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Abstract

Following injury to motor axons in the periphery, retrograde influences from the injury site lead to
glial cell plasticity in the vicinity of the injured neurons. Following the transection of peripherally
located preganglionic axons of the cervical sympathetic trunk (CST), a population of
oligodendrocyte (OL) lineage cells expressing full length TrkB, the cognate receptor for brain
derived neurotrophic factor (BDNF), is significantly increased in number in the spinal cord. Such
robust plasticity in OL lineage cells in the spinal cord following peripheral axon transection led to
the hypothesis that the gap junction communication protein connexin 32 (Cx32), which is specific
to OL lineage cells, was influenced by the injury. Following CST transection, Cx32 expression in
the spinal cord intermediolateral cell column (IML), the location of the parent cell bodies, was
significantly increased. The increased Cx32 expression was localized specifically to TrkB OLs in
the IML, rather than other cell types in the OL cell lineage, with the population of Cx32/TrkB cells
increased by 59%. Cx32 expression in association with OPCs was significantly decreased at one
week following the injury. The results of this study provide evidence that peripheral axon injury
can differentially affect the gap junction protein expression in OL lineage cells in the adult rat
spinal cord. We conclude that the retrograde influences originating from the peripheral injury site
elicit dramatic changes in the CNS expression of Cx32, which in turn may mediate the plasticity
of OL lineage cells observed in the spinal cord following peripheral axon injury.
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INTRODUCTION

Understanding how neurons and glial cells communicate, particularly following injury, is the
fundamental basis for understanding neuronal survival. Following injury to motor axons in
the periphery, retrograde influences from the injury site lead to plasticity in the centrally
located cell bodies. In addition to exhibiting robust neurotransmitter and morphological
plasticity, the injured cell bodies release factors into the local environment [1], which in turn
serve to activate nearby glial cells [2, 3, 4,5]. These glial cell changes appear to contribute to
neuronal survival and regeneration [4,6], yet the specific roles served by the activation of
astrocytes, microglia as well as oligodendrocytes (OLs) following peripheral axon injury are
poorly understood. In particular, the plasticity of cells in the OL lineage is not well studied,
yet the dysregulation of OLs contributes to demyelinating disorders [7,8], mood disorders
[9], and lack of recovery following both traumatic brain injury and spinal cord injury
[10,11]. Therefore a better understanding of the many factors that influence these cells has
important clinical implications.

We recently reported the novel finding that a population of OLs expressing full length TrkB,
the cognate receptor for brain derived neurotrophic factor (BDNF), was increased in the
vicinity of injured sympathetic preganglionic neuronal cell bodies in the intermediolateral
cell column following the transection of the axons in the cervical sympathetic trunk (CST)
[5]. Such robust oligodendrocyte plasticity in the spinal cord following CST transection
suggested that cell-cell communication in the spinal cord is influenced by the peripheral
injury.

Glial cells communicate with each other via gap junction channels that allow for
intercellular transfer of ions and small signaling molecules [12]. Gap junctions are
comprised of a family of connexin (Cx) membrane proteins which form hemichannels that
dock with compatible hemichannels on adjacent cells to form gap junctions [12]. Cx32
(based on MW of 32kDa) is exclusive to cells of the OL lineage and associates mainly with
Cx32 on other OL lineage cells to form OL-OL homotypic channels, or with astrocyte Cx26
or Cx30 [13] to form heterotypic channels to communicate with astrocytes.

The observed plasticity of OL lineage cells in the spinal cord following CST transection led
to an investigation of whether Cx32 expression in the spinal cord was influenced by the
injury. Here, we show that Cx32 expression in the spinal cord is increased following
peripheral axon injury and that the increased expression was localized specifically to TrkB
OLs rather than other cell types in the OL cell lineage.

MATERIALS AND METHODS

1. Surgery and tissue collection

Young adult (3 months of age) female Sprague Dawley rats (Harlan Labs, Indianapolis, IN)
were housed in the Miami University Animal Facilities in a 12:12 light:dark environment at
regulated temperature. A 3 cm ventral incision was made on the neck region of the animal.
The CST was exposed and gently separated from surrounding tissue and transected
approximately 2 mm from the entry into the SCG [14]. After the cut the proximal stump was

Neurosci Lett. Author manuscript; available in PMC 2017 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coulibaly and Isaacson Page 3

placed carefully back into original position in close proximity to the distal stump. The
procedure was repeated on the other side. The incision was closed using sutures and tissue
glue (Nexaband, Phx, AZ). The CST was exposed, but not transected, in sham animals. The
CST was bilaterally transected and animals survived for 1 week (n=6 animals) and

compared with shams in which the CST was dissected and exposed but was not cut (n=6
animals). All methods used in this study were approved by the Miami University
Institutional Animal Care and Use Committee and efforts were taken to minimize discomfort
and pain to the animals and to minimize the number of animals used in the study.

Because the robust glial plasticity following CST transection observed in a previous study
was confined primarily to T1 of the spinal cord [5, 6], all analyses in this study were carried
out at the T1 level, which was identified by counting the nerve roots extending from the cord
and was verified by noting its location immediately caudal to the cervical enlargement.

After the one week survival, animals were transcardially perfused with 0.9% saline followed
by 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Spinal cord and SCG tissues were
removed, and stored in 0.1M PB, cryoprotected by infiltrating with 30% sucrose in 0.1M
PB, embedded in optimal cutting temperature medium (Ted Pella Inc.), and cut using a
MICROM HM 550 series cryostat. Coronal sections of T1 spinal cord (18 um) were thaw
mounted onto Superfrost microscope slides in series across approximately 15 slides, with
each slide containing a complete representation of the T1 segment with sections
approximately 270 um apart. Sections then were incubated overnight in 0.1M PBS-0.2%
Triton-X solution, blocked with normal donkey serum, and then incubated for 48 hrs at 4°C
with a cocktail of rabbit anti-TrkB (1:200; SC-12; Santa Cruz Biotechnologies; directed
against full length TrkB), mouse anti-Cx32 (1:200; Invitrogen, 358900), rabbit anti-Cx32
(1:200; Invitrogen, 710600), mouse anti-CC1 (1:500; Abcam, ab16794), and mouse anti-
NG2 (1:200; Millipore, MAB5384) using the following combinations: TrkB(rabbit)/
Cx32(mouse), NG2(mouse)/Cx32(rabbit), and CC1(mouse)/Cx32(rabbit). Following a series
of rinses, sections were incubated for 2 hours in AlexaFluor conjugated antibodies (1:200;
Molecular Probes) directed against the primary antibody hosts. Sections then were
coverslipped using fluorescent mounting medium with 4',6-diamidino-2-phenylindole
(DAPI; Vectashield). Images were captured with a Zeiss 710 laser scanning confocal
microscope.

2. Data collection and analysis

Confocal Z-stacks were acquired from the intermediolateral cell column (IML; location of
the injured neuronal cell bodies) and the lateral funiculus (LF; white matter area
immediately adjacent to the IML which contains axons of the injured neurons) from the left
and right side of the T1 spinal cord from each animal. Images were acquired using the 40x
oil objective and by taking optical slices at 3 um intervals, typically obtaining approximately
9 scans per section. Each side of the cord was treated as an individual experiment since the
left and right CST were injured independently, resulting in the analysis of 12 different Z-
stacks per treatment. The images were collapsed for data collection to form a composite
image using Zen 2000 software (Zeiss). Separate composite images were obtained of the
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IML and the LF from each side of the cord and each composite was enlarged to 800x on a
computer monitor and analyzed using Image Pro 6.3 software.

The analysis of Cx32 was based on methodology described previously by Markoullis and
colleagues [15] where a Cx32 plaque was defined as a focal accumulation of connexin 32
immunoreactivity with a size between 0.01 and 1 mm2. The number of Cx32 plaques in the
IML and the adjacent LF was determined by counting all immunolabeled profiles in the field
of view, which encompassed an area of approximately 0.2 mm? and then expressed as
plaques per mm?2. For the overall density of plaques the numbers from the IML and LF were
combined. To estimate whether injury affected the number of Cx32 plaques expressed per
oligodendrocyte, the number of Cx32 plaques per cell was determined by dividing the total
number of Cx32 plaques by the total number of DAPI nuclei within that region. The number
of DAPI nuclei was obtained by extracting all DAPI positive nuclei from the area of interest
using Image Pro 6.3 software. Neuronal nuclei were excluded based on size and pale
staining intensity using DAPI.

The number of Cx32 cells in the IML and in the LF was determined by counting the number
of cells (identified by DAPI nucleus) in the field of view of each region that showed two or
more Cx32 plaques in association. The number of cells coexpressing TrkB and Cx32 was
determined by counting the number of DAPI profiles which showed both TrkB
immunoreactivity and Cx32 plaques in association. Similar analyses were carried out for the
number of cells co-expressing CC1 and Cx32, and NG2 and Cx32.

In order to provide information regarding the extent of variability within the control sets, a
mean was obtained for each set of controls and the values from each cord in the data set
(both controls and treatments) were expressed as the proportion of control. These
proportional data were square root transformed to stabilize the variance. The transformed
values were subjected to statistical analysis using the Mann-Whitney test with significance
reported at p<0.05 and were used for presentation in the figures.

RESULTS

Cx32 plaques were observed throughout both the IML and the LF of the spinal cord (Fig.
1A.—F.) and resembled the plaques reported in Sargiannidou et al. [16]. The overall density
of Cx32 plaques (Fig. 1.G.) throughout the IML and LF averaged 2,793/mm? in the shams
and 6,314/mm? at one week after injury, corresponding to a significant 126% increase
(p=0.009). This overall increase could be attributed to a significant 108% increase in plaques
in the IML (p=0.03), where the density of plaques in the sham controls averaged 3,976
plaques/mm? and 9,063/mm? at one week post-injury. Though there was a trend for an
increase in the LF, this value did not reach significance (Fig.1.G.).

The increase in Cx32 plaques could be due to an increased number of cells expressing Cx32
or an increased number of plaques per cell. No significant difference was observed between
sham and injury in the number of Cx32 cells in the IML (sham, 240 cells/mm?; injury, 312
cells/mm?) or LF (290 cells/mm?; injury, 335 cells/mm?2). When the number of plagues per
cell was taken into account (Fig. 1.H.), the overall number of Cx32 plaques per cell averaged
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1.7 plaques per cell in the control. This value was increased by 70% to 2.9 plaques per cell
at one week after injury (p=0.007). The overall increase in plaques per cell was attributed to
a significant 80% increase in plaques per cell specifically in the IML (p=0.013), which
increased from 2.0 plaques per cell in control to 3.6 plaques per cell at one week after injury.
Though there was a trend for an increase in the LF, this value did not reach significance (Fig.
1.H.).

In an effort to determine which cell type in the OL lineage was responsible for the increased
number of plaques per cell, double labeling of Cx32 with the OL markers TrkB [17,18],
CC1[19], or NG2 [20] was carried out. In a recent study from our lab, the majority of TrkB
cells (>80%) were shown to colocalize CC1, indicating their mature phenotype [18], yet a
proportion of TrkB cells may represent a separate pool of OL linage cells [18] and thus TrkB
cells were considered separately. Cx32 immunofluorescent plaques that associated with
TrkB as well as CC1 cells were observed predominantly around the cell body (Figs. 2.A.—
B.) while Cx32 plaques associated with NG2 cells were primarily associated with the
cellular processes (Fig. 2.C.). The overall proportion of cells that expressed both Cx32 and
TrkB was approximately 23% of the Cx32/TrkB population and this proportion was not
significantly increased postinjury. However in the IML specifically, the proportion of Cx32/
TrkB cells was increased by 59% at one week post-injury (p=0.02; Fig. 2.D.). Overlap in the
Cx32/CC1 population was ~20% and no changes were observed following injury (Fig. 2.E.).
The overlap in Cx32/NG2 population was approximately 10% in the controls and the overall
number of cells that expressed both Cx32 and NG2 was significantly decreased (p=0.003).
The decrease was specific to the LF (p=0.02; Fig 2.F.), while no changes were observed in
the IML.

DISCUSSION

The results of the present study suggest that retrograde factors released by neurons following
peripheral axon injury [2, 3, 4] can modulate the expression of Cx32 in the vicinity of the
injured neurons, and that injury-induced changes in Cx32 are specific to different OL
subpopulations. To our knowledge, we are the first to show that peripheral axon injury can
lead to an increase in Cx32 protein expression in the central nervous system and that, in the
spinal cord, OL progenitor cells express Cx32. Similar to previous reports [8, 15] we
observed Cx32 expression in both GM and WM subregions of the spinal cord with Cx32
expression was found in the processes and cell bodies of OPCs and on the perimeter of
mature OLs [21,22] expressing CC1 or TrkB.

The use of the CST transection model, particularly the CNS glial plasticity that follows
peripheral axon injury, provides a unique model for understanding how injured neurons can
directly influence glial cells without the complications of secondary injury. Here we
observed that injured preganglionic neurons can promote an increase in Cx32 expression
specifically in a population of OL lineage cells that expresses the full length TrkB receptor.

Further, we have shown that the majority (86%) of the TrkB cells responding to the injury
are mature OLs and typically express CC1 [18], but that a pool of TrkB cells does not
express either NG2 or CC1. These TrkB expressing cells, which are increased in number by
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the peripheral axon injury, may represent a population of OL lineage cells that has
upregulated TrkB expression while ‘in transition” from a progenitor to a mature OL state.
We are confident that the TrkB cells are of the OL cell lineage since all non-neuronal cells
expressing full length TrkB were shown to also express Olig2 (18), and astrocytes express
only the truncated isoform of TrkB (23, 24).

The expression of TrkB typically suggests responsiveness to the neurotrophin BDNF. In a
previous study, we observed that the mature BDNF isoform was decreased in the spinal cord
at 7 days following injury to preganglionic axons [6], a decrease that was attributed to a
reduced retrograde supply of target derived BDNF. Yet while BDNF was decreased, full
length TrkB protein was significantly increased in the spinal cord 1 week post-injury [6] and
paralleled the increase in TrkB OLs observed in the vicinity of the injured neuronal cell
bodies at the same post-injury time point [5].

Due to the role of connexins in facilitating the propagation of signaling molecules [25], we
propose that the increased Cx32 in TrkB cells during a time of decreased BDNF availability
might help to propagate and/or maximize the effects of BDNF on these cells. This would be
an important function due to the low availability of BDNF. If OL-OL or OL-astrocyte
coupling is increased following the injury, calcium and IP3 in one cell can be propagated
throughout the interacting OLs and astrocytes, thereby maximizing the effects of BDNF and
possibly inducing the release of survival factors in the vicinity of the injured neurons, and
promoting their survival. Astrocyte activation in the facial nucleus following facial nerve
injury has been shown to contribute to neuronal survival (26) and it may be that the
increased Cx32 expression in TrkB OL lineage cells could facilitate the survival-promoting
activities of astrocytes. Indeed we have previously shown a close interaction between
astrocytic processes and the injured neuronal cell bodies in the IML of the spinal cord at 7
days following injury [5].

Our results also demonstrated that Cx32 is decreased in the OL progenitor pool following
injury, indicating a possible decrease in intercellular communication by NG2 cells. A recent
study demonstrated that Cx32 in hippocampal OPCs is down-regulated prior to re-entering
the cell cycle [21]. The decreased Cx32 expression in OPCs observed in our model also is
suggestive of increased OPC proliferation. In fact, preliminary studies have demonstrated an
increase in the number of NG2 cells in the IML at one week following injury [27]. Whether
this increase is the result of proliferation has not been investigated, but our findings
regarding reduced Cx32 in OPCs would support a proliferative role.

In summary, although the physiological importance of the changes in intercellular
communication is not yet fully understood, the results of this study provide evidence that
peripheral axon injury can differentially affect the expression of gap junctions in OL lineage
cell subpopulations in the spinal cord. The retrograde influences originating from the
peripheral injury site elicit dramatic changes in the CNS expression of Cx32, which in turn
may mediate the plasticity of OL lineage cells observed in the spinal cord following
peripheral axon injury and possibly contribute to survival of the injured neurons.
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HIGHLIGHTS

- Gap junction protein connexin 32 (Cx32) was increased in spinal cord after
peripheral axon injury.

- The increase in Cx32 in spinal cord at one week post-injury was localized
to TrkB oligodendrocytes.

- Cx32 in oligodendrocyte precursor cells (OPCs) was decreased following
peripheral injury.

- Retrograde influences from the peripheral injury site elicit changes in CNS
Cx32 expression

- Cx32 may mediate the glial cell plasticity observed in spinal cord following
peripheral injury
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Cx32 expression is increased in the IML following peripheral axon injury. Confocal
micrographs of Cx32 (green) in the IML from rats following sham surgery (A.-A’.) or one
week post-injury (B.-B.”) show increased plaques following injury. Dashed lines in A. and
B. delineate IML (upper) and LF (lower) in the spinal cord. C.-D. Boxed areas in A. and B.
shown at higher magnification reveal details of Cx32 plaques (yellow arrows) in the IML.
E.-F. Higher magnification of two regions (arrows in D.) show Cx32 plaques associated with
DAPI labeled nuclei (blue). Scale bar for A.-B.=50 um; C.-D.=25 pm; E.-F.=10 pm. DAPI
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(blue) shows cellular nature of labeled profiles. G. The number of Cx32 plaques overall and
specifically in the intermediolateral cell column (IML) was increased at 1 week (1wk) post-
injury. H. The number of Cx32 plaques per cell was increased overall and in the IML at 1
week post-injury. *, p <0.05.
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cells (red). C.-C”. Cx32 (green) was found primarily associated with the processes of NG2
cells (yellow arrows). DAPI (blue) shows cellular nature of stained profiles. Scale bar for all
images = 12.5 pm. D. Cx32/TrkB cells were increased overall and in the IML. E. No
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changes were observed in Cx32/CC1 cells. F. Cx32/NG2 ce IIs were decreased overall and
inthe LF. *, p <0.05.
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