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Effect of unacylated ghrelin on peripheral nerve regeneration
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Ghrelin is a circulating peptide hormone released by enteroendocrine cells of the gastrointestinal tract as two
forms, acylated and unacylated. Acylated ghrelin (AG) binds to the growth hormone secretagogue receptor la
(GHSR1a), thus stimulating food intake, growth hormone release, and gastrointestinal motility. Conversely,
unacylated GHR (UnAG), through binding to a yet unidentified receptor, protects the skeletal muscle from atro-
phy, stimulates muscle regeneration, and protects cardiomyocytes from ischemic damage. Recently, interest
about ghrelin has raised also among neuroscientists because of its effect on the nervous system, especially the
stimulation of neurogenesis in spinal cord, brain stem, and hippocampus. However, few information is still
available about its effectiveness on peripheral nerve regeneration. To partially fill this gap, the aim of this study
was to assess the effect of UnAG on peripheral nerve regeneration after median nerve crush injury and after
nerve transection immediately repaired by means of an end-to-end suture. To this end, we exploited FVB1
Myh6/Ghrl transgenic mice in which overexpression of the ghrelin gene (Ghrl) results in selective up-regula-
tion of circulating UnAG levels, but not of AG. Regeneration was assessed by both functional evaluation
(grasping test) and morphometrical analysis of regenerated myelinated axons. Results obtained lead to conclude
that UnAG could have a role in development of peripheral nerves and during more severe lesions.
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Introduction

Peripheral nerve regeneration after a traumatic lesion is usually
far from satisfactory,'? and there is no repair technique to guaran-
tee total recovery and normalization of functional sensibility.
Therefore, effective therapeutic measures to promote the process
of peripheral nerve regeneration are necessary. Strategies for
improving peripheral nerve regeneration with factor stimulation
are wildly studied.

Multiple growth factors cause various regulated changes in
gene or protein expression over time,> and play a great role in the
recovery of peripheral nerves after injury. A variety of neurotroph-
ic factors were tested for the improvement of nerve regeneration.
Among the various molecules that are currently being explored in
experimental models with such a goal, the circulating peptide hor-
mone ghrelin is receiving increasing interest.

Acylated ghrelin (AG) is a 28-aminoacid peptide hormone
which binds to the growth hormone secretagogue receptor la
(GHSR1a) and modulates systemic metabolism via central and
peripheral actions by regulating food intake, growth hormone axis,
adiposity, gut motility, and glucose metabolism.* In addition to
these functions, AG has both a regeneration promoting effect in the
central nervous system>’ and a preventive effect against skeletal
muscle atrophy.® Moreover, AG acts on peripheral nerve regenera-
tion promoting axon and myelin repair and reducing inflammatory
response after sciatic nerve injury in rats.’

High affinity binding to GHSR 1a requires acylation (preferen-
tially octanoylation) on the serine 3 residue of ghrelin peptide.!®!!
However, the unacylated form of the hormone (unacylated ghrelin
— UnAG) shares with AG several GHSR 1a-independent biological
actions, including protection against fasting- and sciatic nerve den-
ervation-induced skeletal muscle atrophy and sarcopenia in
mice,®'? regulation of systemic metabolism,'? and pro-survival
effects on cardiomyocytes, endothelial and pancreatic f§ cells.!*!
Moreover, UnAG promotes skeletal muscle regeneration in mice
by acting directly on satellite cells, the muscle progenitor cells'®
and Ghrl knockout mice exhibit impaired muscle regeneration.!’

Nevertheless, while extensive studies have been conducted to
unveil the role of the ghrelin/GHSR 1a axis in different fields, pos-
sible effects of UnAG in peripheral nerves are not known. Our pur-
pose was to investigate the possible effects of UnAG in promoting
peripheral nerve regeneration after two different types of median
nerve injury, crush and transection immediately repaired by end-
to-end suture.

Materials and Methods

Animals and surgery

For this study, a total of 30 adult females FVB mice weighing
approximately 30 g were used. Animals were housed in a room
with controlled temperature and humidity, with a regular light/dark
circle (12 h of light and 12 h of dark) and free access to food and
water. Every attempt was made to minimize pain and discomfort
considering human endpoints for animal suffering and distress.
The study conditions were conformed to the guidelines of the
European Union’s Directive EU/2010/63 for animal experiments.
All animal experiments were performed at the animal facility of
Neuroscience Institute Cavalieri Ottolenghi (NICO) (Ministerial
authorization DM 182 2010-A 3-11-2010).

FVB1 Myh6/Ghrl were obtained by cloning the murine ghrelin
gene (Ghrl) under control of the cardiac promoter sequences of the
 myosin heavy chain 3’ UTR and the first 3 exons of the a isoform
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Myh6.® Transgene integration and expression were confirmed by
PCR and real-time RT-PCR, respectively.

All surgical procedures were carried out under deep anaesthe-
sia obtained with intramuscular injection of ketamine (9 mg/100 g-
body weight), xylazine (1.25 mg/100 g-body weight) and atropine
(0.025 mg/100 g-body weight). The median nerve of the left fore-
limb was approached from the axillary region to the elbow and
carefully exposed. For the crush injury, the crush lesion was
applied using a non-serrated clamp for 30 s, as previously
described.'® For the end-to-end (EtE) repair, the median nerve was
transected at the level of the pectoralis major muscle and immedi-
ately repaired by means of two epineural stitches in a tension-free
environment using 12-0 monofilament nylon. The 30 animals
were divided in the different experimental groups as follows: 6
CTRL WT, 6 CTRL UnAG, 5 Crush WT, 5 Crush UnAG, 4 EtE
WT, 4 EtE UnAG.

In order to prevent interferences with the grasping test, in all
experimental groups the contra-lateral median nerve was transect-
ed at the middle third of the brachium and its proximal stump was
sutured in the pectoralis major muscle to avoid spontaneous rein-
nervation.

Animal well-being was assessed by careful animal surveillance
of passive and active movement, auto-mutilation, skin ulcers, and
joint contracture.

Postoperative assessment of functional recovery (grasp-
ing test)

The grasping test was performed to evaluate the functional
recovery after nerve regeneration. Starting from day-5 postopera-
tive, functional recovery of the left forepaw was assessed every 5
days until the end of the experiment (day-25 post-operative for the
crush injury groups and day-70 for the end-to-end repair groups)
using the BS-GRIP Grip Meter (2Biological Instruments, Varese,
Italy). Briefly, the mouse is hold by the tail and put close enough
to the device to grasp it. The mouse is allowed to pull on the bar
until it loses the grip. When the median nerve function is impaired,
the animal’s paw approaches the grid in complete finger extension.
The maximum force of grasping is then recorded on the balance at
the moment the animal loses the grip. The mouse is tested three
times and the average value is recorded.

Resin embedding and design-based stereology

The last day of procedure (day-25 for the crush injury groups
and day-70 for the end-to-end repair groups), mice were sacrificed,
a 5-mm long segment of the median nerve distal to the site of
lesion was removed and a 4/0 stitch was used to mark the proximal
stump of the nerve segment. Nerve samples were then fixed by
immediate immersion in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) for 5-6 h at 4°C. Samples were then post-fixed in
2% osmium tetroxide for 2 h and embedded in Glauerts’ embed-
ding mixture of resins, as previously described.!

Series of 2.5 pum thick semi-thin transverse sections were cut
starting from the distal stump of the withdrawn median nerve sam-
ple, using a Ultracut UCT ultramicrotome (Leica Microsystems,
Wetzlar, Germany) and stained by toluidine blue. In each nerve,
design-based quantitative morphology was carried out, on one ran-
domly selected section, using a DM4000B microscope equipped
with a DFC320 digital camera and an IM50 image manager system
(Leica Microsystems, Wetzlar, Germany) according to the proce-
dure described by Geuna.?*?! The following parameters were esti-
mated: total cross-sectional area of the nerve profile, total fibre
number and mean fibre density, fibre and axon diameter, myelin
thickness, and axon/fibre diameter ratio, i.e. the g-ratio.

In addition, median nerves from healthy wild type and transgenic
animals were harvested and analysed to detect any structural differences.

[European Journal of Histochemistry 2021; 65(s1):3287]



Statistical analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) test. Statistical analysis was performed using
SPSS Software. The level of significance was set at p<0.05 (*),
p=0.01 (**), and p<0.001 (***). Values were expressed as mean +
Standard Deviation (SD).

Results

Analysis of uninjured median nerves

To study the possible effect of UnAG on nerve tissue, median
nerves of uninjured wild type (WT) and transgenic mice (UnAG)
were collected from healthy animals and analysed (Figure 1).
Semithin toluidine-blue stained cross sections showed well-orga-
nized myelinated fibres with compact myelin sheaths in both
experimental groups. Results of the stereological and morphomet-
rical analysis showed a higher density and smaller myelinated
fibres in UnAG group compared to WT group.

Assessment of nerve regeneration after crush injury

Functional recovery was investigated starting from day-5 until
day-25 by means of the grasping test. The function of the finger
flexor muscles innervated by the median nerve started recovering
between day-10 and day-15 in both experimental groups, reaching
values not significantly (p>0.05) different from relative pre-injured
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WT and UnAG healthy nerves at day 20 (Figure 2A). No signifi-
cant differences were observed between WT and UnAG regenerat-
ed groups after crush injury in any of the analysed time points.

Regenerated median nerves have been analysed with high-res-
olution light microscopy 5 mm distal to the site of crush injury.
Semithin toluidine-blue stained cross sections obtained from
nerves harvested 25 days after crush injury showed a good nerve
regeneration in both experimental groups, as displayed in the pic-
tures 2B and 2C. Both WT and UnAG regenerated myelinated
fibres appeared smaller with a thinner myelin thickness compared
to the relative uninjured controls (Figure 2D). No significant dif-
ferences were observed between WT and UnAG groups in terms of
number of myelinated fibers (Figure 2E), nor in the injury-induced
decrease of axon and fiber diameters and myelin thickness (Figure
2F).

Assessment of nerve regeneration after end-to-end
repair

The progression of functional recovery was slower in the end-
to-end neurorrhaphy groups in comparison to animals subjected to
crush injury. Indeed, results of the grasping test showed values not
significantly (p>0.05) different between the two experimental
groups and the relative pre-injury values starting from day 55
(Figure 3A). Moreover, UnAG animals showed higher values com-
pared to WT animals, but this difference was significant only at
day 35.

Regenerated median nerves have been analysed with high-res-
olution light microscopy 5 mm distal to the site of end-to-end
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Figure 1. Results of the analysis of healthy WT and UnAG median nerves. A,B) Representative high magnification light photomicro-
graphs of toluidine blue-stained semi-thin cross sections of healthy median nerves of WT (A) and UnAG (B) mice. C-E) Results of the
stereological and morphometrical evaluation of healthy nerve fibres. C) Density of regenerated myelinated fibres. D) Total number of
regenerated myelinated fibres. E) Morphometrical evaluation of size parameters: axon diameter, fiber diameter and myelin thickness.
Scale bars: A,B) 20 pm. Values are presented as mean + SD; *p=<0.05; * p<0.01; ** p=<0.001.
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repair. At the end of the observation period (70 days post-opera-
tive), both experimental groups regenerated, as showed by
semithin toluidine-blue stained cross sections (Figure 3 B,C).
Quantitative analysis showed denser, smaller with thinner myelin
thickness regenerated myelinated fibres compared to the relative
uninjured controls (Figure 3 D-F).

Discussion

Ghrelin is a hormone mainly secreted from the stomach but
also synthesized in a number of tissues suggesting both endocrine
and paracrine effects in different functions of human body.??

However, its role in the peripheral nervous system has been
poorly studied and the majority of works focus on the actions of
the acylated form of ghrelin. Different studies showed the antinoci-
ceptive activity and anti-inflammatory properties of AG.?* A daily
intraperitoneal administration of AG attenuated mechanical hyper-
algesia after chronic constriction injury (CCI) of the rat sciatic
nerve with a reduction of spinal pro-inflammatory cytokines TNF-

——CRUSH WT

—— CRUSH UnAG

a and IL-1p levels, but not IL-6.° A more recent study showed a
delayed thermal hyperalgesia and mechanical allodynia after
intrathecal injection of AG in CCI animal with inhibition of p38
MAPK phosphorylation and the activation of NF-kBp65 in the
spinal dorsal horn, demonstrating that ghrelin alleviated neuro-
pathic pain through a GHSR-1a—mediated suppression of the p38
MAPK/NF-kB pathway.?*

AG administration, but not UnAG, has been shown to prevent
motor and sensory diabetic neuropathy in rodents.?® The therapeu-
tic effects of AG on diabetic peripheral neuropathy has also been
demonstrated on human patients: patients treated with intravenous
injection of synthetic human AG for 14 days showed improved
motor nerve conduction velocity of the posterior tibial nerve and
improved subjective symptoms.2®

As regards the effect on nerve fibres regeneration, it has been
demonstrated that 14 days of daily intraperitoneal administration
of AG improves the morphology of sciatic nerve after CCI with
correlated improved morphometric parameters (axon number,
diameter and myelin thickness).” Moreover, rat sciatic nerve
repaired with 10 mm DI-lactic-g-caprolactone conduits enhanced
with adipose-derived mesenchymal cells (ASCs) and AG showed
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Figure 2. Results of the analysis of regenerated WT and UnAG median nerves after crush injury. A) Results of the functional recovery
of the median nerve (grasping test); #crush WT and Crush UnAG vs relative pre-injury values; ##p=<0.01; ###p=<0.001. B,C)
Representative high magnification light photomicrographs of toluidine blue—stained semi-thin cross sections of the distal stump of
regenerated median nerves of WT (B) and UnAG (C) mice. D-F) Results of the stereological and morphometrical evaluation of regen-
erated nerve fibres. D) Density of regenerated myelinated fibres. E) Total number of regenerated myelinated fibres. F) Morphometrical
evaluation of size parameters: axon diameter, fiber diameter and myelin thickness. Scale bars: B,C) 20 pm. Values are presented as mean

+ SD, *p=0.05; **p=0.01; ***p=0.001.
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a higher nerve area, myelin area and number of myelinated fibres
in comparison to saline-treated control animals.?’

Since UnAG, originally considered a non-functional peptide,
has also proven to be active and since it represents approximately
90% of the total ghrelin detected in serum,?*? in this study, we par-
ticularly focused our attention on the role of UnAG, using the
FVB1 Myh6/Ghrl transgenic mice, in which overexpression of the
ghrelin gene results in physiological levels of AG and selective up-
regulation of circulating UnAG.

The analysis of healthy median nerves of both WT and UnAG
nerves showed that UnAG median nerves have a higher density
and smaller myelinated fibres than WT nerves. These results sug-
gest a possible role of UnAG in development that have to be deep-
ened.

Since these differences in healthy nerves could have effects
during regenerating processes, we analysed functional recovery
and morphometrical parameters after two different types of
injuries, crush and transection immediately repaired by EtE suture.
The crush injury allows to obtain a more standardized lesion model
with lower inter-individual variability in the regeneration response
and a faster and more predictable functional recovery. The EtE
repair of a transected nerve lead to a slower regeneration and

recovery, compared to the crush lesion, due to a more severe lesion
and to the microsurgical reconstruction needed for allowing regen-
eration.'®

The data obtained in this study about functional recovery after
crush injury suggest that UnAG has no effect on regeneration, as
no significant differences were observed between WT and UnAG
in grasping test analysis. In both groups, functional recovery starts
after 15 days and reaches immediately values of control mice.
Moreover, the pre-injury data showed similar values between WT
and UnAG animals. These data are consistent with a previous
work, where we demonstrated that WT and UnAG mice showed
similar gastrocnemius muscle weight, fiber cross-sectional area
distribution and hindlimb force (measured by grasping test),? indi-
cating that high levels of circulating UnAG do not induce skeletal
muscle hypertrophy in vivo. Morphometrical analysis was per-
formed 25 days after injury when both experimental groups
showed a good nerve regeneration. Both WT and UnAG regener-
ated myelinated fibres appeared smaller with thinner myelin thick-
ness compared to the relative uninjured controls. No significant
differences were observed between WT and UnAG crushed
groups. However, it must be considered that the healthy nerve of
UnAG presents smaller fibres than healthy WT nerve, and there-
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Figure 3. Results of the analysis of regenerated WT and UnAG median nerves after EtE repair. A) Results of the functional recovery of
the median nerve (grasping test); *EtE WT vs EtE UnAG; #EtE WT and EtE UnAG vs relative pre-injury values; *p=<0.05; #p=<0.05;
##p=<0.01; ###p=<0.001. B,C) Representative high magnification light photomicrographs of toluidine blue—stained semi-thin cross sec-
tions of the distal stump of regenerated median nerves of WT (B) andp UnAG (C) mice. D-F) Results of the stereological and morpho-
metrical evaluation of regenerated nerve fibres. D) Density of regenerated myelinated fibres. E) Total number of regenerated myelinated
fibres. F) Morphometrical evaluation of size parameters: axon diameter, fiber diameter and myelin thickness. Scale bars: B,C) 20 pm.
Values are presented as mean + SD; *p=<0.05; **p=<0.01; ***p=<0.001.
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fore the starting condition of regeneration is different.

After a more complex injury (transection) and nerve repair
(EtE suture), the functional analysis showed a faster recovery in
UnAG group since at day 35 values of grasping test are significant-
ly higher than WT group. After day 55 the two experimental
groups showed no significantly differences compared to CTRL
demonstrating a complete functional recovery. Morphometrical
analysis was performed at the end point (day 70), when functional
analysis demonstrated no significant differences. This could be the
reason why no significant differences between WT and UnAG EtE
groups were observed in number of fibres and all size parameters.

In conclusion, results obtained on healthy nerves in this study
showed a potential role of UnAG during development that has to
be deeply investigated. Moreover, functional results obtained after
EtE repair of the median nerve, that showed a faster recovery in
UnAG EtE group in comparison to the WT group, and results
obtained by others researchers that analysed the GHR effect after
CCP° and tubulisation repair,”” make us assume that UnAG could
have a therapeutic role in promoting regeneration after more
severe lesions.

By providing the proof of principle that UnAG promotes
regeneration of injured peripheral nerves, these finding may spur
further research aimed to identify the still unknown receptor medi-
ating UnAG biological effects. The identification of the novel
UnAG receptor will allow both the characterization of the mecha-
nisms regulating its regenerative activity and the development of
synthetic UnAG receptor agonists featuring pharmacological prop-
erties more suitable for therapeutic applications than UnAG which
is completely metabolized 2-4 hours upon administration.®
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