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3Department of Pathology, University of California San Diego, La Jolla, CA 92093

Abstract

Introduction—Deletion of myostatin in mice (MSTN ") alters structural properties of
peripheral axons. However, properties like axon diameter and myelin thickness were analyzed in
mixed nerves, so it is unclear if loss of myostatin affects motor, sensory or both types of axons.

Methods—Using the MSTN '~ mouse model, we analyzed the effects of increasing the number
of muscle fibers on axon diameter, myelin thickness, and internode length in motor and sensory
axons.

Results—Axon diameter and myelin thickness were increased in motor axons of MSTN™~ mice
without affecting internode length or axon number. The number of sensory axons was increased
without affecting their structural properties.

Discussion—These results suggest that motor and sensory axons establish structural properties
by independent mechanisms. Moreover, in motor axons, instructive cues from the neuromuscular
junction may play a role in co-regulating axon diameter and myelin thickness, while internode
length is established independently.

Keywords

axon diameter; myelin thickness; nerve conduction velocity; internode length; innervation field;
myostatin deficiency

Introduction

Rapid impulse propagation allows complex nervous systems to operate quickly and
efficiently. Three structural properties are maximized to ensure rapid impulse propagation:
axonal diameter, myelin sheath thickness, and internode length. These properties are
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regulated by different molecular mechanisms, but all 3 are interrelated. Establishing axon
diameter occurs through myelin-dependent radial axonal growth?: 2 and neurofilament
accumulation® 4. Neurofilament composition varies with age® 6 and location in the nervous
system’: 8. However, following postnatal development, all neurofilaments are composed of a
common core of subunit proteins, neurofilament light (NF-L), medium (NF-M), and heavy
(NF-H), that form obligate heteropolymers®. Gene targeting studies identified NF-M as the
critical subunit!® and NF-M Carboxy-terminus (C-terminus) as the critical domain for radial
axonal growth!!: 12 The overall length of the NF-M C-terminus appears to be important in
determining axon diameterl2, However, the precise mechanism by which the length of NF-
M C-terminus establishes axon diameter remains unclear.

Expansion of axonal diameter accompanied by myelination increases conduction velocity at
a greater rate than expanding axonal diameter alone above a critical threshold!3: 14, The
critical diameter for myelination is 1 pm25. However, it is not diameter per se that instructs
Schwann cells to myelinate. Axonal levels of neuregulin 1 type 111 (NRG1 Type 1) define
which axons are fated for myelinationl®. Axons expressing NRG1 Type 111 above a
threshold will become myelinated!’. Moreover, myelin thickness is also determined by
axonal NRG1 Type Il1 levels18,

The length of the myelinating Schwann cell defines internode length and is critical for
defining conduction velocity in myelinated fibers. Reducing internode length reduces nerve
conduction velocity1®. It has been known for over 140 years that internode length positively
correlates with axon diameter20, and several proteins have been identified that can influence
internode length. However, it is unclear how the correlation between internode length and
axon diameter is initially established.

Genetic alteration of a single structural property does not result in compensatory changes in
the remaining properties. Increased expression of NRG1 Type Il resulted in thicker myelin
without increasing axon diameter!® while increasing axon diameter did not result in thicker
myelinl2. Reducing the number of superior cervical ganglion axons innervating the
submandibular salivary gland in rats increased axon diameter and induced myelination?.
Manipulating relative target size in rats altered the composition of sympathetic
postganglionic axons from primarily small unmyelinated axons to primarily large
myelinated axons?. Muscle hyperplasia, due to deletion of myostatin?2, also increased
diameter and myelin thickness of axons within sciatic and radial nerves?3. However, it was
unclear if motor, sensory, or both axon types were altered.

Taken together, these studies suggest that interactions with target tissue may contribute to
axonal growth. Prior studies have observed that myostatin deficient mice have a larger
innervation ratio4, where peripheral nervous system (PNS) motor axons innervate a larger
proportion of muscle fibers relative to wild type mice. In this study, we utilized the
myostatin deficient mouse model to test the effect of muscle hyperplasia on total axon
number, as well as structural properties of PNS sensory and motor axons.
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All procedures were in compliance with the University of Missouri Animal Care and Use
Committee and with all local and federal laws governing the humane treatment of animals.
Mice housed in cages (up to 5 mice per cage) on a 12-h light/dark cycle and were given food
and water ad /ibitum. MSTN'~ were a generous gift from Se-Jin Lee (Johns Hopkins
University), and were maintained on a C57BI/6 background. MSTN '~ and MSTN** were
produced from homozygous matings. All mice used in these experiments were 1-month old,
as 1-month-old myostation null mice do not show any signs of muscle damage?2.

Tissue preparation, axon morphological analysis

Mice were sacrificed, and 5 lumbar roots were dissected immediately. One root was fixed
for axon diameter and myelin analysis, while the other was fixed for teased fiber analysis, as
described below. Histological and nerve conduction velocity analyses were performed on
unique cohorts of mice.

Axon diameter and myelin analysis—Fifth lumbar (L5) spinal roots were post-fixed in
2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M Sorenson phosphate buffer, pH 7.2
overnight. L5 roots were subsequently treated with 2% osmium tetroxide, washed,
dehydrated, and embedded in Epon-Araldite resin. Thick sections (0.75 um) for light
microscopy were stained with p-phenylenediamine. Images of cross sections of L5 motor
axons were collected with a Zeiss Axio Imager Al light microscope (Carl Zeiss
Microlmaging GmbH, Jena, Germany). Cross sections of L5 motor and sensory roots were
analyzed in 3 mice per genotype. Entire roots were imaged, imaging thresholds were
selected individually, and the cross-sectional area of each axon was calculated and reported
as the diameter of a circle of equivalent area using the Image J Software (National Institutes
of Health). Axon diameters were grouped into 0.5 um bins. For axon diameters and total
axon number, every axon in the root was measured (~1000 for motor roots, ~2600 for
sensory roots). Myelin thickness and g-ratios were estimated by measuring the axonal
diameter and fiber diameter of individual axons for 10% of all axons per motor roots using
Image J. For myelin thickness and g-ratio, ~10% of axons in the root were analyzed (n=449,
408 motor +/+ and —/—; n=750, 751 sensory +/+ and —/=). The total number of axons was
analyzed for statistical significance by unpaired #tests (SigmaPlot, Systat Software, Inc.).
Distributions of motor axon diameter, myelin thickness, and g-ratio were not normally
distributed, and were thus analyzed for statistical significance by a Mann-Whitney Rank
Sum test (SigmaPlot, Systat Software, Inc.).

Teased fiber analysis—L5 roots were immersion fixed in a 2.5 M glutaraldehyde, 0.025
M sodium cacodylate, pH 7.38 solution for 25 min at 4°C, rinsed in 1X PBS for 5 minutes
and transferred to a saturated solution of Sudan black in 70% ethanol and allowed to
incubate for 1 hour at room temperature. Tissue samples were then rinsed twice in 70%
ethanol for 5 minutes and transferred to a 10% glycerin solution. Fifty to 100 axon bundles
were separated from the ventral L5 root. The bundle was transferred to a super frost
microscope slide containing a thin layer of a 10% aqueous solution of glycerin:BSA (1:1).
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Individual fibers were teased apart from the bundle and laid out on the glass slide. Fibers
were then allowed to dry overnight on a 50°C hot plate. Digital photos of the fibers were
taken using the AxioVision Digital Image Processing Software (Carl Zeiss Microlmaging).
Internode lengths were measured using ImageJ (NIH). At least 200 internodes were
measured from each tissue sample, and at least 3 animals were used per genotype. An
average of the internode lengths for each genotype was calculated and tested for statistical
significance by unpaired #tests (SigmaPlot, Systat Software, Inc.). Internode length was also
compared to total fiber diameter, with fiber diameter measured at 10 evenly spaced intervals
and averaged per internode. Fiber diameter at internodes was also compared for statistical
significance by unpaired #tests (SigmaPlot, Systat Software, Inc.).

Nerve conduction velocity measurements

Results

Nerve conduction velocities were measured in the sciatic nerve, interosseus muscle
system?2, In brief, mice were anesthetized with isoflurane, and core temperature was
maintained at 37°C by a thermal pad and monitored with a rectal thermometer. The sciatic
nerve was stimulated with single supramaximal square wave pulses (3 V and 0.05 ms
duration) via fine needle electrodes placed at the sciatic notch and Achilles tendon. Evoked
electromyograms were recorded from the interosseus muscles of the ipsilateral foot via 2
fine needle electrodes and displayed on a digital storage oscilloscope. The distance between
the 2 stimulation sites was measured using calipers, and conduction velocity was calculated
by taking the distance between the 2 sites divided by the time difference between the M
wave peaks at each site. Measurements were made in triplicate from a minimum of 5
animals per genotype, and the median was used as the measure of velocity. Values were
compared for statistical significance by an unpaired #test (SigmaPlot, Systat Software, Inc.).

Myostatin deficiency results in increased axon diameter in motor axons

Fifth lumbar (L5) motor roots were imaged and analyzed from both myostatin wild type
(MSTN'*) and myostatin deficient (MSTN ") mice (Fig. 1A). MSTN'~ mice had a similar
total number of axons in the L5 motor root when compared with MSTN** (Fig. 1B). Motor
axons displayed the typical bimodal distribution in both MSTA** and MSTN~ mice (Fig.
1C and 1D). Small diameter axons represent gamma motor neurons25: 27, and large diameter
axons represent alpha motor neurons26. Peak diameter for ST/~ gamma motor axons
was increased relative to MSTN'* gamma motor axons (Fig. 1C). Peak diameter was also
increased in MSTN'~ alpha motor axons (Fig. 1C). Statistical analysis of the motor
distributions showed differences in all between MSTAV**and MSTN'~ (Fig. 1D). The
increase in the median diameter in MSTN/~ was statistically significant by a Mann Whitney
U test (/A<0.001).

Alpha and gamma motor neuron populations were estimated for MSTN '~ and MSTN*
mice by binning total numbers using the lowest point between the 2 peaks as the cutoff
(Table 1). There was a significant reduction in total number of putative gamma motor
neurons in MSTN'~ mice compared to MSTN** mice (P=0.022), while alpha motor
neurons were not different between the 2 groups (Fig. 2).
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Sensory axons show similar diameter distributions, but demonstrate an increase in total
axon number

L5 sensory roots were imaged and analyzed for both MSTN* and MSTN ™~ mice (Fig.
3A). Total number of sensory axons was significantly increased in MSTN '~ mice (Fig. 3B).
Diameter distributions were determined for all sensory axons in MSTN''* and MSTN/~
mice (Fig. 3C and 3D). Sensory axon profiles were unimodal for both MSTA** and
MSTN~ mice (Fig. 3C). Peak diameter was not changed in sensory axons, but statistical
analysis showed very similar distributions in all quartiles.

The number of 1-1.5 um axons was significantly increased in MSTN'~ mice (791+45)
compared to MSTN** mice (608+44) when analyzed by the student test (£=0.023),
although no other point showed differences. Binning to estimate small vs large diameter
sensory axons identified an overall trend towards a greater number of axons in MSTN/~
mice that did not reach statistical significance (Table 1).

Myelin thickness is increased in motor axons, but not sensory axons

Myelin thickness was measured and g-ratio was calculated in 10% of motor (Fig. 4) and
sensory (Fig. 5) axons in the L5 motor and sensory roots. Analysis of motor axon myelin
suggested an increase in myelin thickness in MSTN '~ mice relative to axonal diameter (Fig.
4A). Median myelin thickness of axons in MSTN/~ mice was increased from 0.75 pm in
MSTN™ to 1.13 pm in MSTN~ (P<0.001). Increased myelin thickness (Fig. 4) coupled
with increased axon diameter (Fig. 1) in MSTN~ mice predicts a similar g-ratio for
MSTN* and MSTN™~ mice. However, the g-ratio of MSTN/~ was significantly (£=0.03)
decreased compared to that of MSTA** mice (Fig. 4C, D), suggesting that myelin was
disproportionately thick in MSTN '~ mice.

Myelin thickness and g-ratio of sensory axons from MSTN '~ mice were similar to those
from MSTN'"* mice except for the largest sensory axons (Fig. 5). For the largest sensory
axons, myelin was thinner in MSTN~ mice (Fig. 5A) resulting in an increased g-ratio (Fig.
5C), but values were not significantly different for the population as a whole (Fig. 5B,D).

Internode length is not altered in myostatin deficient mice, although total fiber diameter is

increased

Internode length was analyzed in L5 large motor axons by teased fiber analysis. Average
internode length was not different in MSTN/~ compared to MSTN'* mice (Fig. 6A). To
compare internode length to fiber diameter, fiber diameter was measured in 20% of the
internodes. Average fiber diameter was significantly increased (£<0.001) in MSTN ™/~
internodes (7.67+0.07 um) compared to MSTN* internodes (6.15+0.05 um) (Fig 6B). This
increased diameter corresponded well with the increase measured in cross sections (Fig 1C).
Internode length was compared to average fiber diameter per internode (Fig. 6C). This
analysis revealed that internode length was not increased in MSTN '~ axons. Given the
positive correlation between axon diameter and internode length?C, internode length was
predicted to be increased to maintain optimal nerve conduction?8. For example, internode
lengths of 400-800 pm were measured on axons that were 6 pm in diameter from MSTN*
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mice. However, in MSTN'~ mice, this range of internode lengths was observed on axons
that were nearly 8 um in diameter.

Nerve conduction velocity is not different in myostatin deficient mice

To determine if the observed structural alterations affected nerve function, nerve conduction
velocity (NCV) was measured in motor axons of the sciatic nerve. NCV tended to be slower
in MSTN'~ mice compared to MSTN** mice but this difference did not reach statistical
significance (Fig. 7).

Discussion

During postnatal development, 3 key structural properties are established that enhance the
speed of neuronal transmission: axon diameter, myelin thickness, and internode length.
Genetic manipulation of individual molecular determinants of axon diameter and myelin
thickness suggested that, once established, plasticity is not maintained, as altering 1
structural property did not result in compensatory changes in the remaining properties!? 18,
Altering innervation field size either surgically?! or genetically in the myostatin deficient
mouse?3 increases axon diameter and myelin thickness. However, prior experiments using
MSTN'~ mice examined axon diameter and myelin thickness in mixed nerves23 and could
not separate motor vs sensory phenotypes. Our study has identified sub-type specific
diversity in neuronal structure in response to increased number of muscle fibers, as
demonstrated by an increase in axon diameter and myelin thickness in motor axons but an
increased total axon number in sensory axons.

Mechanistically, it is unclear how muscle hypertrophy exerts differential effects on different
axon types. For motor neurons, a possibility is the distal structure of the axons. Motor axons
form neuromuscular junctions with targets. In drosophila, presynaptic metabotropic
glutamate receptors (DmGIuRA) regulate motor axon diameter through activation of
Phosphoinositide 3-kinase (PI13K) through a calcium/calmodulin dependent kinase Il and
Drosophila Focal Adhesion Kinase dependent mechanism?9: 30, An analogous system is
present at the mammalian neuromuscular junction. The M2 muscarinic acetylcholine
receptor (mAchR) is also present on presynaptic terminals of vertebrate neuromuscular
junctions3L: 32, Interestingly, M2 mAchRs share many similarities with DMGIURA, and both
are classified as inhibitory G protein-coupled receptors3! that reduce neuronal excitability33.
Inhibition of M2 mAchR32 and DmGIURA?® leads to a reduction in nerve terminals. Finally,
activation of M2 mAchR increases intracellular calcium, suggesting a possible link to
calcium-calmodulin dependent kinase Il activity. While studies from drosophila have
provided potential insights, it is unclear whether autocrine activation of M2 mAchRs
specifically regulates molecular determinants of axon diameter or myelin thickness.

Structural properties of gamma motor neurons were increased similarly to alpha motor
neurons. Increased axon diameter and myelin thickness could be a result of the increase in
muscle spindles observed in MSTN~ mice?3. However, the number of gamma motor
neurons was reduced. It is possible that the overall number was lower without actual loss of
gamma motor neurons. Axon diameter was increased in alpha motor neurons by ~1um. If
gamma motor neurons had the same magnitude of response, then their diameters would have
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become ~2um, which placed them within the diameter range that we classified as alpha
motor neurons. Though the increase was not significant, we observed a small increase in the
number of alpha motor neurons.

Unlike motor axons, sensory axon structural properties were unaffected in MSTA~ mice.
Instead, we observed an increase in the total number of sensory axons. Smaller sensory
axons are free nerve endings in smaller unmyelinated (C-fibers) or myelinated (A delta or
A8) axons34 35 Based on our results, we observed the largest difference of total sensory
axon number in small myelinated axons, which corresponds to an increase in As axons. A
fibers respond to noxious stimuli in the skin34 35, Mechanistically, it is possible that more
AS fibers were a direct result of muscle hyperplasia and hypertrophy in MSTN™/~ mice.
Muscle hyperplasia and hypertrophy likely increased the skin surface area, resulting in an
increased number of AS fibers. We would also predict that increased skin surface area would
increase C-fibers as well. However, our analysis was limited to myelinated axons.

Internode length positively correlates with axon diameter20. Our analysis suggests that
internode length was established independently of axon diameter and myelin thickness.
Several genes have been identified that influence internode lengthl® 36-39 but none of them
provide clear mechanistic insight into how the correlation is established or maintained. A
possible link between axon diameter and internode length might be neurofilament proteins.
Neurofilaments are required for determining axon diameter3: 40: 41 and the medium and
heavy subunit proteins are phosphorylated in a myelin-dependent manner? 42, Further,
Schwann cell-specific deletion of mammalian target of rapamycin (mTor) reduced internode
length, which correlated with reduced neurofilament phosphorylation®3. Linking internode
length to neurofilaments, perhaps through myelin-dependent phosphorylation, could explain
the lack of effect of innervation field size and provide a mechanism for correlating internode
length with axon diameter.

Analysis of structural properties involved in regulating neuronal conduction velocity
suggests that the size of the innervation field may provide instructive cues for motor axons
when establishing axon diameter and myelin thickness, and further exploration of
neuromuscular cues is crucial in determining proper establishment of these structural
properties.
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Figure 1. Total numbers and diameters of motor axons in L5 ventral roots of MSTN** and

MSTN™~ mice

(A\) Cross sections of MSTN** (left) and MSTN™~ mice (right) L5 ventral root axons.
Scale bar =10 um. (B) Number of motor axons. Counts were averaged from 3 animals for
each genotype and analyzed for statistical significance by unpaired student #test. Means
were not significantly different. (C) Distribution of motor axon diameters from MSTN'*
and MSTN'~ mice. Peak diameters of both small and large diameter axons were larger in
MSTN~ mice. Interestingly, the number of small motor axons was reduced in MSTN ™~
mice. (D) Whisker plots of axonal diameter, showing first, second, and third quartile values
for MSTN** (1.1, 2.1, 2.8 um respectively) and MSTN ™~ (2.0, 3.1, 3.7 um respectively)
mice. There was a statistically significant difference between diameter distributions of

MSTN*"* versus MSTN™~ mice (P<0.001: N=3 per genotype).
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Figure 2. MSTN ™/~ mice demonstrate a decrease in total number of gamma motor neurons
The total number of putative gamma motor neurons was significantly (P=0.022: N=3 per

genotype) decreased in MSTN '~ (242+15) compared to MSTN'* (363+29) mice. There
was no difference in putative alpha motor neurons. Total numbers of alpha and gamma
motor neurons were analyzed for statistical significance by the student unpaired #test.
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Figure 3. Total numbers and diameters of sensory axons in L5 dorsal roots of MSTN** and
MSTN™~ mice

(A\) Cross sections of MSTN'* (left) and MSTN~ mice (right) L5 dorsal roots. Scale bar
=10 um. (B) Numbers of axons in L5 sensory roots. Counts were averaged from 3 animals
for each genotype and analyzed for statistical significance by the student unpaired £test.
Sensory axon number was significantly increased in MSTA/~ mice. (C) Distribution of
sensory axon diameters of MSTAV** and MSTN~ mice. Distribution profiles were similar
between MSTN* and MSTN'~ mice. However, the number of axons at 1 pm was
increased in MSTN™~ mice. (D) Whisker plots of axonal diameter, showing first, second,
and third quartile values for MSTN* (0.6, 1.3, 2.2 um respectively) and MSTN7~ (0.7, 1.3,
2.3 um respectively) mice. Axonal diameter distribution was analyzed for overall statistical
significance using the Mann-Whitney U test. There was a statistically significant difference
between diameter distribution of MSTA** versus MSTN™~ mice (P<0.001: N=3)
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Figure 4. Myelin thickness and g-ratio of motor axons in L5 ventral roots of MSTN*/* and

MSTN™~ mice

(A) Scatter plot of myelin thickness compared to axonal diameter, and (C) g-ratio compared
to axon diameter in motor axons from MSTA** (n=449 axons) and MSTN~ (n=508
axons) mice. Myelin thickness was increased in MSTN~ mice resulting in significantly
decreased g-ratios. (B) Whisker plots confirmed the changes in myelin thickness. Myelin
thickness whisker plots show first, second, and third quartile values for MSTA** (0.56,
0.75, 1.15 pm) and MSTN'= (0.67, 1.13, 1.43 pm) mice. (£<0.001). (D) Decreased g-ratio
was also confirmed by whisker plot (P=0.03). Myelin thickness and g-ratio were tested for
statistical significance using the Mann-Whitney U test (N=3 per genotype).
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Figure 5. Myelin thickness and g-ratio of sensory axons in L5 dorsal roots of MSTN*"* and
MSTN™~ mice

Scatter plot of myelin thickness compared to axonal diameter (A), and g-ratio compared to
axon diameter (C) in sensory axons from MSTNV** (n=751 axons) and MSTN~ (n=750
axons) mice. Myelin thickness and g-ratio were similar in MSTNV* and MSTN™~ mice
except for the largest diameter sensory axons. (B) Myelin thickness whisker plots show first,
second, and third quartile values for MSTN** (0.58, 0.73, 0.95 pm) and MSTN '~ (0.56,
0.71, 0.89 um) mice. These differences were not statistically significant. (D) Whisker plots
of G-ratios also demonstrate no significant differences. Myelin thickness and g-ratio were
tested for statistical significance using the Mann-Whitney U test. (N=3 per genotype)
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Figure 6. Internode length in L5 ventral roots of MSTN** and MSTN™~ mice
(A). Average internode length was not altered in MSTN'~ compared to MSTN* mice. (B)

Average fiber diameter per node was measured, and was significantly (A<0.001) increased in
MSTN~ mice. The increase in average fiber diameter per internode was similar to the
change measured in motor root cross sections (see Figure 1C). (C) Comparing internode

length to average fiber diameter per internode demonstrated that

internode length did not

increase in MSTN'~ mice. Internodes within the 400-800um range were observed for ~6pum
axons in MSTN'* mice, whereas the same internode range was observed for axons ~8um in
diameter in MSTN'~ mice. Average internode length was analyzed by the student unpaired

ttest. Error bars = SEM of N= 3 per genotype.
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Figure 7. Motor nerve conduction velocity in MSTN** and MSTN ™/~ mice
Muscle hyperplasia increased axon diameter and myelin thickness in MSTN~ mice without

affecting internode length. To determine if these structural alterations affected nerve
function, motor nerve conduction velocity (NCV) was measured in MSTN* and MSTN !~
mice. Motor NCV was reduced in MSTN '~ mice. However, this difference did not reach
statistical significance. Nerve conduction velocities were analyzed by the student unpaired #-
test. Error bars = SEM of N= 5 per genotype.
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