 kHz (Bessel) and digitally sampled at 50–100 kHz using an analog-to-digital 

converter (ITC-18, HEKA Electronic) and data acquisition software AxoGraph X (v.1.7.2, 

AxoGraph Scientific, RRID:SCR_014284). The access resistance was typically <20 MΩ 

and fully compensated for bridge balance and pipette capacitance. All reported 

membrane potentials were corrected for experimentally determined junction potential 

of –14 mV. Analysis for the electrophysiological properties includes PV+ interneuron 

recordings from cells in normal ACSF and in the presence of CNQX and d-AP5 with high 

chloride intracellular solution (see below). 

mIPSC and mEPSC recordings 

Whole-cell voltage-clamp recordings were made with an Axopatch 200B amplifier 

(Molecular Devices). Patch pipettes with a tip resistance of 3–5 MΩ were pulled from 

thins wall borosilicate glass. During recording, a holding potential of –74 mV was used. 

Both the slow- and fast pipette capacitance compensation were applied, and series 

resistance compensated to ~80–90%. Patch pipettes were filled with high chloride 

solution containing (in mM) 70 K-gluconate, 70 KCl, 0.5 EGTA, 10 HEPES, 4 MgATP, 4 

K-phosphocreatine, 0.4 GTP, pH 7.3 adjusted with KOH, 285 mOsmol/kg and IPSCs 

isolated by the presence of the glutamate receptor blockers 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX, 20 µM), d-2-amino-5-phosphonovaleric acid (d-

AP5, 50 µM) and the sodium (Na+) channel blocker tetrodotoxin (TTX, 1 µM Tocris). 

Individual traces (5 s duration) were filtered with a high-pass filter of 0.2 Hz and 

decimated in AxoGraph software (RRID:SCR_014284). Chart recordings of mIPSCs were 

analyzed with a representative 30 ms IPSC template using the automatic event detection 

tool of AxoGraph. Detected events were aligned and averaged for further analysis of 

inter-event intervals (frequency) and peak amplitude. For mEPSC recordings from 

PV+ interneurons, we filled patch pipettes with a solution containing (in mM) 130 K-

gluconate, 10 KCl, 4 Mg- ATP, 0.3 Na2-GTP, 10 HEPES, and 10 Na2-phosphocreatine, 

pH 7.4, adjusted with KOH, 280 mOsmol/kg and both gabazine (4 µM) and TTX (1 μM) 

were added to the bath solution. The mEPSCs were analyzed using events detection 

tool in AxoGraph. The recorded signals were bandpass filter (0.1 Hz to 1 kHz) and 

recordings analyzed with a representative 30 ms EPSC template, after which selected 

EPSCs aligned and averaged for further analysis of inter-event intervals (frequency) and 

peak amplitude. 
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uIPSC recording and analysis 

PV+ interneurons (visually identified in PV-Cre; Ai14 mice based on tdTomato 

fluorescence expression) were targeted for whole-cell current-clamp recording within a 

radius of 50 µm from the edge of the L5 soma recorded in voltage-clamp configuration. 

APs in PV+ interneurons were evoked with a brief current injection (1–3 ms duration) and 

uIPSCs recorded in the L5 PN from a holding potential of –74 mV. Only responses with 

2× S.D. of baseline noise were considered being connected. Both fast and slow 

capacitances were fully compensated, series resistance compensation was applied to 

~80–90%, and the current and voltage traces acquired at 50 kHz. For stable recordings 

with >50 uIPSCs, the episodes were temporally aligned to the AP and the uIPSCs were 

fit with a multiexponential function in Igor Pro. The curve fitting detected the baseline, 

uIPSC onset, rise time, peak amplitude, and decay time and was manually monitored. 

Fits were either accepted or rejected (e.g., when artifacts were present) and the number 

of uIPSC failures was noted for each recording. 

In vitro optogenetics 

50 nL of AAV1 particles (titer 1 × 1012 cfu/mL) produced from pAAV-EF1a-double-

floxed-hChR2(H134)-EYFP-WPRE-HGHpA (Addgene.org #20298, 

RRID:Addgene_20298) was injected into L5 of S1 (coordinates from bregma; AP 0.15 

mm, ML 0.30 mm, and DL 0.75 mm) of 6–9-week-old PV-Cre; Ai14 mice. About 7 days 

after the injection, a subset of mice was placed on 0.2% cuprizone diet for 8–9 weeks. 

PV+ interneurons expressing hChR2 were identified using td-tom and YFP co-

expression. Whole-cell voltage-clamp recordings were made from L5 PNs and oIPSCs 

were evoked with a X-cite 120Q, fluorescent lamp using filter BA460-510 (Olympus) in 

the presence of CNQX (50 µM) and dAP5 (20 µM) in the bath solution. The oIPSCs were 

evoked by illumination of large field with five light pulses of each 1 ms and 100 ms apart. 

Peak amplitude and area under the curve (charge) of oIPSC were quantified using 

AxoGraph. Only the first pulse was used for the quantification. 

In vivo electrophysiology and automated event detection 

Chronic ECoG and LFP recordings were performed using in-house-made electrodes of 

platinum-iridium wire (101R-5T, 90% Pt, 10% Ir, complete diameter of 200 µm with 127 

µm metal diameter, Science Products). The perfluoroalkoxy alkanes (PFA)-coated wire 

platinum-iridium wire was only exposed at the tip to record the LFP. For placement of 

the recording electrode, animals were anesthetized with isoflurane (3%, flow rate 0.8 

L/min with maintenance 1.5–1.8%, flow rate 0.6 L/min). A 1 cm midline sagittal incision 

was made starting above the interaural line and extending along the neck to create a 
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pocket for subcutaneous placement of the transmitter along the dorsal flank of the 

animal. The recording electrodes in each hemisphere (stereotaxic coordinates relative 

to bregma: S1; –0.15 mm anterior and ±0.30 mm lateral; for LFP; ventral 0.75 mm, V1; 

0.40 mm anterior and ±0.30 mm lateral; for LFP; ventral 0.75 mm) and ground electrode 

(6 mm posterior and 1 mm lateral) were implanted subdurally through small holes 

drilled in the skull, held in place with stainless steel screws (A2-70, Jeveka), and 

subsequently sealed with dental cement. Mice were provided with Metachem analgesic 

(0.1 mg per kg) after surgery and allowed to recover for 4–7 days before recordings. To 

obtain multiple hours recordings of ECoG-LFP at multiple weeks, mice remained in their 

home cage during an overnight recording session. ECoG-LFP data were collected using 

a ME2100-system (Multi Channel Systems); ECoG-LFP data were acquired at a sampling 

rate of 2 kHz using the multi-channel experimenter software (Multi Channel Systems). 

An additional 0.1–200 Hz digital bandpass filter was applied before data analysis. Large 

noise signals, due to excessive locomotion or grooming, were manually removed from 

the data. The ECoG and LFP recordings were processed offline with the Neuroarchiver 

tool (Open-Source Instruments, 

www.opensourceinstruments.com/Electronics/A3018/Seizure_Detection.html).  To 

detect interictal spikes, an event detection library was built as described previously 

(Dubey et al., 2018). During the initial learning phase of the library, the observer, if 

needed, overruled the identity of each new event by the algorithm until automated 

detection reached a false positive rate <1%. Subsequently, the ECoG-LFP data were 

detected by using a single library across all ECoG-LFP recordings. For determining the 

interictal rate, only S1 LFP signals were used for quantification. 

In vivo optogenetics with simultaneous ECoG-LFP recordings 

50 nL of AAV1 particles (titer 1 × 1012 cfu/mL) produced from pAAV-EF1a-double-

floxed-hChR2(H134)-EYFP-WPRE-HGHpA (Addgene #20298, RRID:Addgene_20298) 

was injected unilaterally into the L5 of S1 (coordinates from bregma; AP 0.15 mm, ML 

0.30 mm, and DL 0.75 mm) of 6–9-week-old PV-Cre; Ai14 mice. ECoG-LFP electrode 

(stereotaxic coordinates relative to bregma: –0.15 mm anterior and ±0.30 mm lateral; 

for LFP; ventral 0.75 mm) and ground electrode (6 mm posterior and 1 mm lateral) were 

implanted through small holes drilled in the skull, held in place with stainless steel 

screws (A2-70, Jeveka). Through the drilled hole, a polished multimode optical fiber 

(FP200URT, Thorlabs) held in ceramic ferrule (CFLC230-10, Thorlabs) was driven into 

layer 5 and ~50 µm above virus injection site. Once optical fiber and electrode were 

correctly placed, the drilled hole subsequently sealed with dental cement. A blue fiber-

coupled laser (473 nm, DPSS Laser T3, Shanghai Laser & Optics Co.) was used to 

activate the ChR2. Cyclops LED Driver (Open Ephys), together with customized 
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program, was used to design the on and off state of the laser. The driving signal from 

LED driver was also recorded at one of the empty channels in multichannel systems. 

This signal was used to estimate the blue light on or off condition. For gamma 

entrainment in S1, 40 pulses of blue light were flashed with 1 ms on and 28 ms off pulse. 

To inhibit interictal spikes, 300 pulses of blue light were flashed with 1 s on and 100 ms 

off by manual activation of light pulses when periods of high interictal spikes were 

observed (>10 interictals/min). Aged-matched control mice were stimulated during the 

resting phase of the EEG, which was estimated using online EMG signal and video 

observation. For interictal counts, 5 min LFP signals were used from before light 

stimulation, during, and post light stimulation. Interictals were detected using event 

detection library. For analysis of the cortical rhythms, epochs were extracted using 2 s 

window at the start and after 180 pulses of blue light. Epoch-containing interictals were 

not included in the analysis. 

For pharmacology experiment, continuous LFP recordings of >10–12 hr duration from 

the circadian quiet phase (from 19:00 to 09:00) of six cuprizone mice (7-week treatment) 

and three control mice were used for the analysis. To activate GABAA receptors in 

cuprizone-treated mice, we used diazepam (Centrafarm Nederland B.V) prepared in a 

10% solution of (2-hydroxypropyl)-β-cyclo-dextrin (Sigma-Aldrich). A nonsedative dose 

of 2 mg/kg diazepam was injected intraperitoneally, and data was acquired for a period 

of 10 hr, starting 15 min after injection of drug in control and cuprizone mice. The 

automated event detection library (Figure 1—figure supplement 1) was used to 

determine the event frequency before and after diazepam injection. 

In vivo power spectrum analysis  

Power spectral density (PSD) analysis was done using multitaper PSD toolbox from Igor 

Pro 8.0 (RRID:SCR_000325). The absence of high-voltage activity in the EMG electrode 

was classified as quiet wakefulness (Figure 1—figure supplement 1, Figure 1). For PSD 

analysis during interictal activity, a 2 s window was used to extract LFP signal epochs. 

Epochs from control animals were selected comparing the EMG activity with cuprizone 

EMG activity. The interictal activity itself was excluded from the analysis. Selected LFP 

epochs were bandpass filtered between different frequency bands; delta, δ (0.5–3 Hz), 

theta, θ (4–12 Hz), beta, β (12.5–25 Hz), and gamma, γ (30–80 Hz). Multitaper PSD 

function (Igor Pro 8.0) was applied to the filtered data to plot the power distribution 

within each frequency band. Area under the curve was measured for each frequency 

band to compare power density between the control and cuprizone groups. 

Immunohistochemistry 
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L5 PNs were filled with 10 mg/mL biocytin during whole-cell patch-clamp recording for 

at least 30 min. Slices were fixed for 30 min with 4% paraformaldehyde (PFA) and stored 

in 0.1 M phosphate buffered saline (PBS; pH 7.4) at 4°C. Fixed 400 μm slices were 

embedded in 20% gelatin (Sigma-Aldrich) and then sectioned with a Vibratome 

(VT1000 S, Leica Microsystems) at 80 μm. Sections were preincubated with blocking 0.1 

M PBS containing 5% normal goat serum (NGS), 5% bovine serum albumin (BSA; Sigma-

Aldrich), and 0.3% Triton-X (Sigma) during 2 hr at 4°C to make the membrane 

permeable. For biocytin-labeled cells, streptavidin biotin-binding protein (Streptavidin 

Alexa 488, 1:500, Invitrogen, RRID:AB_2315383) was diluted in 5% BSA with 5% NGS 

and 0.3% Triton-X overnight at 4°C. Sections including biocytin-filled cells were 

incubated again overnight at 4°C with primary antibody rabbit anti-ßIV-spectrin (1:200; 

gift from M.N. Rasband, Baylor College of Medicine), mouse anti-MBP (1:250; Covance), 

mouse anti-PV (1:1000; Swant, RRID:AB_10000343), rabbit anti-syt2 (1:500, Synaptic 

Systems, RRID:AB_108 94084) in PBS blocking solution containing 5% BSA with 5% NGS 

and 0.3% Triton-X. Secondary antibody were used to visualize the immunoreactions: 

Alexa 488-conjugated goat anti-rabbit (1:500; Invitrogen), Alexa 488 goat anti-mouse 

(1: 500; Sanbio), Alexa 488 goat anti- guinea pig, Alexa 555 goat anti-mouse (1:500; 

Invitrogen), Alexa 555 goat anti-rabbit (1:500; Invitrogen), Alexa 633 goat anti-guinea 

pig (1:500; Invitrogen), Alexa 633 goat anti-mouse (1:500; Invitrogen), and Alexa 633 

goat anti-rabbit (1:500; Invitrogen). Finally, sections were mounted on glass slides and 

cover slipped with Vectashield H1000 fluorescent mounting medium (Vector 

Laboratories, Peterborough, UK) and sealed. 

Confocal imaging 

A confocal laser-scanning microscope SP8 X (DM6000 CFS; acquisition software, Leica 

Application Suite AF v3.2.1.9702, RRID:SCR_013673) with a ×63 oil-immersion 

objective (1.3 NA) and with 1× digital zoom was used to collect images of the labeled 

L5 neurons and the abovementioned proteins. Alexa fluorescence was imaged using 

corresponding excitation wavelengths at 15 units of intensity and a z-step of 0.3 μm. 

Image analysis was performed with Fiji (ImageJ) graphic software (v.2.0.0-rc-65/1.5w, 

National Institutes of Health, RRID:SCR_002285). 

Synaptic puncta counting and image analysis 

The intensity of PV+ or Syt2 immunostaining was measured with a z-axis profile, 

calculating the mean RGB value for each z-plane. When quantifying the axosomatic 

puncta, the soma was defined to extend into the apical dendrite maximally ~4 μm and 

a boundary was drawn around the maximum edges (ROI). For counting apical dendritic 

puncta, a 200 µm length of apical dendrite was selected as ROI. Linear 
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immunofluorescent signals from ßIV-spectrin were identified as AIS and used as ROI. 

For all analyses, the RGB images were separated into single-color channels using the 

color deconvolution plugin in ImageJ. The single-color channel containing boutons 

signals was subjected to thresholding and particle filter of 0.5 μm. The threshold was 

saved and applied to all images in the same staining group. The boutons were selected 

by scanning through the 3D projection of ROI with 0.35 µm z-steps. Trained 

experimenters identified the boutons either by colocalization of the ROI and PV/Syt2 or 

direct contact of the two. The boutons were characterized as round spots with a minimal 

radius of 0.5 μm ranging to almost 2 μm. Three experimenters blinded to the identity of 

the experiment group independently replicated the results. All image analyses were 

done in Fiji (ImageJ) graphic software (v.2.0.0-rc-65/1.5w, National Institutes of Health, 

RRID:SCR_002285). 

PV+ axon reconstruction and quantification 

For immunolabeling of biocytin-filled PV+ interneuron, 400 μm electrophysiology slices 

were incubated overnight at 4°C in PFA. Slices were rinsed with PBS followed by 

staining using streptavidin 488 (1:300, Jackson) diluted in PBS containing 0.4% Triton-

X and 2% normal horse serum (NHS; Gibco) overnight at 4°C. Confocal images of 400-

μm-thick slices were taken (see ‘Confocal imaging’) and immediately after thoroughly 

rinsed with 0.1 M PB and 30% sucrose at 4°C overnight. Next, slices were sectioned into 

40 μm thick and preserved in 0.1 M PB before staining. Sections were preincubated in 

PBS blocking buffer containing 0.5% Triton-X and 10% NHS during 1 hr at room 

temperature. Sections were stained with primary mouse anti-MBP (1:300, Santa Cruz, 

RRID:AB_675707), rat anti-syt2 (RRID:AB_10894084) in 0.4% Triton-X, and 2% NHS with 

PBS solution for 72 hr. Alexa 488-conjugated secondary antibodies (1:300, Invitrogen) 

were added in PBS containing 0.4% Triton-X and 2% NHS, posterior to washing steps 

with PBS. Then, sections were mounted on slides and cover slipped with Vectashield 

H1000 fluorescent mounting medium, sealed, and imaged. Biocytin-labeled 

PV+ neurons were imaged using upright Zeiss LSM 700 microscope (Carl Zeiss) with ×10 

and ×63 oil-immersion objectives (0.45 NA and 1.4 NA, respectively) and 1× digital 

zoom with step size of 0.5 µm. Alexa 488 and Alexa 647 were imaged using 488 and 

639 excitation wavelengths, respectively. The 10× image was taken to determine the 

exact location of biocytin-filled cells. Subsequently, axonal images were taken at ×63 

magnification. Axons were analyzed as described previously (Stedehouder et al., 2019) 

and identified by their thin diameter, smoothness, obtuse branching processes, and 

occasionally by the presence of the axon bleb. Images were opened in Neurolucida 360 

software (v2018.02, MBF Bioscience, RRID:SCR_001775) for reconstruction using the 

interactive user-guided trace with the Directional Kernels method. Axon and myelinated 
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segments were analyzed using Neurolucida Explorer (MBF Bioscience, 

RRID:SCR_001775). Axonal segments were accepted as myelinated when at least one 

MBP-positive segment colocalized with streptavidin across the internode length. 

Statistics 

All statistical tests were performed using Prism 8 or 9 (GraphPad Software, LLC, San 

Diego, CA, RRID:SCR_014284). For comparisons of two independent groups, we used 

two-tailed Mann–Whitney U-tests. For multiple group comparisons, data were initially 

assessed for normality and subsequently we either used ordinary one-way ANOVA 

followed by Tukey’s multiple comparisons or two-way ANOVA with repeated measures 

followed by Šidák’s multiple comparisons tests to correct for multiple comparisons. The 

level of significance was set to 0.05 for rejecting the null hypothesis. A detailed overview 

of the statistical analyses performed in this study, together with the numbers used for 

figures and statistical testing, is provided in Source data 1. 

Author contribution 

Synaptic puncta counting and image analysis; PV axonal and myelin reconstruction; PV 

electrophysiological properties analysis. 
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Supplementary data 

 

Figure 1 – figure supplement 1. State-dependent interictal activity in cuprizone mice and 
automated interictal event detection library. a) Automated event detection library used for 
interictal classification. Three-dimensional projection metric space, showing coherence, spikiness, 
and signal power (a.u. = arbitrary units), with colors corresponding to interictal (red) and 
baseline/normal (black) events. The event library was constructed by an operator who classified 
events as ‘normal’ or interictal events. The blue domain represents the population of interictal 
events from MbpShi mice. b) Example of a 30 s recording from multiple electrodes from 6-week 
cuprizone-treated mouse. Left: traces during the awake state, note the high-voltage 
electromyography (EMG) activity. Right: same mouse during quiet wakefulness with low EMG 
activity. Interictal discharge indicated with red asterisk (*). c) Example traces showing raw local field 
potential (LFP) signals from S1 (top) and bandpass-filtered traces (bottom) at different brain states 
in control (black) and cuprizone (red) for delta (δ, 0.5–3.5 Hz), theta (θ, 4–12 Hz), beta (β, 12.5–25 
Hz), and gamma (γ, 30–80 Hz). 
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Figure 1 – figure supplement 2. Ictal, interictal activity, and power spectrum in MbpShi mice. 
a) Schematic drawing showing electrocorticogram (ECoG) and local field potential (LFP) 
recordings from S1 of Mbp+/+ and MbpShi mice. Example LFP trace showing pre-ictal and ictal 
discharge from 8-week-old MbpShi mouse (top). Bottom: higher temporal resolution of the top LFP 
trace showing ECoG activity with interictals (1) and ictal discharge (2 and 3). b, c) Comparable 
power spectral content during interictal activity in cuprizone (red) and MbpShi (blue) (two-way 
ANOVA myelin models p<0.0001, Šidák’s multiple comparisons cuprizone vs. MbpShi; for δ, 
p=0.9952; θ, p>0.9999; β, p>0.9999 and for γ, p=0.9346). Data shown as mean ± SEM. 
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Figure 2 – figure supplement 1. Cuprizone treatment causes loss of parvalbumin-positive 
(PV+) axon myelination but preserves axon length and complexity. a) Left: confocal image of 
control staining in layer 5 (L5) of S1 showing a PV+ interneuron. Right: higher magnification of the 
image in right, illustrating the trajectory of a myelinated PV+ interneuron axon (yellow arrows). Note 
that also PV+ axon swellings are frequently myelinated. b) A confocal z-stack image examples of 
the L5 region in control (left) and cuprizone (right)-treated mice. c) Axonograms of a control and 
d) a cuprizone axon. Myelinated segments indicated with cyan. e, f) Segment number and length 
per branch order. Both number and length of axon segments were not significantly affected by 
cuprizone-induced demyelination (two-way ANOVA treatment × branch order interaction 
p=0.8028 and p=0.6236, respectively). Data shown as mean ± SEM. 
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Figure 3 – figure supplement 1.  Cuprizone decreases miniature inhibitory postsynaptic 
currents (mIPSCs) and somatodendritic parvalbumin (PV) puncta. a) Left: example traces of 
miniature inhibitory postsynaptic currents (mIPSCs) at the soma of layer 5 (L5) pyramidal neurons 
in the presence of CNQX, d-AP5, and TTX in control (top) and demyelinated conditions (bottom). 
b, c) Population data showing an approximately threefold mIPSC peak amplitude but not 
frequency reduction (Mann–Whitney test **p=0.0025; n.s., p=0.728). (d) Example images of 
maximum z-projection of a biocytin-filled L5 pyramidal neurons (PNs) (white) overlaid with PV 
immunofluorescence (red). Dotted lines indicate the soma borders with number indicating 
counted PV+ puncta. e, f) Population analysis reveals a significant loss in the number of PV+ puncta 
at the L5 soma (Mann–Whitney test *p=0.0035) and the primary proximal apical dendrite (<200 
µm, *p=0.0044). g, h) Example confocal z-stack images of L5 in control (left) and cuprizone-treated 
mice (right) reveal a global significant reduction in PV immunofluorescence intensity. i) Regression 
plot reveals the mean PV immunofluorescence intensity correlates with the number of PV+ boutons 
on large NeuN+ pyramidal neurons cell bodies (r2 = 0.755). NeuN+ immunofluorescent signals are 
not shown. The soma diameters of pyramidal neurons were unchanged (cuprizone 18.23 ± 0.99 
µm, n = 6 vs. 18.37 ± 0.68 µm, Mann–Whitney U-test p=0.954, n = 9). 
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Figure 3 – figure supplement 2. Putative parvalbumin-positive (PV+) chandelier inputs at the 
axon initial segment (AIS) are unaffected by cuprizone-induced demyelination. a) A 
confocal z-projection of a biocytin-filled (cyan) layer 5 (L5) pyramidal neuron overlaid with βIV 
spectrin (green) and parvalbumin (+). b) The number of putative chandelier PV+ boutons was 
preserved in cuprizone-treated mice (Mann–Whitney test p=0.96). Data are shown as mean ± SEM 
and open circles individual neurons. n.s., not significant. 

 

 

Figure 3 – figure supplement 3. Demyelination and dysmyelination reduces miniature 
inhibitory postsynaptic currents (IPSCs) and perisomatic Syt2+ puncta. a) Maximum z-
projection of biocytin-filled layer 5 (L5) pyramidal neuron (PN) (white) overlaid with 
Syt2+ immunofluorescence (green). Numbers indicate the Syt2+ puncta counted at the soma. b) 
Population analysis reveals a significant Syt2+ puncta loss (two-tailed Mann–Whitney U-test 
*p=0.0216). c) Maximum z-projection of a biocytin-filled L5 soma (white) overlaid with 
Syt2+ immunofluorescence (green) from Mbp+/+ and MbpShi mice. d) Population analysis shows a 
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significant loss of Syt2+ puncta in the MbpShi mice (**p=0.0013). e) Example traces of miniature 
inhibitory postsynaptic currents (mIPSCs) of L5 PNs in the presence of CNQX, d-AP5, and TTX 
in Mbp+/+ (top) and MbpShi mice (bottom). f, g) mIPSCs’ peak amplitude was unaffected but 
frequency is reduced in MbpShi (n.s., p=0.797 and *p=0.019, respectively). Data are shown as mean 
± SEM and open circles individual neurons. n.s., not significant. 

 

 

Figure 3 – figure supplement 4. Demyelination does not affect excitatory drive of 
parvalbumin-positive (PV+) basket cells (BCs). a) Left: schematic of whole-cell voltage-clamp 
recording for mEPSCs in identified parvalbumin interneurons in the PV-Cre; Ai14 mouse line. 
mEPSCs were recorded in control mice and mice with 6-week cuprizone feeding. b, c) Population 
data of mEPSC recordings revealed no difference in amplitude (Mann–Whitney test, n.s., p=0.240) 
nor mEPSC frequency (Mann–Whitney test, n.s., p=0.937). Data are shown as mean ± SEM and 
open circles individual neurons. n.s., not significant. 
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Figure 5 – figure supplement 1. Myelin loss abolishes optogenetically evoked entrainment 
of γ rhythm, a) Raw local field potential (LFP) and low gamma (γ) 25–40 Hz bandpass-filtered trace 
during 30 Hz blue light stimulation in control (black) and cuprizone (red) mice. Blue light shifted 
the phase or extended the γ cycle in control mice. b) Averaged power spectral density content of 
low-γ entrainment during light on (blue lines) or off (black lines). (c) 30 Hz blue light stimulation 
(blue lines) showed a lack of γ band entrainment in cortex of demyelinated mice (closed triangles) 
in comparison to the control mice (closed squares). Two-way ANOVA frequency × treatment 
p=0.0002, Šidák’s multiple comparisons tests; γ, ****p<0.0001; all other bands p>0.910. Data 
shown as mean ± SEM. 
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Figure 6 – figure supplement 1. GABAA receptor agonism suppresses interictal epileptiform 
discharge frequency. a) The GABAA receptor agonist, diazepam, was injected i.p. at 7 weeks of 
cuprizone treatment, and local field potential (LFP) recordings performed 10 hr post diazepam 
injection. b) Example time frequency plot before (left) and after diazepam injection (right) showing 
suppression of interictal epileptiform discharges in cuprizone-treated mice. 
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The plasticity of the brain enables us to learn, adapt and modify our behaviour 

according to the environment. Brain plasticity is not solely dependent on synaptic 

rearrangements and neuronal changes, but other players, such as glial cells, are also 

responsible for adjustments of neuronal networks1. Oligodendrocytes are the 

myelinating cells in the central nervous system (CNS). They modulate neuronal circuit 

function though dynamic regulation of myelin, altering the number, thickness and 

location of myelin sheaths in response to neural activity1,2. Therefore, myelin plasticity 

contributes to the fine-tuning of cellular conduction in neural networks, enabling the 

remodelling of the brain to the milieu. 

In this general discussion, I examine the correlation between neuronal cell type - their 

function, their location and their axonal morphology – and their myelination status 

(Chapters 2, 3 and 4). I also discuss the evolution of myelin among vertebrates, 

divergence across species and the implications of these differences. Next, I delve into 

the molecular mechanisms that might underlie neuropsychiatric disorders by analysing 

myelin developmental and maturation deficiencies and their effects on neuronal 

connectivity (Chapters 5 and 6) and schizophrenia-related genes that might have an 

impact on oligodendrocytes or myelination (Chapters 7 and 8). 

Evolutionary adaptation of myelin 

Saltatory conduction and metabolic support 

The acquisition of myelin by vertebrates has been historically proposed as one of the 

keys to success. This phenomenon suggests that the evolution of myelin was an 

optimization process of pre-historic animals and evolved from improving energetic 

efficiency to increase action potential (AP) velocity3.  At present, myelin is widely 

considered an electrical insulator that enhances AP propagation by restricting the Na+ 

and K+ channels responsible of the AP generation to unmyelinated regions. This 

process is known as saltatory conduction of APs. In this manner, myelin reduces 

metabolic consumption for neurons4. But proper coordination between the myelin 

sheath and the axon – essential to prevent ion leakage – also restricts the passage of 

nutrients from the extracellular space into the axon. Thus, a metabolic supporting role 

of oligodendrocytes in the CNS has also emerged as a critical mechanism in this 

neuronal-glial interaction5.  

Axo-glia interaction 

Extrinsic and intrinsic cues are responsible for inducing oligodendrocyte precursor cell 

maturation and differentiation, and to select which axonal surfaces to ensheath6. 
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Permissiveness to myelination seems to be also given by the biophysical properties of 

the axonal fibre6–8. Axons in the CNS differ in morphology; some are long while other 

have multiple branches. Some are thin while others are thicker. Axonal calibres have a 

wide spectrum ranging from 0.1-10 µm9. Axonal diameter is important for the 

propagation of the AP, as thicker axons increase current flow by decreasing internal 

resistance10. Axon diameter varies linearly with firing rate, which in turn corresponds to 

a higher information rate with an increasing number of synaptic contacts9. However, it 

is not always possible to increase the diameter of an axon due to physical restrictions. 

Vertebrates have overcome this issue by myelinating axons that have a larger calibre. 

Furthermore, energy capacity – manifest as the increase in volume of mitochondria - 

increases exponentially with axonal calibre9 to maintain the energetic demand. To 

minimize the power costs of a greater information supply, myelin acts as an energy 

saviour. Together, axonal morphology variability responds to the need of the system to 

reduce power consumption while at the same time increasing information rate, with 

myelin reinforcing this efficient mechanism. 

Strengthened connections or other changes in the environment promote structural 

rearrangements in axonal morphology. This process is known as axonal plasticity.  

Axonal plasticity may come in different forms, for example after injury or as a 

homeostatic mechanism. In this chapter, I will discuss the latter. The reorganisation of 

the axonal shaft involves the cytoskeleton, in particular actin filaments11. Axonal calibre 

is dynamic and controlled by neuronal activity. Indeed, data support that axons grow 

wider after high-frequency AP firing12. In Chapters 2 and 4 we found that other 

mechanisms may impact axonal calibre. TSC complex plays an essential role in cell 

growth and proliferation13. Deletion of Tsc1 at four weeks of age in mice produced a 

shift of the axonal diameter in all neuronal types investigated (pyramidal cells, PV+ cells 

and SOM+ cells). Conversely, deletion of Tsc1 did not cause an increase in firing 

frequency that could explain axonal growth, suggesting that TSC1 controls axonal 

morphology through another mechanism, possibly through interactions with the actin 

cytoskeleton. Moreover, axonal shaft growth resulted in an increase of myelin for all 

neuronal subtypes investigated (Figures 2.4, 4.5 and 4.7), corroborating the 

importance of axonal calibre for myelination14, and implying homeostatic mechanisms 

to overcome the alterations in membrane resistance and sustain metabolic demand.  

It is complicated to talk about axonal morphology without mentioning neuronal 

subtypes. Axonal morphology is highly dependent on cellular function and its 

connections. Whilst pyramidal cells have long-range projection axons that connect both 

hemispheres and cortical columns, interneurons expand their axons in a local manner, 

protruding towards neighbouring columns or layers. In pyramidal cells, where 
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myelination profiles have been extensively studied15, myelin fluctuations can be 

explained by the fast dynamics necessary to transfer information to far distances, and 

the trophic support necessary for long-range axons16. Intriguingly, not all pyramidal 

cells are myelinated. In Chapter 2, we found a subset of pyramidal neurons in the 

prefrontal cortex that lack myelination, in contrast to 80% of pyramidal cells myelinated 

in the somatosensory cortex at the same developmental stage. Axonal segment length 

and calibre measured through super-resolution microscopy were similar in both 

regions (Figures 2.1, 2.2). However, myelinated segments were thicker and longer 

than unmyelinated ones (Figure 2.2). The hypothesis that the joint combination of 

axonal thickness and length is predictive of segmental myelination was consistent 

across neuronal subtypes, such as PV+ interneurons, as seen in Chapter 4. Nonetheless, 

the calibre threshold for PV+ interneuron was higher than in pyramidal cells (334 nm and 

236 nm, respectively). Several possibilities may explain these findings: (1) different 

subsets of oligodendrocytes are responsible for excitatory versus inhibitory 

myelination17. These oligodendrocytes might sense different morphological thresholds 

that enable them to initiate axonal ensheathment. (2) Variability in pyramidal cells is 

greater than in PV+ interneurons, therefore the threshold is lower due to a lower 

specificity of the analysis. (3) Pyramidal cells are myelinated along the principal axon, 

including higher branch order segments, whereas PV+ interneurons restrict myelin to 

local branches around the soma, usually of lower order. Lower order branch segments 

are thicker than consecutive orders, indicating a bias towards thicker axons in PV+ 

interneurons.  

In Chapter 3 we observed that non-fast-spiking (NFS) interneurons, another subclass of 

interneurons, were scarcely myelinated in mice (~7%), in contrast to PV+ interneurons 

(~98%). It should be born in mind that NFS interneurons are a heterogeneous group 

including late-spiking cells (LS; corresponding to neurogliaform cells), regular-spiking 

non-pyramidal cells (RSNP; mix group mostly composed by SOM+ and VIP+ cells) and 

burst-spiking non-pyramidal cells (BSNP; mix group of SOM+, VIP+, CCK+, etc.)18, and 

therefore, extrapolation of results between groups should be done cautiously. PV+ 

interneurons are fast-spiking interneurons (FS), which means they fire at high 

frequencies. As above-mentioned, firing frequency is linear with axonal calibre9, which 

may explain why FS interneurons have bigger axonal diameters (Figure 4.1). The 

energetic consumption in FS is much higher due to the maintenance of firing rate19. 

Altogether, these parameters increase the probability and necessity of FS interneurons 

to become myelinated. None of these characteristics can be attributed to NFS, where 

firing frequency is in general much lower and the resistance of the membrane is higher, 

possibly due to thinner axons (Figure 3.2). However, a subset of RSNP cells exhibited 

one myelinated segment. It had been previously reported that some SOM+ segments 
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exhibit myelination20,21. Both myelinated cells had a first branch order myelinated 

segment, possibly also related to the thinner calibre of higher order branches. What the 

implications of myelinated NFS are has not been addressed in this thesis. Since we did 

not observe different results across regions, we can assume that the myelination rate of 

NFS in mice is similar among cortical regions, although major differences could be 

encountered in deeper cortical layers. We can speculate, however, that certain SOM+ 

interneurons increase their activity rate to regulate the excitation of the network, and 

this increase in activity leads to an increment of axonal thickness and length22,23. 

Subsequently, oligodendrocytes wrap the segments of those cells with higher activity. 

Altogether, we can conclude that NFS interneurons are much less myelinated and in 

general have thinner axons than FS interneurons, which may partially explain the 

divergence of myelination. 

To sum up, Chapters 2, 3 and 4 examined myelination across different neuronal types 

(Figure 1). We found that axonal morphology seems to be a fundamental parameter to 

predict myelination in all three neuronal subtypes (pyramidal, NFS and FS 

interneurons), although with somewhat different metrics between each cellular type. 

This suggests that there are common mechanisms for myelination that are maintained 

across species and cellular subclasses, and that differences across neuronal subtypes 

probably depend on their function and location. 

 

Diverse myelin extent across species 

To study myelin disorders, mouse models are commonly employed. However, it is 

important to know that myelin composition24 and extent varies across species, although 

transcriptomic profiles revealed that the majority of the genes are common to both 

species24,25. In our study, we also found similarities, but also differences between mouse 

Figure 1. Scheme of the neuronal 
network. Pyramidal cells (blue), 
PV+ interneurons (red) and some 
BSNP interneurons, mostly SST+ 

interneurons (yellow) are 
myelinated (green segment). For 
interneurons, most of the 
myelinated segments are found in 
the proximal axon, whereas in 
pyramidal cells the profile of 
myelination is always found in the 
main axon and is dependent on the 
area in the brain and the layer 
where they are located. 
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and human myelination. In Chapters 2 and 4, we found that the predictive thresholds 

for calibre and axonal length in pyramidal and PV+ cells yielded similar values in mice 

and human, suggesting a common mechanism for oligodendrocytes to myelinate the 

axonal segments of these cells. Finally, in Chapter 3, we unexpectedly found that human 

NFS interneurons were myelinated in roughly 50% of the cases (Figure 4.4), in contrast 

to only ~7% of murine NFS. This finding suggests a novel advance in our understanding 

of interneuron myelination, showing differences across species.  

White matter accounts for almost 60% of human brain volume, whereas this percentage 

is considerably smaller in other species, such as rodents, where it is only ~20%26. 

Increases in g-ratio due to lower myelin thickness further confirms that rodents have less 

myelin content than higher order primates27. Consistently, our studies indicate as well 

that pyramidal cells and interneurons show more myelinated segments in human than 

in mice. But why do primates have more myelin than rodents? Several hypotheses other 

than biophysical characteristics may explain the functional and thereby molecular 

reasons that underlie this fact. In the first place, different cellular types may exist. Glial 

cells underwent the most evolutionary changes among several studied species28. An 

assorted population of oligodendroglia is found within mice and human species. 

Transcriptomic analyses showed that both species display similar profiles but with 

distinct gene expression24. But not only non-neuronal population can diverge. Whilst 

homologous neuronal types are comparable between species, the diversity in human 

cells is greater28. Genetic comparison between species also yielded divergent 

expression28, suggesting that a smaller neuronal population was not found in either of 

the species. Hence, all this variability can concur into differences in myelination.  

Secondly, a strong correlation between memory and myelination may govern the 

increase in white matter in human versus mice. Memory is one of the central executive 

processes of the brain. Many types of learning and memory have been studied in the 

context of myelination. Myelin is important for the synchronicity and connectivity of the 

brain, and there is a strong correlation between myelination of cortical areas and life 

stages of intense learning, such as infancy or adolescence29. Evidence indicates that 

white matter plasticity is necessary for memory formation and maintenance30. For 

example, individuals learning a new language or a new motor skill undergo 

rearrangements in white matter31–33. This remodelling occurs at an axonal level, with 

myelin sheaths that retract and grow during the learning phase, or new myelin sheaths 

that are added and are an indication that such changes are necessary to maintain long-

term memory34. What is yet to be determined, is whether this remodelling of myelin is 

secondary to axonal plasticity35. Adaptations of neuronal activity during learning may 

impact axonal structure and morphology35 as well as increase the proliferation and 



Chapter 9 
 

273 
 

activation of mature oligodendrocytes22. In this manner, myelin also acts as a stabiliser 

of new axonal modifications, that may occur in more than one cellular type23,35. 

Thirdly, enriched environments combining social, sensory, motor and cognitive stimuli 

have an important effect on glial cells, and in particular, oligodendrocytes36. Sensory 

enrichment promotes new myelination and strengthens existing myelin sheaths by 

oligodendrogenesis37, and the opposite, early social isolation, has a negative impact on 

myelination of the prefrontal cortex38,39. Social experience stimulates myelination of 

prefrontal areas and it is of great importance to acquire sophisticated cognitive skills in 

humans40,41. This feedback loop between sensory enrichment and cognition boosts 

myelin levels and presumably accentuates the difference among species. Although in 

our experiments, mice were not socially isolated, they did not enjoy an enriched 

environment. Thus, experience-dependent myelination is an added mechanism to the 

observation of myelin in the human brain.  

Lastly, another hypothesis to explain the expansion of myelin in the human brain is the 

relationship between myelination and intelligence. This theory maintains that 

individuals with a higher IQ possess higher levels of myelination, therefore reducing 

overall energy consumption and enhancing communication between regions42. MRI 

methods have addressed this hypothesis and found that general intelligence was 

associated with white matter microstructure43. Intelligence is a highly heritable trait. 

White matter and intelligence converge into common genetic factors, which suggest 

that myelin and intelligence are interrelated44,45. Thence, the intelligence hypothesis of 

myelination assumes that the extent of human, and possibly rodent, myelination is 

partially determined by cognitive processing.  

A form of myelin has also been described in other phyla, such as annelids and 

arthropods46. This convergence in evolution suggests the importance of myelination. 

Few studies in primates have proposed that their myelination levels are a step in 

between rodents and human26,27. However, the reasons underlying the differences in 

myelination across species is yet to be determined. Our results in Chapters 2, 3 and 4 

are a clear example of differences across species and increased myelination in human 

tissue at a cellular level. Altogether, the phylogeny of myelin suggests its 

neurobiological evolution plays a crucial role in the development of higher-order 

cognitive functions and that it is associated with enriched environment and learning 

processes. 
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Myelination in neuropsychiatric disorders 

Numerous neuroimaging studies have reported white matter abnormalities in patients 

suffering from Alzheimer’s disease47, Huntington’s chorea48 and some other 

neuropsychiatric disorders such as schizophrenia49 and mood disorders50. In Chapters 

5 to 8 we aimed to uncover different myelin mechanisms to understand the 

pathophysiology of demyelinating disorders in the context of schizophrenia.  

Schizophrenia is a complex disorder, in which a myriad of intertwined mechanisms – 

both genetic and environmental – play a part. Several imaging techniques, genetic 

studies and animal models have been utilized to understand the pathophysiology of 

this disorder. However, no single mechanism seems to be associated with the disease. 

In this thesis, we have employed three different animal models to target demyelinating 

causes that may lead to neuropsychiatric disorders and two genetic mutations that are 

linked to schizophrenia, all of them from the perspective of PV+ interneuron myelination. 

Demyelination behind psychiatric disturbances 

Cuprizone-induced demyelination is a well-established technique to study the effects 

of oligodendrocyte damage and myelin sheath loss, and subsequent remyelination. In 

Chapters 5 and 6, we employed this copper chelator to investigate demyelination at 

two different stages of life. The developmental stage is relevant to mark the onset of a 

disease and integrates the results of both chapters. Early demyelination caused 

alterations in firing pattern and AP shape. These differences were highly correlated with 

the lack of autapses in these cells, possibly linked to a smaller axonal tree (Figure 6.1-

6.3). The shiverer model of dysmyelination also exhibited a reduced number of 

autapses linked to high frequency impairments and deficiencies in PV+ interneurons, 

very similar to the ones observed when demyelination starts at early stages (Figure 

6.11, 6.12). In contrast, adult demyelination caused impairments in the firing frequency 

and hyperpolarisation of PV+ interneurons without apparent impact on axonal 

arborisation or the number of autapses (Figure 5.2, 6.10). The demyelination onset 

seems, therefore, to be crucial to understand the implications in cellular connectivity 

and function. Furthermore, these results indicate that myelination shapes cortical 

activity through modulation of synaptic inhibition, and that the consequences are 

directly related to the onset of myelin loss.  

Cortical myelination in normal conditions is dynamic over the lifespan starting with 

myelogenesis, continuing with a transient but stable period and finishing with 

demyelination at older stages of life51. Myeloarchitecture is important from a 

developmental point of view to understand how cortical circuits are built. PV+ 
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interneurons are well-known to regulate the gamma-frequency oscillatory network52. 

Gamma oscillations develop along with the maturation of PV+ interneurons53,54, and 

parallel to their myelination. Myelin plasticity is imperative to regulate brain waves and 

synchronise brain regions55. The reason for this is that coupling of oscillatory networks 

requires temporal precision, and any changes in conduction velocity might disrupt their 

synchrony55. Disturbances of brain synchrony has been associated with schizophrenia56, 

and other demyelinating disorders such as multiple sclerosis, where slow-wave 

oscillations are also altered57. Besides, PV+ interneuron myelination also contributes to 

the fine-tuning of cortical networks through feedforward inhibition58. PV+ interneurons 

also form autapses to regulate spike-time precision and fine-tuning of oscillatory 

waves59,60. The number of autapses is also correlated with the strength of connectivity 

to other neurons61. Thence, myelin is tightly associated with the regulation of neuronal 

connectivity and the strength of inhibitory synapses62 through the formation of autaptic 

connections in PV+ interneurons. Loss of myelination provokes a reduction in 

connectivity between PV+ interneurons and pyramidal63 cells that leads to network 

hyperexcitability64, which has been widely observed in clinical demyelinating diseases. 

Cognitive impairments are a hallmark of diseases with disturbances in myelination, such 

as schizophrenia or multiple sclerosis65,66. To ensure the correct functioning of brain 

dynamics, white matter rewires itself in an activity-dependent manner that enables 

neural synchronisation67 through gamma oscillations and synaptic inhibition55. Partial or 

complete loss of myelination along PV+ interneurons, which are responsible for these 

mechanisms, suggests a common pathway that results in memory impairments and 

other cognitive decline, observed in schizophrenia or multiple sclerosis patients68,69. 

Correspondingly, we observed an increase of theta oscillation power and accompanied 

by interictal spikes mediated by the deficit of PV+ inhibition (Figure 5.1). These results 

suggest another important task of PV+ interneurons in consolidating fast inhibition of 

local field oscillations. For this reason, enhancing or restoring myelination of inhibitory 

PV+ interneurons at the right developmental stage might lessen the symptoms of 

diseases in which dysmyelination is a prominent feature.  

Genetic mouse models linking myelin alterations and schizophrenia 

Schizophrenia is a polygenetic disorder, in which hundreds of genomic loci have been 

revealed to be highly involved with the onset and development of the disease70. In this 

thesis, two genetic mutations were studied, one of them linked to oligodendroglia and 

the other one involving a microdeletion containing several genes. 

In Chapter 7, we studied a mouse model harbouring a mutation in the Formin-binding 

protein 1 (FNBP1), previously found to be disrupted in carriers of the 22q11.2 
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mutation71. FNBP1 is important for membrane curvature, and our hypothesis relied on 

whether mutations in this protein highly expressed in oligodendrocytes would have a 

detrimental effect over myelination of PV+ cells. Our results showed that FNBP1 is not 

crucial for myelination of interneurons and that other mechanisms might be involved on 

this process (Figure 7.5). Actin filaments are essential for ensheathment of the axon by 

oligodendrocytes, and disassembly of these filaments is required for the spreading of 

the myelin sheath72. For this dynamic process, associated Arp2/3 proteins are 

necessary, among which F-BAR proteins mediate membrane changes73. Our most 

sensible theory is that FNBP1, a type of F-BAR protein, is not specific for the myelinating 

process of PV+ interneurons, and might be involved in other adjustments of the 

membrane of oligodendrocytes, but further protein-interaction analysis and 

functionality experiments should be conducted. Another hypothesis is that proteins 

other than F-BAR, such as Juxtanodin, are involved in the rearrangement of actin 

processes important for myelination74. Eventually, F-actin and G-actin have been found 

to be decreased in schizophrenia patients together with a decrease of myelin basic 

protein, suggesting that cytoskeletal deficiencies, despite not involving FNBP1, are a 

hallmark of schizophrenia75,76. 

Our second study focused on 22q11 deletion syndrome (22q11DS). Contrary to what 

most of the previous literature had reported77,78, we found that PV+ interneurons were 

hyperexcitable, showing increased firing frequency and lower current depolarisations, 

reduced AP threshold and rheobase (Figure 8.1). Notably, potassium channels Kv1.1 

were underexpressed in these cells. Potassium channels restore the equilibrium of the 

AP; therefore, they hold an important role to control neuronal excitability. Many 

alterations in potassium-channel genes have been associated with schizophrenia or 

information processing in this disorder79,80. Voltage-gated potassium channels are in 

close relationship with myelin as they sit next to the internodes to initiate and propagate 

the AP. Disruption of the myelin sheath may lead to the reorganisation of potassium 

channels in the nodes and to aberrant potassium current81,82. 

Voltage-gated Kv1 and Kv3 channels are of great importance in PV+ interneurons, as they 

control the latency, threshold and the high-frequency repetitive pattern83–85, 

characteristic of these cells. In Chapter 8, we observed a decrease in the expression of 

Kv1.1 channels, together with a reduction in Kv1.1-specific potassium currents and 

application of activators partially recovered some of the features of these cells, similar 

to what we discovered in Chapter 6 and Kv3.1 channels (Figure 6.7, 8.4). However, the 

involvement of other potassium channels, such as TREK86,87 or even Kv3.1 channels, that 

have been implicated in 22q11DS, were not addressed in our studies. Additionally, 

other intermediary molecules can intervene in the excitability of neurons. Neuroregulin-
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1 (NRG1) is a neurotrophic factor that activates ErbB receptors and has been widely 

linked to schizophrenia88. NRG1-ErbB signalling pathway plays a fundamental role in 

CNS myelination by supporting oligodendrocyte differentiation and myelination89,90. 

Notably, NRG1 is also strongly expressed in PV+ interneurons91,92 and, more 

interestingly, it also regulates their excitability through Kv1.1 channels93. Thus, NRG1-

ErbB signalling could be a potential strategy to further understand PV-linked diseases 

and a potential therapeutic target for regulating network excitability of diseases such as 

schizophrenia. 

Overall, among the animals that model 22q11DS or its related proteins, only TBX1 has 

been directly linked to myelin impairments. Nonetheless, PV+ interneurons and 

potassium channels have been repeatedly reported to be affected by the deletion. This 

permits the development of new specific targets that modulate network excitability, and 

possibly downregulate the neural deficits associated with schizophrenia. 

Conclusion 

Myelination is an important characteristic of pyramidal cells and subtypes of 

interneurons. The axon of these cells needs to fulfil certain morphological requirements, 

besides some other possible molecular cues, to become myelinated. Such 

morphological traits are maintained across species, though slightly divergent between 

cell types, suggesting that the myelination process has been preserved through 

evolution. 

When myelination is lost or cells in the CNS are abnormally myelinated by pathological 

causes, network activity becomes imbalanced. PV+ interneurons - which can regulate 

neuronal network excitability through inhibitory synapses onto pyramidal cells, other 

interneurons or contacting themselves through autapses - lose this ability when they do 

not develop properly due to the lack of myelination. In this context, the neuronal 

network becomes disrupted and pathological mechanisms arise. Similarly, when PV+ 

excitability is altered due to intrinsic abnormalities in their channel composition or 

performance, excitation/inhibition balance is interrupted. These disturbances in the 

excitation/inhibition equilibrium have been widely linked with neuropsychiatric 

disorders. 

Hence, understanding the fundamental mechanisms of myelination and, in particular, 

myelination of inhibitory GABAergic interneurons, can shed light into novel therapeutic 

targets that can correct or reverse abnormalities of myelination and enhance the 

associated cognitive decline and other positive and negative symptoms that afflict 

patients with schizophrenia.  
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Summary 

Myelin is the insulating lipidic sheath that partially covers some of the axons in both the 

peripheral and central nervous system. In the latter, oligodendrocytes are the glial cells in 

charge of forming myelin layers around the axons to enhance the conduction velocity and 

reduce the metabolic consumption of neurons. However, the mechanisms that explain 

myelination of certain neuronal subtypes are uncovered yet.  

In chapters 2, 3 and 4 we show that morphology is significantly important to predict 

segmental myelination in both pyramidal cells and GABAergic interneurons in layers II-III of 

the neocortex. Notably, myelination of pyramidal cells is also region dependent. GABAergic 

interneurons show different degrees of myelination highly dependent on the cellular profile 

and their firing frequency. Whilst PV+ interneurons are highly myelinated, other non-fast-

spiking interneurons show little to no myelination. Remarkably, in all studied cellular types, 

human neurons present more cortical myelination than mice, evidencing species 

divergences.  

Understanding the myelination process in cortical areas can shed light to the mechanism 

underlying the pathophysiology of demyelinating diseases, such as multiple sclerosis and 

schizophrenia. Cognitive decline, a hallmark to both disorders, is characterised by impaired 

cortical and cellular connections, desynchronisation and excitation/inhibition imbalance. In 

this thesis, chapters 5 and 6 employ the cuprizone mouse model to show that myelinisation 

of GABAergic interneurons plays a crucial role the synchronisation of the system, the cellular 

connectivity and the excitability of these cells. Notably, the neurodevelopmental stage at 

which demyelination occurs can produce different outcomes. Whereas juvenile 

demyelination of PV+ interneurons causes a reduced number of self-inhibitory contact points, 

demyelination at a later stage point did not reduce the number of autapses but reduced their 

excitability. Interestingly, shiverer mice show a similar phenotype to juvenile demyelination. 

Furthermore, re-myelination partially recovered the detrimental effects caused upon 

cuprizone treatment.  

Chapters 7 and 8 employ two mouse models that carry a mutation found in schizophrenia 

patients. In chapter 7, deletion of the FNBP1 gene, does not cause any impairments to the 

myelination of PV+ interneurons, indicating that this gene is not essential for this process. 

Chapter 8 describes that the 22q11 deletion increases the excitability of PV+ interneurons in 

the hippocampus without affecting their myelination status. This hyperexcitability is possibly 

partially driven by the malfunctioning of Kv1.1 potassium channels in these cellular subtypes.  

Taken together, these results open new targets and experimental approaches to develop 

drugs to halt or revert the effects of demyelination and therefore lessen the symptoms of 

patients. 
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Samenvatting 

Myeline is de insulerende vettige laag die axonen bedekt in het perifere en centrale 

zenuwstelsel. Oligodendrocyten zijn de glia cellen die verantwoordelijk zijn voor deze 

myelinescheden in het centrale zenuwstelsel om de geleiding te versnellen en metabolische 

consumptie te verminderen. Het mechanisme dat verklaart waarom bepaalde neuronale 

cellen myeline hebben is nog niet ontdekt. 

In hoofdstukken 2, 3 en 4 laten we zien dat de morfologie erg belangrijk is bij het voorspellen 

van segmentale myelinisatie in zowel piramidecellen als GABAerge interneuronen in laag II-

III van de neocortex. Opvallend is dat myelinisatie van piramidecellen ook afhankelijk is van 

de regio. GABAerge interneuronen laten verschillende gradaties van myelinisatie zien 

afhankelijk van het celullaire profiel en de frequentie waarmee zij actiepotentialen afvuren. 

Hoewel PV+ interneurons zeer gemyeliniseerd zijn, laten andere snel vurende interneuronen 

amper tot geen myelinisatie zien. Merkwaardig genoeg is er in verschillende soorten 

corticale neuronen van mensen meer myelinisatie aanwezig dan diezelfde cellen van muizen. 

Dit wijst op een divergentie in diersoort. 

Het begrijpen van het myelinisatieproces in corticale gebieden van de hersenen kan het 

mechanisme belichten van de pathofysiologie van demyelinisatie aandoeningen, zoals 

multiple sclerosis en schizofrenie. Cognitieve achteruitgang, een symptoom bij beide 

aandoeningen,  wordt gekarakteriseerd door verzwakte corticale en cellulaire connecties, 

desynchronisatie en een onbalans tussen excitatie en inhibitie. In dit proefschrift behandelen 

hoofdstukken 5 en 6 het cuprizone muismodel om aan te tonen dat myelinisatie van 

GABAerge interneuronen een cruciale rol speelt voor het synchroniseren van het systeem, 

de connectiviteit tussen cellen en exciteerbaarheid van cellen. Met name de 

ontwikkelingsfase  waarin demyelinisatie plaatsvindt, kan verschillende resultaten laten zien. 

Demyelinisatie van PV+ interneuronen in een jonge fase vermindert het aantal zelf-

inhiberende contactpunten, terwijl demyelinisatie in een latere fase  deze autapses niet 

vermindert maar wel de excitatie van de cellen vermindert. Het fenotype in shiverer muizen 

is vergelijkbaar met demyelinisatie in de jonge fase. Bovendien kan re-myelinisatie de 

schade van behandeling met cuprizone gedeeltelijk herstellen. 

Hoofdstukken 7 en 8 behandelen twee muismodellen die een mutatie dragen die is 

gevonden in patiënten met schizofrenie. In hoofdstuk 7 laten wij zien dat deletie van het gen 

FNBP1 geen beperking veroorzaakt voor myelinisatie van PV+ interneuronen, dus dit gen 

speelt geen belangrijke rol in dit proces. In hoofdstuk 8 laten wij zien dat de 22q11 deletie 

zorgt voor meer excitatie van PV+ interneuronen zonder dat het de myelinisatie verandert. 

Deze hyperexcitatie wordt waarschijnlijk aangestuurd door Kv1.1 kaliumkanalen die niet 

meer goed werken in deze type cellen. 

Bij elkaar genomen, bieden deze resultaten nieuwe doelwitten en experimentele methoden 

aan voor het ontwikkelen van medicijnen om demyelinisatie te remmen of te herstellen en 

zo de symptomen in patiënten te verminderen.  
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Resumen 

La mielina es el recubrimiento lipídico que cubre parcialmente algunos axones en el sistema 

nervioso central y periférico. En el primero, los oligodendrocitos son las células gliales 

encargadas de formar capas de mielina que rodean los axones y permiten que la conducción 

del potencial de acción sea más rápida a la vez que reduce el consumo metabólico de las 

neuronas. Sin embargo, los mecanismos que explican por qué ciertos tipos neuronales 

presentan mielina mientras que otros no, aún no han sido descritos. 

En los capítulos 2, 3 y 4 demostramos que la morfología del axón es importante para 

predecir la mielinización de ciertos axones tanto en células piramidales como en las 

GABAérgicas en las capas II-III de la corteza cerebral. Además, la mielinización de las células 

piramidales también varía de acuerdo a la región del cerebro en la que se encuentran. Las 

interneuronas GABAérgicas muestran diferentes grados de mielinización dependiendo del 

perfil celular y de la frecuencia de disparo. Mientras que las interneuronas PV+ se encuentran 

altamente mielinizadas, otras interneuronas con menor frecuencias de disparo tienen 

mielina. Notablemente, en todos los subtipos celulares estudiados, las neuronas de origen 

humano presentan más mielina, evidenciando las diferencias entre especies. 

Entender el proceso de la mielinización de las áreas corticales puede ayudar a comprender 

los mecanismos que rodean la patofisiología de las enfermedades desmielinizantes, como 

la esclerosis múltiple o la esquizofrenia. El deterioro cognitivo, tan relevante en ambas 

enfermedades, se caracteriza por la deficiencia de conexiones corticales y celulares, la 

desincronización del sistema y el desequilibrio entre excitación e inhibición. En esta tesis, los 

capítulos 5 y 6 emplean el modelo murino de cuprizona para demostrar que la mielinización 

de las interneuronas GABAérgicas mantiene un papel fundamental en la sincronización de 

sistema, de la conectividad neuronal y en la excitabilidad de dichas células. Curiosamente, 

el momento del desarrollo en el que se produce la desmielinización marca las 

consecuencias. Mientras que la desmielinización juvenil de las células PV+ reduce el número 

de autapsis, una desmielinización más tardía no afecta al número de autapsis pero sí reduce 

la excitabilidad de las neuronas. Además, la remielinización recupera algunos de los efectos 

de la cuprizona. 

Los capítulos 7 y 8 utilizan dos modelos con mutaciones encontradas en pacientes que 

padecen esquizofrenia. En el capítulo 7, la deleción del gen FNBP1 no causa ninguna 

deficiencia en la mielina de las células PV+, indicando que este gen no es esencial para este 

proceso. El capítulo 8 describe que la deleción 22q11 incrementa la excitabilidad de las 

neuronas PV+ en el hipocampo sin llegar a afectar a su mielinización. Esta hiperexcitabilidad 

puede estar parcialmente causada por un defecto en los canales de potasio Kv1.1. 

En conclusión, estos resultados promueven la aparición de nuevas dianas terapéuticas para 

parar o revertir los efectos de la desmielinización, y así reducir los síntomas de los pacientes.  
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