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Abstract: Activated microglia involved in the development of orofacial pain hypersensitivity have
two major polarization states. The aim of this study was to assess the involvement of the aging-related
phenotypic conversion of medullary microglia in the enhancement of intraoral pain sensitivity
using senescence-accelerated mice (SAM)-prone/8 (SAMP8) and SAM-resistant/1 (SAMR1) mice.
Mechanical head-withdrawal threshold (MHWT) was measured for 21 days post palatal mucosal
incision. The number of CD11c-immunoreactive (IR) cells [affective microglia (M1)] and CD163-IR cells
[protective microglia (M2)], and tumor-necrosis-factor-α (TNF-α)-IR M1 and interleukin (IL)-10-IR
M2 were analyzed via immunohistochemistry on days 3 and 11 following incision. The decrease
in MHWT observed following incision was enhanced in SAMP8 mice. M1 levels and the number
of TNF-α-IR M1 were increased on day 3 in SAMP8 mice compared with those in SAMR1 mice.
On day 11, M1 and M2 activation was observed in both groups, whereas IL-10-IR M2 levels were
attenuated in SAMP8 mice, and the number of TNF-α-IR M1 cells increased, compared to those in
SAMR1 mice. These results suggest that the mechanical allodynia observed following intraoral injury
is potentiated and sustained in SAMP8 mice due to enhancement of TNF-α signaling, M1 activation,
and an attenuation of M2 activation accompanying IL-10 release.

Keywords: microglia; M1; M2; senescence-accelerated mice; SAMP8; SAMR1; TNF-α; IL-10; intraoral
incision; orofacial mechanical allodynia

1. Introduction

Aging is a progressive biological process characterized by neurological dysfunction, such as
cognitive impairment [1]. In the central nervous system, amyloid plaque deposition, neurodegeneration,
neuropsychiatric conditions, and dementia are associated with aging [2]. Moreover, aging is also known
to influence the peripheral nervous system. For example, the excitability of the primary afferent C-fiber
is modulated in aged rats [3]. Similarly, the nociceptive neuronal excitability in the lumbar spinal dorsal
horn is significantly higher in aged rats than in young rats [4]. Thus, it is possible that aging is also
involved in the plastic changes in orofacial nociceptive signal transduction in the medulla; however,
the precise molecular mechanisms responsible for the aging-related changes in orofacial nociception
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remain unknown. Microglial activation is known to modulate nociceptive neuronal excitability in
the spinal dorsal horn in response to peripheral pathogenesis, such as sciatic nerve injury [5–10].
Microglia are also present in the trigeminal spinal subnucleus caudalis (Vc) and the upper cervical
spinal cord (C1/C2). Activation of microglia in the Vc and C1/C2 regions is known to be involved in the
pathogenesis of orofacial pain hypersensitivity [11–15]. Microglia have a diverse array of phenotypes
and retain the ability to shift function to maintain tissue homeostasis [16]. Affective microglia (M1) are
characterized by the production of pro-inflammatory mediators, including interleukin (IL)-1β, tumor
necrosis factor-α (TNF-α), and IL-6 [17]. In contrast, protective microglia (M2) are characterized by the
production of anti-inflammatory mediators, including IL-4 and IL-10 [18]. Therefore, microglia play
dual roles in regulating the onset of inflammation through M1 and then switch to an M2 phenotype to
promote healing and repair. However, it is unclear whether age-related neurodegenerative affects the
polarity changes of microglia in situations orofacial pathogenesis and if the polarity changes modulate
orofacial pain hypersensitivity.

Senescence-accelerated mice (SAM)-prone/8 (SAMP8) show an age-dependent rapid increase in
aging markers such as a shortened life span and neuronal histopathology. SAM-resistant/1 (SAMR1)
mice are a normal aging control strain for SAMP8 [19–22]. SAMP8 mice have been used as an
age-related neurodegenerative disease model in several studies [23–26]. The aim of this study was to
examine the involvement of the aging-related phenotypic conversion of medullary microglia in the
enhancement of palatal mucosal incisional pain sensitivity using SAMP8 and SAMR1 mice.

2. Results

2.1. Changes in Mechanical Sensitivity Following Incision

The mechanical head-withdrawal thresholds (MHWTs) significantly decreased on day 1 through
day 7 in the SAMR1 incision mice, and on day 1 through day 21 in the SAMP8 incision mice (p < 0.05).
On day 3 following incision, MHWTs in both SAMR1 and SAMP8 significantly decreased (SAMR1
incision: 32.0 ± 1.7, SAMR1 naive: 44.7 ± 0.9, SAMP8 incision: 23.2 ± 0.7, SAMP8 naive: 44.1 ± 0.8)
compared to that in their respective naive controls (Figure 1). In contrast, by day 11, although MHWT
levels in SAMR1 mice had returned to those seen in naive mice, SAMP8 incision mice still showed
a significant decrease in MHWT compared to that in naive SAMP8 mice (SAMR1 incision mice
(45.5 ± 1.0), SAMR1 naive mice (46.0 ± 0.9), SAMP8 incision mice (35.0 ± 1.7), and SAMP8 naive mice
(44.0 ± 0.8)). Overall, comparing the effects in SAMP8 and SAMR1 incision mice, MHWT levels in
the SAMP8 incision mice remained low compared with those in SAMR1 incision mice through the
experimental period, and did not return to those seen in SAMP8 naive mice.

Figure 1. Changes in mechanical head-withdrawal threshold (MHWT) at the incision site over 21 days
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post palatal mucosal incision. Data represent mean ± SD. (n = 6 for SAMP8 incision mice, SAMR1
incision mice, and SAMR1 naive mice, and n = 4 SAMP8 for naive mice). Significance was assessed with
a two-way ANOVA followed by Bonferroni’s multiple-comparison test. ** p < 0.01, SAMP8 incision
mice vs. SAMP8 naive mice. † p < 0.05, †† p < 0.01, SAMR1 incision mice vs. SAMR1 naive mice.
# p < 0.01, SAMP8 incision mice vs. SAMR1 incision mice.

2.2. Microglial Activation in the Vc and C1/C2 Regions

We next assessed Iba1 levels by immunohistochemistry in the Vc and C1/C2 regions innervating
the palatal mucosa on days 3 and 11 following the incision (Figure 2). We compared the following pairs
in groups: SAMP8-incison vs. SAMR1-incision, SAMP8-incision vs. SAMP8-naive, SAMR1-incision vs.
SAMR1-naive, SAMP8-naive vs. SAMR1-naive. On day 3, SAMP8 and SAMR1 mice showed significant
increases in the number of Iba1 immunoreactive (IR) cells in the Vc and C1/C2 regions following the
incision. The SAMP8 incision mice had significantly more Iba1-IR cells than the SAMR1 incision mice
(SAMP8 incision mice: 3.7 ± 1.1, SAMR1 incision mice: 2.3 ± 0.6, SAMP8 naive mice: 0.9 ± 0.2, SAMR1
naive mice: 0.7 ± 0.4) (Figure 2a,b). On day 11 after incision, Iba1-IR cells significantly increased in
both the SAMP8 and SAMR1 incision mice; however, the SAMP8 incision mice had significantly more
Iba1-IR cells than the SAMR1 incision mice (SAMP8 incision mice: 3.0 ± 0.3, SAMR1 incision mice:
2.0 ± 0.1, SAMP8 naive mice: 0.8 ± 0.1, SAMR1 naive mice: 0.8 ± 0.1) (Figure 2c,d). There were no
significant differences in the number of Iba1-IR cells between SAMP8 naive and SAMR1 naive mice on
days 3 and 11.

Figure 2. Microglial activation in Vc and C1/C2 regions following palatal mucosal incision. Low and
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high (inset) magnification fluorescence micrograph of the Iba1-IR cells in the Vc and C1/C2 regions on
day 3 (a) and day 11 (c) after palatal mucosal incision. Scale bar: 100 µm. Scale bar in the inset: 15 µm.
Density of the Iba1-IR cells in the Vc and C1/C2 regions on day 3 (b) and day 11 (d) after palatal mucosal
incision. Data represent mean ± SD. (day 3, n = 6 for SAMP8 incision mice, SAMR1 incision mice,
SAMR1 naive mice, and SAMP8 naive mice; day 11, n = 5 for SAMP8 incision mice, SAMR1 incision
mice, and SAMR1 naive mice. n = 4 for SAMP8 naive mice. ** p < 0.01, **** p < 0.0001, Student’s t-test).

2.3. Changes in the Expression of M1 or M2 Microglial Cells in Vc and C1/C2 Regions

The expression of M1 or M2 phenotype microglial cells in the Vc and C1/C2 regions after palatal
mucosal incision (Figures 3 and 4) was examined next. We compared the following pairs in groups:
SAMP8 incision vs. SAMR1 incision, SAMP8 incision vs. SAMP8 naive, SAMR1 incision vs. SAMR1
naive, SAMP8 naive vs. SAMR1 naive. Double-immunostaining of the nucleus (DAPI) and M1 (CD11c)
or M2 (CD163), clearly demonstrated the specificity of labeling (Figure 3a,d). On day 3, the number
of Iba1-IR/CD11c-IR cells following palatal mucosal incision in SAMP8 incision mice significantly
increased, but the levels did not change in SAMR1 incision mice (SAMP8 incision mice: 52.7 ± 13.4,
SAMR1 incision mice: 35.5 ± 6.2, SAMP8 naive mice: 26.7 ± 2.7, SAMR1 naive mice: 27.2 ± 6.6)
(Figure 3b,c). The number of Iba1-IR/CD163-IR cells following palatal mucosal incision significantly
increased in SAMR1 incision mice, but similar results were not obtained in SAMP8 incision mice
(SAMP8 incision: 60.3 ± 5.8, SAMR1 incision: 49.5 ± 20.4, SAMP8 naive: 42 ± 5.8, SAMR1 naive:
27.2 ± 7.6) (Figure 3e,f). On day 11, both SAMP8 and SAMR1 mice showed a significant increase in
Iba1-IR/CD11c-IR cells following palatal mucosal incision compared with each naive mouse strain.
Comparing the SAMP8 incision mice to SAMR1 incision mice, there was no difference in the distribution
of Iba1/CD11c-IR cells (SAMP8 incision mice: 122.5 ± 35.7, SAMR1 incision mice: 90.2 ± 14.8, SAMP8
naive mice: 27.8 ± 8.6, SAMR1 naive mice: 19.5 ± 6.4) (Figure 4a,b). SAMP8 and SAMR1 mice also
showed a significant increase in the number of Iba1-IR/CD163-IR cells following incision, with the
SAMR1 incision mice having significantly more Iba1-IR/CD163-IR cells than the SAMP8 incision mice
(SAMP8 incision mice: 58.5 ± 12.3, SAMR1 incision mice: 102.3 ± 27.4, SAMP8 naive mice: 31.2 ± 7.5,
SAMR1 naive mice: 33.2 ± 11.6) (Figure 4c,d).

Figure 3. M1/M2 polarization in microglia in the Vc and C1/C2 regions on day 3 after palatal mucosal
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incision. (a) Representative photomicrographs of DAPI-IR cells (blue), CD11c-IR cells (green), and
DAPI-IR/CD11c-IR cells in the Vc and C1/C2 regions. Scale bar: 3 µm. (b) Low and high (inset)
magnification photomicrographs of Iba1-IR cells (red), CD11c-IR cells (green), and Iba1-IR/CD11c-IR
cells in the Vc and C1/C2 regions on day 3 after palatal mucosal incision in SAMP8 and SAMR1 mice.
The arrow heads indicate Iba1-IR/CD11c-IR cells. Scale bar: 10 µm. Scale bar in the inset: 3 µm. (c) The
number of Iba1-IR/CD11c-IR cells on day 3 after palatal mucosal incision in SAMP8 and SAMR1 mice.
Data represent mean ± SD. (n = 6 for SAMP8 incision mice, SAMR1 incision mice, SAMR1 naive mice,
and SAMP8 naive mice. ** p < 0.01, *** p < 0.001, Student’s t-test). (d) Representative photomicrographs
of DAPI-IR cells (blue), CD163-IR cells (green), and DAPI-IR/CD163-IR cells in the Vc and C1/C2
regions. Scale bar: 3 µm. (e) Low and high (inset) magnification photomicrographs of Iba1-IR cells
(red), CD163-IR cells (green), and Iba1-IR/CD163-IR cells in the Vc and C1/C2 regions on day 3 after
palatal mucosal incision. The arrowheads indicate the Iba1-IR/CD163-IR cells. Scale bar: 10 µm. Scale
bar in the inset: 3 µm. (f) The number of Iba1-IR/CD163-IR cells in the Vc and C1/C2 regions on day 3
after palatal mucosal incision. Data represent mean ± SD. (n = 6 for SAMP8 incision mice, SAMR1
incision mice, SAMR1 naive mice, and SAMP8 naive mice. * p < 0.05, Student’s t-test).

Figure 4. M1/M2 polarization in microglia in the Vc and C1/C2 regions on day 11 after palatal mucosal
incision. (a) Low and high (inset) magnification photomicrographs of Iba1-IR cells (red), CD11c-IR
cells (green), and Iba1-IR/CD11c-IR cells in the Vc and C1/C2 regions on day 11 after palatal mucosal
incision in SAMP8 and SAMR1 mice. The arrowheads indicate Iba1-IR/CD11c-IR cells. Scale bar: 10
µm. Scale bar in the inset: 3 µm. (b) The number of Iba1-IR/CD11c-IR cells on day 11 after palatal
mucosal incision in SAMP8 and SAMR1. Data represent mean ± SD. (n = 6 for SAMP8 incision mice,
SAMR1 incision mice, SAMR1 naive mice, and SAMP8 naive mice. **** p < 0.0001, Student’s t-test).
(c) Low and high (inset) magnification photomicrographs of Iba1-IR cells (red), CD163-IR cells (green),
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and Iba1-IR/CD163-IR cells in the Vc and C1/C2 regions on day 11 after palatal mucosal incision.
The arrowheads indicate the Iba1-IR/CD163-IR cells. Scale bar: 10 µm. Scale bar in the inset: 3 µm.
(d) The number of Iba1-IR/CD163-IR cells in the Vc and C1/C2 regions on day 11 after palatal mucosal
incision. Data represent mean ± SD (n = 6 for SAMP8 incision mice, SAMR1 incision mice, SAMR1
naive mice, and SAMP8 naive mice. * p < 0.05, *** p < 0.001, **** p < 0.0001, Student’s t-test).

2.4. Changes in TNF-α or IL-10 Expression in the Vc and C1/C2 Regions

The number of TNF-α and IL-10 expressing microglia in the Vc and C1/C2 regions was
examined after palatal mucosal incision (Figures 5 and 6). We compared the following pairs in
groups: SAMP8-incison vs. SAMR1-incision, SAMP8-incision vs. SAMP8-naive, SAMR1-incision
vs. SAMR1-naive, SAMP8-naive vs. SAMR1-naive. The number of TNF-α-IR/CD11c-IR cells was
significantly increased in both SAMP8 and SAMR1 mice on days 3 and 11 after incision. In particular,
SAMP8 incision mice showed significantly more TNF-α-IR/CD11c-IR cells than SAMR1 incision mice
on days 3 and 11 (day 3, SAMP8 incision mice: 117.6 ± 13.5; SAMR1 incision mice: 74 ± 16.7; SAMP8
naive mice: 21.5 ± 5.7; SAMR1 naive mice: 22.4 ± 6.0; day 11, SAMP8 incision mice: 57.2 ± 4.6, SAMR1
incision mice: 37.8 ± 4.4, SAMP8 naive mice: 22.8 ± 2.5, SAMR1 naive mice: 20.4 ± 1.8) (Figure 5a–d).

Figure 5. TNF-α released from M1 phenotype microglia in the Vc and C1/C2 regions on day 3 and day
11 after palatal mucosal incision. (a) Low and high (inset) magnification photomicrographs of TNF-α-IR
cells (red), CD11c-IR cells (green), and TNF-α-IR/CD11c-IR cells in the Vc and C1/C2 regions on day 3
after palatal mucosal incision in SAMP8 and SAMR1 mice. The arrowheads indicate TNF-α-IR/CD11c-IR
cells. Scale bar: 10 µm. Scale bar in the inset: 3 µm. (b) The number of TNF-α-IR/CD11c-IR cells
in the medulla on day 3 after palatal mucosal incision in SAMP8 and SAMR1 mice. Data represent
mean ± SD (n = 5 for SAMP8 incision mice, SAMR1 incision mice, and SAMR1 naive mice. n = 4 for
SAMP8 naive mice; *** p < 0.001, **** p < 0.0001, Student’s t-test). (c) Low and high (inset) magnification
photomicrographs of TNF-α-IR cells (red), CD11c-IR cells (green), and TNF-α-IR/CD11c-IR cells in the
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Vc and C1/C2 regions on day 11 after palatal mucosal incision in SAMP8 and SAMR1 mice.
The arrowheads indicate the TNF-α-IR/CD11c-IR cells. Scale bar: 10 µm. Scale bar in the inset:
3 µm. (d) The number of TNF-α-IR/CD11c-IR cells in the medulla on day 11 after palatal mucosal
incision in SAMP8 and SAMR1 mice. Data represent mean ± SD (n = 5 for SAMP8 incision mice, SAMR1
incision mice, and SAMR1 naive mice. n = 4 for SAMP8 naive mice. **** p < 0.0001, Student’s t-test).

Figure 6. IL-10 released from M2 phenotype microglia in the Vc and C1/C2 regions on day 3 and day
11 after palatal mucosal incision. (a) Low and high (inset) magnification photomicrographs of IL-10-IR
cells (red), CD163-IR cells (green), and IL-10-IR/CD163-IR cells in the Vc and C1/C2 regions on day 3
after palatal mucosal incision in SAMP8 and SAMR1 mice. The arrowheads indicate IL-10-IR/CD163-IR
cells. Scale bar: 10 µm. Scale bar in the inset: 3 µm. (b) The number of IL-10-IR/CD163-IR cells in the
medulla on day 3 after palatal mucosal incision in SAMP8 and SAMR1 mice. Data represent mean
± SD (n = 4 for SAMP8 incision mice, SAMR1 incision mice, SAMR1 naive mice, and SAMP8 naive
mice. ** p < 0.01, *** p < 0.001, **** p < 0.0001, Student’s t-test). (c) Low and high (inset) magnification
photomicrographs of IL-10-IR cells (red), CD163-IR cells (green), and IL-10-IR/CD163-IR cells in the Vc
and C1/C2 regions on day 11 after palatal mucosal incision in SAMP8 and SAMR1 mice. The arrowheads
indicate IL-10-IR/CD163-IR cells. Scale bar: 10 µm. Scale bar in the inset: 3 µm. (d) The number of
IL-10-IR/CD163-IR cells in the medulla on day 11 after palatal mucosal incision in SAMP8 and SAMR1
mice. Data represent mean ± SD (n = 4 for SAMP8 incision mice, SAMR1 incision mice, SAMR1 naive
mice, and SAMP8 naive mice. **** p < 0.0001, Student’s t-test).

The number of IL-10-IR/CD163-IR cells was significantly increased in both SAMP8 and SAMR1
mice on days 3 and 11 after incision. Comparing SAMP8 with SAMR1 incision mice, the SAMR1
incision mice showed a significantly higher number of IL-10-IR/CD163-IR cells than the SAMP8 incision
mice on days 3 and 11 (day 3, SAMP8 incision mice: 22 ± 3.6; SAMR1 incision mice: 38.3 ± 6.5; SAMP8
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naive mice: 8.5 ± 3.1; SAMR1 naive mice: 9.8 ± 2.1; day 11, SAMP8 incision mice: 37.5 ± 4.4 SAMR1
incision mice: 65.3 ± 4.6; SAMP8 naive mice: 11.5 ± 2.4; SAMR1 naive mice: 7.8 ± 1.9) (Figure 6a–d).

2.5. Effect of TNF-α, or IL-10 Neutralization or Recombinant IL-10, on Palatal Mucosal
Mechanical Hypersensitivities

The effect of intra-cisterna magna (ICM) administration of a specific rabbit monoclonal TNF-α
neutralizing antibody (10602-R10N1), a specific rat monoclonal IL-10 neutralizing antibody (MAB417),
or recombinant rat IL-10 protein (ab269199) on the mechanical hypersensitivities induced by the
palatal mucosal incision was examined. The administration of 10602-R10N1 to SAMP8 incision mice
significantly suppressed mechanical hypersensitivities from day 5 to day 14 after incision (Figure 7).
The administration of MAB417 induced a significant enhancement of mechanical hypersensitivities in
SAMR1 incision mice from day 5 to day 9 after incision (Figure 8). The ICM administration of ab269199
significantly suppressed mechanical hypersensitivities in SAMP8 incision mice from day 1 to day 14
after incision (Figure 9).

Figure 7. Changes in MHWT in SAMP8 mice treated with either a TNF-α neutralizing antibody or
vehicle following palatal mucosal incision. The relative mean percentage MHWT was calculated over
21 days using the following formula (100 ×MHWT in SAMP8 mice treated with a TNF-α neutralizing
antibody/MHWT in SAMP8 mice treated with vehicle). Data represent mean ± SD (n = 5 for SAMP8
incision mice treated with TNF-α neutralizing antibody, and SAMP8 incision mice treated with vehicle.
** p < 0.01, *** p < 0.001, compared to pre-value; one-way repeated measures ANOVA followed by
Tukey’s multiple comparison test).
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Figure 8. Changes in MHWT in SAMR1 mice treated with either an IL-10 neutralizing antibody or
vehicle following palatal mucosal incision. The relative mean percentage MHWT was calculated over
21 days using the following formula (100 ×MHWT in SAMR1 mice treated with an IL-10 neutralizing
antibody/MHWT in SAMR1 mice treated with vehicle). Data represent mean ± SD (n = 5 for SAMR1
incision mice treated with an IL-10 neutralizing antibody, and SAMR1 incision mice treated with vehicle.
* p < 0.05, compared to pre-value; one-way repeated measures ANOVA followed by Tukey’s multiple
comparison test).

Figure 9. Changes in MHWT in SAMP8 mice treated with either a recombinant IL-10 protein or
vehicle following palatal mucosal incision. The relative mean percentage MHWT was calculated over
21 days using the following formula (100 ×MHWT in SAMP8 mice treated with recombinant IL-10
protein/MHWT in SAMP8 mice treated with vehicle). Data represent mean ± SD (n = 5 for SAMP8
incision mice treated with a recombinant IL-10 protein, and SAMP8 incision mice treated with vehicle.
** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to pre value; one-way repeated measures ANOVA
followed by Tukey’s multiple comparison test).
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3. Discussion

From day 1 to day 21 after incision, SAMP8 mice developed stronger mechanical allodynia than
SAMR1 mice. SAMR1 mice showed recovery of this mechanical allodynia on day 11 after incision.
On days 3 and 11, both SAMP8 and SAMR1 mice showed enhanced Iba1 expression in the Vc and
C1/C2 regions after incision, and SAMP8 mice also showed significantly abundant Iba1 expression
than SAMR1 mice. Aging is known to modulate the release of various cytokines from immunocytes,
including microglia, in the spinal dorsal horn [27]. A variety of molecular signaling pathways from glial
cells in the spinal dorsal horn play important roles in the modulation of secondary neuronal excitability
following peripheral nerve injury [28,29]. In particular, it has been reported that microglial activation
is involved in the enhancement of neuronal sensitization relevant to mechanical hypersensitivity under
neuropathologic conditions [7]. Interestingly, advancing age is associated with functional changes in
microglia, and so is potentially implicated in the changes in nociceptive excitability [30,31]. Together
with these reports, our results suggest that aging modulates functional changes in microglia in the
Vc and C1/C2 regions following palatal mucosal injury, resulting in an enhancement of mechanical
allodynia due to the augmentation of Vc and C1/C2 neuronal hyperexcitability regulated by age-related
microglial activation.

It has been reported that CD11c is a surface marker for M1 microglia, and that CD163 is a surface
marker for M2 microglia [32–34]. When these markers were used to evaluate the microglial polarity
in SAMP8 and SAMR1 mice, we found that SAMP8 mice had significantly more M1 microglial cells,
but no change was observed in M2 microglial cells, on day 3 after palatal mucosal incision. In addition,
SAMP8 mice showed a greater attenuation of M2 microglial levels than SAMR1 mice on day 11
after palatal mucosal incision. In response to the changes in the brain microenvironment caused by
aging, microglia can polarize into the proinflammatory M1 phenotype or the anti-inflammatory M2
phenotype [35–38]. Many studies have reported that the microglia M1 transition is enhanced, but the
M2 transition is reduced by aging [39–41]. In age-related neurodegenerative diseases, M1 microglial
cells are increased, resulting in increased impairment, and M2 microglial cells are reduced, resulting in
decreased healing [42]. However, the mechanisms underlying these changes are unclear. Recently,
amyloid β (Aβ) plaque deposition in neurons has been reported to be closely related to aging and this
deposition causes microglial polarity changes [42,43]. Membrane environmental toxins, such as Aβ

aggregates released into the extracellular space from neurons, can directly induce the M1 microglial
phenotype. These Aβ plaque aggregates therefore bias microglia towards the M1 phenotype, which
persist in later stages of the disease and cause an imbalance in the immune system [42]. SAMP8
mice have been shown to develop senescent amyloidosis due to aging [44]. Aβ-stimulated microglia
release ATP which signals through autocrine and paracrine mechanisms via the P2X7 receptor, thereby
inducing a polarity change to the pro-inflammatory M1 phenotype microglia that release inflammatory
cytokines [45]. Together with these reports, our data also suggest that age-related neuronal alterations
modulate microglial polarity, enhancing M1 microglia and attenuating M2 microglia in the Vc and C1/C2
regions following palatal mucosal injury with advancing age. As a result, a sustainable enhancement
of palatal mucosal mechanical allodynia occurs due to this imbalance in microglial immune responses
in the Vc and C1/C2 regions.

The immune response that arises from the release of proinflammatory and anti-inflammatory
cytokines from microglia results in alterations in inter-synaptic signaling and a regulation of the
excitability of secondary neurons. On days 3 and 11 after palatal mucosal incision, SAMP8 mice
had significantly more TNF-α expressing microglia compared to SAMR1 mice, while SAMR1 mice
had significantly more IL-10 expressing M2 microglia than SAMP8 mice. These results indicate
that there is a further increase in the proinflammatory cytokine TNF-α, and a weak increase in the
anti-inflammatory cytokine IL-10 with advancing age. This is likely due the alteration in microglial
polarity, that is, the enhancement of M1 microglia and the reduction of M2 microglia, seen after palatal
mucosal incision.
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In previous studies, TNF-α released from microglia has been shown to enhance synaptic efficacy
by increasing the surface expression of alpha-amino-3-hydroxy-5-methyl-4 isoazolepropionic acid
(AMPA) receptors [46]. Furthermore, peripheral tissue inflammation can also induce the TNF-α
dependent surface trafficking of Ca2+ -permeable AMPA receptors in the spinal dorsal horn [47–49].
At the onset of inflammatory pain in the hind paw, TNF-α has been shown to evoke a drastic
increase in spontaneous excitatory postsynaptic current frequency in lamina II neurons. TNF-α also
increases N-methyl-d-aspartate (NMDA) currents in spinal cord lamina II neurons, and this increase
is not observed in TNFR1 knockout mice [50]. In addition, TNF-α has also been reported to induce
trafficking of NMDA receptors and synaptic plasticity [51]. In this study, ICM administration of a
TNF-α neutralizing antibody suppressed the mechanical hypersensitivities in SAMP8 incision mice.
Taken together, these results suggest that the persistent M1-derived TNF-α increases due to aging
causes surface trafficking of glutamatergic receptors such as AMPA and NMDA in Vc and C1/C2
neurons, which enhances their neuronal excitability and noxious mechanical sensitivity in the palatal
mucosa. With respect to the action of TNF-α, it has been reported that TNF-α released from M1
acts on neurons and activates microglia, resulting in a further increase in the release of TNF-α from
microglia [52]. Therefore, both the action of TNF-α on neurons and the activation of additional
microglia by TNF-α may be involved in mechanical hypersensitivity. However, M1 microglia also
release other proinflammatory cytokines such as IL-1β and IL-6. There are also several other surface
markers of M1 microglia such as CD40 and CD86 [53]. Therefore, further studies using cytokines other
than TNF-α, or other M1 markers are necessary to create a more detailed profile of M1 microglia with
advancing age.

The ICM administration of an IL-10 neutralizing antibody enhanced mechanical hypersensitivity
in SAMR1 incision mice. In contrast, the ICM administration of a recombinant IL-10 protein suppressed
mechanical hypersensitivity in SAMP8 incision mice. On days 3 and 11 after palatal mucosal incision,
IL-10 expression was enhanced in M2 microglia in both SAMP8 and SAMR1 mice, but the IL-10
expression levels were lower in SAMP8 mice than in SAMR1 mice. IL-10 is known to be involved in the
suppression of mechanical hypersensitivity following plantar incision and spinal nerve ligation [54].
This suppression of mechanical hypersensitivity involves activation of G protein-coupled receptors,
such as GPR40, which is expressed in the spinal cord and plays a regulatory role in antinociception
via the IL-10/β-endorphin pathway [55]. GPR40 signaling plays an important suppressive role in
spinal nociceptive processing after inflammation. For example, GPR40 agonists have been shown to
decrease the frequency of spontaneous EPSCs (excitatory postsynaptic currents) in dorsal horn neurons
of the spinal cord of inflammatory and neuropathic pain model mice [56]. Another study has reported
that the activation of supraspinal GPR40 receptor signaling can regulate the descending pain control
system [57]. Therefore, it is possible that the activation of GPR40 signaling involved in antinociception
is suppressed by the reduction of IL-10 release from M2 microglia, resulting in an enhancement of
mechanical allodynia due to the augmentation of Vc and C1/C2 neuronal excitability associated with
age-related neurodegeneration.

TNF-α and IL-10 are reported to regulate the polarity changes of activated microglia to M1 and
M2. For instance, TNF-α causes an increase in inflammatory markers, indicating a shift to M1, and a
decrease in anti-inflammatory markers, indicating a shift from M2 [52]. In addition, attenuating IL-10
has been shown to promote the polarization of microglia to the M1 phenotype under proinflammatory
conditions [58]. Therefore, it is possible that the mechanisms of the microglial polarity change are not
independent, but rather are interrelated with each other, and maintaining the balance between M1 and
M2 polarization is involved in the suppression of abnormal orofacial pain and delay in healing.

In conclusion, age-related neuroinflammation caused by oral mucosal injury influences the
polarity change pattern of activated microglia, which leads to the enhancement of Vc and C1/C2
neuronal excitability by increasing M1-derived TNF-α expression and decreasing IL-10 expression.
These novel findings might provide helpful information regarding the mechanism of aging-specific
pain hypersensitivity.



Int. J. Mol. Sci. 2020, 21, 7871 12 of 17

4. Materials and Methods

4.1. Animals

Male SAMP8 (23 weeks, Japan SLC, Hamamatsu, Japan) and male SAMR1 (23 weeks, Japan SLC)
mice weighing 20–30 g were used in all experiments (n = 261). Mice were maintained at a controlled
temperature (23 ◦C) under a 12 h light/dark cycle with free access to food and water. This study
was approved by the Animal Experimentation Committee at Nihon University School of Dentistry
(AP17D010; approval date: 30 June 2017) and was conducted in accordance with the guidelines of
the International Association for the Study of Pain [59]. The minimal number of mice required for
statistical analysis in the experiments were used.

4.2. Intraoral Incisional Model

Under deep anesthesia induced by an intraperitoneal (IP) injection of butorphanol (5.0 mg/kg;
Meiji Seika Pharma, Tokyo, Japan), midazolam (4.0 mg/kg; Sandoz, Tokyo, Japan), and medetomidine
(0.75 mg/kg; Zenoaq, Fukushima, Japan), the left palatal mucosa of the mice was incised using a scalpel
(depth, 1 mm; length, 5 mm). A sham procedure was performed as a control, which was identical
except an incision was made in the left palatal mucosa.

4.3. Mechanical Stimulation

Mechanical stimulation was performed after confirming that the mice were maintained at the
depth of anesthesia as described above [60,61]. Briefly, the mice were first anesthetized using 2%
isoflurane (Mylan, Canonsburg, PA, USA). After stopping the supply of 2% isoflurane, it was confirmed
that a normal hindlimb withdrawal reflex could be induced by a noxious pinch to the hind paw while
maintaining appropriate breathing and cardiac rhythms. Following this, a mechanical stimulation
was applied to a position 1 mm inside from the center of the incision line using an electronic von Frey
anesthesiometer (Bioseb, Chaville, France). The mouth was maintained in an open state using a mouth
opener under a constantly adjusted depth of anesthesia. The intensity of the mechanical stimulation
was gradually increased at a specified speed (0–100 g, 10 g/s, cutoff: 100 g), and the lowest intensity of
mechanical stimulus required to induce a head withdrawal reflex was defined as the mechanical head
withdrawal threshold (MHWT) [62,63]. Each stimulation interval was 3 min, and the average of three
measurements was defined as MHWT in each mouse. MHWT measurements were performed under
blinded conditions.

4.4. TNF-α and IL-10 Signaling in the Vc and C1/C2 Regions

Mice were anesthetized with an IP injection of butorphanol (5.0 mg/kg), midazolam (4.0 mg/kg),
and medetomidine (0.75 mg/kg). A small hole was made in the occipital bone after a small incision was
made in the head skin, and a polyethylene tube (0.8 mm in diameter; Natsume, Tokyo, Japan) connected
to an osmotic mini pump (0.5 µL/h, Alzet model 2002; Durect Corporation, Cupertino, CA, USA)
was inserted into the cisterna magna through the hole [13]. Following this, 10602-R10N1 (500 µg/mL
dissolved in 0.01 M PBS, 0.11 µL/h, Sino Biological, Beijing, China), MAB417 (500 µg/mL dissolved in
0.01 M PBS, 0.11 µL/h, R&D Systems, Minneapolis, MN, USA), or ab269199 (0.1 mg/mL, dissolved in
0.01 M PBS, 0.11 µL/h, Abcam, Cambridge, UK) was continually provided via ICM administration for
21 days after the left palatal mucosa incision via the osmotic mini pumps. MHWT was measured daily
in each group as described above.

4.5. Immunohistochemistry in the Vc and C1/C2 Regions

On day 3 and day 11 after incision to the left palatal mucosa, mice were anesthetized with an IP
injection of a mixture composed of butorphanol (5.0 mg/kg), midazolam (4.0 mg/kg), and medetomidine
(0.75 mg/kg) and were then perfused with saline and then fixed by perfusing with 4% paraformaldehyde
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(PFA) in 0.1 M phosphate buffer (PB; pH = 7.4) After dissection, the medulla was fixed in 4% PFA at 4 ◦C
for 24 h. It was then stored in 0.01 M phosphate buffer saline (PBS) containing 20% sucrose for 6 h for
cryoprotection. The medulla was cut to a thickness of 30 µm using a freezing microtome (Leica, Tokyo,
Japan). After every seven sections, thin tissue slices were collected in 0.01 M PBS. These free-floating
tissue sections were rinsed with 0.01 M PBS, and then incubated with a rabbit anti Iba1 polyclonal
antibody (1:2000, Wako, Osaka, Japan) at 4 ◦C for 72 h. The sections were then incubated in 10% normal
goat serum (NGS) in PBS for 1.5 h at room temperature (RT; 23 ◦C). Following this, the sections were
incubated at RT for 2 h with a biotinylated goat anti-rabbit IgG (1:600, Vector Laboratories, Burlingame,
CA, USA). After washing with 0.01 M PBS, the sections were then incubated at RT for 1 h with a
peroxidase-conjugated avidin–biotin complex (1:100, Vector Laboratories, Burlingame, CA, USA).
After rinsing in 0.05 M Tris buffer (TB, pH 7.4), the sections were incubated in 0.05 M TB containing
0.035% 3,3′-daiminobenzidine tetrahydrochloride hydrate (DAB, Sigma-Aldrich, St. Louis, MO, USA),
0.2% nickel ammonium sulfate, and 0.05% peroxide for about 5 min. After rinsing in PBS, the sections
were sequentially mounted on MAS-coated Superfrost Plus microscope slides (Matsunami, Tokyo,
Japan), dehydrated with a series of ethanol (50–100%), and then applied to coverslips. Iba1 expression
was analyzed in a square grid (26.7 × 26.7 µm2) of the left Vc and C1/C2 regions (360 µm caudal
and 360 µm rostral to the obex) that receive afferents from the second branch of the trigeminal nerve,
which innervates the left palatal mucosa. The Iba1 immunoreactive area was measured using a
computer-assisted imaging analysis system (Image J 1.37v; NIH, Bethesda, MD, USA). Additionally,
we performed immunohistochemistry without the Iba1 primary antibody for each group of mice and
confirmed that there was no immunostaining (data not shown).

The sections were also incubated with a rabbit polyclonal Iba1 antibody (1:2000, 019-19741;
Wako, Osaka, Japan) and an Armenian hamster monoclonal CD11c antibody (1:1000, ab33483;
Abcam, Cambridge, UK) to identify M1 microglia; with a goat polyclonal Iba1 antibody (1:500,
ab5076; Abcam, Cambridge, UK) and a rabbit recombinant monoclonal CD163 antibody (1:1000,
ab182422; Abcam, Cambridge, UK) to identify M2 microglia; with an Armenian hamster monoclonal
CD11c antibody (1:1000, ab33483; Abcam, Cambridge, UK) and a rabbit polyclonal TNF-α antibody
(1:200, ab6671; Abcam, Cambridge, UK) to identify TNF-α positive M1 microglia; or with a rabbit
recombinant monoclonal CD163 antibody (1:1000, ab182422; Abcam, Cambridge, UK) and a rat
monoclonal IL-10 antibody (1:300, ab33471; Abcam, Cambridge, UK) to identify IL-10 positive
M2 microglia. Following this primary incubation, the sections were incubated with either an
Alexa Fluor 568-conjugated goat anti-rabbit IgG (1:1,000; Life Technologies, Waltham, MA, USA),
an Alexa Fluor 488-conjugated goat-anti-Armenian hamster IgG (1:1000; Abcam, Cambridge, UK),
an Alexa Fluor 568-conjugated donkey-anti-goat IgG (1:1000; Life Technologies, Waltham, MA, USA),
an Alexa Fluor 568-conjugated donkey-anti-rat IgG (1:1000; Abcam, Cambridge, UK), an Alexa Fluor
488-conjugated donkey-anti-rabbit IgG (1:1000; Invitrogen, Waltham, MA, USA), an Alexa Fluor
488-conjugated goat-anti-Armenian hamster IgG (1:1000; Abcam, Cambridge, UK), or an Alexa Fluor
488-conjugated donkey-anti-rabbit IgG (1:1000; Invitrogen, Carlsbad, CA, USA) and DAPI (1:5000,
D9564; Sigma-Aldrich, St. Louis, MO, USA) in 0.01 M PBS for 2 h at RT, as appropriate. Following
rinsing with 0.01 M PBS, the sections were mounted in mounting medium (Thermo Fisher Scientific,
Waltham, MA, USA).

Immunofluorescent signals for Iba1 and CD11c, Iba1 and CD163, CD11c, TNF-α, CD163, and IL-10
immune products were visualized using a BZ-9000 system (Keyence, Tokyo, Japan). The signal in a
square grid (26.7× 26.7 µm2) in the Vc and C1/C2 regions was then quantified using a computer-assisted
imaging analysis system (Image J 1.37v; NIH, Bethesda, MD, USA).

4.6. Statistical Analysis

The data in this study are presented as mean ± standard deviation (SD). One-way or two-way
repeated measures analysis of variance (ANOVA) followed by Tukey’s multiple comparison test, or a
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Student’s t-test were used for the assessments of behavioral testing or immunohistochemistry analysis,
where appropriate. Statistical significance was determined to be p < 0.05.
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SAMP8 Senescence accelerated mice prone 8
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IL-10 interleukin-10
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