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Abstract

Peripheral nerve axotomy in adult mice elicits a complex response that includes increased glucose uptake in
regenerating nerve cells. This work analyses the expression of the neuronal glucose transporters GLUT3, GLUT4
and GLUTS in the facial nucleus of adult mice during the first days after facial nerve axotomy. Our results show
that whereas GLUT3 levels do not vary, GLUT4 and GLUT8 immunoreactivity increases in the cell body of the
injured motoneurons after the lesion. A sharp increase in GLUT4 immunoreactivity was detected 3 days after
the nerve injury and levels remained high on Day 8, but to a lesser extent. GLUT8 also increased the levels but
later than GLUT4, as they only rose on Day 8 post-lesion. These results indicate that glucose transport is acti-
vated in regenerating motoneurons and that GLUT4 plays a main role in this function. These results also sug-
gest that metabolic defects involving impairment of glucose transporters may be principal components of the
neurotoxic mechanisms leading to motoneuron death.
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metabolism (Moran & Graeber, 2004). Classic studies have
shown that motor nerve injury increases glucose uptake

Introduction

Neuronal responses after peripheral nerve injuries are one
of the best characterized models of neuronal regeneration.
Facial nerve axotomy in rodents has been established as a
classical experimental paradigm to study nerve regenera-
tion and degeneration. Facial nerve axotomy does not pro-
duce a direct CNS trauma and most rodent facial
motoneurons survive in the adult after the lesion, providing
a useful model in which to study the mechanisms of nerve
regeneration (Terrado et al. 2000a; Moran & Graeber,
2004). A motor nerve injury causes structural, electrophysio-
logical, molecular and metabolic changes both in the nerve
cell and in the surrounding glia. During the first day after
the lesion injured cells reorganise their metabolic priorities
and activate several metabolic processes, including glucose
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and utilisation in the lesioned motor nuclei (Kreutzberg &
Emmert, 1980; Singer & Mehler, 1980; Smith et al. 1984; Ito
et al. 1999), indicating that glucose metabolism is important
in the regenerating motoneurons after axotomy.

Glucose uptake in the mammalian nervous system is med-
iated by the family of facilitative glucose transporter pro-
teins, GLUT (Wood & Trayhurn, 2003; Uldry & Thorens,
2004). Of the 13 GLUT family members, several are present
in neurons: GLUT3 is located in the neuropil and is consid-
ered the main neuronal transporter (McEwen & Reagan,
2004; Simpson et al. 2008), while GLUT4 and GLUT8 are
both widely distributed in neurons and mainly located in
the cell bodies (EI Messari et al. 1998; Choeiri et al. 2002;
Sankar et al. 2002; Gomez et al. 2010). Only certain aspects
are known about the role that GLUT molecules play in the
recovery of neurons after injury, but given their role as fuel
transporters, some particular GLUTs are probably needed to
provide an energy support to neurons when they have high
metabolic requirements. In this sense, GLUT3 levels increase
after different hypoxic-ischemic experimental paradigms
and after diffuse traumatic brain injury (Urabe et al. 1996;
Devaskar et al. 1999; Hamlin et al. 2001). Nevertheless, the
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regulation of glucose transporters after a peripheral nerve
lesion has not been studied.

Materials and methods

C57/BL6 mice from Harlan (Barcelona, Spain) were housed, bred
and killed according to European Council legislation
(86/609/EEC) on experimental animal protection. All the experi-
mental protocols were approved by the Ethics Committee of
the Cardenal Herrera CEU University, and met the local guide-
lines (Spanish Law 32/2007) and European regulations (EU
Directive 86/609). Experimenters hold the official accreditation
for animal work (Spanish Law 32/2007). The animals were main-
tained in a 12-h day/night cycle at constant room temperature
(22 °C), with free access to water and standard mouse fodder.
Adult mice (8-10 weeks old) were anesthetised intraperitoneally
with 1 uL g‘1 ketamine chlorhydrate (Imalgene1000; Merial,
Barcelona, Spain) and 0.45 uL g~" xylacine (Rompun 2%; Bayer,
Barcelona, Spain), and the left facial nerve was cut after its exit
from the stylomastoid foramen, as previously described (Terrado
et al. 2000a,b). A simple transection was performed, and the
proximal and distal stumps were left one in front of the other.
On Days 1, 3 and 8 post-lesion (n = 3 each time point), the mice
were killed by an overdose of pentobarbital (100 mg kg™" intra-
peritoneally).

Materials

All the generic reagents were obtained from Sigma (St Louis,
MO, USA) or Roche Diagnostics (Barcelona, Spain). A rabbit
polyclonal antibody against a synthetic peptide corresponding
to the 11 C-terminal residues (466-477) of mouse GLUT8 was
prepared by Q-Biogene (lllkrich, France), as previously described
(Gomez et al. 2006). Rabbit antiGLUT3 antibody was obtained
from Calbiochem (San Diego, CA, USA). Rabbit antiGLUT4 anti-
bodies from Calbiochem and Abcam (Cambridge, UK) were
used, obtaining similar results.

Immunohistochemistry

The immunohistochemical methods were performed as previ-
ously described (Gomez et al. 2010). The brains were extracted
and placed overnight in 4% paraformaldehyde. After fixation,
tissues were dehydrated in increasing concentrations of ethanol,
embedded in paraffin, serially sectioned (3 ym) in an HM 310
Microm microtome and collected on polylysine-coated slides.
Sections were deparaffined and rehydrated. Antigen retrieval
was performed by heating the sections at 100 °C in a water-
bath for 15 min in citrate buffer (10 mm pH 8). Then, the sec-
tions were washed three times in 0.1 m phosphate buffer with
0.2% Triton X-100 (PBST), incubated with 3% H,O, in methanol
for 20 min to quench endogenous peroxidase activity, and pro-
cessed for the immunohistochemical analysis with the corre-
sponding primary antibody. Immunohistochemistry for GLUT8
was performed following the immunoperoxidase procedure cor-
responding to the Vectastain Elite ABC kit from Vector Labora-
tories (Burlingame, CA, USA). Sections were incubated overnight
with the rabbit anti-GLUT8 polyclonal antiserum (dilution
1:500) at 4 °C. The non-specific signal was blocked with 10%
normal goat serum. The GLUT3 and GLUT4 immunohistochemis-
try procedures (1 : 300 dilution for both) were similar to GLUTS,

but incubation with the primary antibody was performed for
2 h at room temperature followed by overnight incubation at
4 °C.

Image quantification

Images of the facial nuclei (coordinates: interaural: —1.88 to
—2.68 mm; bregma: -5.68 to -6.48 mm) were captured and
analysed with the NIS-elements BR 2.30 program from Nikon
(Tokyo, Japan), and the mean density (MD), indicative of the
immunoreactivity (IR) levels in the facial nuclei, was calculated.
For the MD calculation of GLUT4-IR and GLUT8-IR, the area of
the motoneurons was defined and the MD was calculated for
each motoneuron. The mean of the MDs of the injured cells in
a particular section was compared with the MD of the contra-
lateral non-lesioned cells analysed on the same slide, which
underwent the same immunohistochemical protocol (which
was confirmed by analyzing the background staining on both
sides). The MD of the control sections was taken as one and
was compared with the MD of the contralateral, lesioned
nucleus. To calculate the MD of GLUT3-IR, the facial nucleus
area was selected and the MD was calculated on the total
nucleus section surface. The results obtained are expressed as
the mean + SD. Statistical significances were determined by a
Student’s t-test.

Results

GLUT3-IR in the facial nucleus was detected, as expected, in
the neuropil, while the cell bodies were devoid of GLUT3-
IR. Facial nerve axotomy did not alter GLUT3-IR localisation,
and the levels of GLUT3-IR in the nucleus of the lesioned
nerve did not change on any of the three analyzed post-
lesion times (Days 1, 3 and 8) if compared with the non-
injured contralateral nucleus (Figs 1 and 4).

GLUT4-IR in the facial nucleus was located in the neu-
ronal cell bodies of the motoneurons. GLUT4-IR localisa-
tion was not modified after the facial nerve lesion, but
GLUT4 levels increased. One day after nerve injury, the
intensity of labeling in the lesioned cells remained
unchanged. However, on Day 3 post-axotomy the inten-
sity of GLUT4-IR markedly increased in the injured cells,
where levels were 42% higher than those of the control
nucleus (P < 0.01). On Day 8 post-lesion, levels remained
high, although the differences with the control motoneu-
rons were not as high as they were 5 days before (27%,
P < 0.05; Figs 2 and 4).

GLUT8-IR was located in the motoneurons’ cell bodies of
the facial nucleus similarly to GLUT4, and the localization of
the immunoreactivity was not modified after the lesion.
Conversely, facial nerve injury induced an increase in
GLUT8-IR, although the levels of this transporter did not
reach those of GLUT4. GLUT8-IR variations were not signifi-
cant 1 and 3 days post-lesion; however, after 8 days the
GLUTS8 levels were 24% (P < 0.05) higher in the lesioned
nucleus when compared with the contralateral non-injured
motoneurons (Figs 3 and 4).

© 2011 The Authors
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Fig. 1 GLUT3 immunoreactivity in the facial
nucleus on Days 1, 3 and 8 post-axotomy and
in the contralateral non-injured nucleus. Insets
show a magnification of some representative
facial motoneurons. The dotted line
delineates the facial nucleus area. Scale bar:
100 pm.

Fig. 2 GLUT4 immunoreactivity in the facial
nucleus on Days 1, 3 and 8 post-axotomy and
in the contralateral non-injured nucleus. Insets
show a magnification of some representative
facial motoneurons. Scale bar: 100 um.

Discussion

© 2011 The Authors
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glucose metabolism. Glucose uptake increases in regenerat-
ing nerve cells as a response to nerve lesion (Kreutzberg &
Peripheral nerve axotomy induces a complex response in Emmert, 1980; Smith et al. 1984). More precisely, a 23%
the CNS that activates several metabolic processes, including increase in glucose uptake was noted 7 days after the facial
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Fig. 4 Quantification of the mean density (MD) of GLUT3, GLUT4 and
GLUT8 immunoreactivity in the facial nucleus. The MD of the control
nucleus was taken as 1, and the density of the immunoreactivity in
the lesioned nuclei represents the variation in relation to the
contralateral non-injured nuclei. *P < 0.05; **P < 0.01.

nerve lesion in adult rats (Ito et al. 1999). Our results reveal
that the levels of GLUT4 and GLUTS increase over a similar
period, which indicates that probably these transporters are
responsible for the glucose transport that occurs after
peripheral nerve injury. Whereas the levels of GLUT3, con-
sidered the ideal choice for neuronal transporters (Simpson
et al. 2008), do not increase their levels, GLUT4 and GLUTS8
strikingly rise after axotomy. The increase in GLUT4 is higher
and takes place earlier, suggesting that this transporter may
play a main role. GLUT4 levels could be regulated by insulin,
which is produced in the brain (Schechter et al. 1992) and
stimulates the translocation of GLUT4 to plasma membranes
in SH-SY5Y human neuroblastoma cells (Benomar et al.
2005), the hippocampus (Grillo et al. 2009) and cultured

Lesioned

Fig. 3 GLUT8 immunoreactivity in the facial
nucleus on Days 1, 3 and 8 post-axotomy and
in the contralateral non-injured nucleus. Insets
show a magnification of some representative
facial motoneurons. Scale bar: 100 um.

cerebellar neurons (Bakirtzi et al. 2009). However, the levels
of insulin in the adult brain are low (Schechter et al. 1992)
and, to our knowledge, insulin upregulation after moto-
neuron lesion has not been reported. On the other hand,
GLUT4 is also regulated by the insulin-like growth factor 1
(IGF1) through IGF1-induced Akt phosphorylation (Cheng
et al. 2000). The Akt signaling pathway is activated in sciatic
motoneurons after nerve axotomy (Murashov et al. 2001),
and the expression of IGF1 and its receptor IGFR increases
4-7 days after facial nerve transection (Gehrmann et al.
1994). This suggests that GLUT4 overexpression in lesioned
facial neurons may be regulated by IGF1. GLUTS is thought
to be an intracellular transporter that carries glucose
between intracellular components (Piroli et al. 2002). Never-
theless, GLUT8 levels are high in cell clones with high levels
of glucose consumption, which would suggest that their
levels are related to glucose metabolism (Romero et al.
2007). The correlative increase of GLUT4 and GLUTS
suggests that GLUT4 is a transporter for an urgent situation
when considerable glucose uptake is needed, and that
GLUTS8 is regulated later to intracellularly manage sugar.
Interestingly, glucose uptake or utilisation lowers when
the motoneurons degenerate. This has been observed in
axotomised neonatal rats, in which the injured motoneu-
rons do not survive injury (Ito et al. 1999), and also in a
mouse model of motoneuron disease, where glucose
uptake is reduced in brain motor regions and in the spinal
cord (Browne et al. 2006). Moreover, levels of glucose trans-
port in cerebral cortex synaptic terminals are markedly

© 2011 The Authors
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decreased in Cu/Zn-SOD mutant mice, which are models of
motoneuron disease (Guo et al. 2000). These findings sug-
gest that the metabolic defects involving impairment of
glucose transporters may be principal components of the
neurotoxic mechanisms leading to motoneuron death. The
levels of glucose transporters increase postnatally in the
brain, (Vannucci et al. 1998), which indicates a more impor-
tant role for GLUT transporters in the adult than in the
younger brain (Rafiki et al. 2003; Gomez et al. 2010). It is
likely that the increase of GLUTSs expression and, by exten-
sion, of glucose uptake, can be protective for motoneurons
in the adult brain, compared with the neonatal brain. We
cannot rule out that, in addition to GLUT4 and GLUTS,
other non-neuronal transporters, like GLUT1, could also be
upregulated after a nerve lesion in order to transport
glucose from the brain vessels to the parenchyma. More-
over, other metabolic mechanisms can also be involved. In
this sense, we cannot exclude that astrocytes, which are
metabolic regulators in the brain (Allaman et al. 2010), may
also play a role in the lesion recovery. In fact, astrocytes
become reactive and undergo important changes after
motoneuron injury (Moran & Graeber, 2004), and the
condition of the astrocytes has a role in the disease progres-
sion in a mouse model of motoneuron disease (see Allaman
et al. 2010 for review). Nevertheless, the increase in glucose
uptake observed in previous studies, together with the
increase in glucose transporters that we show here, suggest
that glucose metabolism and glucose transporters expres-
sion in the neurons is necessary for nerve recovery.
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