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Abstract

Following peripheral axotomy of the facial nerve in mice, T lymphocytes cross the blood-brain-
barrier (BBB) into the central nervous system (CNS), where they home to neuronal cell bodies of
origin in the facial motor nucleus (FMN) and act in concert with microglial cells to support the
injured motor neurons. Several lines of evidence suggested normal aging may alter the injury-
related responses of T cells, microglia, and motor neurons in this model. In this study, we
therefore sought to test the hypothesis that compared to 8 week old mice (young adult), 52 week
old mice (advanced middle age) would exhibit more neuronal damage and increased T cell
trafficking into the injured FMN following facial nerve resection. Comparison of 8 and 52 week
old mice at 7, 14, 21 and 28 days post-resection of the facial nerve, confirmed our hypothesis that
age influences the kinetics of CD3* T lymphocyte trafficking in the axotomized FMN. The peak T
cell response was significantly higher, occurred later, and remained elevated longer in the injured
FMN of mice in the 52 week age group. Although the kinetics of motor neuron death (identified
by quantifying CD11b* perineuronal microglial phagocytic clusters engulfing the dead neurons at
7,14, 21 and 28 days post-rection) differed between the age groups, motor neuron profile counts
at day 28 showed that levels of cummulative motor loss did not differ between the age groups.
Compared to 8 week old mice, however, there was small reduction in the mean cell size of the
surviving motor neurons in the 52 week age group. Since T lymphocyte function decreases with
normal aging, it will be important to determine if increased T cell trafficking into the injured CNS
is a compensatory response to the decreased function of older T cells, and if these and related
neuroimmunological changes are more pronounced in mice in the late stages of the life cycle.
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Introduction

Under normal conditions, continuous immune surveillance of the CNS occurs by small
numbers of circulating peripheral T lymphocytes (Cose et al., 2006; Hickey et al., 1991).
Whereas during pathogenic states such as multiple sclerosis and infection, the presence of T
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cells in the brain can have detrimental effects, in other contexts T cells act in concert with
glial cells to promote neuroprotection and survival (Byram et al., 2004; Martino and
Hartung, 1999; Nau and Bruck, 2002; Raivich et al., 1998; Schwartz, 2003). The facial
nerve axotomy model has been used to elucidate the role of T cells in preventing initial
neuronal death or slowing the rate of neurodegeneration and neuronal loss following facial
nerve axotomy (Jones et al., 2005; Serpe et al., 1999; Serpe et al., 2000). Following facial
nerve axotomy in mice, T cells cross the blood-brain-barrier (BBB) and home to nerve cell
bodies in the facial motor nucleus (FMN) (Raivich et al., 1998). Severe combined
immunodeficient (SCID) and recombination activating gene-2 knockout (RAG-2 KO) mice,
which both lack functionally mature T and B lymphocytes, exhibit a faster rate of neuronal
death than wild-type (WT) mice (Armstrong et al., 2004; Serpe et al., 2000).

Several factors suggest that the kinetics of T trafficking to injured motor neurons may be
altered in normal aging. As mice age, increased baseline levels of T cells are found in the
CNS of normal mice (Stichel and Luebbert, 2007), and aging mice exhibit higher expression
of certain immune response genes following immune challenge with LPS (Terao et al.,
2002). Though limited, there is some evidence that normal aging impairs motor neuron
survival following axotomy. In a series of two studies, Vaughan showed that compared to
rats 3 months of age, injured facial motor neurons of 15 month old rats had decreased
recovery rates of enzymatic activity for acetylcholinesterase and cytochrome oxidase, as
well as smaller increases in nuclear size associated with functional recovery after nerve
crush injury (Vaughan, 1990, 1992). Our research indicates the level of T cell trafficking
into the axtomized FMN is related to the the severity of neuronal injury (Ha et al., 2008).
Together, these data suggest that if facial motor neurons of aging mice are more vulnerable
to damage than those of younger mice, then higher levels of T cells trafficking to the FMN
of aging mice may be necessary to maintain comparable levels of neuronal survival to
younger mice. Moreover, as aging is associated with decreased T cell function ( Franceschi
et al., 2000; Linton and Thoman, 2001; Miller, 1996; Nikolich-Zugich, 2008; Pawelec et al.,
1999), older T cells may be less effective at protecting axotomized facial motor neurons. In
this study, we therefore sought to test the hypothesis that compared to young adult mice,
older mice would exhibit more neuronal damage and higher levels of T cell trafficking to the
FMN following facial nerve resection. Specifically, we compared 8 week (young adult)
versus 52 week old (advanced middle age) mice at 7, 14, 21 and 28 days post-resection of
the facial nerve for differences in numbers of CD3* T lymphocytes entering the axotomized
FMN, and CD11b* perineuronal microglial phagocytic clusters - a group of microglia that
surround a motor neuron that is dead (or dying) and thus serve as a cross-sectional snapshot
of the number of dead motor neurons/section at a given point in time (Streit and Kreutzberg,
1988; Raivich et al., 1998; Petitto et al., 2003). Additional assessments of neuronal status
were made between the 8 and 52 week old groups at day 28 post-resection to quantify the
levels of motor neuron survival and the mean cell size of these axotomized motor neurons.

2. Materials and Methods

2.1. Animals

C57BL/6Tac male mice were obtained from Taconic Farms (Germantown, NY)
—Miice were acclimated to our facilities for 2 weeks prior to the beginning of these
experiments. Mice were cared for in compliance with the NIH Guide for the Care and Use of
Laboratory Animals and housed under specific pathogen free conditions in individual
microisolator cages.
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2.2. Facial nerve resection

Mice were either 8 weeks or 52 weeks old at the time of surgery. Animals were anesthetized
with 4 % isoflurane. The right facial nerve was exposed, and a portion of the main branch
resected to prevent nerve reconnection as described previously (McPhail et al., 2004; Ha
2007). The whisker response was assessed after surgery to ensure complete whisker
paralysis. Mice in each group were then sacrificed at 7, 14, 21, and 28 days after resection
injury to assess levels of CD3* Tcells and CD11b™ perineuronal microglial phagocytic
clusters (a measure of motor neuron death) in the injured FMN. At day 28, neuronal profile
counts and neuronal cell size assesment were also made. For euthanasia, mice were
anesthetized via intraperitoneal injection of 0.5 mg/mL ketamine cocktail (ketamine/
xylazine/acepromazine given in a 3:3:1 ratio), and perfused with 4 % paraformaldehyde
(PF). Brains were harvested, post-fixed in 4 % PF for 2 h at room temperature, and
cryoprotected in 25 % sucrose at 4 °C overnight. Samples were then snap frozen in
isopentane at — 80 °C. Using the ambiguous nucleus and facial nerve root as starting and
ending points, respectively, 16 pm coronal sections were cut throughout the FMN. Sections
were collected on Superfrost/Plus slides (Fisher Scientific) and stored at — 80 °C.

2.3. Light microscopic immmunohistochemistry

Tissue sections were incubated 1 h at room temperature in 1:30 normal goat serum (Vector)
followed by overnight incubation at 4 °C with 1:500 anti-mouse CD3 (17A2; Pharmingen)
or anti-mouse CD11b (5C6; Serotec). Sections were then incubated in 1:2000 goat anti-rat
secondary antibody (Vector Labs) for 1 h at room temperature followed by 1:500 avidin-
peroxidase conjugates (Sigma) for 45 minutes. Incubation with either the primary antibodies
or secondary antibody alone produced no signal. Visualization of antiboby conjugates was
performed by incubation in 3,3"-diaminobenzidine (DAB)-H,0, solution (Sigma;
0.07%DAB/0.004%H,05). Sections were counterstained with cresyl violet, dehydrated with
ascending concentration EtOH washes, cleared with xylenes, and coverslipped.

2.4. Quantification and statistical analyses

3. Results

CD3* T cells and CD11b* microglial perineuronal phagocytic clusters in the FMN were
quantified under blind conditions at 7, 14, 21 and 28 days. Eight sections per animal
(approximately 1/5 of the entire FMN) were used to assess each variable. Facial motor
neuron counts and cell size assessment were performed at 28 days post-injury in both
injured and uninjured FMN (on opposite side of each section). Nissl stained motor neurons
were quantified by counting neuronal profiles that contained a visible nucleolus in eight
representative sections throughout the extent of the FMN (Deboy et al 2006; Ha et al.,
2007). Neuronal cell size was measured in 3 representative sections of the FMN each spaced
60 LM using ImageJ software (National Institutes of Health) (McPhail et al., 2004; Ha et al.,
2007). Analysis of variance (ANOVA) was used to make statistical comparisons between
groups, and the area under the curve across the 4 post-resection assessment times (7, 14, 21,
and 28 days) was used to compare differences in the kinetics of CD3* T cell counts and
numbers of CD11b* microglial perineuronal phagocytic clusters.

3.1 T Lymphocyte and microglia measures

Figure 1A compares T cell numbers in the resected FMN of 8 and 52 week old mice at 7, 14,
21, and 28 days of age. ANOVA to compare the area under the curve of the time course of T
cell trafficking into the injured FMN showed that there was a significant difference in the
kinetics of this response between 8 and 52 week old mice (F(1,12)=13.04, p<0.005). As
shown in Figure 1A, T lymphocytes between the groups were similar between days 7 and 14
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post-injury. Whereas T cell levels peaked at day 14 in the 8 week group, in the 52 week
group levels continued to rise and peaked at day 21 post-injury and remained higher through
day 28 post-injury in the older mice. The photomicrographs, Figure 2A and B, illustrate an
example of the differences seen between the 8 and 52 week groups at day 21.

Figure 1B compares CD11b* microglial perineuronal phagocytic clusters in the resected
FMN of 8 and 52 week old mice at 7, 14, 21, and 28 days of age. ANOVA to compare the
area under the curve of the time course of CD11b* microglial perineuronal phagocytic
clusters in the injured FMN showed that there was a significant difference in the kinetics of
neuronal death between 8 and 52 week old mice (F(1,12)=6.10, p<0.05). As can be seen in
FigurelB, dead neurons labeled by perineuronal microglial phagocytic clusters were initially
increased in the 8 week group mice, compared to the 52 week group at day 7 a post-
resection, and levels in both groups peaked at day 14. Whereas levels of perineuronal
microglial phagocytic clusters remained elevated at day 21 post-injury in the 52 week group,
they decreased substantially in the 8 week group. At day 28 post-injury, lower levels of
perineuronal microglial phagocytic clusters were the similar in both age groups. The
differences in dead neurons/section marked by perineuronal microglial phagocytic clusters
between the age groups at day 21 can be seen in the photomicrographs, Figures 2C and D.

3.2 Quantification of motor neurons and neuronal cell size

We quantified motor neurons in the cut and uncut sides of FMN sections at day 28 post-
resection, and compare their levels in the two age groups as can be seen in Figure 3.
Analyses confirmed that there were no statistically significant differences between the 8 and
52 week groups in motor neurons profile counts/section in either the resected or uncut,
control sides. ANOVA also confirmed that motor neuron survival (the number of neurons in
the injured, ipsilateral FMN expressed as a percentage of the number of motor neurons in
the uninjured, contralateral FMN) did not differ between the two age groups (data no
shown).

At day 28, we also compared the change in the cross-sectional area (mean cell size) of
injured motor neurons (injured, ipsilateral motor neuron size expressed as percentage of
uninjured, contralateral motor neuron size) between the two age groups. There was a
significant difference between the groups in the change in motor neuron size at 28 days post-
resection (F(1,10)=6.82, p<0.05). As seen in Figure 4, whereas the 8 week group had a
slight increase in motor neuron size, by contrast, the 52 week group old mice exhibited a
small reduction in motoneuron size. We also performed a direct comparison of the raw data,
the mean size of injured motoneurons between the groups. Although the analysis showed
that the magnitude of the reduction of the group mean of the 52 week vs. the 8 week group
was comparable to the small reduction in motoneuron size that was found when the change
in injured motoneuron size was calculated relative to each animal’s uninjured control side
(injured motoneuron size decreased 8.7% in the 52 week old group compared to the 8 weeks
old group; mean neuron size £ S.E.M. of injured motoneurons in the 8 week group was
180.3 £ 8.9 vs. 164.6 + 9.8 for the 52 week group), it was not statistically significant. This is
likely due to the increased variance and loss of statistical power when making such direct
comparison of the mean motoneuron size of the injured side between the two groups (as
compared to the analysis calculating the change in motoneurons size relative to each
animal’s uninjured control side).

4. Discussion

These data confirmed our hypothesis that the kinetics of T trafficking to injured motor
neurons is altered in normal aging. CD3* T cell increased to comparable levels in both
groups at day 7 through day 14 post-injury, however, whereas levels then decreased by day

Brain Behav Immun. Author manuscript; available in PMC 2012 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dauer et al.

Page 5

21 in the 8 week group, they rose still further in the 52 week group and peaked at day 21
where they remained substantially elevated at day 28. In the processes of examining
axotomy-induced glial cell responses related to aging, although they did not quantify T cells,
Hurley and Coleman (2003) previously made the qualitative observation that old rats
appeared to have substantially more T cells in the injured FMN than young rats. As depicted
in Figure 1B, enumeration of dead neurons using CD11b* perineuronal microglial
phagocytic clusters revealed that the kinetics of motor neuron death also differed between
the age groups. Compared to the 8 week group, in the 52 week group dead neurons were
initially lower at day 7 before the magnitude of the response peaked at day 14 post-resection
in both age groups; the response remained near peak levels at day 21 in the older mice,
while levels decreased substantially in the younger mice. Thus, although the initial rise of
dead motor neurons was slower in the 52 week old mice, the response remained elevated out
to 3 weeks before decreasing to levels similar to the younger mice at day 28.

Contrary to our hypothesis, the survival of injured motor neurons between the young and
aging mice did not differ. The fate of neurons, measured by the cumulative motor neuron
loss at day 28 was not different between the groups (Figure 3), despite the fact that the
kinetics motor neuron death identified by perineuronal microglial phagocytic clusters
between 7 and 28 days post-resection differed between the age groups (Figure 1B).
Therefore, the higher levels of T cell trafficking into the injured FMN of 52 week mice is
not attributable to higher levels of injury-induced neuronal damage in the older mice as we
had expected (Ha et al., 2008). Surprisingly, the effects of aging on motor neuron survival
following facial nerve axotomy had not been reported in the literature. As noted earlier,
Vaughan (1990, 1992) found that 15 month old rats had decreased recovery rates of
enzymatic activity for acetylcholinesterase and cytochrome oxidase, and smaller increases in
nuclear size associated with functional recovery after nerve crush injury than 3 month old
rats. Neuronal survival was not assessed in those studies (Vaughan 1990, 1992), most likely
because facial nerve crush does not induce notable neuronal loss as is seen following nerve
resection (Ha et al., 2008). Tracking the numbers of dead motor neurons by quantifying
CD11b™ perineuronal microglial phagocytic clusters at days 7, 14, 21 and 28 provides 4
cross-sectional snapshots in time, where each time point represents the rate of neuronal
death at that specific time point post-injury. Together they generate the time course of the
rate of neuronal death between the groups. (Theoretically to quantify dead neurons using
microglial phagocytic clusters to estimate the cumulative loss of neurons over time to
coincide with profile counts of surviving injured motor neurons, the sampling rate - the
number of cross-sectional time points at which these phagocytic clusters are quantified over
time - would have to be increased to substantially more than 4 time points over the 28 day
period used in this study). It is possible, that independent of neuronal death, the differences
between 8 and 52 week groups in the time course of perineuronal microglial phagocytic
clusters could be influenced by the aging processes in microglial cell function (Miller and
Streit, 2007; Streit et al., 2008). Older microglia, like peripheral phagocytic cells, may have
reduced phagocytic function and thus have a longer half-life in vivo than phagocytic
microglia of young mice (Cambier, 2005). This could account for the elevated levels of
perineuronal microglial phagocytic seen between days 14 — 21 post-resection in the 52 week
group. It is noteworthy that in both young and aging animals, the present data are consistent
with previous studies from our lab and others showing that whether facial motor neurons
undergo injury by crush, transaction or resection, the rate of dead motor neurons identified
by perineuronal mircroglial phagocytic clusters appear to consistently peak at day 14 post-
injury (Moller et al., 1996; Raivich et al., 1998; Ha et al., 2008).

Since we used only the pan T cell marker, CD3, to identify all T cells, we do not know the

breakdown of various T cells subtypes in the injured FMN, their different states of
activation, or other characteristics (e.g., naive vs. memory) which could provide insight into
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their neuroimmunological function in this injury paradigm. Studies using adoptive transfer
and T cell subset deficient mice have found that the initial phase of FMN survival after
facial nerve axotomy (i.e., the rate of motoneuron loss) is dependent on CD4* Th2 helper
cells through interactions with peripheral antigen presenting cells as well as microglia in the
CNS (Serpe et al., 2003; Byram et al., 2004; Armstrong et al., 2006; DeBoy et al., 2006; Xin
et al., 2008). Though these elegant adoptive transfer studies have provided important data
about the T cell subtypes associated with motoneuron survival, they have not yet identified
the presence those T cell subtypes in the injured FMN in vivo. (We have recently found that
significant numbers of CD3*, CD4* and CD8" T cells traffick to the axotomized FMN of
immunodeficient RAG-2 knockout mice adoptively transferred with splenocytes form wild-
type mice; Huang et al., manuscript in preparation). The possibility that T cell activity in the
periphery also contributes to motoneuron survival in the facial nerve axotomy model is
suggested by recent data from Wolf et al. (2009). They found that adoptively transferred
CD4* T cells increased hippocampal neurogenesis and appeared to exert their predominant
effect from the periphery without trafficking into the brain, thus illustrating further the
complexity of T cell function on neurons in the CNS. Using immunologically intact/normal
mice, it has been shown that both CD4* and CD8™ T cells are present in significant numbers
in the axotomized FMN of mice (Raivich et al., 2003; Bohatschek et al., 2004; Ha et al.,
2007). For the present study, we considered using a different immunohistocytochemistry
method that we used previously which can identify several T cell subsets in the axotomized
FMN in vivo (CD3*, CD4*, and CD8*, and double negative T cells), where tissues are
perfused with PBS instead of 4% paraformaldehyde and subsequently fixed with a Zinc
immunohistocytochemistry fixative (Ha et al., 2007). Using that method (and modifications
of the method), however, we have found that Nissl staining for neuron profile counting and
staining of CD11b* microglia are less intense and more difficult to quantify. Because we
had never used that method on brain tissue of mice as old as 52 weeks and we were
examining these dependent variables, to ensure the best result we used 4%
paraformaldehyde perfusion for the present study thus precluding our ability to also quantify
CD4*, CD8™", and double negative T cells in the axotomized FMN. We are not aware of
studies that have been able to more finely subtype T cells or successfully assess their
activation state in vivo by immunohistocytochemistry in brain tissue or by tissue extraction
methods (an approach which may itself alter the activation status of T cells) in mice with
uncompromised blood-brain-barrier function such as in the facial axotomy paradigm
(Neeley et al., 1987; Muhallab et al., 2001; Raivich et al., 1998; Raivich et al., 2003).
Although we did not assess whether CD3™ levels in the blood or other peripheral
compartments (e.g., spleen, lymph nodes, bone marrow) differ between the 52 and 8 weeks
groups, the literature indicates that aging mice have increased CD3* counts (with a
decreasing CD4* /CD8™ ratios) in peripheral blood, and decreased or unchanged CD3*
levels in the spleen and lymph nodes (Callahan et al., 1993; Miller, et al., 1997; Flurkey et
al., 2007). Though it is possible that peripheral changes in T cell distribution in aging could
influence T cell trafficking into the injured FMN with aging, we found conversely, that mice
with high and low levels of T cells in the axotomized FMN in this model did not differ in
splenic T cell density (Ha et al., 2006). Along these lines, discordant peripheral versus
central immunological responses have been identified in aging mice (Dilger and Johnson,
2008; Terao et al., 2002). Terao and colleagues (2002) showed that older mice had reduced
splenic T mitogen-induced proliferative, but also simultaneously exhibited higher expression
of certain immune response genes in the CNS following immune challenge.

One hypothesis that is consistent with the findings of this study is that the increased numbers
of T cells in injured FMN of the 52 week group may be because older T cells are less
effective at protecting damaged motoneurons (Miller, 1996). The older mice used in this
study where late middle aged mice (52 weeks), where clear evidence of senescence has been
documented in a number of biological processes including aspects of T lymphocyte function
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(Flurkey et al., 2007). It is likely therefore that old mice at the end of the life cycle (e.g., 18 -
24 months), may have even more pronounced changes in these T cell and microglia
responses than the 52 week old group we used in this study. Reduced T cell function
including the balance of naive to memory cell responses occur with aging in animals and
humans (Linton and Thoman, 2001; Linton and Dorshkind, 2004; Miller, 1996; Nikolich-
Zugich, 2008; Pawelec et al., 1999). In light of the aforementioned proregenerative actions
of CD4" Th2 helper cells in the facial nerve axotomy model (Serpe et al., 2003; Byram et
al., 2004; Armstrong et al., 2006; DeBoy et al., 2006; Xin et al., 2008) and age-related
reductions in different CD4* T subsets and function in the peripheral immune system
(Callahan et al., 1993; Miller, et al., 1997; Flurkey et al., 2007), CD4" Th2 helper cells may
be an important population of T cells to examine in future studies of age and immunity for
facial motoneuron and other forms of CNS injury. Whether increased T cell trafficking may
also be secondary to alterations in intrinsic microglial cell function or growth factor
production associated with aging in the FMN (Serpe et al., 2005; Saylor et al., 2006; Njie et
al., 2010; Shokouhi et al., 2010), or represent autoimmune-like age-related changes in CNS
integrity and function (Chan-Ling et al., 2007; Schindler et al., 2008; Stichel and Luebbert,
2007; Terao et al., 2002) are question of interest going forward.
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Figure 1.
Comparison between the 8 week old (solid line) and the 52 week old (dashed line) subject

groups for the kinetics of 1). CD3* T lymphocyte trafficking into the injured FMN (A), and;
2) neuronal death represented by CD11b* perineuronal microglial phagocytic clusters in the
injured FMN (B). Each time point represents the mean = S.E.M. of 8 mice in the 8 week
group and 6 mice in the 52 week group.
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Figure2.

Immunohistochemistry for CD3* T lymphocyte and CD11b* perineuronal microglial
phagocytic clusters at day 21 post-resection of the facial nerve in 8 week versus 52 week old
mice. CD3* T lymphocytes and CD11b* perineuronal microglial phagocytic clusters were
immunostained (brown) and are indicated by arrows in facial motor nuclei of 8 week (A,C)
and 52 week (B,D) old mice. Neuronal and glial cell bodies were counterstained with cresyl
violet (blue). Incubation with either the primary antibodies or secondary antibody alone
produced no signal. Scale bar = 20 wm.
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Figure 3.
Motor neuron profile counts in the resected (ipsilateral) and uninjured (contralateral control)

facial motor nuclei comparing the 8 week versus 52 week groups at day 28 post-injury. The
number of neurons on the resected side (empty bar) and uninjured control side (black bar)
are expressed as the mean + S.E.M. of 6 mice/group.
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Figure4.

Comparison of mean motor neuron cell size in the injured facial motor nuclei (expressed %
of the uninjured, contralateral side) between the 8 and 52 week groups. Each bar represents
the mean + S.E.M. of 6 mice/group.
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