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Abstract
Immune-mediated nerve inflammation is involved in many painful states in humans, and causes
axonal and behavioral changes in rats. While models of nerve inflammation have been
characterized using electrophysiological and behavioral methods, the presence of immune cells
has not been fully assessed. We inflamed rat sciatic nerves using complete Freund's adjuvant and
quantified the presence of ED-1 macrophages and TCR-αβ T-cells for up to 12 weeks. We report
that these immune cells are prominent extraneurally up to 12 weeks following the induction of
inflammation. This observation does not easily correlate with inflammation-induced axonal
mechanical sensitivity, which peaks within 1 week and is resolved after 8 weeks.
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1. Introduction
Immune-mediated nerve inflammation has been proposed as the mechanism behind
symptoms of perineuritis, diabetic neuropathy, endoneurial vasculitis, radiculopathies, and
paraneoplastic peripheral neuropathy (Asbury et al., 1972; Bourque et al., 1985; Cain et al.,
2001; Chacur et al., 2001; Said, 1995; Said et al., 1997; Smitt and Posner, 1995; Sorenson et
al., 1997). The presentations of pain from all these causes are similar, and the common
denominator is inflammation of the involved nerve.

We model focal nerve inflammation by the application of complete Freund's adjuvant (CFA)
to the sciatic nerves of rats. Within days, this induces a robust focal inflammation, or
neuritis. The inflammation is characterized by a mass around the nerve that contains a large
number of macrophages (Bove et al., 2003). We have also shown that CFA-induced neuritis
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causes the axons of many mechanically sensitive nociceptors to develop ectopic mechanical
sensitivity, at the site of inflammation. The axonal mechanical sensitivity (AMS) during
CFA-neuritis peaks at 4–7 days (Bove et al., 2003; Dilley et al., 2005), and resolves by 8
weeks (Dilley and Bove, 2008b). However, the time course of immune cell presence has not
been described.

ED-1 macrophages and TCR-αβ T-cells release a myriad of substance that can be pro-
inflammatory, tissue damaging, and noxious (Al Shatti et al., 2005; Huse et al., 2008;
Nathan, 1987), which may be responsible for the development of AMS. We hypothesized
that if the presence of immune cells is required for the development of AMS, then their
numbers would increase and decrease in conjunction to AMS. This study was designed to
determine the time course of ED-1 positive macrophage and TCR-αβ T-cell presence in the
CFA-neuritis model.

2. Materials and methods
Experiments were carried out using adult male Wistar rats weighing 250–300 g. All
procedures were approved by the Institutional Animal Care and Use Committee of Beth
Israel Deaconess Medical Center and were in accordance with the guidelines of the
International Association for the Study of Pain.

Anesthesia was induced using 2.5–3% isoflurane in oxygen, and maintained with 1.7–2%
isoflurane in oxygen. Neuritis was induced as previously described (Bove et al., 2003).
Using aseptic technique, the skin over the mid-thigh was cut, and the muscles were dissected
to reveal the sciatic nerve. The nerve was gently freed from underlying tissue for 6–7 mm
and a 3×3×10 mm piece of absorbable gelatin sponge (GelFoam, Pharmacia & Upjohn,
USA) saturated in the test compound [complete Freund's adjuvant (CFA, Sigma) or sterile
saline (sham)] was wrapped around the nerve. The dose of Mycobacterium tuberculosis
debris in the CFA experiments was ~75 μg. Controls were the contralateral, unaffected
nerves. The incisions were closed in layers and the animals were allowed to recover. After
surgery, rats were assigned to survival times of 2 days, and 1, 4, 8, and 12 weeks. Groups
consisted of 4 rats each, and 44 rats were used in total (20 CFA-treated, 20 sham-treated,
and 4 untreated).

For immunohistochemistry, rats were anesthetized with an overdose of sodium pentobarbital
(200 mg/kg, i.p.) and perfused transcardially with heparinized 0.1 M phosphate buffered
saline (PBS; pH 7.4). The ipsilateral and contralateral sciatic nerves and the surrounding
inflammatory complexes were harvested and flash frozen in mounting medium in a well of
isobutane chilled by dry ice. The nerves were cross-sectioned using a cryostat (8 μm) and
then thaw-mounted on glass slides. Sections were immediately fixed in 4%
paraformaldehyde for 7 min, rinsed in PBS and then in distilled water. Slides were then
placed in a 1% H2O2/methanol solution for 30 min to block endogenous peroxidase, and
rinsed in distilled water followed by PBS. Slides were blocked with 4% normal goat serum
in PBS and reacted with specific antibodies against ED-1 (Serotec, USA; 1:250) or TCR-αβ
(Pharmingen, USA; 1:25) overnight at 4 °C. Slides were washed in PBS, blocked for 30 min
in 4% normal goat serum in PBS, and reacted with biotin-SP-conjugated goat anti-mouse
IgG secondary (Jackson Labs, USA; 1:500) for 30 min. Product visualization was achieved
with the ABC Elite Kit (Vector Labs, USA; USA) for 30 min, followed by DAB (Vector
Labs, USA) for 12 min. Sections were rinsed in distilled water for 10 min, counterstained
with H&E, dehydrated with ascending concentrations of alcohol, cleared with xylene, and
coverslipped with DPX (Biochemika, Switzerland). Control slides were processed without
the primary antibody.
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Nerve sections were analyzed quantitatively for the presence of immunolabeled immune
cells using a Nikon microscope interfaced with a quantitation system (Bioquant Osteo II,
Bioquant, TN). The identity of the sections was concealed for analysis. A representative
section of each of 3 sections of each nerve, separated by at least 40 μm, were analyzed at
100x. Based on preliminary observation of the sections, which had a strongly eosinophilic
region, we determined that dividing the inflamed complex into inner and outer zones was
most appropriate for analysis. First, a region of interest (ROI) was drawn to include the
eosinophilic epi-perineurium (inner ROI; Fig. 1C). The optical characteristics of the pixels
representing the immunolabeled immune cells within the ROI were determined (Al Shatti et
al., 2005). For each section, the spectrum of color representing the immunolabel was
determined by the operator by choosing individual pixels and then applying the label (in red)
until all the visually apparent immunolabel was selected (as in Figs. 1 and 2). The number of
pixels that were chosen in this manner were counted and then compared to the total number
of pixels in the ROI, thus calculating the percentage of ED-1 or TCR-αβ immunolabeling
within the ROI. Next, another ROI was drawn from the outer margin of the inner ROI to
include up to 250 μm of the inflammatory complex beyond the epi-perineurium (outer ROI;
Fig. 1D and E), and the percentage of labeled pixels similarly determined. It was noted that
the epineurium and perineurium were difficult to differentiate histologically, especially
following CFA application, and therefore, they were here termed “epi-perineurium.” This
distinctly eosinophilic epi-perineurium appeared thicker following the experimental
manipulations. Therefore, the inner and outer margins of the eosinophilic zone were used to
calculate the average thickness of the epi-perineurium (Fig. 1F). Two-way ANOVAs were
used to analyze the pixel-percent of ED-1 and TCR-αβ immunolabeling as well as the
perineurial thickness measurements, using treatment, group, and interaction as variables.
Bonferroni post-hoc tests were used when significant group effects were detected. p-values
below 0.05 are reported as significant.

3. Results
3.1. General observations

As we have previously observed (Bove et al., 2003), the application of CFA to the nerves
caused a robust inflammatory reaction, indicated by swelling of the lesion area and influx of
immune cells (Figs. 1 and 2). Interestingly, the application of saline in GelFoam also led to
grossly similar appearances. A striking observation was that at no time in either model did
immune cells appear to penetrate the perineurium to reside within the fascicle of the nerve.
The cells remained in the outer parts of the eosinophilic epi-perineurium (Figs. 1 and 2). At
4W, 8W, and 12W, the inflamed matrix developed a layer of fibrotic tissue exterior to the
lesion, more notably in the CFA group (Fig. 1E–G, arrows).

3.2. Immune cells
Chronologically, the patterns of ED-1 immunolabeled macrophages and TCR-αβ
immunolabeled T-cell presence were very similar (Fig. 3). When inner-ROI and outer-ROI
zones were combined (Fig. 3A and D), the percentages of pixels with immunolabel for ED-1
were significantly higher (p<0.05, AVOVA) than control at 4W, 8W, and 12W, and higher
than sham at 4W and 8W. For TCR-αβ, significant increases from control were observed at
4W, 8W, and 12W, and from sham at 4W and 12W. The percentage of ED-1 and TCR-αβ
immunolabeling appeared to be decreasing at 12 weeks, but was still significantly higher
than controls, indicating that the post-inflammatory effects of the lesion were still being
resolved. The percentage of ED-1 and TCR-αβ immunolabeling in the outer zone in general
followed the pattern of both zones combined (Fig. 3B and E). When the inner ROI (epi-
perineurial zone) was analyzed separately, no significant changes in immunolabeling were
apparent at any time point for either cell type (Fig. 3C and F). This observation indicates
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that cells were largely excluded from the epi-perineurium as well as from the nerve inside of
the perineurium.

3.3. Epi-perineurial measurements
In both neuritis and sham groups, the epi-perineuria appeared edematous in the first weeks
following surgery (Figs.1 and 2), and then later appeared consolidated and thickened,
indicated by the presence of more dense fibrous tissue (Figs. 1E–H and 2C–D). Epi-
perineurial thickness measurements from unoperated animals were 36±2.4 μm (Fig. 4). In
both the neuritis group and the sham group there were significant thickness increases at all
postoperative time points (p<0.01; ANOVA), with the exception of the 2D and 12W sham
groups. The epi-perineurial thicknesses were significantly increased (p<0.05) in the neuritis
group compared to sham treatment at 1W, 8W, and 12W. The thickness of the perineuria in
the sham-treated nerves was not significantly different at 12W compared to control nerves.

4. Discussion
The main objective of this project was to determine whether immune cell presence was
related to the etiology of inflammation-induced axonal mechanical sensitivity (AMS).
Because the maximum effect of inflammation on axons in terms of AMS is within one week
(Dilley and Bove, 2008b), the concept that this phenomenon is directly related to the
compounds released by macrophages and T-cells is not supported. However, it remains
possible that there are other subtypes of macrophages or T-cells that are recruited at
different times during inflammation. While such subtypes could produce different factors,
and thus have different effects over time, such dynamics have not been reported.

Macrophages and T-cells secrete a myriad of chemicals that are known to injure cell
membranes and cause pain symptoms (Nathan, 1987). Although the perineurium has been
reported to be resistant to inflammatory mediators (Olsson, 1990; Rydevik et al., 1985; Todd
et al., 1997), others and we have shown that TNF-α, which is released by macrophages,
induces ongoing activity in nociceptors when applied to intact nerves (Leem and Bove,
2002; Sorkin et al., 1997), supporting that this cytokine penetrates the perineurium of
normal nerves. Our data clearly demonstrate altered epi-perineuria at all postoperative times,
but our analysis did not include perineurial functional measurements. It is possible that the
perineurium retains its barrier functions during inflammation, and this is supported by our
findings that the subsets of immune cells examined never penetrated the perineurium.

Using the same neuritis model, we have also reported that AMS and ongoing activity (non-
evoked discharge) may occur separately or together in regionally inflamed nociceptor axons
(Bove et al., 2003). Therefore, it remains possible that the mechanism of action of TNF-α or
other inflammatory components on ongoing activity is independent of AMS. The current
findings further support that the mechanisms of induction of AMS and ongoing activity are
different, and that AMS may not be directly induced by inflammatory mediators.

One clue to the etiology of AMS is our recent finding showing that slowed axoplasmic
transport, in the absence of inflammation, leads to AMS (Dilley and Bove, 2008a).
Axoplasmic transport is slowed during inflammation (Amano et al., 2001; Armstrong et al.,
2004), but by unknown factors. In-vitro, CFA nerve inflammation caused a histamine-
dependent reduction in axoplasmic flow. Additionally, inflammation increases intraneural
pressure (Gelberman et al., 1981), especially when nerves pass through constrictions.
Pressure alone has been shown to slow axoplasmic transport, and nerves under chronic
pressure are mechanically sensitive (Greening et al., 2005), consistent with our findings of
axonal mechanical sensitivity. It is possible that a factor not directly mediated by ED-1 or
TCR-αβ immune cells, such as mechanical pressure, reduces axoplasmic flow and causes
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AMS. Intrafascicular pressure measurements during nerve inflammation, which are
currently lacking, would provide supportive evidence for this possibility.

In summary, focal immune-mediated nerve inflammation caused a long lasting influx of
ED-1 macrophages and TCR-αβ T-cells. Sterile saline treatment also caused an influx of
both subsets of immune cells that paralleled CFA-induced inflammation up to 1 week,
though the changes never reached statistical significance. Importantly, these immune cells
never penetrated the perineurium; that is, inflammation did not lead to their penetration into
the nerve. While it is evident from other studies that the axons within a nerve are affected by
inflammatory responses surrounding the nerve, this effect must either due to diffusible
inflammatory factors, due to factors not directly related to the inflammation, or both.
Because the maximum effect of inflammation on axons in terms of AMS is within one week
(Dilley and Bove, 2008b), the concept that this phenomenon is directly related to the
compounds released by ED-1 macrophages and TCR-αβ T-cells is not supported. However,
it remains possible that undetermined differential release patterns of cytokines or other
mediators from these or other immune cells could be responsible for the physiological
changes observed during neuritis. It also remains possible that inflammation affects axons
indirectly, such as through the effects of decreased axoplasmic flow or increased
intrafascicular pressure.
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Fig. 1.
Representative images (cross-sections) for unreacted, ED-1 immunolabel, and quantification
methods. A. Normal nerve. B. One week (1W) neuritis following surgery. Note swelling
compared to A, restricted to outer parts of the section. This is also a control slide for
immunolabeling (= no primary antibody). C and D (same section as C). 1W neuritis is
characterized by substantial swelling. The definitions of the inner and outer regions of
interest (ROI) are shown, as well as examples of immunolabel thresholding (red dots; inner
ROI in C, outer ROI in D). Inset in C is higher power image of box showing ED-1
immunolabeled cells (scale bar=50 μm). (E). 4W neuritis. Arrow indicates fibrosis of the
outermost part of the complex, also seen at 8W (F) and 12W (G). When present, the fibrosis
formed a convenient plane for sample removal. F. 8W neuritis, showing consolidation of
immunolabel. Also shown is the method used to measure the thickness of the epi-
perineurium. G. 12W neuritis. H. Same section as G, showing example of immunolabel
thresholding. All images counterstained with H&E. Scale bar=200 μm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2.
Representative images (cross-sections) for TCR-αβ immunolabel, at 1W (A), 4W (B), 8W
(C), and 12W (D). A is from an adjacent section of Fig. 1C. Inset in A is higher power
image of box showing TCR-αβ immunolabeled cells (scale bar=50 μm). All images
counterstained with H&E. Scale bar=200 μm. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.
Percent area of ED-1 immunolabel for macrophages and TCR-αβ immunolabel for T-cells
during neuritis, over time. A–C: Percent area of ED-1 immunolabel (macrophages) in the
combined (A), outer (B), and inner (C) zones. D–F: Percent area of TCR-αβ immunolabel
(T-cells) in the combined (C), outer (D), and inner (E) zones. * = significant by ANOVA
from saline treatment (sham). # = significant by ANOVA from control.
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Fig. 4.
Epi-perineurial thickness measurements. Both neuritis and sham led to significant increases
in thickness compared to control at all time points, except for 2D and 12W sham (#).
Neuritis caused greater increases than sham at 2W, 8W, and 12W (*).
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