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Summary

Reciprocal communication between neurons and oligodendrocytes is essential for the generation 

and localization of myelin, a critical feature of the central nervous system. In the neocortex, 

individual oligodendrocytes can myelinate multiple axons; however, the neuronal origin of the 

myelinated axons has remained undefined, and while largely assumed to be from excitatory 

pyramidal neurons, it also includes inhibitory interneurons. This raises the question of whether 

individual oligodendrocytes display biases for the class of neurons that they myelinate. Here, we 

find that different classes of cortical interneurons show distinct patterns of myelin distribution 

starting from the onset of myelination, suggesting that oligodendrocytes can recognize the class 

identity of individual types of interneurons that they target. Notably, we show that some 

oligodendrocytes disproportionately myelinate the axons of inhibitory interneurons, while others 

primarily target excitatory axons, or show no bias. These results point towards very specific 

interactions between oligodendrocytes and neurons, and raise the interesting question of why 

myelination is differentially directed towards different neuron types.
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Introduction

Communication between oligodendrocytes and neurons during cerebral cortex development 

is critical to establish and maintain neuronal myelination (Gibson et al., 2014), but little is 

known about these interactions and how they produce the myelin distribution observed in the 

adult neocortex. Individual oligodendrocytes extend all of their processes to their target 

axons within a short time frame (Czopka et al., 2013; Watkins et al., 2008), and can 

myelinate multiple small and large diameter axons (Butt et al., 1998; Friedman et al., 1989; 

Remahl and Hildebrand, 1990). However, within this framework, the neuronal origin of the 

myelinated axons and the selectivity with which oligodendrocytes myelinate specific 

neurons and axons are unknown. This is likely a complex process, since in addition to long-

distance excitatory pyramidal neurons, locally-connected inhibitory cortical interneurons are 

also myelinated (Martin and Whitteridge, 1984; McGee et al., 2005; Peters and Proskauer, 

1980), a fact that has received some recent attention (Micheva et al., 2016; Stedehouder et 

al., 2017; Schmidt et al., 2017). In addition, not all neurons are myelinated equally; for 

example, we previously showed that myelination patterns of pyramidal neuron axons vary by 

the laminar location of the neuron (Tomassy et al., 2014). Together, these prior findings 

indicate that myelination maps in the neocortex are complex and likely the result of highly 

orchestrated interactions between neuronal classes and myelinating oligodendrocytes. The 

specificity and temporal dynamics of such interactions remain largely unknown. Here, we 

report that specific cortical interneuron classes interact differently with oligodendrocytes to 

adopt subtype-specific myelination features, and, further, individual oligodendrocytes exist 

in the neocortex that are biased for the myelination of inhibitory interneurons. These data 

highlight highly specific neuron-oligodendrocyte interactions occurring at the single-neuron 

level that shape the distribution of myelin along different types of axons in the neocortex.

Results

Cortical interneurons develop class-specific myelination patterns

To gain insight into the origin of myelination patterns of single neurons of the neocortex, we 

traced axons and myelin ensheathment of inhibitory interneurons, as their myelination is 

under-studied compared to excitatory pyramidal neurons. We examined their myelination 

profiles in adult mouse V1 cortex using a large-scale, publicly available electron microscopy 

dataset which spans 450×350×54 μm3 from layer I to upper layer IV (Bock et al., 2011). We 

identified and traced 28 interneurons (Figure 1A) using accepted morphological and 

synaptic connectivity criteria (DeFelipe et al., 2013; Jiang et al., 2015; Wang et al., 2004), 

such as the presence of aspiny or sparsely spiny dendrites, which received numerous shaft 

synapses; dense axonal arborization patterns largely ascending towards the pia; the 

formation of symmetrical axo-dendritic, axo-somatic, and axo-axonic synapses with 

pyramidal neurons and other interneurons; and multipolar, bitufted or bipolar dendrites 

(Figure S1). 22 of the traced neurons displayed non-uniform and variable myelin distribution 

along their axons. No myelin was detected on the other 6 cells (Figure S2 cells 23–28). We 

could classify 12 of the 28 neurons based on structural traits (see Methods) (Petilla 

Interneuron Nomenclature Group et al., 2008). 7 of these neurons had morphological and 

synaptic connectivity profiles reminiscent of basket cells (Figure 1B, Figure S2 cells 1–7), 1 
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appeared to be a Martinotti cell (Figure 1C, Figure S2 cell 8), 1 a bitufted cell (Figure S1C, 

Figure S2 cell 26), 1 a bipolar cell (Figure S1D, Figure S2 cell 23), and 2 resembled 

neurogliaform cells (Figure S1E, Figure S2 cells 27–28 and Table S1). The remaining 16 

interneurons could not be reliably classified into subtypes as we could not trace enough of 

their axons and synapses within the EM dataset (Figure S2, cells 9–22 and 24–25). We 

found that all 7 neurons with cortical basket cell morphology had primary axons and side 

branches that were extensively myelinated (Figure 1B, Figure S2, cells 1–7). The neuron 

that appeared to be a Martinotti cell had a partially myelinated axon (Figure 1C, Figure S2, 

cell 8). These results reveal a degree of selectivity with which oligodendrocytes myelinate 

axons of specific populations of cortical interneurons.

To increase the number of cells for analysis and facilitate distinction between interneuron 

classes, we examined the visual cortex (V1) of transgenic mice, using confocal microscopy 

to trace axons and myelin associated with different classes of interneurons. Neurons were 

genetically labelled by crossing the Ai14 ROSA-tdTomato reporter line (Madisen et al., 

2010) to Cre lines (Taniguchi et al., 2011) driven by marker genes labelling different 

interneuron classes: parvalbumin (PV) to label basket cells, shrub-like cells, horizontally 

elongated cells and chandelier cells (Inan and Anderson, 2014; Jiang et al., 2015); 

somatostatin (Sst) to label Martinotti cells and other Sst+ interneurons (Yavorska and Wehr, 

2016); vasoactive intestinal polypeptide (VIP) to label bitufted cells, bipolar cells and double 

bouquet cells (Peters, 1990; Rudy et al., 2011); and neuronal nitric oxide synthase (nNOS) 

to label neurogliaform cells (Taniguchi et al., 2011). Mice were sacrificed at P60, coronal 

sections were immunolabeled for myelin basic protein (MBP), and myelination profiles 

along axons were reconstructed from confocal stacks (Figure S3A; see Methods). We traced 

single axons projecting from the cell body or primary dendrites of PV+, Sst+, VIP+, and 

nNOS+ neurons in layer II/III of V1, following them as far as possible within the confocal 

stacks (Figure S3A, movie S1; see Methods). We found that all axons traced from the cell 

bodies of PV+ cells (75/75 cells, n = 3 animals) and ~1/2 of the axons traced from the cell 

bodies of Sst+ cells (15/33 cells, n = 3 animals) were myelinated (Figure S3B). We identified 

myelin on the axons of a small number of VIP+ neurons (8/64 cells, n = 3 animals). In 

contrast, we did not detect any MBP on the axons of nNOS+ neurons, although this dataset 

allowed us to examine only a small number of these cells (0/6 cells, n = 3 animals) (Figure 

S3B), and it remains possible that nNOS+ interneurons become myelinated in older animals 

(>P60). These results are in agreement with recent findings that the majority of PV+ cortical 

interneurons are myelinated (Micheva et al., 2016; Stedehouder et al., 2017). However, we 

now show that large fractions of other interneuron subtypes, including nearly half of Sst+ 

neurons, are myelinated. Importantly, we find that interneurons display class-specific 

differences in longitudinal deposition of myelin along their axons; an interesting parallel to 

excitatory neurons, where neurons in different laminae present distinct longitudinal 

myelination profiles (Tomassy et al., 2014).

One possible mechanism for the differences in myelination profiles between different 

neuronal subtypes could be neuron-class specific modulation of neuron-oligodendrocyte 

signaling, in which neurons deploy specific molecular “codes” of interacting molecules to 

communicate with their oligodendrocyte partners. To identify complementary interacting 
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proteins between neurons and oligodendrocytes that could mediate this process, we 

examined three distinct molecular datasets. First, we began with a matrisome database (Naba 

et al., 2012), a collection of proteins that are present on the cell surface or secreted into the 

extracellular space, which we hypothesized to be the two main categories of molecules most 

likely involved in neuron-oligodendrocyte interaction. We then used molecular datasets of 

genes expressed in cortical interneuron subtypes (Tasic et al., 2016) and in all 

oligodendrocytes (Marques et al., 2016) to select for matrisome molecules that were 

enriched at least 2-fold in PV+ neurons (highly myelinated) vs. VIP+ or nNOS+ interneurons 

(less myelinated or unmyelinated) and that had corresponding receptors or target interactors 

in oligodendrocytes (Figure S3E). We identified numerous pairs of interacting proteins 

between oligodendrocytes and PV+ interneurons, including several members of the 

interleukin, serpin, and cathepsin families of cell-signaling molecules. Together the data 

point at potentially regulated interactions between interneuron types and oligodendrocytes, 

and proposes a first set of molecules that may contribute to this process.

Interneuron class-specific myelination patterns are present from the onset of myelination

To investigate whether these distinctive, class-specific myelination patterns are constitutive 

features of specific classes of myelinated neurons, or rather a result of differential 

refinement later in life (for example by myelin shedding), we investigated whether 

differences in myelination between interneuron classes were present from the onset of 

myelination. We traced myelin along the axons of the two major classes of myelinated 

cortical interneurons, PV+ and Sst+ cells, in V1 cortex at P15 (following eye opening and at 

the onset of myelin deposition), P21 (onset of the critical periods in visual cortex), P30, and 

P60 (past the end of the critical period; McGee et al., 2005) (Figure 2A,B; see Methods). 

These two populations were chosen because they are both myelinated, but display clear 

differences in the extent of axonal myelination. Since some Sst+ cells also express PV (Hu et 

al., 2013), we immunolabeled coronal sections from Sst-Cre/Ai14 ROSA-tdTomato mice 

with an antibody against PV, to allow us to identify Sst+/PV− cells (Figure 2B). At P15 and 

P21 limited amounts of myelin across all cortical layers allow tracing of myelinated single 

axons even in the deep layers. At later ages, high density of myelinated axons in the deep 

layers makes it difficult to precisely trace single axons; thus, at P30 and P60 we only traced 

the axons of PV+ and Sst+ neurons in the superficial layers.

First, we quantified the total number of PV+ and Sst+/PV− cells with MBP+ axons at P15, 

P21, P30, and P60 (Figure 2C). Interestingly, we found that a large fraction of the traced PV
+ axons are already myelinated at P15 (74%; 58/78 cells, n = 5 animals), with a significant 

increase at P21. After P21, all the traced layer II/III PV+ axons were myelinated (P21 = 

126/131 cells, n = 3 animals; P30 = 111/111 cells, n = 3 animals; P60 = 156/156 cells, n = 3 

animals) (Figure 2C). In contrast, we did not detect any MBP signal along individually 

traced axons of Sst+/PV− cells at P15 (0/52 cells, n = 3 animals), and only a small fraction of 

these neurons were myelinated at P21 (P21 = 19%; 10/52 cells, n = 3 animals). The number 

of Sst+/PV− myelinated axons increased at P30 and P60 (P30 = 58%; 21/36 cells, n = 3 

animals; P60 = 52%; 39/75 cells n = 3 animals) but did not reach 100% as observed in PV+ 

interneurons (Figure 2C and Table S2), indicating that while myelination is a canonical 

feature of all PV+ cells, a subset of Sst+/PV− neurons appear to myelinate by P60. Given that 
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during postnatal development myelination progresses from deep to superficial layers over 

time, we investigated whether differences in myelination of PV+ cells were associated with 

layer location. Consistent with the developmental progression of myelin deposition from 

layers V and VI to upper layer II/III (McGee et al., 2005), at P15, the axons of PV+ neurons 

in the lower layers were more extensively myelinated compared to the axons of neurons 

located in more superficial locations (Figure S3C). However, at P21, all PV+ interneurons 

were myelinated to a similar extent, irrespective of their distance from the pia (Figure S3D), 

suggesting that an individual neuron’s myelination pattern is specific to its neuronal subtype 

and not its position in the cortex.

Because myelin is intermittent along axons (Micheva et al., 2016; Tomassy et al., 2014), we 

next assessed whether the adult pattern is a product of local myelin shedding during 

postnatal development. By determining the length of MBP distributed along the length of 

each of the individually traced axons of PV+ and Sst+/PV− cells, along a timeline from P15 

to P60 (Figure 2D), we discovered that axons of PV+ neurons had higher MBP coverage at 

all ages (P15 33%±3.04; P21 64.5%±2.0; P30 65.1%±1.45; and P60 64.21%±1.45) 

compared to the axons of myelinated Sst+/PV− cells (P15 0%; P21 9.43%±3.20; P30 32.2%

±6.12; and P60 22.2%±3.50) (Figure 2D). Together, the data indicate that differences in the 

mature (P60) profiles of myelin distribution along the axons of two different classes of 

interneurons (PV+ and Sst+/PV−) are present from the very onset of myelin deposition. 

These data point to the existence of previously unappreciated, highly selective interactions 

between oligodendrocytes and interneurons that appear to occur early, at the onset of 

myelination, and may be dependent on specific properties of each interneuron class. We 

found no evidence of a demyelination process in defining the final distribution of myelinated 

and unmyelinated axonal segments.

Identification of oligodendrocytes in the mouse visual cortex and their myelinating 
contacts.

The fact that both pyramidal neurons and a subset of interneurons are myelinated raises the 

possibility that distinct populations of oligodendrocytes preferentially myelinate particular 

classes of neurons. To address the neuronal specificity of individual oligodendrocytes, we 

used the same EM dataset of adult V1 cortex described above (Bock et al., 2011), and 

identified oligodendrocytes where we could trace multiple branches from their cell bodies to 

the myelinated target axons (Figure 3A). We found that a single oligodendrocyte can 

repeatedly myelinate multiple axonal branches of a single cortical basket cell (Figure 3B–C), 

and, conversely, that multiple oligodendrocytes can myelinate the axon of a single 

interneuron in layer II/III (Figure 3D).

Subpopulations of cortical oligodendrocytes show individual bias towards myelinating the 
axons of inhibitory neurons

To address the range of axons an individual oligodendrocyte myelinates, we then attempted 

to classify each targeted axon as either inhibitory or excitatory, based on previously-

established criteria (Table S1). We identified 10 oligodendrocytes where we could classify a 

minimum of 12 target axons per oligodendrocyte (Figure 3A, Figure 5A). Among these, we 

found oligodendrocytes that displayed three types of myelination choices. Some 
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predominantly myelinated axons of excitatory neurons (Figure 4A–C), others were biased 

for the axons of inhibitory neurons (Figure 4D–F), and, finally, some oligodendrocytes 

myelinated multiple axons of both kinds (Figure 4G–I). These results suggest previously 

unappreciated biases by oligodendrocytes for the type of axons that they myelinate in the 

cerebral cortex.

To explore this further and determine whether individual oligodendrocytes were significantly 

biased for the types of axons they myelinate, we first traced and estimated the total number 

of myelinated inhibitory and excitatory axons within a selected volume of V1 (560,303 

cubic micrometers). This region was selected because it contained 2 oligodendrocytes 

(numbers 2 and 5, Figure 3A) with multiple overlapping processes (Figure 5A–B and D). 

We traced a total of 570 myelinated axons in this volume and tried to classify them as either 

inhibitory or excitatory. Of the axons we were able to classify, 214 (48% of classified axons) 

were identified as excitatory and 233 (52% of classified axons) as inhibitory. This ratio 

agrees with previous values obtained from the adult somatosensory cortex (S1) (Micheva et 

al., 2016). We then used a binomial distribution analysis to determine whether the 

probability with which the 10 oligodendrocytes myelinated the axons of surrounding 

inhibitory or excitatory neurons differed from the 48%/52% ratio expected if they targeted 

local axons at random (Figure 5C). We discovered that while several oligodendrocytes 

myelinated axons of both excitatory and inhibitory neurons (Figure 5B–C, Figure 4G–I), 

4/10 oligodendrocytes were strongly biased towards myelinating inhibitory neurons 

(oligodendrocytes 4–7) (Figure 5B–C, Figure 4D–F, Figure S4), including two with no 

identifiable contacts on excitatory axons (oligodendrocytes 4 and 7). Conversely, 1/10 of the 

oligodendrocytes was significantly biased for myelinating excitatory axons (oligodendrocyte 

1) (Figure 5B–C, Figure 4A–F, and Figure S5F–H). The remaining oligodendrocytes (5/10) 

myelinated an approximately equal fraction of inhibitory and excitatory axons (Figure 5B–

C, Figure 4G–I, Movie S2, Table S1). Thus, our data indicates that individual 

oligodendrocytes can display a preference for the class of axons they target; in particular, we 

find that a large proportion of oligodendrocytes display a strong bias towards myelinating 

inhibitory axons.

Oligodendrocyte bias towards excitatory versus inhibitory axons is independent of the 
availability of surrounding excitatory and inhibitory axons.

For the oligodendrocytes that showed preference for excitatory or inhibitory neurons, we 

sought to understand how this specificity came about. Oligodendrocytes could target axons 

to myelinate based on their incidental proximity to a neuronal process, or by reciprocal 

molecular interactions between certain oligodendrocytes and certain axons that encourage or 

discourage myelination. In an attempt to discriminate between these possibilities, we 

examined whether oligodendrocytes that were biased towards either inhibitory or excitatory 

neurons had similar proximity to both populations of axons. We divided the volume of V1 

described above into two volumes that immediately surrounded each of the two 

oligodendrocytes and calculated the total number of myelinated inhibitory and excitatory 

axons directly surrounding each of the two neighboring oligodendrocytes showing opposing 

bias (numbers 2 and 5, Figure 5C; in these two volumes we were unable to identify the 

neuronal origins of ~20% of the axons). We found that while both of the oligodendrocytes 
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were surrounded by both inhibitory and excitatory myelinated axons, their choice for which 

class of axon to myelinate was specific and distinct (Figure 5D). Oligodendrocyte 5 showed 

a strong bias for myelinating inhibitory axons (4 identified excitatory and 22 inhibitory 

axons) in an environment with slightly more identified myelin sheaths on excitatory than 

inhibitory axons (52% excitatory and 48% inhibitory axons among those that could be 

classified), and, conversely, oligodendrocyte 2 showed a strong bias to myelinate excitatory 

axons (15 identified excitatory and 4 inhibitory axons) in an environment with slightly more 

myelin sheaths on inhibitory axons (46.2% excitatory and 53.8% inhibitory axons 

identified). To test the possibility that these ratios are biased by the 20% of axons we were 

unable to classify, we repeated the analysis shown in Figure 5D and Figure S5I, but 

assuming that all of the unclassified axons are either inhibitory (Figure S5J) or excitatory 

(Figure S5K). Under these conditions, oligodendrocyte 5 remains strongly statistically 

biased to inhibitory axonal targets. Given that these are the most extreme scenarios (all 

unclassified axons being either all inhibitory or all excitatory), we conclude that it is 

unlikely that the unclassified axons would change the statistical significance of the biases 

that we report.

Together, these results indicate that interactions between oligodendrocytes and neurons to 

produce local patterns of myelination display a previously unappreciated level of specificity 

acting at the level of individual oligodendrocytes and neurons.

Discussion

Recent data have highlighted complex patterns of myelin distribution along the axons of 

cortical neurons, and have opened the door to investigate the principles that govern neuron-

oligodendrocyte interaction to build maps of myelin distribution found in the adult. 

Pyramidal neurons in different cortical layers have distinct profiles of myelination along 

their axons (Tomassy et al., 2014). Similarly, many cortical interneurons are also myelinated, 

despite making relatively short local connections compared to pyramidal neurons (this study 

and Micheva et al., 2016, Stedehouder et al., 2017). Importantly, we report here that several 

other interneuron classes are also myelinated and, notably, display unique profiles of myelin 

distributions along their axons. The data indicate that the diversity of cortical interneurons 

and pyramidal neurons contribute to the development of specific myelin placement in the 

neocortex. These findings shed new light on the role of myelin in circuit functionality, and 

suggest the possibility that individual neurons may use different strategies to modulate their 

signaling output.

Myelin distribution along the axons of both inhibitory and excitatory neurons is correlated 

with, and is possibly dictated by, their class-specific neuronal identity. Myelin-rich PV+ 

interneurons differentially express extracellular proteins that have cognate receptors in 

oligodendrocyte populations, compared to myelin-poor nNOS+ or VIP+ interneurons, 

offering an initial support for this hypothesis. The finding that interneurons “define” their 

class-specific myelination profiles early in cortical development further supports the 

hypothesis that establishment of neuronal diversity informs early interactions with 

oligodendrocytes to shape the adult myelin distribution on each neuronal subtype. While this 

does not exclude the possibility that myelination of each neuronal class is also modulated by 
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extrinsic factors such as activity and experience, the results suggest that a basic blueprint of 

the adult map is present from early stages of neuronal development and is dependent on the 

type of neurons produced.

Individual oligodendrocytes can myelinate multiple axons in the neocortex (Butt et al., 1998; 

Remahl and Hildebrand, 1990, Osanai et al., 2017); however, the identity of the neurons 

myelinated by each oligodendrocyte has been difficult to establish. We discovered that the 

neocortex contains subsets of oligodendrocytes with distinct biases for the type of axons that 

they myelinate. These included oligodendrocytes that myelinate axons of both excitatory and 

inhibitory neurons equally, as well as oligodendrocytes that display a bias in the choice of 

either inhibitory or excitatory axons. Mature oligodendrocytes have been reported to be 

molecularly heterogenous (Marques et al., 2016); our finding that 40% of the 

oligodendrocytes in our dataset primarily or exclusively myelinate inhibitory axons raises 

the possibility that these may represent a distinct subpopulation. While our analysis was 

limited by the numbers of traceable oligodendrocytes in the EM dataset, our data also 

indicates the presence of a proportion of oligodendrocytes with a complementary excitatory 

bias, which further supports the presence of oligodendrocyte classes with unique 

myelination choices.

Furthermore, our data suggests that oligodendrocytes do not passively accept any axons in 

their vicinity but instead target axons of specific types, likely through active signals or 

molecules intrinsic to neuronal subtype which lay out the pattern of myelin distribution in 

the neocortex. Future work linking target choice to molecular and functional characterization 

of oligodendrocytes may provide insight into the role of oligodendrocyte heterogeneity in 

regulating differential myelination in the cortex.

Altogether, these results provide a framework for the interaction between different neuron 

classes and oligodendrocytes, suggest the possibility that oligodendrocytes may have a 

currently unappreciated role in modulation of excitatory and inhibitory communication 

within the cortical circuit, and inform strategies to identify the molecular mechanisms 

driving these orchestrated interactions.

Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Paola Arlotta (paola_arlotta@harvard.edu).” Any restrictions 

(e.g., MTAs, data/material linked to sensitive medical information

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice—We used the following mouse lines: Plp1-eGFP (Mallon et al., 2002), 

Pvalbtm1(cre)Arbr (PV-Cre) (IMSR Cat# JAX:017320, RRID:IMSR_JAX:017320), 

Ssttm2.1(cre)Zjh (SSt-Cre) (IMSR Cat# JAX:013044, RRID:IMSR_JAX:013044), 

Viptm1(cre)Zjh (VIP-Cre) (IMSR Cat# JAX:010908, RRID:IMSR_JAX:010908) (with a 

C57BL/6 background) (Madisen et al., 2010; Taniguchi et al., 2011), and 

Nos1tm1.1(cre/ERT2)Zjh/J (nNOS-CreERT2) (IMSR Cat# JAX:014541, 
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RRID:IMSR_JAX:014541) (with a C57BL/6 background) (Taniguchi et al., 2011). All lines 

were crossed to the Ai14 ROSA-tdTomato reporter line Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J (IMSR Cat# JAX:007909, RRID:IMSR_JAX:007909) (Madisen et al., 

2010) to visualize the neuronal cell bodies and axons. To induce tdTomato expression in the 

Nos1-CreERT2 line, mice were injected daily with 5mg 4-hydroxytamoxifen in corn oil for 

5 days as described previously (Taniguchi et al., 2011). Both male and female mice were 

used. All procedures were designed to minimize animal suffering and approved by the 

Harvard University Institutional Animal Care and Use Committee and performed in 

accordance with institutional and federal guidelines.

METHOD DETAILS

Fluorescence immunohistochemistry—Immunohistochemistry was performed at 

P15, P21, P30 and P60 timepoints in mice. Mice were anesthetized with tribromoethanol 

(Avertin) and transcardially perfused with 0.1 M PBS (phosphate-buffered saline, pH 7.4) 

followed by 4% paraformaldehyde, as described previously (Arlotta et al., 2005). Cortical 

tissue was then fixed overnight in 4% paraformaldehyde and placed in ascending sucrose 

solutions (10%, 20% and 30%). Serial coronal sections (100μm thick) were cut using a 

Leica microtome (VT1000 S), collected in PBS and stored at 4°C. Free-floating sections 

were blocked for 1 hour at room temperature in blocking buffer (PBS with 0.02% sodium 

azide, 0.3% BSA, 0.3% Triton X-100, and 8% serum of the species corresponding to the 

secondary antibody), and then incubated overnight at 4°C in blocking buffer with the 

following primary antibodies: mouse anti-MBP (Covance Research Products Inc Cat# 

SMI-94R-100, RRID:AB_510039) 1:500, rabbit anti-Parvalbumin (Swant Cat# PV27, 

RRID:AB_2631173) 1:500, and rat anti-RFP (ChromoTek Cat# 5f8-100, 

RRID:AB_2336064) 1:500. Secondary antibody labeling was performed at room 

temperature for 2 hours as follows: FITC-conjugated goat anti-mouse IgG (H+L) (Jackson 

ImmunoResearch Labs Cat# 115-096-003, RRID:AB_2338607) 1:200, Cy5-conjugated goat 

anti-rabbit IgG (H+L) (Jackson ImmunoResearch Labs Cat# 111-165-144, 

RRID:AB_2338006) 1:200, and Cy3 goat anti-rat (H + L) (Jackson ImmunoResearch Labs 

Cat# 112-165-143, RRID:AB_2338250) 1:200. Sections were mounted using ProLong Gold 

(Invitrogen P36930). Confocal imaging was performed on a Zeiss LSM 880 with Airyscan 

microscope using three different lasers: FITC (488 nm laser line excitation; 522/35 emission 

filter), Cy3 (558 nm excitation; 583 emission), and Cy5 (647 excitation; 680/32 emission). 

The visual cortex was first identified using a 10x objective and imaged using a 63x objective 

with a z step size of 0.5μm.

Neuronal tracing and analysis of fluorescence images—For tracing of neurons 

from confocal images, z-stacks were loaded into VAST (Volume Annotation and 

Segmentation Tool) (Kasthuri et al., 2015). For the quantification of the number of PV+ and 

Sst+ cells with myelinated axons at P30 and P60, we restricted our tracing to cells in layer 

II/III due to the high density of myelin sheaths in the lower layers of the cortex. To quantify 

the length of myelinated axon, connected-components analysis was used to identify all 

spatially separate segments. Next, for each axon object, we found the two most distant 

points by 3D-filling the object from a random seed point and finding the voxel which is 

filled last (endpoint 1) and then filling again using endpoint 1 as seed to find the voxel which 
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is filled last (endpoint 2). This method worked reliably for our objects, which have an 

elongated tubular shape with no branches (since branches were labeled as separate objects). 

The filling algorithm also stores the rectilinear distance (1-norm) to the seed point for each 

voxel of the object. These distances are then used to compute an approximated center line 

(as a linear list of nodes connected by edges) for each object. This was done by starting at 

endpoint 1, and using a distance counter d, which was initialized with 0 and increased by 10 

(voxels) in each step until the distance of endpoint 2 was reached. For each step a node 

location was computed by averaging the location of all voxels with distance d from endpoint 

1. The total length of each object was computed by summing the Euclidian distances (scaled 

by the voxel dimensions) between nodes along the center line. Since each axon object has an 

associated type, we can sum the segment lengths by type and compute the total labeled axon 

length, myelinated axon length, and percentage myelinated. The global rotation of the tissue 

in the stack and depth below the pia was computed by manual labeling of the pia and 

automatic extraction of its location and orientation in the image stack. For the quantification 

of the total length of myelin segments along the axons of PV+ and Sst+ cells, we excluded 

the axon initial segment (AIS) from our analysis.

Neuronal tracing and rendering of EM data—Neuronal and glial cell bodies and 

processes were manually traced from a high-resolution EM dataset of an adult (P60-150) 

animal (Bock et al., 2011) (available online at https://neurodata.io/data/bock11/), accessed in 

VAST (Berger et al., 2018) as previously described (Tomassy et al., 2014). Briefly, all the 

cell bodies, axons, and myelin sheaths were labeled manually throughout the EM image 

stack. The labeled images and meta-data containing the labels were exported and processed 

externally, or accessed through the VAST API. For rendering of all the traced images, 3D 

surface meshes of labeled objects were generated from VAST using VastTools (written in 

Matlab) and imported into 3D Studio Max (Autodesk Inc.) to generate 3D renderings of all 

the traced objects.

Oligodendrocyte tracing—Tracing of oligodendrocytes and myelinated axons was 

achieved by identifying the cell bodies of oligodendrocytes throughout the EM dataset. The 

processes of the oligodendrocytes were subsequently traced until they myelinated an axon. 

Not all oligodendrocyte processes could be traced to a myelinated axon, either due to the 

process leaving the V1 EM volume or because the quality of the EM data precluded further 

tracing.

Interneuron subtype classification—Interneurons were classified according to the 

following morphological and synaptic connectivity features. Martinotti cell: (1) an ovoid 

shaped cell soma with a partially myelinated axon projecting from the primary dendrite 

ascending into layer I, (2) dendrites with sparsely distributed spines which also receive 

multiple shaft synapses, and (3) an axon forming multiple axon-dendritic symmetrical 

synapses. Basket cells: (1) an ovoid cell soma, (2) an axon ascending from the soma which 

is extensively myelinated, (3) aspiny dendrites receiving multiple shaft synapses, and (4) 

axons forming axo-somatic symmetrical synapses with pyramidal neurons. Bitufted cells: 

(1) thin unmyelinated axon arising from the base of the soma, which arborizes into the upper 

layer and lower layers of the cortex, (2) dendrites that are aspiny and receive multiple shaft 
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synapses, and (3) axon forming axo-dendritic symmetrical synapses. Bipolar cells: (1) small 

ovoid shape cell body, (2) thin unmyelinated axon emanating from the primary dendrite and 

projecting to the lower layers of the cortex, (3) aspiny dendrites receiving multiple shaft 

synapses, and (4) axons forming multiple axo-dendritic symmetrical synapses. 

Neurogliaform cells: (1) ovoid cell body, (2) thin axon originating from the cell soma 

arborizing into layer I, (3) dendrites are a spiny and receive multiple shaft synapses, and (3) 

axon forming multiple axo-dendritic symmetrical synapses (De Marco Garcia et al., 2015; 

DeFelipe et al., 1986; Markram et al., 2004; Wang et al., 2004).

Axon classification—Axons were classified as either inhibitory or excitatory using 

previously established criteria (Bock et al., 2011; del Rio and DeFelipe, 1997; Micheva et 

al., 2016; Wang et al., 2004). Axons which could be traced back to cell bodies could be 

easily classified by cell body morphology and appearance of dendrites at some distance from 

the cell body (many spines receiving asymmetric synapses for excitatory cells vs. numerous 

shaft synapses and relative spinelessness for inhibitory cells). Axons which we could not 

trace to the cell bodies were classified using previously established methods for the 

identification of symmetrical and asymmetrical synapses (Bock et al., 2011).

Identification of locally available myelinated axons surrounding 
oligodendrocytes 2 and 5.—To quantify the total number of locally available 

myelinated axons surrounding oligodendrocyte 2 and 5, we first found the maximal reach of 

oligodendrocyte branches in all six cardinal directions in the data set and used these to 

define boundary boxes surrounding the oligodendrocytes (Figure 5D). We then traced all of 

the axons within both boundary boxes and attempted to classify them as excitatory and 

inhibitory as described above. We could not classify 21% of axons surrounding 

oligodendrocyte 2 and 20% of axons surrounding oligodendrocyte 4 as either inhibitory or 

excitatory because they did not connect to a cell body and did not make enough reliably 

identifiable synapses within the dataset.

Identification of receptor ligand interactions—In order to identify subtype-specific 

molecules implicated in PV-Oligodendrocyte interaction, we identified genes whose average 

gene expression in PV+ interneurons was greater than two-fold higher compared to VIP+ or 

nNOS+ interneurons, using a previously published dataset (GSE: 71585; Tasic et al., 2016). 

The aim of this bioinformatic analysis was to test whether highly-myelinated PV+ neurons 

differentially expressed ligands for oligodendrocyte receptors, compared to less-myelinated 

interneuron classes. We refined this gene list based on their biological function to include 

only extracellular matrix, secretory and surface proteins, since these genes would most likely 

play a role in cell-cell interaction, using gene lists from MIT’s Matrisome Project (http://

web.mit.edu/hyneslab/matrisome/) (Naba et al., 2012). We obtained a list of genes enriched 

across all oligodendrocyte populations (Marques et al., 2016). We compared the gene lists to 

the interactome database StringDB (https://string-db.org/) to computationally annotate 

possible ligand receptor pairs across the two cell types, by first identifying all potential 

ligands in PV+ cells and then using StringDB to identify receptors/interacting partners 

expressed by oligodendrocytes.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data presentation and statistical analysis—The summary data are presented in the 

text as mean and s.e.m. from n cells or animals. Comparisons involving two data sets only 

were performed using a two-sided Welch two-sample t- test that does not assume equal 

variance. Analyses that involved data from three or more groups were performed using one-

way or two-way analysis of variance (Welch heteroscedastic F test) that was followed by 

pairwise comparisons using two-sided Welch two-sample t tests (with Holm’s sequential 

Bonferroni correction for multiple comparisons). Binomial distribution analysis were carried 

out using Matlab 2016. Differences were considered significant at * P < 0.05, ** P < 0.01, 

and *** P < 0.001. Statistical tests were performed using Prism version 7.0c (GraphPad 

Software, Inc) or MATLAB 2016 (The MathWorks Inc., Natick, MA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cortical interneurons develop class-specific myelination patterns
(A) 3D reconstructions of 28 neurons from a high-resolution EM dataset of mouse V1 cortex 

(Bock et al., 2011), displaying non-myelinated axons (red) and myelinated axons (white). 

Scale bar 100μm. Image to the right are 3D renderings of two neurons with distinctive 

morphological features of a cortical basket cell (B) and cortical Martinotti cell (C). (B, C) 
Close-up renderings of these two cells. Images to the right are representative single EM 

sections of (1) cell bodies, (2) dendrites with a sparse number of spines receiving multiple 

shaft synapses, (3) myelinating ascending axon, and (4) axons forming symmetrical 
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synapses (red) with the postsynaptic cell body labeled in green (red arrowheads indicate the 

location of axons, synapses onto dendrites, and asymmetrical synapses). Boxed regions on 

the 3D rendered images (yellow) indicate the location corresponding to the EM images. 

Dashed white lines indicate the end of EM tracing due to the axon or dendrites leaving the 

V1 EM volume, or the quality of the EM data precluding further tracing. Scale bars, 10μm 

for panel 1 and 1μm for panels 2–4. See also Figures S1 and S2 and Table S1.
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Figure 2. Interneuron class-specific myelination patterns are present from the onset of 
myelination
(A-B) Representative confocal images from the V1 of PV::tdTomato (red) and Sst::tdTomato 

(red) mice at P15, P21, P30 and P60, labeled with anti-MBP (green). Sst::tdTomato mice 

were additionally labeled with anti-PV (blue) to exclude PV+/Sst+ cells. Images to the right 

of each panel are example 3D reconstructions of traced neurons with myelinated segments in 

white and cell bodies, dendrites and non-myelinated axons in magenta. Scale bar 100μm. 

(C) Pooled data showing the number of PV+ (PV::tdTomato) cells with myelinated axons 
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compared to Sst+/PV- cells (Sst::tdTomato) at P15, P21, P30 and P60. *** P < 0.001, 

(Fisher’s exact test); (n=3 animals). (D) Pooled data showing the higher percentage of 

myelin coverage along individually traced PV+ cell axons compared to Sst+/PV- axons at 

each age. Data are presented as mean ± s.e.m. *** P < 0.001 (unpaired Welch two-sample t 
tests). See also Figure S3 and Table S2.
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Figure 3. Identification of oligodendrocytes in the mouse visual cortex and their myelinating 
contacts
(A) 3D reconstructions of 10 oligodendrocytes located in layer II/III of the mouse visual 

cortex (red). Scale bar 100μm. (B) 3D reconstruction of a single oligodendrocyte 

(Oligodendrocyte 4, Figure 3A and Figure 5A) myelinating the axons of multiple inhibitory 

neurons. Yellow boxed regions correspond to the four myelinating contacts with inhibitory 

axons shown in enlargements at right. (C) 3D reconstruction of the oligodendrocyte 4 (red) 

and its myelinating contacts with inhibitory axons (blue). Scale bar 10μm. (D) 3D renderings 
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of three oligodendrocytes myelinating the axons of the same cortical interneuron. Yellow 

boxed regions correspond to the oligodendrocyte processes ensheathing axons of inhibitory 

cells enlarged at right. EM image at far left shows the cell body of the myelinated 

interneuron. Scale bar 10μm. (B, D) The oligodendrocyte and all branches are labeled in red; 

neuronal cell soma, dendrites and non-myelinated axon in blue; and myelinated axons in 

white.
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Figure 4. Subpopulations of cortical oligodendrocytes show individual bias towards myelinating 
the axons of inhibitory neurons
(A-I) 3D reconstruction of oligodendrocyte 2 (A-C, predominantly myelinating axons of 

excitatory neurons), oligodendrocyte 7 (D-F, myelinating multiple axons of inhibitory 

neurons) and oligodendrocyte 10 (G-I myelinating both excitatory and inhibitory neurons) 

from the Bock et al. EM dataset (Figure 3A and Figure 5A). The oligodendrocytes are 

labeled in red, myelinated axons in white, inhibitory soma and non-myelinated axons in 

blue, and excitatory soma and non-myelinated axon in pink. (B, E, H) Reconstructions of 
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two of the oligodendrocytes’ processes myelinating the axon of a target excitatory or 

inhibitory neuron. Boxed images to the right are enlargements of two individual processes 

ensheathing the target axons. (C, F, I) 3D reconstruction of the oligodendrocyte showing all 

myelinating contacts with excitatory (pink) and inhibitory axons (blue). Scale bar 10μm. (J) 

Representative EM images of two processes projecting from oligodendrocyte 10 (red) 

myelinating individual inhibitory (blue) and excitatory (pink) axons. Scale bar 1μm. See also 

Figures S4 and S5 and Table S1.
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Figure 5. Oligodendrocyte bias towards excitatory versus inhibitory axons is independent of the 
availability of surrounding excitatory and inhibitory axons
(A) 3D renderings of 10 oligodendrocytes located in layer II/III of the visual cortex 

myelinating multiple inhibitory (blue) and excitatory axons (pink). Box color denotes bias 

towards excitatory (pink) or inhibitory (blue) axons, or no bias (yellow). (B) Graph 

representing the total number of inhibitory (blue) and excitatory (purple) axons myelinated 

by each of the 10 traced oligodendrocytes in layer II/III, with asterisks indicating 

oligodendrocytes where the ratio is significantly different from expected at random. * P < 
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0.05, ** P < 0.01, *** P < 0.001 (binomial distribution analysis, see Methods and Figure 

S5). (C) Binomial distribution plots for the 10 oligodendrocytes, comparing the total number 

of excitatory axons myelinated by each oligodendrocyte (red circles) to the number expected 

from the ratio of inhibitory and excitatory axons (48% inhibitory and 52% excitatory). (D) 

Individual oligodendrocytes show bias towards different axon types independent of local 

axon availability. Left, 3D rendering of oligodendrocytes 2 (green) and 5 (red) 

demonstrating their proximity and multiple overlapping processes. Right, 3D reconstruction 

of these cells with all surrounding myelinated axons whose type could be identified; 

myelinated excitatory axons (pink) and myelinated inhibitory axons (blue). Bottom: 

binomial distribution plots for oligodendrocyte 2 and 5, comparing the actual number of 

myelinated excitatory axons (red circles) with the number expected from the average ratio of 

locally available classifiable myelinated axons (Oligodendrocyte 5: 52% excitatory and 48% 

inhibitory axons; Oligodendrocyte 2: 46.2% excitatory and 53.8% inhibitory axons). See 

also Figure S5.
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