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Abstract
Recent studies implicate glutamate release from satellite glial cells (SGCs) surrounding the primary
sensory neurons in the mechanisms of pathologic pain. However, little is known about the population of
SGCs in the trigeminal ganglion that is involved in glutamate signaling associated with craniofacial
neuropathic pain. To address this issue, we used quantitative analysis of electron microscopic
immunogold labeling to investigate the changes in glutamate levels in trigeminal neurons and their
enveloping SGCs in a rat model of craniofacial neuropathic pain, chronic constriction injury of inferior
alveolar nerve (CCI-ION). The density of immunogold, a measure for glutamate concentration, in the
neuronal cell bodies of all sizes, and in the SGCs surrounding them, was signi�cantly higher in rats with
CCI-ION than in sham-operated rats. This effect was more pronounced for the small neurons (2.2 times
higher) and their SGCs (1.8 times higher) than for the medium and the large neurons and their SGCs,
respectively. These �ndings suggest that each populations of SGCs and their surrounding trigeminal
neurons of different type are involved in the glutamate signaling associated with neuropathic pain at a
different level.

Introduction
The results of several recent studies suggest that satellite glial cells (SGCs) that envelop the cell bodies
of the primary sensory neurons in the dorsal root ganglia (DRG) and the trigeminal ganglion (TG), play a
crucial role in neuronal sensitization and pathologic pain1,2. The mechanism is thought to involve a
reciprocal signaling between neurons and their enveloping SGCs, and between SGCs in the DRG and TG,
i.e., SGCs, activated under pathologic conditions, release glutamate, cytokines and ATP, which act on
neurons that they envelop, and on adjacent SGCs, thus contributing to augmentation of neuronal
excitability and pathologic pain1,3,4,5,6,7,8.

Primary sensory neurons and their enveloping SGCs form a morphologically- and functionally-distinct
unit9. SGCs fall into 3 categories, according to the type of neuron that they envelop, small (C �ber)
neurons, medium (Aδ �ber) neurons, and large (Aβ �ber) neurons10. In addition, SGCs that envelop large
light neurons in the DRG have different morphological and functional features than those that envelop
small dark neurons11, suggesting that the SGCs that envelop different neuronal types may show different
response to peripheral nerve injury. However, little is yet known about the various populations of SGCs
and their differences in the context of pathologic pain. To provide more information on the SGCs and the
primary sensory neurons in the TG that are involved in the pathologic pain, we here used electron
microscopic immunogold labeling for glutamate and quantitative analysis of glutamate labeling in a rat
model of craniofacial neuropathic pain, chronic constriction injury of the infraorbital nerve (CCI-ION).

Results
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Rats with chronic constriction injury of the infraorbital nerve
manifested mechanical allodynia
The air puff threshold for the area innervated by the infraorbital nerve (whisker pad) was signi�cantly
lower in rats with chronic constriction injury of the infraorbital nerve (CCI-ION) than controls on day 1
after surgery, and persisted until day 14, when the material used for electron microscopic analysis was
harvested (Fig. 1).

Small neurons and their enveloping SGCs exhibited highly
elevated levels of glutamate following CCI-ION
At EM, SGCs were easily distinguished from the neuronal somata they envelope by their electron-dense
cytoplasm. Gold particles were dense in the cytoplasm of both neurons and SGCs and few in the
extracellular matrix (Fig. 2). In neurons of all sizes, the density of gold particles was signi�cantly higher
after CCI-ION than sham group; this difference was larger for the small neurons than medium-sized and
large neurons (130% higher in small, 67% in medium, and 44% in large neurons; Fig. 3A). Also, in SGCs
that envelop neurons of all sizes, the density of gold particles was signi�cantly higher after CCI-ION than
sham; this difference was also higher for the SGCs that envelop small neurons than medium-sized and
large neurons (110% higher in SGCs that envelop small neurons, 51% in SGCs that envelop medium
neurons, and 46% in SGCs that envelop large neurons; Fig. 3B). The degree of positive correlation
between the gold particle density in neurons and in their SGCs was also higher in CCI-ION rats than sham-
operated rats (Fig. 4).

Discussion
The present study revealed that glutamate is increased signi�cantly in trigeminal neurons of all sizes and
their enveloping SGCs, but predominantly in small neurons and their SGCs, in a model of neuropathic
pain associated with peripheral nerve injury. This suggests that each populations of satellite glial cells
(SGCs) and their surrounding trigeminal neurons of different type are involved in the glutamate signaling
associated with neuropathic pain at a different level.

Ever since the elegant studies by the Ottersen's group with postembedding immunogold showed that the
density of gold particles coding for glutamate is linearly correlated with the concentration of glutamate in
the brain12,13, we, among others, have routinely used immunogold labeling as a reliable method for a
semiquantitative estimation of level of glutamate as a signal substance in the neural tissue14,15. In the
present study, we employed this method to evaluate changes in the levels of glutamate in trigeminal
neurons and their enveloping SGCs in a model of neuropathic pain following peripheral nerve injury.

That the levels of glutamate in trigeminal neurons of all sizes were higher in rats with CCI-ION than in
sham-operated rats is consistent with the results of previous light microscopic immunohistochemical
studies in the DRG and TG neurons following peripheral nerve injury and in�ammation16,17. Since there is
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a positive correlation between the size of DRG neurons and the conduction velocity of their �bers18,19, it is
now widely accepted that the small, medium-sized, and large neurons in the DRG are roughly equivalent
to neurons with C, Aδ, and Aβ �bers, respectively. Our results, then, support the idea that the release of
glutamate from sensory �bers of all types is increased following CCI-ION16,20,21,22, potentially leading to
an increase in the excitability of their postsynaptic neurons in the super�cial laminae (by C and Aδ �bers)
as well as in the deep laminae (by Aβ �bers) of the spinal and medullary dorsal horn23,24, which may
further contribute to the development of pathologic pain.

The increase in the levels of glutamate following CCI-ION was the highest in small neurons (1.9 and 3.0
times higher than in medium-sized and in large neurons, respectively). This supports the notion that
peripheral nerve injury leads to increased synaptic transmission primarily by central C �bers. Also, the
increased synaptic transmission at the central synapses of C �bers in the super�cial lamina of the
medullary dorsal horn may cause more robust sensitization of their (nociceptive) postsynaptic neurons,
compared to the A �ber synapses and their (non-nociceptive) postsynaptic neurons in the deep laminae
of Vc. On the other hand, the synaptic facilitation of A �ber synapses in the deep laminae may also
contribute to activation of nociceptive neurons in the super�cial laminae via secondary activation of
silent synapses or polysynaptic pathways associated with A �bers25,26,27.

It has been shown previously that following peripheral nerve injury and in�ammation, SGCs are activated
by the neurons they are enveloping1,28. In turn, the activated SGCs release signaling molecules, such as
ATP and the cytokines TNFa and IL-1b, causing enhancement of the excitability of the neurons they are
enveloping, and adjacent neurons via SGC-neuron and SGC-SGC communication, and thus contributing to
the development of pathologic pain1,7.

We observed signi�cant increase of glutamate level in trigeminal SGCs that envelop neurons of all sizes
following peripheral nerve injury, suggesting involvement of SGCs that envelop primary sensory neurons
of all types, including nociceptive and mechanosensitive neurons, in the SGC-neuron and SGC-SGC
communication following nerve injury. It also raises the possibility, albeit remote, that a mechanism
underlying the mechanical allodynia following nerve injury exists in the TG (and DRG) besides that in the
brain stem (and the spinal cord).

In rats with nerve injury, the glutamate concentration was higher in SGCs of small neurons than in SGCs
of medium or large neurons, suggesting a predominant involvement small (C �ber) neurons and their
enveloping SGCs in the neuron-SGC and SGC-SGC communication that contribute to neuronal
sensitization and pathologic pain. This complements previous observations of increased expression of
substance P (SP), CGRP and nNOS primarily in the small DRG neurons following nerve injury29,30,31,
which can then activate the respective receptors in the SGCs that envelop them32,33,34. Expression NMDA
glutamate receptors are also reported in the small nociceptive neurons and their enveloping SGCs in the
DRG 35,36,37.
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When viewed in the light of these results, our �ndings suggest that glutamate released from the SGCs
following nerve injury can intensely activate the nociceptive neurons they envelop, and also neighboring
neurons via activation of the SGCs that envelop them. This can contribute to the spread of sensitization
to multiple nociceptive and non-nociceptive primary sensory neurons, and ultimately to the development
of pathologic pain 1,4,7.

Methods

Animals and tissue preparation
All experimental procedures were approved by the Intramural Animal Care and Use Committee at the
Kyungpook National University, and followed the guidelines of the National Institute of Health. All
procedures including animal handling, housing and surgical procedures were performed in accordance
with the ARRIVE guidelines. Twenty male Sprague-Dawley rats (170–190 g) were used for this study:
Eight rats for a behavioral assay for mechanical allodynia following chronic constriction injury of
infraorbital nerve (CCI-ION), and then for electron microscopic (EM) immunohistochemistry, six rats for
Alizarin-red staining, and six rats for glutamate release assay.

Surgery and behavioral assay for CCI-ION
Rats were anesthetized with intraperitoneal injection of ketamine (40 mg/kg) and xylazine (4mg/kg), and
surgery to cause chronic constriction injury of the infraorbital nerve was performed according to the
original protocol38. Brie�y, a one-centimeter incision was made along the gingivo-buccal margin, proximal
to the �rst upper molar. Approximately 5 mm segment of the infraorbital nerve was isolated from the
surrounding tissue, and two 5 − 0 chromic gut ligatures were tied loosely around it. The incision was
closed with two 4 − 0 silk sutures. In sham animals, the surgery was identical, except that no ligatures
were placed around the infraorbital nerve.

For the behavioral assay, rats were habituated for 30 min to a cage in a darkened and noise-free room.
Withdrawal responses were measured after 10 trials of 4-second duration in 10-second intervals of
constant air-puff pressure, as described previously39,40. The response threshold was determined as the
air-puff pressure at which the rat responded in 5 of the 10 trials. The cut-off pressure was 40 psi.
Statistical analysis was performed using two-way ANOVA and a Bonferroni post-hoc test.

Electron microscopic immunohistochemistry
For EM immunohistochemistry, rats of the sham-operated and CCI-ION groups were anesthetized with
intraperitoneal injection of sodium pentobarbital (80 mg/kg) and perfused through the heart with 100 ml
heparinized 0.9% saline, followed by 500 ml freshly-prepared �xative, containing 1% paraformaldehyde
(PFA) and 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4 (PB). TGs were dissected out and
�xed in the same �xative used for perfusion for an additional 2 hours at 4°C. Sections were cut at 50 µm
on a Vibratome, rinsed in PB, and osmicated in 1% osmium tetroxide in PB for 30 min. After that, sections
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were dehydrated in graded ethanol, �at-embedded in Durcupan ACM (Fluka, Buchs, Switzerland) between
Aclar plastic �lms (EMS, Hat�eld, PA), and cured for 48 hours at 60°C. Small chips containing the
ophthalmo-maxillary region of the TG were cut out of the wafers and glued onto blank resin blocks with
cyanoacrylate. Thin sections were cut with a diamond knife, mounted on formvar-coated single slot
nickel grids, and stained with uranyl acetate and lead citrate. Grids were examined on a Hitachi H7500
electron microscope (Hitachi, Tokyo, Japan) at 80 kV accelerating voltage. Images were captured with
Digital Micrograph software driving a cooled CCD camera (SC1000; Gatan, Pleasanton, CA) attached to
the microscope, and saved as TIFF �les.

Postembedding immunogold staining
Postembedding immunogold staining for glutamate was performed according to the method described
previously by us 41,42,43. Brie�y, grids were treated for 6 min in 1% periodic acid, to etch the resin, and for
10 min in 9% sodium periodate, to remove the osmium tetroxide. Grids were then washed in distilled
water, transferred to tris-buffered saline containing 0.1% triton X-100 (TBST; pH 7.4) for 10 min, and
incubated in 2% human serum albumin (HSA) in TBST for 10 min, to block non-speci�c binding of the
primary antibody. Grids were further incubated with rabbit polyclonal antiserum against glutamate
(1:80,000; G6642, Sigma-Aldrich; RRID: AB_259946) in TBST containing 2% HSA for 4 hours at room
temperature. To eliminate cross-reactivity, the diluted antiserum was preadsorbed overnight with
glutaraldehyde (G)-conjugated amino acids (600 µM glutamine-G, 200 µM β-alanine-G, and 100 µM
aspartate-G)44. After rinsing in TBST, grids were incubated in goat anti-rabbit IgG antibody coupled to 15
nm gold particles (1:25 in TBST containing 0.05% polyethylene glycol; BioCell, Cardiff, UK; RRID:
AB_1769134) for 2 hours at room temperature. After a rinse in distilled water, grids were counterstained
with uranyl acetate and lead citrate and examined with the electron microscope, images were captured
and saved as above.

The speci�city of the immunolabeling was evaluated by omission or replacement of the primary
antiserum with normal rabbit serum or by preadsorption of the diluted anti-glutamate serum with 300 µM
glutamate-G, which abolished the speci�c immunostaining. It was also con�rmed on "sandwiches" of rat
brain macromolecule-glutaraldehyde �xation complexes of GABA, glutamate, taurine, glycine, aspartate
and glutamine45,46, as routinely practiced in our laboratory.

Quantitative analysis
We divided the TG neurons into three groups, based on the size of their somata: small (< 400 µm2 in
cross-sectional area), medium (400–800 µm2) and large (> 800 µm2). Twelve TG neurons of each group,
together with their enveloping SGCs, in each of 4 rats with CCI-ION, and 4 sham-operated rats, were used.
For quantitative analysis of the density of gold particles coding for glutamate (number of gold particles/
µm2), we gathered data from 80–110 electron micrographs from each of 3 small, 3 medium-sized, and 3
large neuronal somata in each TG. The gold particle density was measured in randomly-selected
rectangular areas of 4 µm2 of the cytoplasm of each neuron (6, 9 and 12 areas per small, medium-sized,
and large neurons, respectively, or a total area of 24–48 µm2 per neuron) and in their enveloping SGCs
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(3–12 randomly-selected areas of the cytoplasm, or a total area of 5–50 µm2 per SGC), using a digitizing
tablet and Image J software (NIH, Bethesda, MD). The gold particles over the nucleus and the
mitochondria were excluded from analysis. The density of gold particles over extracellular areas was
used to normalize for different background density in different sections and different
immunohistochemical runs.

Statistical analysis was performed using unpaired Student t-test. The correlation of glutamate density in
each neuron to that in its enveloping SGC was studied using Pearson correlation analysis.
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Figures

Figure 1

Increased withdrawal response to mechanical stimulation following chronic constriction injury of the
infraorbital nerve (CCI-ION) in rats: Air puff-threshold was signi�cantly decreased (Mean ± SD) from day 1
following CCI-ION until day 14, when rats were sacri�ced through perfusion for electron microscopic
analysis. * P<0.001, sham vs. CCI-ION group, two-way ANOVA, Bonferroni post-hoc analysis.
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Figure 2

Electron micrographs of the trigeminal ganglion showing immunogold labeling for glutamate in small (A-
F), medium-sized (G-L) and large (M-R) neurons and their satellite glial cells (SGCs, arrows) in sham (A-C,
G-I and M-O) and CCI-ION (D-F, J-L and P-R) rats; gold particles are denser in the CCI-ION than the sham-
operated rats. (B-C, E-F, H-I, K-L, N-O, and Q-R) are enlargements of the boxed areas in the neuron and
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SGCs in (A, D, G, J, and M), respectively. Scale bars = 2 µm in (P): (also applies to A, D, G, J and M) and
0.1 µm in (R): (also applies to B, C, E, F, H, I, K, L, N, O and Q).

Figure 3

Normalized value (Mean ± SD) of the density of gold particles coding for glutamate in small, medium-
sized, and large trigeminal neurons (A) and their satellite glial cells (SGCs, B) in sham-operated and CCI-
ION rats. Gold particle density is signi�cantly higher in the CCI-ION rats than sham-operated rats.
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Furthermore, gold particle density is higher in the small neurons and their enveloping SGCs than in
medium-sized and large neurons and their enveloping SGCs in CCI-ION rats. Normalized value is the gold
particle density over the cytoplasm of neurons or SGCs divided by the gold particle density over the same
area of extracellular matrix. N= 3 trials in each group. *P<0.05, **P<0.01, ***P<0.001, unpaired t-test.

Figure 4

Scatterplots showing positive correlation between the density of gold particles coding for glutamate in
trigeminal neurons and that in their enveloping satellite glial cells (SGCs) in the sham-operated (A) and
CCI-ION (B) rats; the correlation is stronger in the CCI-ION than in the sham-operated rats.


