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Abstract

[Background] We previously developed a rat trigeminal motor neuron

axotomy model involving masseter and temporal muscle resection to study pathological

changes of the central nucleus after peripheral nerve injury caused by oral surgery.

Because motor neurons are reported to be more vulnerable to axotomy in mice than rats,

we compared the degeneration process of the trigeminal motor nucleus in the rat model

with a similar mouse model. [Methods] We removed masseter and temporal muscles of

adult mice or rats. Animals were sacrificed at 3, 7, 14, 28, 42, and 56 days

post-operation, and the trigeminal motor nuclei were histologically analyzed. [Results]

Size reduction, but no neuronal loss, was seen in the trigeminal motor nuclei in both

mice and rats. Time-dependent Noxa expression, starting at 1 week post-operation

(wpo), was seen in the mouse model. By 8 wpo, mice expressed a higher level of Noxa

than rats. Additionally, we noted persistent expression of cleaved caspase 3 in mice but

not rats. Conversely, apoptosis-inducing factor (AIF), which executes DNA

fragmentation in the nucleus, was not translocated to the nucleus in either model.

[Conclusions] Our findings indicate differential activation of motor neuron apoptosis

pathways after axotomy in mice and rats. Lack of activation of caspase-independent
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pathways and distal-end denervation in our model might be related to the survival of

motor neurons after axonal injury. These findings could be relevant to future

neuroprotective strategies for peripheral nerve injury caused by oral surgeries. (238

words (Limit: 250))
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Introduction

It is well established that peripheral nerve axotomy or avulsion causes chronic

motor neuron death in the central nervous system, resulting from interruption of

target-derived neurotrophic factors (1, 2). Recent investigations have demonstrated that

neurons are capable of extending a new growth cone from the axon stump, and that

regeneration of peripheral nerves can be attempted by the use of a guidance channel (3).

However, without appropriate intervention, most neurons fail to regenerate an axon due

to a lack of activation of cell-intrinsic regeneration pathways (4).

Oral surgery often results in a large tissue defect in the head and neck region,

although microsurgical reconstruction has facilitated surgical treatment of advanced

carcinomas. However, it remains difficult to achieve long-term reconstruction, and the

transplanted free muscle flaps become atrophic because of incomplete re-innervation

(5-10). Neuronal survival after axotomy is a prerequisite for peripheral nerve

regeneration, and is augmented by an array of trophic factors, including neurotrophins,

neuropoietic cytokines, insulin-like growth factors, and glial cell line-derived

neurotrophic factors (11-15). Neurotrophic factors are supplied to neurons by the distal

muscles and Schwann cells. Thus, axotomy causes a cessation of the supply of
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neurotrophic factors to neurons, and leads to apoptosis. To achieve an effective

functional reconstruction, we posit that it is necessary to regenerate peripheral nerves by

combining axonal elongation at the periphery and protection / regeneration of the

central nuclei. We previously reported that atrophy of the trigeminal motor nucleus was

observed at 8 weeks after resection of the masseter and temporal muscles in adult rats,

but no loss of motor neurons was observed. In comparison, it has been reported that

approximately 40% of motor neurons disappeared 8 weeks after facial nerve axotomy

(16). Moreover, slowly progressive motor neuron death, which took more than a month,

occurred after hypoglossal nerve axotomy in the adult mouse, but not in the adult rat.

Mice deficient in the p53-inducible Bcl-2 homology domain 3 (BH3)-only protein,

Noxa, showed significantly improved survival of axotomized motor neurons. Noxa,

located downstream of p53, is a major executor of axotomy-induced motor neuron death

in adult mice (17). It is thus hypothesized that the susceptibility of neurons to axotomy

is species- and nucleus type-dependent.

A variety of key pro-apoptotic factors have been shown to be involved in

caspase-dependent and -independent cell death effector mechanisms. For example,

apoptosis-inducing factor (AIF), a flavoprotein localized in the mitochondrial
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intermembrane space, has been identified as a caspase-independent apoptotic inducer,

which under normal conditions plays a pro-survival role through its redox activity. AlF

translocates to the nucleus during apoptosis, and causes peripheral chromatin

condensation and large-scale fragmentation of DNA. The nuclear translocation of AIF is

implicated in several types of neuronal death and has been shown to play a pivotal role

in the apoptotic process (18). In this paper, we generated a mouse model of trigeminal

motor neuron axotomy, using resection of the masseter and temporal muscles, to study

pathological changes in the trigeminal motor nucleus after peripheral nerve injury in

comparison with our previous rat model (19). Using immunohistochemical methods, we

also investigated the relevance of the caspase-dependent and -independent apoptotic

pathways in these models. We discuss the similarities and differences between our

mouse and rat trigeminal motor denervation models, and compare the outcomes with

other reported motor denervation models.
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Materials and Methods

Animals and surgical procedures

All experimental procedures were conducted in accordance with the Standard

Guidelines for Animal Experiments of the Graduate School of Medicine, Kyushu

University. Adult C57BL/6 mice (n = 18) and adult Sprague-Dawley rats (n = 6) were

anesthetized by intraperitoneal injection of tribromoethanol (Avertin®, Sigma-Aldrich,

St. Louis, MO, USA) (2.5 mg / 10 g weight), and the left masseter and temporal

muscles were completely removed. The wounds were closed with a-cyanoacrylate

surgical glue (Aron-Alpha®, Toagosei, Tokyo, Japan). The behaviors of the animals

were observed postoperatively until they were confirmed as being capable of feeding.

Tissue preparation and immunohistochemistry

Animals (three for each time point) were perfused with 4% paraformaldehyde in

phosphate-buffered saline (PBS; pH 7.4) at 3, 7, 14, 28, 42, and 56 days post-operation

(dpo) under deep anesthesia, and brains were post-fixed in the same fixative for 1 day at

4 °C. Brains were then cryoprotected in PBS containing 30% sucrose before being

sectioned. The brain stem tissue containing the trigeminal motor nucleus was dissected
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out, embedded in OCT compound (Tissue-Tek, Torrance, CA, USA) and snap-frozen in

2-methylbutane at -80 °C, and stored at -80 °C until use. Cryosections (18 pum

thickness) were cut to cover the entire volume of the trigeminal motor nucleus. Some of

the tissues were processed into 5 mm-thick paraffin sections. The sections were

routinely stained with hematoxylin and eosin. Immunohistochemistry was performed

using the streptavidin—biotin complex method.

The following antibodies were used: rabbit anti-Noxa polyclonal antibody

(1:1000 dilution; ab36833, Abcam, Cambridge, UK); rabbit anti-AlF polyclonal

antibody (1:50 dilution; Cell Signaling Technology, Danvers, MA, USA); and rabbit

anti-cleaved caspase 3 polyclonal antibody (1:200 dilution; Cell Signaling Technology);

mouse anti-synaptophysin monoclonal antibody (1:100 dilution; M0776, DAKO). The

rabbit anti-Noxa polyclonal antibody was raised against a synthetic peptide

corresponding to 17 amino acids at the amino terminus of mouse Noxa and cross-reacts

with rat Noxa due to sequence homology. After washing twice with Tris—HCI (50 mM;

pH 7.6), the sections were pre-treated with 0.3% H,0O, in absolute methanol for 30 min

at room temperature to block endogenous peroxidase activity. Tissue sections were

subjected to heat-induced epitope retrieval by autoclaving them in a 0.01M citrate
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buffer (pH 6.0) at 121 °C for 10 min. After rinsing twice with Tris—HCI containing 0.1%

Triton X-100 and once with Tris—=HCI, the sections were incubated overnight with

primary antibodies diluted in PBS containing 5% normal goat serum or 5% milk at 4 °C.

The signal was developed in 0.2 mg/ml diaminobenzidine tetrahydrochloride/Tris—HCI

(pH 7.6) containing 0.003% H,0,. Sections were lightly counterstained with

hematoxylin, dehydrated in an ethanol gradient, and coverslipped.

Immunostaining with the mouse monoclonal antibodies were performed using

Histofine MOUSESTAIN KIT (Nichirei, Japan).

Quantitative analyses and statistics

The outline of the trigeminal motor nucleus was traced to the sectioning level

at which the nucleus size is at its maximum, and the enclosed area was painted out in

black using imaging software (Photoshop 7.0; Adobe Systems, San Jose, CA, USA).

The area of the nucleus was measured by IMAGE J software (NIH imaging) (n = 12).

Moreover, the number of trigeminal motor neurons was counted at the same sectioning

level (n = 12). Results are expressed as the ratio of values obtained in the injured or

contralateral (non-injured) nuclei to those in the non-operated control group. All data
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are presented as the mean £ SEM and are analyzed using one-way ANOVA with a post

hoc Scheffe’s test. Statistical significance was established at a level of P < 0.05.
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Results

Axotomized trigeminal motor nucleus atrophies with glial reaction

At each post-operative time point, we cut serial sections of the brain stem to

cover the entire volume of the trigeminal motor nucleus, and compared the pathologic

changes between the ipsilateral and contralateral sides in slices where trigeminal motor

nucleus size was at its maximum. From 2—-6 weeks post-operation (wpo), the number of

trigeminal motor neurons and the size of the trigeminal motor nucleus were not

significantly different between the denervated and contralateral sides (Fig. 1 A—H). At 8

wpo, the size of the ipsilateral trigeminal motor nucleus was significantly reduced

(~25% reduction) (Fig. 1 A-D, J). The number of injured neurons in the trigeminal

motor nucleus in our mouse model was unaltered (Fig. 1 1). In addition, degenerative

changes, such as central chromatolysis and apoptosis, were not obviously apparent in

the ipsilateral trigeminal motor nucleus, even at high magnification. On the other hand,

in the affected nuclei, immunohistochemistry for synaptophysin showed decreased

synaptic staining along the surface of neuronal somata (Fig. 1 K, L), as we previously

observed in the rat model (19), suggesting that the size reduction of the nuclei was

mainly caused by degeneration of neurites and synapses in the nuclei.
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To study glial reactions in response to axotomy, we performed

immunohistochemistry for Iba-1 and GFAP in the trigeminal motor nuclei. The number

of Ibal-positive microglia was gradually increased in the ipsilateral trigeminal motor

nucleus. Maximum Ibal-immunoreactivity was observed at 3 dpo (Fig. 2). Ibal-positive

microglia exhibited activated morphology, with processes extending towards the

perikarya of the motor neurons. Immunohistochemistry for GFAP revealed astrocytic

reactions in the trigeminal motor nucleus on the lesioned side. GFAP expression was

observed at 3 days after the removal of the muscles and, over time, astrocytes in and

around the trigeminal motor nucleus on the lesioned side underwent typical reactive

changes, including hypertrophy and multipolar process extension. GFAP expression

peaked at 4 wpo (Fig. 2).

Differential Noxa expression between mice and rats in response to nerve injury.

High Noxa activity in mice is thought to be responsible for the slowly (> 1

month) progressive motor neuron death that occurs after hypoglossal axotomy in adult

mice but not rats (17). Consistent with this hypothesis, Noxa expression was observed

within 1 wpo in our mouse trigeminal motor neuron axotomy model and gradually
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increased in a time dependent manner, peaking at 8 wpo (Fig. 3A). In comparison, Noxa

expression was not observed in axotomized trigeminal motor neurons in the rat model

throughout the postoperative period up to 8 wpo (Fig. 3B).

The caspase-dependent apoptosis pathway, but not caspase-independent pathway, was

activated in the axotomized trigeminal motor nucleus.

Expression of cleaved caspase 3 in mice was observed at 1 wpo, and

continued to the same level towards 8 wpo. In contrast, AlF was expressed from 2—6

wpo, but not at 8 wpo (Fig. 4). AIF was localized to perikarya of the motor neurons and

neuropil, but did not redistribute to the nuclei.
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Discussion

Noxa expression was observed in our mouse trigeminal motor neuron

axotomy model, but not in the equivalent rat model. Furthermore, expression of cleaved

caspase 3 in mice was observed at 1 wpo, and it continued at the same level towards 8

wpo. Noxa is induced by p53 and plays a role in activating the caspase-dependent

apoptotic pathway. It has been reported that mouse motor neurons are more susceptible

to axotomy than are those of rats, and that motor neuron loss after hypoglossal axotomy

is seen only in mice (17). This difference has been attributed to a species-specific

difference in the expression level of Noxa. Because Noxa is expressed in injured motor

neurons in mice but not in rats, it is implicated in determining the fate of injured motor

neurons (17). Our results confirm previous observations of species-specific Noxa

expression patterns, and suggest that the apoptotic pathway is initiated after denervation

in the mouse axotomy model. Nevertheless, the mouse model showed only late,

moderate atrophy of the trigeminal motor nucleus, with no obvious neuronal loss as we

previously observed in the rat model (19).

There are various possible explanations for these results. In our axotomy

models, denervation was designed to occur at the most distal end of the trigeminal
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motor nerve fibers around which they innervate the target muscles, whereas in the

previous hypoglossal and facial nerve axotomy models a more proximal axotomy was

performed. Specifically, in our model, the trigeminal motor axons were cut at the levels

of the deep temporal and masseteric branches of the mandibular nerve. A distal lesion

should result in the preservation of a greater proportion of the central axons, together

with a larger number of the Schwann cells that cover them and serve as a source of

protective factors for the injured motor neurons.

In the caspase-dependent apoptotic pathway, caspase-activated

deoxyribonuclease (CAD) has been identified as the terminal executor of chromosomal

DNA degradation. Activated caspase-3 releases CAD from inhibitor of CAD (ICAD) by

cleaving ICAD, allowing CAD to enter the nucleus and degrade chromosomal DNA

(22). Tanaka et al. reported that induction of global ischemia in animals that had been

subjected to ischemic preconditioning in advance triggered activation of caspase-3, but

failed to increase nuclear CAD or cause DNA fragmentation in the CA1 neurons (23).

The same group also revealed that preconditioning preserved the integrity of the

mitochondrial membrane, blocking the release of Smac/DIABLO, an enhancer of

caspase-3 activity, and thereby enabled CA1 neurons to survive (24). An ultrastructural
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study also showed that expression of activated-caspase-3 preceded chromatin

condensation in dopaminergic neurons of a human Parkinson’s disease tissue, but the

expression disappeared in the neurons once showing typical morphologic features of

apoptosis (25). These studies indicate that activation of caspase-3 can initiate the

apoptotic process, but it does not necessarily coincide with DNA degradation, nor does

always mean its expression destines a cell to die. Since Noxa works upstream of

caspase-3 activation, if the effector of apoptosis located downstream of caspase-3

activation is blocked, motor neurons could evade apoptosis even when they express

both Noxa and cleaved caspase-3. In the denervation at the extreme end of the axon

used in our model, which would add slowly affecting insults to the motor neurons, the

integrity of mitochondria membrane may be preserved as in the ischemic

preconditioning.

AlF-dependent cell death, one of the caspase-independent pathways of

programmed cell death, was originally reported to control early morphogenesis (20). It

was later also shown to play a role in pathological cell death (18). AIF is an apoptotic

effector protein that induces chromatin condensation and large-scale (50 kbp) DNA

fragmentation (21) following translocation to the nucleus. In our model, AIF was
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upregulated temporarily in motor neurons (between 2—6 wpo), but its expression was

restricted to the perikarya and neuropil, and at no time point did it redistribute to the

nucleus. This lack of activation of caspase-independent pathways may also underlie the

enhanced survival of motor neurons observed after distal axonal injury. Additionally, it

is possible that motor neurons of different motor nuclei have variable vulnerability to

axonal injury.

The pathological findings in our present model could specifically represent

the consequences of distal axonal injury and may closely mimic the practical conditions

of human oral surgery. If axotomized trigeminal motor neurons in humans also evade

apoptosis after oral surgery, protection of the central nucleus would have clinical

significance in functional regeneration of innervation. Further evidence from human

case studies as well as investigation of the apoptotic process downstream of caspase-3

activation in the axotomized neurons is required to confirm the pathological effects of

target muscle removal on the central nuclei.
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Figure legends

Figure 1. Time-course of histological changes in the mouse trigeminal motor nucleus.

Representative images of H&E-stained paraffin sections of mouse trigeminal nucleus at

2 (A E),4(B,F), 6(C, G), and 8 (D, H) weeks after removal of the left masseter and

temporal muscles. Ipsilateral (A, B, C, D) and contralateral (E, F, G, H) sides are shown.

Size reduction of the nucleus was seen in the ipsilateral side, but neuronal loss is not

evident. Quantitative analysis (I, J) shows that the injured trigeminal motor nucleus is

reduced in size on the ipsilateral side at 8 weeks, but without significant change in the

number of motor neurons. Data are mean + SEM (n = 3; *P < 0.05).

Immunohistochemistry for synaptophysin (K, L) in paraffin sections. Photomicrographs

show the trigeminal motor nucleus on the ipsilateral side (K) and the contralateral side

(L) at 8 weeks. Scale bars: 100 u m.

Figure 2. Immunohistochemistry for Iba-1 (A) and GFAP (B, C) in frozen sections.

Photomicrographs show the trigeminal motor nucleus on the ipsilateral side at 3 days (A,

B) or 4 weeks (C) post-operation.
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Figure 3. Immunohistochemistry for Noxa in frozen sections. A, Photomicrographs

show the trigeminal motor nucleus on the ipsilateral side at 1 (a), 2 (b), 4 (c) or 6 (d)

weeks post-operation. Expression of Noxa was evident at 1 week and increased

time-dependently. Scale bars: 30um. B, By 8 weeks post-operation, the mice (a, b)

expressed a higher level of Noxa than the rats (c, d). Key: ope, operated side; cont,

contralateral side. Scale bars: 500 pm (a, c), 30 um (b, d)

Figure 4. Immunohistochemistry for cleaved caspase 3 and apoptosis-inducing factor

(AIF) in frozen sections. Photomicrographs show the mouse trigeminal motor nucleus

on the ipsilateral side at 2 (A, E), 4 (B, F), 6 (C, G) or 8 (D, H) weeks after axotomy of

trigeminal motor neurons. Cleaved caspase 3 immunoreactivity (A, B, C, D) was seen at

2—8 weeks post-operation. AIF immunoreactivity (E, F, G, H) was observed within 2—6

weeks, and localized to the perikarya and neuropil. Scale bars: 30 um.
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