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The axons of neocortical pyramidal neurons are frequently myelinated. Heterogeneity in the topography of axonal myelination in
the cerebral cortex has been attributed to a combination of electrophysiological activity, axonal morphology, and neuronal–glial
interactions. Previously, we showed that axonal segment length and caliber are critical local determinants of fast-spiking interneuron
myelination. However, the factors that determine the myelination of individual axonal segments along neocortical pyramidal neurons
remain largely unexplored. Here, we used structured illumination microscopy to examine the extent to which axonal morphology is
predictive of the topography of myelination along neocortical pyramidal neurons. We identified critical thresholds for axonal caliber and
interbranch distance that are necessary, but not sufficient, for myelination of pyramidal cell axons in mouse primary somatosensory
cortex (S1). Specifically, we found that pyramidal neuron axonal segments with a caliber < 0.24 μm or interbranch distance < 18.10 μm
are rarely myelinated. Moreover, we further confirmed that these findings in mice are similar for human neocortical pyramidal cell
myelination (caliber < 0.25 μm, interbranch distance < 19.00 μm), suggesting that this mechanism is evolutionarily conserved. Taken
together, our findings suggest that axonal morphology is a critical correlate of the topography and cell-type specificity of neocortical
myelination.
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Introduction
Axonal myelination is a crucial mammalian neurobiological
adaptation that functions as an electrical insulator, enabling
saltatory conduction of action potentials (Nave and Werner 2014),
facilitating reliably timed neuronal activity (Salami et al. 2003;
Ford et al. 2015), and optimizing neuronal energy expenditure
(Wang et al. 2008). Accordingly, loss or damage to the myelin
sheath or oligodendrocyte integrity has been shown to contribute
to a variety of neuropsychiatric disorders (Snaidero et al.
2014). Developmentally, central nervous system (CNS) myeli-
nation exhibits protracted maturation throughout childhood,
adolescence, and early adulthood, with considerable cell-type
heterogeneity, as well as across distinct subcortical layers and
brain areas (Brody et al. 1987; Kinney et al. 1988). In particular, the
topography of myelination along individual axons of neocortical
pyramidal neurons is known to be highly heterogeneous (Tomassy
et al. 2014; Stadelmann et al. 2019; Call and Bergles 2021). This
has raised the question of how oligodendrocytes determine
their targets among the totality of axons. Intrinsic molecular
cues from axons have been suggested to inhibit or attract
myelinating oligodendrocytes (Redmond et al. 2016; Mount and
Monje 2017). Moreover, neuronal activity has been shown to

modulate oligodendrogenesis and axonal ensheathment (Nagy
et al. 2017). However, although neocortical pyramidal cell axons
are a well-characterized target of myelinating oligodendrocytes,
the heterogeneity of their internodal topography remains poorly
understood.

Axonal diameter is widely known to be an important determi-
nant of myelination. Schwann cells, the myelinating cells in the
peripheral nervous system, almost exclusively ensheath axons
with a diameter greater than ∼1 μm (Duncan 1934; Voyvodic 1989;
Fraher and Dockery 1998). In the CNS, oligodendrocytes have been
reported to restrict their ensheathment to axons with a diameter
greater than ∼0.3 μm (Lee et al. 2012; Stedehouder et al. 2019; Call
and Bergles 2021). However, many axons exceeding this minimum
threshold remain unmyelinated (Stedehouder et al. 2019). This
suggests that in the CNS, axonal myelination is regulated by
additional determinants. Previous studies of local fast-spiking
interneurons in the cerebral cortex demonstrated that axonal
morphology, including caliber and interbranch segment length, is
sufficient to predict interneuron myelination with high accuracy
(Stedehouder et al. 2019). Whether pyramidal cells adhere to
similar or distinct rules governing their myelination has yet to be
determined.
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Here, we investigated the relationship between pyramidal
cell axonal morphology and myelination in layer II/III of
mouse primary somatosensory cortex (S1). We observed that
in contrast to fast-spiking interneurons, axonal caliber and
segment length are necessary but not sufficient for neocortical
pyramidal cell segmental myelination. Lastly, using human ex
vivo neurosurgically resected tissue, we found that the critical
morphological thresholds necessary for neocortical pyramidal
cell myelination in mice also extend to humans. Taken together,
local axonal morphology of pyramidal cells appears to explain
a substantial proportion of the variance underlying segmental
myelination.

Materials and methods
Mice
All experiments were conducted under the approval of the Dutch
Ethical Committee and in accordance with the Institutional
Animal Care and Use Committee (IACUC) guidelines. C57BL/6J
mice (referred as wild-type (WT); strain #000664) from both sexes
between 8 and 12 weeks old were used in these experiments.
Mice were group housed and maintained on a regular 12 h
light/dark cycle at 22◦C (±2◦C) with ad libitum access to food and
water.

Human
Peri-tumoral infiltrated neocortical tissue was obtained from 5
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
was provided by each participant in accordance with the Helsinki
Declaration.

• Patient 1 was a 52-year-old male with a tumor in the right
temporal lobe secondary to a melanoma. There were no
episodes of epilepsy or mental illness associated. The patient
did not receive antiepileptic medication.

• Patient 2 was a 62-year-old male with a glioblastoma on
the right temporal lobe. The patient presented epilepsy sec-
ondary to the tumor.

• Patient 3 was a 32-year-old male with and oligodendroglioma
on the right fronto-temporal lobe. The patient received treat-
ment for epileptic seizures.

• Patient 4 was a 60-year-old male who underwent surgery
due to a tumor in the right frontal lobe derived from a lung
carcinoma. There was no past psychiatric history or presence
of epilepsy or seizures.

• Patient 5 was a 69-year-old female who showed signs of
glioblastoma in the right temporo-parietal lobe. There was no
history of mental illness or presence of epilepsy.

Electrophysiology
Mice
Mice were anesthetized using 5% isoflurane. After decapitation,
brains were removed in ice-cold partial sucrose-based solution
containing (in mM): sucrose 70, NaCl 70, NaHCO3 25, KCl 2.5,
NaH2PO4 1.25, CaCl2 1, MgSO4 5, sodium ascorbate 1, sodium
pyruvate 3, and D(+)-glucose 25 (carboxygenated with 5%
CO2/95% O2). Coronal slices from the prefrontal and somatosen-
sory cortex (300 μm thick) were obtained with a vibrating slicer
(Microm HM 650V, Thermo Scientific) and incubated for 45 min

at 34◦C in holding artificial cerebrospinal fluid (ACSF) containing
(in mM): 127 NaCl, 25 NaHCO3, 25 D(+)-glucose, 2.5 KCl, 1.25
NaH2PO4, 1.5 MgSO4, 1.6 CaCl2, 3 sodium pyruvate, 1 sodium
ascorbate, and 1 MgCl2 (carboxygenated with 5% CO2/95% O2).
Next, the slices recovered at room temperature for another
15 min.

Slices were then transferred into the recording chamber where
they were continuously perfused with recording ACSF (in mM):
127 NaCl, 25 NaHCO3, 25 D-glucose, 2.5 KCl, 1.25 NaH2PO4, 1.5
MgSO4, and 1.6 CaCl2. Cells were visualized using an upright
microscope (BX51WI, Olympus Nederland) equipped with oblique
illumination optics (WI-OBCD; numerical aperture 0.8) and a
40× water-immersion objective. Images were collected by a CCD
camera (CoolSMAP EZ, Photometrics) regulated by Prairie View
Imaging software (Bruker). Layer II-III pyramidal cells in the
somatosensory cortex were identifiable by their location and
morphology.

Electrophysiological recordings were acquired using HEKA
EPC10 quattro amplifiers and Patchmaster software (10 Hz sam-
pling rate) at 33◦C. Patch pipettes were pulled from borosilicate
glass (Warner instruments) with an open tip of 3.5–5 M� of
resistance and filled with intracellular solution containing (in
mM) 125 K-gluconate, 10 NaCl, 2 Mg-ATP, 0.2 EGTA, 0.3 Na-GTP,
10 HEPES and 10 K2-phosphocreatine, pH 7.4, adjusted with KOH
(280 mOsmol/kg), with 5 mg/mL biocytin to fill the cells. Series
resistance was kept under 20 M with correct bridge balance and
capacitance fully compensated; cells that exceeded this value
were not included in the study. Cells were filled with biocytin for
at least 20 min.

Data analysis was performed offline using AxoGraph X Office
software (v1.7.0, AxoGraph Scientific). Physiological characteris-
tics were determined from voltage responses to current injection
pulses of 500 ms duration in 100 pA intervals ranging from −100
to +600. Action potential (AP) characteristics were obtained by
the first elicited AP in the voltage response; AP peak was defined
as the maximum peak of the AP; AP half-width was measured
as the half of the peak amplitude. AP threshold was determined
as the first inflection point where the rising membrane potential
exceeded 50 mV/ms slope. AP rise time was quantified as duration
from 10 to 90% of the peak amplitude. AP decay time was mea-
sured as the duration from 100 to 50% of the peak. The afterhy-
perpolarization amplitude was measured as the hyperpolarizing
peak from the initiation of the refractory period until the recovery
state. AP frequency was estimated by the inverse of the difference
between 2 consecutive AP in each current step. Likewise, passive
membrane properties such as input resistance or conductance
were calculated by the slope of the linear regression through
the voltage–current curve. Excitatory postsynaptic currents (EPSC)
were recorded at −70 mV holding potential during 5 min. Synaptic
events were analyzed using MiniAnalysis Program (Synaptosoft,
Decatur, Georgia).

Human
Ex vivo human recordings of acutely resected cortex slices were
obtained by overlying tissue that was removed to gain access to
the tumor. After resection, the tissue block was transferred into
carboxygenated (95% O2/5% CO2) ice-cold solution and sliced into
300 μm thick slices for electrophysiology. For the electrophysiolog-
ical recordings, only slices where there was no infiltrating tumor
found were utilized. Whole-cell recordings and data analysis were
performed and analyzed identically as the mouse tissue, except
for current injection pulses that range from −100 to +600 in 50 pA
steps.
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Immunohistochemistry
Mice biotin-filled cells
Layer II-III pyramidal neurons were filled with 5 mg/mL biocytin
during whole-cell recordings and then fixed with 4% (PFA)
overnight and stored in PBS at 4◦C. Slices were rinsed with PBS and
then stained with streptavidin-Cy3 secondary antibody (1:300;
Invitrogen), 0.4% Triton X-100 and 2% NHS in PBS during 3 h. Slices
were mounted on slides and coverslipped with 150 μL Mowiol
(Sigma). After imaging with confocal at 63×, cells were unsealed
and rinsed with PBS. To prevent thinning and dehydration, the
slices were left in 30% sucrose overnight before resectioning.
Coronal sections (40 μm thick) were recut using a freezing micro-
tome (Leica, Wetzlar, Germany; SM 2000R) and stored in 0.1 M PB.
Sections were blocked with 0.5% Triton X-100% (MerkMillipore)
and 10% normal horse serum (NHS; Invitrogen, Bleiswijk, The
Netherlands) for 1 h at room temperature, and incubated over
72 h at 4◦C with mouse anti- myelin basic protein (MBP) (1:300,
Santa Cruz, F-6, sc-271524), in PBS buffer containing 0.4% Triton
X-100 and 2% NHS. MBP was visualized using anti-mouse
Alexa488 secondary antibody (1:300, Invitrogen). Secondary
antibodies were incubated at room temperature for 2 h in a PBS
buffer containing 0.4% Triton X-100 and 2% NHS. Sections were
then washed with PBS and cover-slipped in Vectashield H1000
fluorescent mounting medium (Vector Labs, Peterborough, United
Kingdom).

Human biocytin-filled cells
Human pyramidal cells were filled with 5 mg/mL biocytin and
fixed in 4% PFA overnight. Slices were washed with PBS and
stained with streptavidin-Cy3 secondary antibody (1:300, Invit-
rogen) in a PBS-based solution containing 0.4% Triton X-100 and
5% bovine serum albumin (BSA; Sigma-Aldrich, The Netherlands)
during 3 h at room temperature. Slices were mounted and cov-
erslipped. Slices were recut in 40 μm slices and then blocked
in PBS containing 0.4% Triton X-100 and 5% BSA and posteri-
orly stained using mouse anti-MBP (1:300, Santa Cruz, F-6, sc-
271524) in PBS, 0.4% Triton X-100 and 5% BSA during 72 h at 4◦C.
Secondary antibodies Alexa-488 anti-mouse and streptavidin-Cy3
were diluted in PBS, 0.4% Triton X-100 and 5% BSA during 3 h at
room temperature. Slices were then cover-slipped and sealed for
imaging.

Confocal imaging and reconstruction
Images were taken using a Zeiss LSM 700 microscope (Carl Zeiss)
equipped with Plan-Apochromat 10×/0.45 NA, 40×/1.3 NA (oil
immersion), and 63×/1.4 NA (oil immersion) objectives. Alexa488
and Cy3-secondary fluorophores were imaged using excitation
wavelengths of 488 and 555 nm, respectively.

In WT and human cells, a 10× magnification picture of the
cell was used to quantify the distance from soma to pia, and a
whole-cell overview image was acquired using 63× magnifica-
tion objective and 555 nm wavelength. Pinhole was kept at 0.2%
and gain was set at 750–800 units to adjust the signal-to-noise
ratio. Biocytin-filled cells were imaged with tiled z-stack images
(512 × 512 pixels) with a step size of 1 μm. Resectioned slices
of such cells were obtained at 40× magnification using 488 and
555 nm wavelength filters. MBP staining pictures were acquired
using 40× magnification (1024 × 1024 pixels) and excitation wave-
length of 555 nm. The same settings were maintained across all
pictures to ensure fluorescence was equally measured.

Overview images were then transferred into Neurolucida 360
software (v2.8; MBF Bioscience) and the axon was reconstructed

using the interactive tracing with the Directional Kernels method.
Reconstruction of the axon and myelinated segments were ana-
lyzed with Neurolucida Explorer (MBF Bioscience). Distance to the
pia and internodes were quantified and observed using ImageJ
(ImageJ 5.12h). Axons were considered myelinated when they
exhibited at least 1 MBP-positive internode, and unmyelinated
when no MBP-positive internodes could be identified up to at least
the 10th branch order. The distance to the first branch point was
calculated as the length of the axon from the soma to the first
branching axon segment. The distance to the first myelinated
segment was determined as the distance along the axon from the
soma to the initial point of the MBP segment.

Structured illumination microscopy
Structured illumination imaging was performed using a Zeiss
Elyra PS1 system (Carl Zeiss). 3D structured illumination
microscopy (SIM) data were acquired using a 63×/1.4 NA oil
immersion objective. A 561 nm 100 mW diode laser together with
a BP 570–650 + LP 750 filter was used to excite the fluorophores.
Five phases and 5 rotations modulated the grating that was
present in the light path during 3D-SIM acquisition. Serial z-stacks
of 110 nm were recorded on an Andor iXon DU 885, 1002 × 1004
EMCCD camera. Raw data were reconstructed using Zen 2012
software (Zeiss) and posteriorly analyzed in Fiji image analysis
software.

To avoid overexposure from the soma, the first picture was
taken starting from the second branch order axonal segment
and continuing anterograde. Axonal segments were imaged from
branch point to the subsequent branch point. Only axonal seg-
ments that were entirely within the microscopy image were taken
into consideration. Bandwidth, offset, and exposure time were
regulated manually per segment to prevent oversaturation of the
picture. Reconstructed pictures were loaded into Fiji and analyzed
using a custom-made script as previously described (Stedehouder
et al. 2019).

The axonal diameter of each individual segment was quan-
tified using the average intensity projection of each individual
axonal segment, traced using Simple Neurite Tracer to mark
the path along which serial 40 nm orthogonal sections of the
axon were extracted along the entire segment length. For each
successive orthogonal section, a Gaussian curve was fitted to the
intensity profile. Only those fits with r2 > 0.9 were included in the
analysis. The full width at half maximum was calculated using
the corresponding Gaussian curve and employed to calculate the
axonal diameter for each orthogonal section. The average axonal
diameter of each individual segment was then estimated and used
for further analysis.

Statistical analysis
All statistical analyses were operated using GraphPad 8.01. Data
were firstly analyzed for normality using Kolmogorov–Smirnov
test. No outlier was identified or removed. Data sets following
normal distribution were analyzed using unpaired 2-tailed t-test.
Data sets without a normal distribution were analyzed using
Mann Whitney test.

A self-custom-made algorithm for R was created to calculate
the receiver operating characteristic (ROC) curve, the area under
the curve (AUC), and the thresholds from the pure length and
diameter univariate models and for the bivariate model. The
optimum thresholds were determined as the maximum point of
the Youden’s J statistic, calculated as the sum of the sensitivity
and specificity minus 1. The AUC was estimated as the integral of
the ROC curves for the univariate and bivariate models.
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Results
Myelination of pyramidal cells in mouse
somatosensory cortex is associated with axonal
morphology
SIM imaging of axonal morphology and myelination of pyramidal
cells in the somatosensory cortex (S1) was performed following
whole-cell patch-clamp recordings in S1 layer II-III from WT mice
at 8–12 weeks of age (Fig. 1A and B; Supplementary Fig. 1; Supple-
mentary Table 1a). Biocytin-labeled neurons were imaged using
confocal microscopy and immunolabeled with MBP to investigate
their myelination profile (Fig. 1C). A total of 80% (8 out of 10) of the
examined cells were myelinated. Consistent with previous studies
(Tomassy et al. 2014), only the primary axon had myelinated
segments (Fig. 1D; Supplementary Table 1b). Axonal diameter
and length of each reconstructed segment were measured using
SIM imaging as described by Stedehouder et al. (2019). Axonal
shaft diameter, independent of myelination status, had an average
diameter of 0.26 μm (Fig. 1E). Importantly, segments that exhib-
ited myelination had a consistently larger caliber compared with
those that were unmyelinated. Moreover, myelinated segments
were longer on average than those that were unmyelinated (Fig. 1F
and G).

Using ROC analysis, we examined the sufficiency of axonal
caliber and length to predict segmental myelination in S1 pyra-
midal neurons. As expected, axonal diameter was a moderate pre-
dictor of segmental myelination (threshold, 0.35 μm; AUC = 0.97;
sensitivity = 0.85; specificity = 0.85). Axonal length was also sig-
nificantly associated with segmental myelination, albeit with
a somewhat lower specificity (threshold, 18.90 μm; AUC = 0.87;
sensitivity = 1; specificity = 0.65). Therefore, we performed a bivari-
ate ROC analysis as previously described (Stedehouder et al.
2019), to determine whether the joint combination of axonal
caliber and length might generate better estimates of segmental
myelination along pyramidal cell axons. The combination of both
parameters yielded a significant yet mild improvement in the
prediction of segmental myelination (AUC = 0.97; sensitivity = 1;
specificity = 0.88), with critical thresholds for axonal caliber and
length of 0.24 and 18.10 μm, respectively (Fig. 1H and I; axonal
caliber: P < 0.01; axonal length: P < 0.01). A substantial propor-
tion of the morphologically suprathreshold segments remained
unmyelinated (58.3% myelinated, 14/24). In contrast, none of the
segments below these morphological thresholds were myelinated
(100% unmyelinated, 26/26). Together, these data suggest that the
joint combination of axonal caliber > 0.23 μm and interbranch
length > 18.10 μm is necessary, but not sufficient, for segmental
myelination of S1 pyramidal neurons.

Human neocortical pyramidal neurons exhibit a
similar morphological relationship with axonal
myelination
We next explored whether the thresholds observed in mouse
pyramidal neurons also extend to human pyramidal neurons.
To that end, we performed whole-cell electrophysiology and
biocytin-filling of layer II/III human pyramidal cells in neuro-
surgically resected neocortical tissue (9 cells from 5 patients;
see Methods). All recorded cells exhibited canonical electro-
physiological characteristics of pyramidal neurons, including
regular firing frequency, high amplitude, and subthreshold
depolarization (Fig. 2A and B; Supplementary Table 1a). Post
hoc MBP immunofluorescence revealed that 89% of the cells
(8 out of 9) were myelinated with an average internode length
of 49.37 ± 12.69 μm, total myelin length of 162.21 ± 82.30 μm,

and 2.87 ± 1.25 number of internodes (Fig. 2C and D; Supplemen-
tary Table 1b).

SIM imaging of individual axonal segments yielded a mean
axonal shaft diameter of 0.29 ± 0.77 μm (Fig. 2E). Similar to our
observations in S1 pyramidal cells in mice, human neocortical
pyramidal cells revealed a strong association between segmen-
tal myelination and the joint combination of axonal diameter
and axonal length. Segments that lacked myelination exhibited
shorter length and thinner diameters compared with those that
were myelinated (Fig. 2F and G). ROC analysis of the univari-
ate models revealed thresholds of 21.75 μm for segment length
(AUC = 0.73; sensitivity = 0.90; specificity = 0.51) and 0.35 μm for
axonal diameter (AUC = 0.82; sensitivity = 0.70; specificity = 0.82,
respectively). The bivariate analysis that included the joint com-
bination of axonal caliber and segment length revealed combined
thresholds of 19.00 μm for segment length and 0.25 μm for axonal
caliber (AUC = 0.90; sensitivity = 0.95; specificity = 0.77). The joint
combination of both parameters significantly improved the ROC
model compared with univariate models based on axonal caliber
(P = 0.027) or segment length (P < 0.001) (Fig. 2H and I). Accordingly,
95.2% (20/21) of myelinated segments were above these critical
bivariate thresholds.

The observed critical thresholds were highly similar in mouse
(caliber, 0.24 μm; segment length, 18.10 μm) and human (caliber,
0.25 μm; segment length 19.00 μm). Myelination parameters
for mouse and human cortical pyramidal neurons were similar,
with the exception of distance to the first internode, which was
longer in human pyramidal neurons (Supplementary Table 1b)
(Beaulieu-Laroche et al. 2018; Poorthuis et al. 2018). Together,
these data indicate that pyramidal cell myelination exhibits
evolutionarily conserved morphological correlates in mouse and
human neocortex.

Discussion
Pyramidal cells are the major class of excitatory glutamater-
gic neurons in the cerebral cortex. Their function, morphology,
excitability, and number vary across different layers of the neo-
cortex. The myelination profile of pyramidal cells is highly diverse
and depends on their electrophysiological activity and connectiv-
ity (Tomassy et al. 2014). However, few studies have previously
been performed to investigate the cellular determinants under-
lying the spatial distribution of neocortical pyramidal cell intern-
odes along individual axons. In the present study, we provide new
insights regarding the relationship between axonal morphology
and the myelination of individual segments along pyramidal cell
axons. Our findings reveal a similar minimum necessary bivariate
threshold for the myelination of human and mouse neocorti-
cal pyramidal cell axonal segments. These results could provide
an explanation as to why typically only the primary axon is
myelinated in neocortical pyramidal cells, as collateral branches
protruding from the main axon of pyramidal neurons have a
notably thinner diameter, which is frequently subthreshold for
myelination of these segments.

Extrinsic and intrinsic cues guide oligodendrocyte precursor
cells (OPCs) to mature into myelinating oligodendrocytes and
ensheath axons (Zuchero and Barres 2013). Beyond fiber diameter,
axonal curvature has also been suggested to play an impor-
tant permissive role in myelination (Almeida 2018). Bechler et al.
demonstrated that oligodendrocytes increase the sheath length
in larger fibers (Bechler et al. 2015). Our results are consistent
with a model whereby interbranch distance creates a physi-
cal constraint for initiation of myelination, given that segments

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/34/4/bhae147/7644536 by guest on 26 April 2024

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae147#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae147#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae147#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae147#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae147#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhae147#supplementary-data


Pascual-García et al. | 5

Fig. 1. Axonal properties of pyramidal cells in the mouse S1 layer II-III. (A) Example of a pyramidal cell in S1 filled with biocytin (scale bar = 100 μm).
(B) Electrophysiological example traces of a layer II-III pyramidal cell at hyperpolarizing (light red) and depolarizing currents (red and dark red).
(C) High magnification picture of a myelinated segment (biocytin in upper panel; MBP in middle panel, merged picture in lower panel; scale bar = 5 μm).
Arrow heads indicate the beginning of a myelinated axonal segment. (D) Neurolucida reconstruction of a representative S1 pyramidal cell including the
myelinated segments in the main axon (axon in dark; myelin in green). (E) Frequency histogram of the axonal segment caliber, fitted with a Gaussian
curve; mean = 0.28 μm ± 0.008 μm s.e.m.; n = 98 axonal segments from 10 cells. (F) Comparison of the axonal segment length between myelinated
and unmyelinated segments (Mann–Whitney: U = 149; P-value < 0.0001; unmyelinated segments = 14.71 μm; myelinated segments = 43.56 μm; n = 98
segments). (G) Caliber of myelinated and unmyelinated segments (t-test: t = 5.851; P-value < 0.0001; unmyelinated segments = 0.26 μm; myelinated
segments = 0.39 μm; n = 98 segments). (H) Distribution of the axonal segment caliber and interbranch distances for myelinated (green) and unmyelinated
(black) segments. Dotted lines depict the bivariate thresholds indicated in figure. (I) ROC curves for univariate (length or caliber) and bivariate analyses.

shorter than 18 μm are rarely myelinated. Furthermore, axonal
branch points are consistently unmyelinated, which might sug-
gest that the angle formed by the emerging daughter branches
biophysically restrict and/or molecularly inhibit oligodendrocyte
ensheathment. Consistent with this finding, branch points of

myelinated axons are also common locations for nodes of Ranvier
and therefore critical for signal integration along the axon (Lei and
Chiu 2001; Kole 2011).

Our findings revealed similar myelination thresholds in
humans (18.96 μm for segment length and 0.25 μm for axonal
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Fig. 2. Axonal properties of human pyramidal cells in layer II-III. (A) Confocal image of a representative human pyramidal cell filled with biocytin (scale
bar = 50 μm). (B) Electrophysiological example traces of a human pyramidal cell at hyperpolarizing (light red) and depolarizing currents (red [rheobase]
and dark red). (C) High resolution image of a myelinated segment (MBP; middle panel) in a human pyramidal neuron (Biocytin; upper panel). Arrow heads
indicate the beginning of a myelinated axonal segment (scale bar = 5 μm). (D) Neurolucida axonal reconstruction of a representative pyramidal cell (axon
in dark; myelin in green). (E) Frequency histogram of the axonal segment caliber, fitted with a Gaussian curve; mean = 0.29 μm ± 0.008 μm s.e.m.; n = 144
axonal segments from 10 cells. (F) Axonal segments that were myelinated were significantly longer than those that did not present any internode ((t-test:
t = 2.989; P-value = 0.003; unmyelinated segments: 25.28 μm; myelinated segments: 38.88 μm). (G) Axonal caliber of myelinated segments is larger than
those unmyelinated (t-test: t = 4.602; P-value < 0.001; (unmyelinated segments: 0.27 μm; myelinated segments: 0.37 μm). (H) Distribution of the axonal
segment caliber and interbranch distances for myelinated (green) and unmyelinated (black) segments. Dotted lines depict the critical thresholds of the
bivariate analysis. (I) ROC curves for univariate (length and caliber) and bivariate analyses.
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diameter) and mice (18.14 and 0.24 μm, respectively), suggesting
that oligodendrocytes might have intrinsic mechanisms for myeli-
nation that are highly preserved across species. Likewise, fast-
spiking interneurons exhibit similar morphological thresholds
(Stedehouder et al. 2019) as pyramidal neurons, suggesting that
oligodendrocyte ensheathment potential might be independent
of neuronal cell type and strongly determined by biophysical
constraints. The only significant difference between species that
we observed in the myelination parameters was the distance to
first internode, which is likely due to the longer average length
of pyramidal cell axons in human versus mouse neocortex.
It is important to note that we have used SIM to quantify
these morphological thresholds, which we acknowledge has
lower spatial resolution (100–150 nm) compared with other
techniques that have previously been used for imaging axonal
myelination such as array tomography or electron microscopy.
However, we have previously demonstrated the validity of our
approach for accurately quantifying axonal myelination in the
cerebral cortex (Stedehouder et al. 2019). Moreover, the use of
SIM also facilitated the integration of electrophysiological and
morphological measures at the level of individual neurons.

Another crucial observation resulting from this data is that
in contrast to fast-spiking interneurons in which the observed
bivariate axonal morphological thresholds were both necessary
and sufficient for segmental myelination, it appears that while
necessary, these morphological correlates are insufficient to
explain a high proportion of the variance of axonal myelination
along neocortical pyramidal neurons. Future studies will be
required to quantitatively establish the full repertoire of determi-
nants of pyramidal cell myelination. However, based on current
understanding, this is also likely to include (i) neuronal activity,
which has been shown to significantly alter myelination (Gibson
et al. 2014), (ii) synaptic connectivity (Hughes and Appel 2019),
(iii) differences across layers and brain regions (Tomassy et al.
2014), and (iv) molecular cues, such as chemoattractants and/or
chemorepellents, which are known to influence myelination of
axons by oligodendrocytes (Redmond et al. 2016).

Early neuron–oligodendrocyte interactions have been shown
to play a role in developmental myelination of local interneurons
(Mazuir et al. 2021). Previous studies have indicated that OPCs
receive transient synaptic input from local PV interneurons and
genetic inactivation of these neuro-glial synapses at an early
stage of postnatal development leads to significant changes in
interneuron myelination and maturation (Benamer et al. 2020). It
has yet to be determined whether early neuron–oligodendrocyte
interactions play similar roles in neocortical pyramidal neuron
myelination. Moreover, in contrast to interneurons, the axonal
projections of pyramidal cells are often not restricted locally
but extend to other brain regions, highlighting potential dif-
ferential functional implications for myelination between local
interneurons and pyramidal neurons. Previous studies in mouse
somatosensory cortex revealed that axons of deep layer (V/VI)
pyramidal neurons have greater average myelin coverage and
a distinct pattern of myelination topography compared with
superficial layer (II/III) pyramidal neurons (Tomassy et al. 2014),
highlighting the complexity of regional and cell-type specific
mechanisms. Further studies will be required to elucidate
whether the myelination thresholds observed here extend to pyra-
midal neurons in other layers and regions of the cerebral cortex.

In conclusion, our data suggest that pyramidal cell axonal
morphology is a major contributor to myelin topography.
Moreover, the predictive thresholds for axonal caliber and length
are similar in mouse and human, highlighting the possibility of an

evolutionarily conserved biophysical mechanism governing
axonal myelination in the neocortex.
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