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A B S T R A C T

The endoplasmic reticulum (ER) is a crucial neuronal organelle involved in protein synthesis, calcium homeo
stasis, and metabolic support, essential for neuronal function and plasticity. Understanding its three-dimensional 
(3D) architecture is key to elucidating functional organization. Using SBF-SEM and AI-assisted segmentation, we 
established a quantitative framework to characterize ER and mitochondrial scaling within 35 peripheral nervous 
system (PNS) myelinated axons. Analysis of individual organelle morphometrics revealed a strong power-law 
relationship between surface area and volume for both mitochondria (R2 

= 0.949) and ER (R2 
= 0.949). The 

resulting exponents were super-isometric (kMito = 0.85, kER = 0.73), suggesting structural plasticity that prior
itizes membrane surface expansion. A key finding was the distinction between size and number regulation: 
mitochondrial and ER volumes were negligibly correlated (r ≈ 0.03), implying independent size regulation. 
However, organelle abundance (counts) showed a strong positive correlation (r = 0.79), maintaining an 
extremely low Bonferroni-adjusted Q value (8.1 ×10− 9), suggesting coordinated control of organelle number in 
response to axonal size. Axonal populations were heterogeneous, with larger axons consistently containing more 
ER elements (r = 0.59) and mitochondria (r = 0.69). Furthermore, a low correlation of axon length with 
organelle content supports the idea that regulation is primarily a local phenomenon tied to cross-sectional size. 
These findings provide a quantitative basis for understanding how ER and mitochondria structurally adapt to 
axonal size, laying the groundwork for future research into how these scaling relationships influence neuronal 
metabolic health and contribute to neurological disease.

1. Introduction

The endoplasmic reticulum (ER) is an essential and highly com
partmentalized organelle in neurons, coordinating crucial functions 
including protein synthesis and folding (Hetz, 2012), lipid metabolism 
(Vance, 2014), and the regulation of intracellular calcium (Ca2 +) sig
nalling (Clapham, 2007). The ER’s structure is specialized across 
neuronal domains: the dendritic spine apparatus supports local 
Ca2 + dynamics (Dittmer and Dell’Acqua, 2024; Maiellano et al., 
2023a), while the RER in the soma supports high protein synthesis 
(Verkhratsky, 2004). The axonal ER, characterized by a tubular 
network, is increasingly recognized for its role in transport and main
tenance (Kuijpers et al., 2024).

Traditional 2D TEM provided fundamental ultrastructure knowledge 
(Sree et al., 2021), but it limits understanding of the complex 
three-dimensional (3D) architecture necessary for ER function. 

Resolving this requires advanced volumetric imaging techniques like 
Serial Block Face – Scanning Electron Microscopy (SBF-SEM) (Denk and 
Horstmann, 2004) and Focused Ion Beam Scanning Electron Microscopy 
(FIB-SEM) (Kasthuri et al., 2015). These methods are crucial for 
resolving true organelle morphology and contacts, often obscured in 2D 
views. Ongoing advancements, including improved reconstruction al
gorithms and AI-assisted segmentation, are further enhancing the ability 
to analyse large-scale datasets with greater precision and efficiency 
(Tafti et al., 2015; Jiang et al., 2025).

A critical aspect of ER function is its close apposition to mitochondria 
at Mitochondria-Associated Membranes (MAMs), vital sites for 
Ca2 + signalling and lipid transfer (Rowland and Voeltz, 2012). 3D EM 
is a powerful tool to investigate the structural basis of MAMs in axons, 
especially given their potential dysregulation in neurodegenerative 
conditions (Wu et al., 2018).

This study utilizes 3D SBF-SEM and AI-assisted segmentation to 
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establish a quantitative framework for analyzing axonal organelle or
ganization in the peripheral nervous system (PNS). We aim to quantify 
the ER’s 3D architecture, characterize its interaction sites with mito
chondria (MAMs), and statistically analyze the relationships between 
ER/MAM morphology and the geometric parameters of axons. By 
providing these detailed 3D insights and quantitative correlations, this 
work seeks to deepen our knowledge of neuronal structure and the im
plications of ER alterations in neurological disorders.

2. Materials and methods

2.1. Tissues processing

In compliance with the 3 R’s principles aimed at the reduction of 
animal use for experimental studies (Lauwereyns et al., 2024), healthy 
Balb/c mice (Envigo, San Pietro al Natisone, Italy) belonging as controls 
to a study conducted in conformity with the institutional guidelines in 
compliance with national (D. L.vo 26/2014, Gazzetta Ufficiale della 
Repubblica Italiana, n.61, 14 March 2014) and international laws and 
policies (European Union directive 2010/63/UE; Guide for the Care and 
Use of Laboratory Animals, U.S. National Research Council, 1996), and 
approved by the Italian Ministry of Health (approval n. 777/2022-PR) 
were used. Intracardiac perfusion was performed in animals under 
deep anesthesia with Ketamine/Xylazine using a peristaltic pump 
(Heidolph Pumpdrive 5101, Biosigma, Cona, Venice, Italy). An 18-gauge 
needle was inserted into the left ventricle at an angle approximately 
parallel to the midline of the heart, then a small incision was made in the 
right atrium. Immediately after the venous blood (7 mL) escaped from 
the right atrium, perfusion with sterile saline solution was started at a 
constant speed of approximately 1 mL/5 s, to clean the vascular tree. 
The animals were then perfused with 150 mL of 4 % paraformaldehyde, 
at the same constant rate. Subsequently, nerves were dissected out and 
immediately immersed in 3 % glutaraldehyde diluted in 0.15 M sodium 
cacodylate buffer for 3 h for a further fixation. Nerves were cut into 
small pieces (approx. 5 mm) with a razor blade to help the samples to fit 
inside the baskets of the automatic staining instrument and the staining 
solutions to penetrate homogeneously within tissue volume.

2.2. Uranyl acetate-free en bloc staining with automated processor

The samples were processed with the Leica EM TP 1020 Automated 
Tissue Processor (Leica Biosystems, Buccinasco, Italy). Processing 
schedule was inspired by Moscardini et al. published protocol 
(Moscardini et al., 2020) with modifications. The so-called X-solution 
required by the method was produced in our laboratory following the 
description from the article. After specimen fixation was performed, 
samples were separately inserted into porous baskets with phosphate 
buffer and incubated for two times 10 min each. Successively, 0.12 M 
sodium cacodylate buffer (pH 7.4) was used to wash the samples for two 
times (10 min each) prior to the post-fixation in 1 % potassium ferri
cyanide K3[Fe(Cn)6]-reduced 1 % osmium tetroxide for 1 h and 45 min 
at room temperature. The specimens were then washed twice in 0.12 M 
sodium cacodylate buffer and again in bidistilled water (each step for 
10 min). Samples were then conditioned in 20 % ethanol for 10 min 
before being impregnated with X-solution for 1 h at room temperature. 
Gradual ethanol dehydration (20 %, 50 %, 70 %, 96 %, two steps in 
100 %, 10 min each step) was then performed at room temperature. 
Samples were subsequently impregnated in 100 % propylene oxide for 
10 min and gradually embedded in epoxy resin Embed 812 (Electron 
Microscopy Sciences, USA) with propylene oxide and resin balanced 
mixture (75 %, 50 %, 25 % and 0 %, respectively) for 30 min each step, 
at room temperature. The hard resin formulation was used. 
Resin-embedded specimens were finally transferred into molds, and the 
resin polymerized at 60◦ C for 48 h.

2.3. From block to sample mounting

Semi-thin (1–1.5 μm) sections from the block face were collected, 
stained with toluidine blue, and examined under a conventional bright 
field optical microscope for structural integrity check and selection of 
the region of interest (ROI); ultrathin (approx. 70 nm) sections were 
checked using a Hitachi TEM HT7800 (Hitachi High-Tech Europe 
GmbH, Krefeld, Germany) before proceeding to sample mounting and 
SBF-SEM imaging, to ensure the quality of the staining. The block face 
was, hereafter, trimmed with a razor blade to create a truncated square 
pyramid (approx. 500 μm x 500 μm x 2 mm) with the ROI near its center 
and to remove the empty resin which increases the build-up of negative 
charges on the surface during the imaging. Pyramid was then dislodged 
and mounted onto an aluminum pin using a drop of pre-cured embed
ding resin as glue. Resin drop was left polymerizing overnight in the 
oven at 60◦C to ensure sample-pin anchoring. Specimen surface was 
again smoothed with the diamond knife, to produce a flat block face and 
reduce any possible small tilts with the diamond knife of the in-chamber 
ultramicrotome. Finally, mounted samples were sputter-coated with a 
fine nm-layer of gold palladium using a Vac Coat DSCT sputter coater 
device (Vac Coat Ltd., London, UK) and the aluminum pin base and 
block edges were covered with a small amount of silver paste before the 
insertion into the SBF-chamber.

2.4. High resolution 3D imaging via SBF-SEM

Cubic microns of imaging data were achieved using a Zeiss Gemini 
SBF-SEM 360 (Carl Zeiss S.p.A., Milan, Italy) equipped with the in- 
chamber ultramicrotome Volutome, and piloted by the Volutome soft
ware package, which fully assists the slicing and imaging cycle with 
minimal user involvement. The sample used was a single segment of 
Balb/c mouse sciatic nerve.

The cutting cycle was fixed to a nominal speed of 0.1 mm/s and a 
thickness of 50 nm for every cycle, thus determining the axial resolution 
as well as the voxel size. High-resolution acquisitions of the resin block 
faces were performed using a 30 µm beam aperture and the Volutome 
backscattered electron (BSD) detector.

Imaging was performed in BSD mode with the following parameters: 
1.75 kV (accelerating voltage), 6 nm/pixel (in-plane resolution), 1 µs 
(dwell time), and 65 % FCC (Focal Charge Compensation), resulting in 
an approximate electron dose of 40 e/nm2.

The resulting dataset comprised 353 sections, yielding a total axial 
thickness of 17.65 µm (353 sections×50 nm). The Field of View (FOV) 
was approximately 22 µm× 22 µm (~500 µm2).

Within this volume, only 35 myelinated axons were selected and 
reconstructed for analysis. Schwann cells and their associated cytoplasm 
were excluded from segmentation as they were not relevant to the study 
goals.

Optimum imaging conditions were adjusted depending on sample 
contrast and conductivity. Nitrogen gas injection through the focal 
charge compensation system (FCC) was systematically used to mitigate 
negative charging and improve cutting performance.

2.5. Image analysis and 3D rendering

Segmentation, deep learning models, final 3D rendering and down
stream analysis of tissue ultrastructures were accomplished via Zen 
Arivis Vision4D (Carl Zeiss S.p.A., Milan, Italy). The fully automated 
approach was chosen to post-process different sample acquisitions. 
Therefore, for each tissue compartments (i.e., myelin sheaths, endo
plasmic reticulum mitochondria), deep learning (DL) models were 
devised by manually tracing the structures of interest with the brush 
tool; generally, up to 100 annotations were needed for data segmenta
tion. DL segmenters were then combined into an additional feature filter 
to remove incorrectly labeled objects prior to the 3D reconstruction.
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2.6. Statistical analysis

All quantitative analyses were performed using Python 3 and its 
associated libraries: matplotlib, numpy, seaborn, scipy, and pandas.

2.7. Geometric and morphological calculations

Axon geometry parameters, including length, cross-sectional area, 
inner axon diameter (r), fiber diameter (R), and myelin thickness, were 
calculated directly from the 3D reconstructed segmentations of the 
myelin and axon. The g-ratio for each axon was calculated using the 
conventional formula: g-ratio = r/R.

2.8. Data characteristics and distribution

Prior to parametric testing, data normality was assessed using the 
Shapiro-Wilk test, and homogeneity of variances was assessed using the 
Levene test. Depending on the results of these tests and the nature of the 
data, the appropriate statistical comparison was chosen between the 
Mann-Whitney U test (for non-parametric data) and the Student’s t-test 
(for parametric data).

2.9. Correlation and robustness analysis

Correlations between continuous variables (axonal, mitochondrial, 
and ER morphometrics) were identified using both Pearson and 
Spearman correlation coefficients. The complete correlation matrix (see 
Supporting Information) involved a large number of comparisons; 
therefore, the resulting p-values were corrected for multiple compari
sons using a Bonferroni procedure to maintain statistical rigor and 
report the Bonferroni-adjusted Q values.

To confirm the stability and reliability of the key correlation co
efficients (e.g., between organelle counts), a bootstrap resampling 
analysis was performed. This involved repeatedly resampling the dataset 
with replacement (10 000 iterations) to generate empirical 95 % con
fidence intervals.

2.10. Scaling analysis

The intrinsic relationship between organelle volume and surface 

area, as well as the relationship between organelle density and axon size, 
was characterized using power-law regression. This involved trans
forming the data to a log-log scale and applying a linear fit, where the 
slope of the fit was interpreted as the power-law exponent (k). The 
statistical significance of these exponents was tested against the null 
hypothesis (e.g., isometric scaling) and validated using the Bonferroni- 
adjusted Q values.

3. Results

A randomly selected sample of sciatic nerve was imaged (Fig. 1A) 
with a z-stack consisting of 353 images (Fig. 1B). For the given purpose 
of studying the interaction between axonal ER and mitochondria, 
Schwann’s cell reconstruction was not relevant, so only myelin, axonal 
ER and mitochondria were reconstructed for 35 myelinated fibres axons 
(Fig. 1C).

A Deep Learning model with 3 annotated classes and Intersection 
over Unit (IoU) score of 89.19 % was able to fully reconstruct each in
dividual axon (Fig. 2A). Movies 1 and 2 in supplementary materials
provide a more detailed 3D view of the reconstructed axon. Myelin was 
usually the most well-defined structure of the axon. The segmentation 
and reconstruction of myelin (Fig. 2B) did not pose a challenge both for 
Machine and Deep learning algorithms. 3D reconstruction of intra 
axonal mitochondria (Fig. 2C) was similarly feasible but requiring 
significantly more annotations during the model preparation step. 
Reconstructed 3D structures of intra axonal mitochondria tended to lack 
structural integrity and uniformity due to their interaction with ER. By 
contrast, axonal ER was extremely difficult to segment. With the varying 
size and morphology of each segment, the axonal ER reconstruction 
required a pixel-size precision. Despite this difficulty, it was possible to 
obtain a near perfect 3D reconstruction of the axonal ER (Fig. 2D) 
showing that it has a structure that resembles a network of tubular 
segments with varying size.

The main observation here is that the interaction points between 
axonal ER and mitochondrion gave rise to large ‘bubble-like’ formations 
(Fig. 3A). When reconstructed, there was a noticeable change in shape of 
mitochondria and the abnormally large segments of ER (Fig. 3B).

Fig. 1. A: Sciatic nerve micrograph (obtained in BSD mode, 1.75 kV, 6 nm pixel size, 1 μs as dwell time, 65 % FCC, approx. 40 e/nm2). MF - myelinated fibres, SC - 
Schwann’s cells. Scale bar: 2 μm; B: Sciatic nerve sample 3D block with 353 stacks 50 nm each (17.65 μm total thickness). Scale bar: 500 μm; C: Reconstructed sciatic 
nerve sample 3D block with myelin in blue, mitochondria in green, endoplasmic reticulum in magenta (colour coding remains the same throughout the whole 
manuscript). Scale bar: 500 μm.
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3.1. Axon geometry and morphology evaluation

To move beyond the raw values and understand the underlying 
characteristics of the population, violin plots (Fig. 5) were generated to 
visualize the probability density of the four key morphometric param
eters. The g-ratio has a certain degree of variability as it was seen from 
the bar plot (Fig. 4A), yet the violin plot (Fig. 5A) indicate peaked dis
tribution, with a high concentration of axons falling near the theoretical 
optimal range of 0.5 – 0.6 (nearly identical mean and median values – 
0.548 and 0.546 in Table 1). This suggests that a majority of the 
myelinated fibres in the sample are structurally optimized for efficient 
nerve conduction. However, the distributions for axon radius (Fig. 5B), 
exhibit a distinctive right-skew with mean value (1.572 μm) being 
slightly greater than median value (1.536 μm). This observation in
dicates that the sample population is dominated by a high density of 

smaller axons, with a long, sparse tail extending to include a small 
number of axons with significantly larger radii and thicker myelin 
sheaths.

In contrast median values (Table 1) of fiber radius and myelin 
thickness (2.973 μm and 1.290 μm) are slightly higher than mean values 
(2.842 μm and 1.269 μm) which results a slightly left-skewed distribu
tion (Fig. 5C and D). This suggests a dynamic and complex scaling 
relationship, where the growth of the insulating myelin sheath and the 
resulting total fiber diameter do not scale in a simple, linear fashion with 
the underlying axon diameter.

3.2. Correlation analysis of axonal and organellar morphometrics

The full matrix of Pearson correlation coefficients among all struc
tural and morphological variables related to mitochondria (Mito), ER, 
and axons is presented in the Supporting Information (Figure S1), with 
key axon-wise findings illustrated in Fig. 6A.

3.3. Organelle morphometrics

A strong positive correlation was observed between mitochondrial 
surface area and mitochondrial volume (r = 0.97), as well as between 
ER surface area and ER volume (r = 0.96). However, parameters related 
to organelle size showed negligible correlation between the two or
ganelles, with coefficients near zero between mitochondrial volume or 
surface area and their ER counterparts (r ranging from 0.03 to 0.04).

In contrast, mitochondrial and ER counts showed a strong positive 
correlation (r = 0.79). Mitochondria count showed a strong correlation 
with axon inner volume (r = 0.69) and axon total volume (r = 0.73). ER 
count showed a significant correlation with axon inner volume 
(r = 0.59) and axon total volume (r = 0.64).

3.4. Geometric and length correlations

The correlation between myelin thickness and g-ratio was negative 
(r = − 0.32). The correlation between axon radius and myelin thickness 

Fig. 2. 3D reconstructed single axon of the sciatic nerve. A – full reconstruction of a single axon of the sciatic nerve. Myelin with transparency mode on for better 
visualisation, B – reconstructed myelin, C – reconstructed mitochondria, D – reconstructed endoplasmic reticulum. Scale bar: 1 μm.

Fig. 3. A: A single axon of the sciatic nerve with MF – myelinated fibre, m – 
intra axonal mitochondria, ER – endoplasmic reticulum. Scale bar: 500 nm. Red 
box indicates an area of interest for the 3D reconstruction. B – a 3D recon
struction of the interaction between a single intra axonal mitochondrion (green) 
and endoplasmic reticulum (magenta). Scale bar: 500 nm.
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was strong and positive (r = 0.78), whereas the correlation between 
axon radius and fiber radius was higher (r = 0.92).

A key finding was the low correlation of axon length with nearly all 
other parameters. For instance, the correlation between axon length and 
myelin volume was r = 0.46, and between length and ER volume was 
r = 0.07.

Fig. 4. Bar plots illustrate axon-by-axon view of key morphological parameters, including g-ratio (A), axon radius (B), fibre radius (C), and myelin thickness (D), for 
the 35 myelinated fibres in the sample. This reveals a high degree of morphological heterogeneity across the nerve sample, a finding that is consistent with the known 
composition of peripheral nerves, which contain a mix of different fibre variations to support a range of signal conduction velocities. The axon radius is shown to vary 
significantly, with some axons measuring less than 1.0 μm in radius while others approach 3.0 μm. Similarly, myelin thickness exhibits considerable variation, 
ranging from ~ 0.7 μm to almost 2.0 μm.

Fig. 5. Violin plots of key axonal parameter statistical distribution. A – g-ratio distribution; B – axon radius (inner radius) distribution; C – fiber radius distribution; D 
– myelin thickness distribution.

Table 1 
Descriptive statistics of key axonal morphometric features.

Parameter Mean Median SD IQR

g-ratio 0.548 0.546 0.067 0.067
Axon Radius (μm) 1.572 1.536 0.515 0.667
Fiber Radius (μm) 2.842 2.973 0.727 1.108
Myelin Thickness (μm) 1.269 1.290 0.328 0.397
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3.5. Robustness check

The bootstrap analysis shown in Fig. 6B was performed to confirm 
the statistical reliability of the calculated Pearson correlation co
efficients, given the limited sample size of 35 axons. This method 
involved repeatedly resampling the data with replacement and recal
culating the correlation coefficients (10000 times). The narrow distri
bution of the resulting bootstrap estimates (the 95 % confidence 
intervals shown in Fig. 6B) demonstrates the stability and consistency of 
the key relationships observed in the full dataset. Specifically, the clear 
separation of the confidence intervals for the organelle count correlation 
(r = 0.79) from zero confirms the statistical robustness of the co-scaling 
relationship between mitochondrial and ER abundance across the axon 

population.
B: Bootstrap Analysis of Key Correlation Coefficients. Distribution 

and 95 % confidence intervals (CI) of Pearson coefficients calculated via 
bootstrapping (resampling the dataset 1000 times). This analysis con
firms the statistical robustness and reliability of the primary correla
tions, particularly the co-scaling observed between mitochondrial and 
ER counts, which is demonstrated by the CI being clearly separated from 
zero.

Fig. 7A illustrates the intrinsic scaling relationship between surface 
area and volume for individual mitochondria and ER elements within 
the analyzed axons. To capture this relationship rigorously, the data 
were plotted on a log-log scale, where a linear fit corresponds to a 
power-law model (Y~Xk).

Fig. 6. A: Pearson Correlation Matrix and Pair-Dot Plots. Correlation heatmap (bottom half) and pair-dot plots (top half) illustrating the relationships among key 
geometric parameters of the axons (radius, thickness, volume, length) and the structural metrics of mitochondria (Mito) and Endoplasmic Reticulum (ER).
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For both organelles, a clear, strong power-law relationship was 
observed, confirming that as the volume of an organelle increases, there 
is a predictable corresponding increase in its surface area. The high 
coefficient of determination (R2) observed for both mitochondria 
(R2=0.949) and ER (R2 = 0.949) indicates that the power-law model 
accounts for approximately 95 % of the variability in the surface area 
measurements, establishing the fit as highly representative of the 
observed structural scaling.

The power-law exponents (the slope, k) derived from these fits were 
found to be kMito = 0.85 for mitochondria and kER = 0.73 for the ER. An 
exponent greater than the isometric value (k ≈ 0.67 for surface area vs. 
volume) suggests a tendency toward super-isometric expansion of 
membrane surface relative to volume as the organelle size increases. 
This structural trend may indicate a tendency toward a more elongated, 
branched, or complex morphology, optimizing the membrane surface 
area critical for function.

The statistical significance of these (Fig. 7B) exponents was tested 
using methods that account for multiple comparisons (Bonferroni 
correction). Although the specific Bonferroni value (or threshold) is not 
listed here, applying such a correction is necessary to maintain the false 
discovery rate when fitting multiple models simultaneously. This pro
cedural rigor ensures that the reported exponents for kMito and kER 
represent statistically valid deviations from isometric scaling, rather 
than being artifacts of random chance.

The scatter of individual data points around the fitted power-law 
line, particularly at higher volumes, indicates inherent variability in 
organelle shape. The higher density of data points at smaller volumes 
suggests that smaller mitochondria and ER elements are more prevalent 
in the sample.

B: Scatter plot illustrating the relationship between Mitochondrial 
Density (Count per µm3) and ER Segment Density (Count per µm3) across 
all individual myelinated axons analyzed. The red line represents the 
linear regression fit, with the shaded area showing the 95 % confidence 
interval. The strength of the linear relationship is indicated by the 
Pearson R value of 0.83. The statistical significance of this correlation is 
confirmed by the Bonferroni-adjusted Q value of 8.1 × 10− 9.

3.6. Mitochondria and ER mean surface area and volume comparison

The bar graphs presented in Fig. 8 and Fig. 9 provide a direct com
parison of the mean surface area and mean volume, respectively, of 
mitochondria and ER segments within the analysed axons.

Fig. 8 illustrates that the mean mitochondrial surface area was 
approximately 2.75 µm2, which is significantly larger than the mean ER 
surface area, recorded at approximately 0.75 µm2. Similarly, as shown in 
Fig. 9, the mean mitochondrial volume was substantially greater, 
around 0.085 µm3, compared to the mean axonal ER volume of about 
0.025 µm3. These findings collectively demonstrate that, on average 
individual mitochondria occupy a considerably larger physical space 
and present a greater surface area within the axon compared to indi
vidual ER elements. This observation is consistent with the high energy 

Fig. 7. A: Scatter plots illustrating the intrinsic power-law scaling between the measured volume (µm3) and total surface area (µm2) for individual mitochondria 
(green) and Endoplasmic Reticulum (ER) elements (pink) across all 35 analyzed axons. The data is plotted on a log-log scale, where the linear fit represents the 
power-law relationship (Y~Xk).

Fig. 8. The comparison of mitochondrial and ER segments surface areas. The 
error bars on both graphs, representing the standard error of the mean (SEM), 
indicate the variability within each group.
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of the axon, where mitochondria serve as the primary powerhouses, 
necessitating a larger volume and extensive internal surface area for 
efficient ATP production. In contrast, the smaller average size of ER 
elements, despite potentially higher counts in larger axons as suggested 
by previous correlations, aligns with its more distributed role in local
ized calcium buffering, lipid synthesis, and other signalling events along 
the axonal length, which do not require the same volumetric or surface 
area capacity as energy generation. The distinct differences in mean size 
and surface area between these two organelles underscore their 
specialized and complementary role in maintaining neuronal 
physiology.

4. Discussion

Volumetric EM has previously offered insights into ER architecture 
and its relationships with other organelles in various neuronal com
partments, such as dendritic spines (Maiellano et al., 2023b). Prior work 
using 3D reconstructions has systematically examined membrane 
apposition involving the ER (at distances ≤30 nm) across dendrites, 
axons, and terminals, suggesting ER contacts with mitochondria, where 
the axonal ER sometimes appears to form embracing networks (Wu 
et al., 2017). Structural details concerning ER components, like 
membrane-associated ribosomes, have also been revealed using 
advanced techniques like cryoelectron tomography (Pfeffer et al., 2012). 
Recent methodological advances, including automated 3D reconstruc
tion using deep learning (Liu et al., 2020) and Automatic Tape-collecting 
Ultra-Microtome Scanning Electron Microscopy (ATUM-SEM) studies, 
have further highlighted the ER’s substantial surface area and its con
tacts with mitochondria (Jiang et al., 2021). While previous studies 
successfully visualized ER-mitochondria apposition and axonal ER 
network structure (Sree et al., 2021), a comprehensive quantitative 
framework describing organelle scaling and population dynamics in 
myelinated axons seemed less developed.

Methodological innovations continue to enhance our capacity for 
organelle mapping: for example, the hybrid procedure developed by 
Jiang et al. (2025) demonstrates high efficiency in cell-wide recon
struction and quantification of mitochondrial networks across various 
specimens, including brain tissue. Their work highlights the utility of 
AI-assisted methods for large-scale analysis of a single, complex organ
elle network. Our approach complements this by applying similar 
volumetric and AI-assisted segmentation methods (SBF-SEM) to perform 

a direct, comparative quantitative analysis of two essential organelles 
(ER and mitochondria) across a population of myelinated axons. Spe
cifically, while Jiang et al.’s work addresses the efficiency of mapping 
mitochondrial networks within a cell, our study focuses on the scaling 
relationship between the ER and mitochondria, revealing that their 
abundance co-scales while their volumes and surface areas are inde
pendently regulated.

It is noteworthy that high-resolution 3D reconstructions of the entire 
ER network remain less prevalent than those of other organelles like 
mitochondria. This study therefore contributes by establishing and 
applying a validated pipeline for automated SBF-SEM reconstruction 
and rigorous statistical analysis, demonstrating the feasibility and utility 
of achieving robust quantitative measurements of the axonal ER 
architecture.

4.1. Observations on axonal organelle scaling

By examining densities (organelle count per μm3 axon length), our 
data suggests that ER and mitochondrial abundance may scale coordi
nately across PNS axons, supported by a strong Pearson correlation 
(r = 0.79; Fig. 6A). This robust correlation was confirmed by bootstrap 
analysis and maintains an extremely low Bonferroni-adjusted Q value 
(8.1 ×10− 9), implying a global regulatory element ensuring both or
ganelles are proportionally represented in larger axons, likely to support 
increased energetic demands.

In contrast, volume and surface area correlations between ER and 
mitochondria were negligible (r ≈ 0.03 − 0.04), which might imply that 
organelle size is subject to more independent regulation through distinct 
biogenetic pathways. This differentiation between co-regulated abun
dance and independently regulated size is a key observation of our 
study.

The analysis of individual organelle morphology using power-law 
scaling (Fig. 7A) revealed exponents greater than the isometric expec
tation (kMito = 0.85; kER = 0.73). This result was confirmed with high 
confidence (R2 ≈ 0.95) and statistical certainty (Bonferroni-adjusted Q 
value of 8.31 ×10− 9). This super-isometric expansion points toward a 
structural adaptation where larger organelles prioritize increased 
membrane surface relative to volume. For mitochondria, this may reflect 
structural optimization for enhanced metabolic capacity, such as 
maximizing the surface area of the inner cristae. For the ER, it suggests 
an adoption of more complex or elongated morphologies, optimizing 
membrane surface for local calcium handling or signaling.

Furthermore, a critical observation concerns the low correlation of 
axonal length with most organelle metrics (rlength vs rvolume= 0.07). This 
quantitative evidence lends support to the idea that local axonal size 
(cross-sectional area), rather than total axonal extent, is a more direct 
factor governing organelle content.

4.2. Methodological considerations and limitations

Limitations of this structural study must be acknowledged:
Resolution Trade-off and Contact Sites: First, this investigation did 

not include quantification of close contact-site distances (≤ 30 nm 
apposition), which are commonly used to define functional 
Mitochondria-Associated Membranes (MAMs). This was a deliberate 
methodological choice: the resolution and large volume capability of our 
SBF-SEM dataset were optimized for capturing robust global scaling 
relationships across many axons, rather than the nanometer-precise 
contact measurements necessary to quantitatively confirm MAM dis
tances. While our 3D reconstructions visually demonstrate the extensive 
and close entanglement of ER and mitochondria within the axon, a 
morphology that is highly suggestive of frequent close-range apposi
tions, confirming distances ≤ 30 nm remains a necessary step for future 
studies employing techniques with ultra-high resolution (e.g., FIB-SEM, 
Cryo-ET). However, the observed co-scaling of organelle densities 
already offers strong structural evidence for coordinated regulation, 

Fig. 9. The comparison of mitochondrial and ER segments volumes. The error 
bars on both graphs, representing the standard error of the mean (SEM), indi
cate the variability within each group.
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laying a foundation for these subsequent high-resolution investigations.
Sample Scope and Generalizability: The dataset is derived from a 

single Balb/c mouse sciatic nerve sample and includes 35 myelinated 
axons within a 17.65 µm-thick volume. While bootstrap analyses 
confirmed the robustness of observed correlations, the generalizability 
of these findings to other animals, nerve regions, or central nervous 
system axons remains to be established.

Structural vs. Functional Inference: Our study is structural by design, 
and functional inferences (e.g., regarding metabolic optimization) 
remain speculative until supported by complementary physiological 
assays.

Segmentation Quality: Although AI-assisted segmentation improves 
throughput and reproducibility, segmentation quality can still vary be
tween organelles and requires careful manual validation.

Despite these limitations, this study illustrates the potential of 
combining volumetric EM, AI-assisted segmentation, and statistical 
methods to explore axonal scaling principles using a demonstrably 
capable pipeline. By distinguishing between abundance co-regulation 
and size independence, we offer a quantitative perspective that may 
inform subsequent investigations into ER–mitochondria organization in 
neuronal contexts. Future work combining 3D EM with functional im
aging across broader sampling will be helpful in further elucidating the 
interplay between the axonal ER and mitochondria.

5. Conclusions

This proof-of-principle study used volumetric SBF-SEM and AI- 
assisted segmentation to provide a quantitative framework for 
analyzing Endoplasmic Reticulum (ER) and mitochondria within 
myelinated PNS axons.

We demonstrated that ER and mitochondrial abundance co-scale 
robustly with axon cross-sectional size, indicated by a strong Pearson 
correlation that maintains an extremely low Bonferroni-adjusted Q 
value (8.1 ×10− 9). This suggests a coordinated regulatory mechanism 
for organelle number. In contrast, organelle volume and surface area 
correlations between the two organelles were negligible, implying in
dependent regulation of size.

Analysis of individual organelle scaling revealed super-isometric 
expansion for both ER (kER = 0.73) and mitochondria (kMito = 0.85). 
This finding, confirmed with high statistical confidence (Bonferroni- 
adjusted Q value of 8.31 ×10− 9), points toward structural plasticity that 
prioritizes membrane surface area relative to volume as organelles 
enlarge. Furthermore, the limited influence of axon length on organelle 
content suggests that regulation is primarily a local phenomenon.

While limited to a single peripheral nerve sample, these findings 
establish a statistically robust quantitative framework for linking 
organelle organization to axonal size. This work offers a structural basis 
for understanding the interdependence of the ER and mitochondrial 
systems and provides a roadmap for future investigations that can 
incorporate larger datasets, central nervous system axons, and distance- 
based analysis of functional MAMs.
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