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Abstract

Emerging evidence supports that the stress response to peripheral nerve injury extends beyond the injured
neuron, with alterations in associated transcription factors detected both locally and remote to the lesion.
Stress-induced nuclear translocation of the transcription factor forkhead class box O3a (FOXO3a) was ini-
tially linked to activation of apoptotic genes in many neuronal subtypes. However, a more complex role of
FOXO3a has been suggested in the injury response of sensory neurons, with the injured neuron expressing
less FOXO3a. To elucidate this response and test whether non-injured sensory neurons also alter FOXO3a
expression, the temporal impact of chronic unilateral L4-6 spinal nerve transection on FOXO3a expres-
sion and nuclear localization in adult rat dorsal root ganglion neurons ipsilateral, contralateral or remote
to injury relative to naive controls was examined. In naive neurons, high cytoplasmic and nuclear levels of
FOXO3a colocalized with calcitonin gene related peptide, a marker of the nociceptive subpopulation. One
hour post-injury, an acute increase in nuclear FOXO3a in small size injured neurons occurred followed by
a significant decrease after 1, 2 and 4 days, with levels increasing toward pre-injury levels by 1 week post-in-
jury. A more robust biphasic response to the injury was observed in uninjured neurons contralateral to and
those remote to injury. Nuclear levels of FOXO3a peaked at 1 day, decreased by 4 days, then increased by
1 week post-injury, a response mirrored in C4 dorsal root ganglion neurons remote to injury. This altered
expression contralateral and remote to injury supports that spinal nerve damage has broader systemic
impacts, a response we recently reported for another stress transcription factor, Luman/CREB3. The early
decreased expression and nuclear localization of FOXO3a in the injured neuron implicate these changes in
the cell body response to injury that may be protective. Finally, the broader systemic changes support the
existence of stress/injury-induced humeral factor(s) influencing transcriptional and potentially behavioral
changes in uninjured dorsal root ganglion neurons. Approval to conduct this study was obtained from the
University of Saskatchewan Animal Research Ethics Board (protocol #19920164).
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Introduction

Peripheral nerve injury induces a myriad of molecular
changes in sensory neurons as they attempt to stay viable
and regenerate the severed axon. Repair mechanisms depend
on the modification of transcription factors. Thus, charac-
terization of novel regulators and their response to stress
and injury may give insight into peripheral nerve repair
challenges (Mahar and Cavalli, 2018). We have linked the
stress-associated transcription factor Luman/CREB3 to sen-
sory neuron axonal regrowth through its regulation of the
unfolded protein response and cholesterol biosynthesis (Ying
et al., 2014, 2015). Temporal examination of Luman/CREB3
expression and nuclear localization following unilateral
nerve injury revealed a biphasic response that correlates with
changes in transcriptional activity (Li et al., 2015; Hasmatali
et al,, 2019); peaking at 2 days post-injury, down at 4 days

and then increasing by 1 week post-injury. A large parallel,
albeit reduced biphasic response in Luman expression and
nuclear localization, also occurs in uninjured sensory neu-
rons contralateral and remote to injury. This systemic injury
stress response correlates with increased axonal plasticity
in uninjured contralateral sensory neurons relative to naive
controls (Hasmatali et al., 2019).

Another class of stress-responsive transcription factors
is the forkhead box transcription factors class O (FOXO)
protein family. Members of this family modulate cell sur-
vival, differentiation, proliferation, and stress resistance
(van der Horst and Burgering, 2007). In the mammalian
adult nervous system, FOXOs are generally characterized as
stress-sensing, pro-apoptotic transcription factors (Barthele-
my et al., 2004; Wen et al., 2012).

FOXO3a has traditionally fit this role in a variety of neuro-
nal cell types. However, Wang et al. (2009) reported its func-
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tion in dorsal root ganglion (DRG) neurons is not restricted
to cell death. Sciatic nerve crush injury resulted in reduced
FOXO3a levels in injured sensory neurons and associated
glial cells, which coincide with axonal regeneration and sat-
ellite cell proliferation (Wang et al., 2009). This suggests that
FOXO3a plays a stronger role in the transcriptional events
of intact neurons, with its post-injury suppression perhaps
representing an effort to protect the injured neuron.

We sought to elucidate injury-associated alterations in
FOXO3a expression in sensory neurons, particularly tem-
poral alterations in nuclear versus cytoplasmic levels of
FOXO3a and to determine whether expression in neurons
contralateral or remote to injury is altered in a manner
consistent with that observed for Luman/CREB3. Finally,
because unilateral peripheral nerve injury can impact un-
injured contralateral neurons (Koltzenburg et al., 1999),
examination of FOXO3a expression in ganglia contralateral
and remote to nerve injury was performed, revealing a dis-
tinct biphasic expression response similar to that recently
described for Luman/CREB3 (Hasmatali et al., 2019), impli-
cating FOXO3a in both local and global responses to injury.

Materials and Methods

Chemicals/reagents

All chemicals/reagents used in this study were obtained from
Sigma-Aldrich (Oakville, ON, Canada) unless otherwise
stated.

Nerve injury model
Ninety young adult 9—11-week-old male Wistar rats (Charles
River Laboratories, St. Constant, PQ, Canada), weighing
200-300 g, were used in this study. The rats were housed
at room temperature, on a 12-hour light/dark cycle, with
unrestricted access to food and water. Approval to conduct
this study was obtained from the University of Saskatchewan
Animal Research Ethics Board (protocol #19920164) and ad-
hered to the Canadian Council on Animal Care guidelines.

Subcutaneous injections of the analgesic buprenorphine
in the upper dorsal region (Temgesic; 0.05-0.1 mg/kg) were
given both 10 minutes before and every 12 hours post-sur-
gery for 2 days. To axotomize the lumbar L4—6 spinal nerves,
animals were placed under deep anesthesia with isoflurane
(Pharmaceutical Partners of Canada, Inc. Richmond, ON,
Canada) (2% delivered at a rate of 2 L/min). To transect the
spinal nerves contributing to the sciatic nerve, the lumbar
and sacral spinal columns were exposed to reveal the L4-6
spinal nerve region. Unilateral transection of the sciatic
nerve at its origins from the L4—6 spinal nerves was per-
formed and a 5 mm segment was resected to prevent regen-
eration, then the area was closed and sutured in layers.

To generate injury, animals were euthanized at 1 hour, 1, 2,
4 days and 1 week post-spinal nerve injury. Control naive an-
imals were subjected to anesthetic procedures but no surgery.
Sham surgery control rats underwent surgical exposure where
the spinal nerves were revealed and handled, but not injured.
The sham animals were sacrificed at the same post-surgical
time points as the nerve injury rats. Each injury time course
generated consisted of 3 rats per nerve injury time point + 3
naive control rats, totalling 18 rats per time course.
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A total of 5 time courses (4 injury time courses and 1 sham
surgery time course) were generated, with each time course
consisting of 3 rats/time point in (1 hour, 1 day, 2 days, 4
days and 1 week).

Sample preparation

At the designated time points, the rats were deeply anesthe-
tized with Euthanyl Forte (Bimeda-MTC, Cambridge, ON,
Canada) and the blood cleared via the left ventricle with 100
mL of 0.1 M warm phosphate buffered saline (PBS) followed
by 500 mL of ice cold 4% paraformaldehyde with 0.2% picric
acid. The L4-6 ipsilateral and contralateral and C4 dorsal
root ganglia (DRG) were rapidly dissected, post-fixed for
1-1.5 hours, and then cryoprotected in 20% sucrose. To en-
sure that experimental and control tissues were processed
under identical conditions they were placed in the same cry-
omolds, covered in OCT (Sakura Finetek USA Inc., Torrance,
CA, USA), frozen in cooled isopentane and stored at —80°C
until undergoing immunofluorescence histochemistry.

Immunofluorescence

Six um serial sections of DRG were cut on a cryostat and
thaw mounted onto silanized ProbeOn Plus slides (Fisher
Scientific, Ottawa, ON, Canada). Prior to imuunofluores-
cence slides were air-dried, washed in 0.1 M PBS (3 x 10
minutes) and blocked with 10% donkey serum in 0.25% Tri-
ton-X in PBS for 1 hour. Tissues were incubated overnight
at 4°C with primary antibodies; either rabbit anti-FOXO3a
(Cat# 2497, dilution 1:200; New England Biolabs, Whitby,
ON, Canada), rabbit anti-ATF-3 (Cat# sc-188, 1:2000; Santa
Cruz Biotech Inc., Dallas, TX, USA) or mouse anti-calci-
tonin gene-related peptide (CGRP; Cat# ab81887, 1:100;
Abcam, Cambridge, MA, USA) in 2% donkey serum + 0.25%
Triton X-100. The next day, slides were washed in 0.1 M PBS
(3 x 10 minutes) and incubated with secondary antibodies,
donkey anti-rabbit Cy3 (1:600) or Alexa Fluor 488-conju-
gated donkey anti-mouse IgG (1:1000) from Jackson Immu-
noResearch (West Grove, PA, USA) in the dark for 1 hour at
room temperature, washed (0.1 M PBS 3 x 10 minutes), then
mounted with Prolong Gold + 4',6-diamidino-2-phenylin-
dole (DAPI; Life Technologies, Carlsbad, CA, USA) and a
coverslip. The DAPI served to accurately identify the nu-
clear region where immunofluorescence signal would be
quantified. Omission of primary antibody in each run served
as immunofluorescence controls. Specificity of the FOXO3a
antibody was assessed via Western blot assay (see below).

Quantification and analysis of immunofluorescence signal
FOXO3a immunofluorescence signal was carefully analyzed
over cytoplasmic and nuclear regions between groups using
the following precautions: (i) individual L5 DRG ipsilateral
and contralateral to lesion for all injury time points were
placed in each cryomold as well as a naive lumbar control
ganglia. Having all the time points and naive controls on the
same slide ensured processing under identical conditions
and negated the slide to slide variability in fluorescence sig-
nal intensity between groups being a factor in the quantifica-
tion; (ii) digital images (Zeiss Axio Imager M.1 fluorescence
microscope, Carl Zeiss Canada, Toronto, ON, Canada) for
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all DRGs on individual slides were taken using identical ex-
posure conditions (Northern Eclipse v7.0; EMPIX Imaging
Inc., Mississauga, ON, Canada); (iii) the presence of nuclear
ATF-3 was used to confirm the injury state for all DRGs in
the time course (Hasmatali et al., 2019; data not shown);
(iv) analysis was performed only on neurons with a clearly
defined DAPI-positive nuclear region (Figure 1), indicating
that the neuron was sectioned through its center, ensuring
accurate determination of cell size and immunofluorescence
signal within the nucleus; (v) neurons were carefully traced
so as not to include immunofluorescence signal associated
with FOXO3a-positive perineuronal regions (Wang et al.,
2009).

Northern Eclipse v7.0 software (EMPIX Imaging Inc.) was
employed to assess neuronal size and immunofluorescence
signal within cytoplasmic and nuclear regions (average grey/
um?®) for each neuron with experimental condition blinded
to the evaluator.

The colocalization of FOXO3a and CGRP expression in
naive DRG neurons using dual immunofluorescence was
examined in L5 DRG sections from four naive rats. Neu-
rons with detectable FOXO3a immunofluorescence were
identified in individual sections, followed by determination
of whether CGRP immunofluorescence was also detected
in the same neuron. The incidence of FOXO3a and CGRP
co-expression was then calculated as a percentage + SD
along with the incidence of neurons expressing CGRP with-
out detectable FOXO3a immunofluorescence and those with
FOXO3a but no detectable CGRP immunofluorescence.

Western blot assay

Protein extraction was performed using ice cold RIPA buffer
containing a protease inhibitor cocktail on naive L4-6 DRGs,
DRGs ipsilateral to a 2 day spinal nerve injury or FOXO3a
positive tissue - rat liver (Tikhanovich et al., 2013) and
BrCA1 expressing MCF7 breast cancer cell line (American
Cell Type Culture Collection, Manassas, VA, USA) (Queiroz
etal.,, 2014).

Twenty pg of DRG, or control liver or BrCA1 expressing
MCF?7 cell line extracts were electrophoresed on 12% SDS
polyacrylamide gels, along with a protein molecular size
marker (Li-Cor Biosciences, Lincoln, NE, USA). Transfer
onto polyvinylidene fluoride membranes (Bio-Rad Labora-
tories Ltd., Mississauga, ON, Canada) was done by 15-min-
ute semi-dry electroblotting in cold transfer buffer (25 mM
Tris, 192 mM Glycine, 20% methanol) at 15 V (Bio-Rad
Trans-Blot apparatus). Membrane blocking was done using
LI-COR Biosciences blocking buffer at room temperature
for 1 hour, followed by incubation with primary antibody
(FOXO3a, 1:2000) in LI-COR Odyssey blocking buffer with
0.1% Tween 20 overnight at 4°C. Membranes were incubated
with the secondary antibody goat anti-rabbit LI-COR IRDye
680 (1:10,000, LI-COR Biosciences, Lincoln, NE, USA) at
room temperature for 1 hour, rinsed in distilled water, and
scanned on the Li-Cor Odyssey 9120 infrared scanning sys-
tem (LI-COR Biosciences, Lincoln, NE, USA).

Statistical analysis
Scatterplots, line graphs, and histogram plots were gener-

ated and statistically analyzed using GraphPad Prism v5.0
(GraphPad Software Inc., La Jolla, CA, USA). Statistical sig-
nificance between time points and conditions were assessed
using the Kruskal-Wallis one-way analysis of variance by
ranks with Dunn’s post hoc test analysis or Mann-Whitney U
test with significance at P values < 0.05.

Results

FOXO3a expression in naive DRG neurons

Analysis of FOXO3a immunofluorescence in tissue sections
from naive L5 DRG revealed immunostaining throughout
the cell bodies of a subpopulation of neurons (Figure 1)
as well as staining within neuronal fiber tracts (Figure 1).
Quantitative assessment of the FOXO3a immunofluores-
cence and scatter-plot representation of the naive ganglia in-
dicated FOXO3a cytoplasmic and nuclear staining to be the
highest in small- to medium-sized neurons between 20-40
um (Figures 2 and 3), consistent with the size range of the
nerve growth factor (NGF)-responsive subpopulation of
nociceptive neurons that also express the neuropeptide calci-
tonin gene-related peptide (CGRP; Verge et al., 1989, 1992).
This coupled with the ability of NGF to regulate FOXO3a
expression and localization in PC12 cells (Wen et al., 2011),
which made us posit that FOXO3a expression likely highly
localizes with the CGRP/NGF-responsive subset of senso-
ry neurons. To examine this, L5 DRG sections from naive
animals were processed for dual FOXO3a/CGRP immuno-
fluorescence coupled with DAPI staining which serves to
identify the nuclear region in each neuron (Figure 1). Ex-
amination of the L5 DRG sections from four naive animals
revealed that FOXO3a was detectable in 52.50 + 5.46% (mean
+ SD) of sensory neurons. There was a very high degree of
co-expression of FOXO3a with the nociceptor marker CGRP,
with 95.87 + 1.72% (mean * SD) of CGRP-positive neurons
expressing detectable FOXO3a, which represents 86.53 +
4.38% (mean * SD) of the FOXO3a positive neurons (Figure
1). The small population of FOXO3a-positive neurons that
did not express detectable CGRP was found to include neu-
rons of all size ranges (Figure 1).

Temporal impact of nerve injury on FOXO3a expression
in injured neurons

To address the impact of peripheral nerve injury on the
spatial and temporal expression pattern of FOXO3a in DRG
neurons, the L4-6 spinal nerves were unilaterally transected
and the ipsilateral and contralateral L4—6 DRGs were col-
lected at predetermined time points. Nerve transection at
this high level results in almost 100% axotomy of L4-5 DRG
neurons (Swett et al., 1991). For each time course generated,
ipsilateral and contralateral DRG for individual time points
along with a control naive DRG from that level (L4-6) were
placed in the same cryomold and frozen to ensure processing
at all time points and naive control for FOXO3a immunoflu-
orescence under identical conditions. This allows ipsilateral
and contralateral DRG for each time point to be normalized
to the naive control from the same slide, thereby allowing
multiple time course data to be combined and averaged for
each time point (Figure 4). It also avoids misrepresentation
of data due to slide to slide variances in immunofluorescence
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signal. FOXO3a immunofluorescence was always combined
with nuclear DAPI staining, as DAPI served to accurately
identify and inform the tracing of the nuclear region where
FOXO3a levels were being quantified in addition to the cy-
toplasmic levels (Figures 1-3). Only neurons with a clearly
defined DAPI-positive nucleus were included in the quanti-
fication. Finally, the histological examination and quantita-
tive computer-assisted scatterplot analysis of injury-induced
alterations in FOXO3a expression in DRG neurons allows
quantification of shifts in subcellular compartment localiza-
tion (i.e., nucleus versus cytoplasm) and shifts in expression
within distinct size ranges of neurons, generally associated
with specific sensory modalities.

It should be noted that the scatterplots and photomicro-
graphs of DRG ipsilateral and contralateral to injury and
the naive control DRG in Figures 2 and 3 came from the
same slide. This allows accurate qualitative and quantitative
comparisons between ipsilateral and contralateral DRG at
the different injury time points. As only one naive DRG was
included in the cryomold for each time course, the same
control naive state photomicrograph and scatterplot are
shown in Figures 2 and 3. It would be potentially misleading
to show contralateral or ipsilateral DRG from different time
courses or slides.

Before analysis, nerve injury was verified by ATF3-positive
nuclear staining as per a previous study (Hasmatali et al.,
2019; data not shown). Immunofluorescence analysis of ipsi-
lateral DRGs 1-hour after injury showed increased FOXO3a
nuclear staining in the small-medium diameter neurons
relative to naive (Figure 2). Rapid changes in cellular local-
ization of FOXO3a at this early time point implicate it in the
acute injury response.

At later time points, axotomy of the spinal nerves led to
further changes in FOXO3a. After 1 day, the intensity of
FOXO3a immunofluorescence decreased in DRG neurons
ipsilateral to lesion, especially in the small to medium-sized
neurons where staining was usually high. Both nuclear and
cytoplasmic labelling intensities at 1 day post-injury were
significantly lower compared to those at 1 hour post-inju-
ry or within naive neurons (Figure 2). The lower level of
FOXO3a expression in the small to medium-sized neurons
was evident by 1 day post-injury and continued in 2 and
4-day injured DRG neurons (Figure 2). Western blot analy-
sis based on 2-day injured DRG confirmed the reduced im-
munofluorescence results observed at this time point (Figure
4). These observations are in agreement with previously
documented western blot results that FOXO3a is down-reg-
ulated in response to semi-acute peripheral nerve injury in
both cytoplasmic and nuclear cellular compartments relative
to naive (Wang et al., 2009).

To assess the impact of a more protracted injury state, the
DRG from 1-week injured animals were also examined, with
FOXO3a protein increased relative to the 4 day time point
(Figure 2), which is also consistent with previous western
blot assay findings (Wang et al., 2009). These results were ob-
served in all experimental replicates. Summary plots reveal
the high significance and reproducibility in the cellular levels
of FOXO3a protein observed in the nuclear and cytoplasmic
compartments at the various time points examined (Figure
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4). It was noted that with the exception of the nuclear chang-
es observed 1 hour after injury, parallel expression patterns
were observed for both cytoplasmic and nuclear compart-
ments at all other time points examined.

FOXO3a protein expression pattern in uninjured DRG
neurons contralateral to injury

Our recent discovery that the biphasic injury response of
the stress-associated transcription factor Luman/CREB3
in injured sensory neurons is mirrored, at lower levels, in
non-injured contralateral DRG and C4 DRG remote from
the lumbar injury level (Hasmatali et al., 2019), which made
us posit that contralateral changes FOXO3a expression and
nuclear translocation would also occur.

Analysis of FOXO3a immunofluorescence on DRG sec-
tions immediately contralateral to the injury indicates that
unilateral nerve injury has a more robust effect on FOXO3a
protein expression in contralateral uninjured DRG. The
acute FOXO3a response to injury, as exemplified by nuclear
translocation at the 1 hour time point, while being signifi-
cantly elevated relative to the naive state, was still less robust
than that seen in the ipsilateral injured neurons (Figures 3
and 4B). By 1 day post-injury, however, the nuclear intensity
levels were significantly elevated compared to the 1-hour
post-injury contralateral and naive neurons (Figures 3 and
4B). At 2 and 4 days post-injury, staining intensities were
decreased with nuclear and cytoplasmic intensities reaching
their lowest levels at the 4 day time point (Figures 3, 4A and
4B). However, at 1 week after unilateral injury, contralateral
uninjured neurons had elevated FOXO3a staining to levels
similar to those seen in small- to medium-sized neurons at
1 day post-injury and exceeding levels seen at 1 day post-in-
jury in large-sized contralateral neurons (Figures 3, 4A and
4B). Summary line plots clearly reveal that this biphasic
cytoplasmic and nuclear response in the contralateral unin-
jured neurons is highly reproducible (Figure 4A and B) and
parallels the biphasic contralateral expression pattern ob-
served for Luman/CREB3 (Hasmatali et al., 2019). Western
blot analysis analysis confirmed that FOXO3a levels contra-
lateral to injury were higher than those ipsilateral to injury
and verified that the antibody was recognizing the predicted
molecular weight in the DRG samples as in the known con-
trol samples (rat liver and BrCA1 MCEF7 cell line extracts)
that express FOXO3a (Figure 4C).

Impact of injury on FOXO3a expression in uninjured
DRG neurons remote from injury

The interesting impacts of nerve injury on FOXO3a expres-
sion in L4-5 DRG neurons contralateral to injury might be
attributed to either a systemic, likely humoral response to
the injury, or to a response mediated contralaterally through
the spinal cord. To test for the potential involvement of a
systemic factor, cervical ganglia remote from the injury site
were removed from animals that had undergone L4—6 uni-
lateral spinal nerve transection at 1 day post-injujry, a time
point at which a significant increase in nuclear levels was ob-
served in contralateral neurons (Figure 4) relative to naive
rats; FOXO3a expression levels were assessed in the neurons
of the C4 ganglia. Qualitative immunofluorescence analysis
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of six animals per condition revealed that C4 DRG neurons
from 1-day sciatic injury animals had elevated nuclear and
cytoplasmic staining relative to naive C4 DRG, especially in
the small- to medium-sized neurons (Figure 5A). Quantita-
tive analysis of all neurons visible in C4 DRG sections from
three animals/condition confirmed the qualitative observa-
tions, revealing significant differences between the two con-
ditions (Figure 5B and C). Although a humoral mechanism
best explains the effect seen in the cervical ganglia, a neuro-
nal signal through the spinal cord that affects contralateral
FOXO3a processing may still exist.

To discern whether the systemic impacts on FOXO3a pro-
tein levels were a result of the spinal nerve injury itself and/
or as a result of the surgical exposure to perform the injury,
sham surgeries were performed on three animals for each
injury time point. The L4—6 spinal nerves of these anesthe-
tized rats were exposed, handled in an identical manner, but
not transected and the animals were left to recover for the
same time points of 1 hour, 1 day, 2 days, 4 days or 1 week
post-injury. FOXO3a protein levels and cellular localization
appeared unchanged (Figure 6). The sham experiments veri-
ty that the contralateral effect observed at the protein level is
due to injury of the nerve and not a byproduct of the surgi-
cal exposure.

Discussion

This study sheds novel insights into the regulation of
FOXO3a expression in DRG neurons following unilateral
peripheral nerve injury. The rapid up-regulation at 1 hour
post-injury and then down-regulation in injured neurons
in response to peripheral nerve injury implies a connection
to both the induction and maintenance phases of the regen-
eration process (Li et al., 2015) that may include protection
from injury-associated cell death. Although this scenario is
plausible, constitutive FOXO3a expression in the naive ani-
mal supports a role for this transcription factor outside the
realms of neuronal death and injury. What this role may be
is not yet defined but may involve nociception due to its high
level colocalization with the marker of the NGF-responsive
population of nociceptors, CGRP. Finally, the alterations of
FOXO3a protein expression in sensory neurons contralateral
and remote to injury raise questions we cannot yet answer,
but support an ability of this molecule to sense very subtle
alterations in systemic states associated with nerve injury.
Further examination of this phenomenon is essential to the
understanding of the sensory neuron response to stress and
disease which can have pathological implications.

FOXO3a in intact DRG neurons

The FOXO proteins are a highly conserved family of tran-
scriptional regulators. In mammals, their involvement in
multiple cellular pathways centers on maintaining homeo-
stasis under stressful conditions and directing the cell to-
wards survival or controlled cell death. In the naive state,
we found the high levels of FOXO3a expression and nuclear
localization to occur in small- to medium-sized naive neu-
rons that predominantly colocalized with the marker of the
NGF-responsive subpopulation of sensory neurons, CGRP
(Verge et al., 1989). This was initially perplexing, as activity

of FOXO3a typically coincides with cellular stress states.
However, FOXOs conserved relationship with glucose me-
tabolism offers clues to the potential role of FOXO3a in the
nociceptive subpopulation. Small neurons of the DRG have
high levels of hexokinase, which initially phosphorylates glu-
cose prior to the start of glycolysis (Gardiner et al., 2007). El-
evated amounts of this kinase suggest higher concentrations
of glucose in this population and the necessity for rigorous
metabolic management. Small- to medium-sized neurons
also express high levels of insulin, insulin-like growth fac-
tor receptors, and insulin-like growth factor 1 (Craner et
al., 2002). FOXO3a activation is induced in a low-glucose
situation and activates genes associated with glucose conser-
vation, such as glucose-6-phosphatase (Onuma et al., 2006).
Although naive sensory neurons are not glucose deprived,
they appear to be highly sensitive to alterations in insulin
circulation. Another potential role is linked to the antiox-
idant properties of FOXOs. Overexpression of FOXO3a
has been shown to protect mammalian cells from oxidative
stress through the upregulation of manganese superoxide
dismutase (Kops et al., 2002; Li et al., 2006). Further, NGF
signaling in these neurons activates the PI-3 kinase pathway
leading to phosphorylation and activation of the pro-surviv-
al molecule Akt, which in turn phosphorylates FOXO3a, se-
questering it in the cytosol (Wen et al., 2011; Maiese, 2015).
This likely contributes to the elevated levels of FOXO3a we
observed in the cytoplasm of this subpopulation of sensory
neurons, which also have been found to have the highest lev-
els of phosphorylated Akt (Pezet et al., 2005; Shi et al., 2009).

Downregulation of FOXO3a expression in injured
neurons

Unilateral nerve injury induced a decrease in FOXO3a de-
tected in both the cytosol and nuclei of the injured neurons.
Past research revealed that the reduced levels of FOXO3a
and the coincident reduced levels of p27*' (a FOXO3a tar-
get and tumor suppressor gene) post-injury were linked to
perineuronal and Schwann cells proliferation as part of the
regeneration response (Wang et al., 2009).

Another potential role for the decreased levels of neuronal
FOXO3a is neuroprotection. Peripheral nerve injury does
not lead to neuronal apoptosis in the short term. Long term
sciatic transection studies suggest that retrograde loss of
L4-5 DRG sensory neurons is only detectable at 1 month
post-axotomy (Groves et al., 2003; Kuo et al., 2005). This
resistance to death is attributed to the high level of auto-
crine/paracrine trophic support from associated glia and the
neurons themselves (Acheson and Lindsay, 1996; Xian and
Zhou, 1999; Karchewski et al., 2002; Vigneswara et al., 2013;
Nadeau et al., 2014). Whether the reduced levels of FOXO3a
in both cytoplasmic and nuclear compartments within the
first week post-injury contribute to the lack of sensory neu-
ron death observed during this time is not known. Addition-
ally, as this study does not examine injury events at 1 week
post-injury, it is also not known if altered FOXO3a expres-
sion is a contributing factor to apoptosis at later time points.
The factors are responsible for the decreases in FOXO3a ob-
served post-injury are currently unknown. Whether the de-
creases in FOXO3a are due to changes at the gene level and/
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Figure 1 Characterization of the forkhead class box O3a (FOXO3a)-expressing subpopulation of sensory neurons.

Representative images of a L5 DRG section from a naive rat processed for dual immunofluorescence to examine incidence of FOXO3a immu-
nofluorescence signal in calcitonin gene-related peptide (CGRP)-positive neurons with 4',6-diamidino-2-phenylindole (DAPI) staining used to
identify nuclear regions. Red asterisks (*) show examples of neurons with moderate to heavy FOXO3a immunofluorescence that have detectable
levels of CGRP; green asterisks (*) show examples of FOXO3a positive neurons without detectable CGRP, while blue asterisks (*) identify examples
of neurons negative for both markers. Red arrows show examples of nuclei that are FOXO3a positive with numerous co-labelled nerve fibres also
apparent. The last: Merged images of FOXO3a image (red) with CGRP (green). Note that FOXO3a is expressed predominantly in CGRP-positive

neurons. Scale bar: 50 um.
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Figure 2 Peripheral nerve injury alters forkhead class box O3a
(FOXO03a) immunoreactivity in dorsal root ganglion (DRG) neurons
ipsilateral to axotomy.

(A) Immunofluorescence photomicrographs of L5 DRG sections (6 um)
processed to detect FOXO3a immunoreactivity. Ipsilateral DRG from
L4-6 spinal nerve transected rats were collected after the predeter-
mined time points 1 hour, 1 day, 2 days, 4 days and 1 week post-injury.
Scale bar: 50 um. Naive animals served as controls. (B) Representative
scatterplots depicting relative changes in FOXO3a immunofluorescence
signal over individual cytoplasmic and nuclear regions as related to
cell size from sections all mounted on the same slide and represented
in photomicrographs, thus all processed under identical conditions.
Experimental states as indicated. Dashed lines divide the plots into low
versus moderately to heavily labelled populations. n = 217 to 294 neu-
rons analyzed per condition.
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Figure 3 Peripheral nerve injury alters forkhead class box O3a
(FOXO3a) immunoreactivity in uninjured neurons contralateral to
axotomy.

Dorsal root ganglia (DRG) from L4-6 spinal nerve transected rats were
collected at the predetermined time points 1 hour, 1 day, 2 days, 4 days
and 1 week post-injury. (A) Representative immunofluorescence pho-
tomicrographs of 6 pm L5 DRG sections directly contralateral to those
presented in Figure 2 and mounted and processed on the same slide to
detect cell FOXO3a protein and allow for direct comparison. Scale bar:
50 pum. Naive section mounted on the slide served as control for DRG
ipsilateral and contralateral to injury. (B) Scatterplots depict relative
changes in FOXO3a immunofluorescence signal over individual neuro-
nal cytoplasmic and nuclear regions as related to cell size from sections
presented in the photomicrographs. Experimental states as indicated.
Dashed lines divide the plots into low versus moderate to heavily la-
belled populations. n = 178 to 294 neurons analyzed per condition.
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Figure 4 Alterations in forkhead class box O3a (FOXO3a) expression in
response to nerve injury and antibody specificity control.

Cytoplasmic (A) and nuclear (B) FOXO3a immunofluorescence relative
mean intensity levels + SEM observed in dorsal root ganglion (DRG) neu-
rons ipsilateral and contralateral to injury at time points as indicated. Each
graph point represents a quantitative analysis of n = 441-663 individual
neurons analyzed/experimental time point and condition with three ani-
mals/experimental time point and condition analyzed (18 animals in total).
#4kP < 0.001 (Kruskal-Wallis one-way analysis of variance with Dunn’s
post hoc test analysis signifies significant difference from the naive state).
(C) Western blot analysis of anti-FOXO3a treated membrane of electro-
phoresed protein extracts from 2 days-injured ipsilateral L4-6 DRG (2 days
ipsilateral), 2 days-injured contralateral L4-6 DRG (2 days contralateral),
control BrCA1 (BRCA) cell line, and control rat liver. Western blots were
performed in triplicate. Note: The FOXO3a antibody recognizes a band of
approximately 85-90 kDa, consistent with the expected molecular weight
for FOXO3a and nerve injury results in reduced levels of FOXO3a. Empty
refers to the lane at which no sample was loaded.

or are post-translational in nature requires further investiga-
tion. The stress associated with the injury did induce a spike
in cytoplasmic and nuclear localization at 1 hour that was
rapidly followed by a sustained decrease in nuclear and cyto-
plasmic levels. The latter may be the result of FOXOs being
heavily controlled by post-translational modifications with
a number of studies highlighting the importance of FOXO
polyubiquitination and protein degradation (Matsuzaki et
al., 2003; Plas and Thompson, 2003; Huang et al., 2005; Fu et
al,, 2009). FOXO1 and FOXO3a are ubiquitinated and target-
ed to the proteasome in response to growth factor treatment,
which is accredited to activation of the PI3K/Akt pathway
and phosphorylation of the FOXOs at known Akt sites (Mat-
suzaki et al., 2003; Plas and Thompson, 2003). Whether this
is responsible for the decreased expression observed in in-
jured neurons is the subject of future studies.

Uninjured contralateral and remote sensory neurons
respond to nerve injury
The most dramatic alterations in FOXO3a expression follow-
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Figure 5 L4-6 spinal nerve transection alters DRG neuronal FOXO3a
expression and localization in uninjured C4 ganglia remote from the
injury site.

(A) FOXO3a immunofluorescence in C4 DRG sections collected from naive
rats and the rats that underwent 1 day unilateral L4—6 spinal nerve injury.
Scale bar: 50 um. Note: L4-6 spinal nerve injury results in elevated nuclear
and cytoplasmic FOXO3a staining in small- to medium-sized neurons of
the uninjured C4 DRG. (B) Scatterplots that plot point data representing the
relationship between the FOXO3a nuclear (top) and cytoplasmic (bottom)
labelling index and cell body diameter. Solid lines divide the plots into the
least labelled and moderately labelled populations; dotted lines separate
the moderately labelled from heavily labelled populations of FOXO3a ex-
pressing neurons. (C) Bar graphs representing normalized nuclear (left) and
cytoplasmic (right) FOXO3a mean labeling index + SEM. (*#*P < 0.0001,
vs. naive; Mann-Whitney U test). Each graph bar represents a quantitative
analysis of n = 667—708 individual neurons analyzed/experimental condi-
tion from three animals in total per condition. DRG: Dorsal root ganglion;
FOXO3a: forkhead class box O3a.

ing unilateral injury were the parallel increases in cytoplas-
mic and nuclear levels in neurons contralateral or remote to
injury at early time points after injury. The significance of
this is unknown but may be linked to an injury-associated
vulnerability induced in these cells. When pro-brain derived
neurotrophic factor (pro-BDNF) is immunoneutralized in
rats receiving a unilateral injury, the numbers of neurons in
contralateral DRG decreased (Fan et al., 2008). The authors
suggested that this supports a role of pro-BDNF in the birth
of new neurons in these contralateral DRG. Our observa-
tion of increased nuclear localization of FOXO3a in these
neurons supports an alternative interpretation. There may
be a loss of neurons in these ganglia due to the increased
FOXO3a levels in the nucleus, a thesis that remains to be ex-
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Figure 6 Sham surgery time course does not result in discernibly altered
FOXO03a immunofluorescence levels.

Representative fluorescence photomicrographs of 6 pm-thick L5 DRG sec-
tions either ipsilateral (ipsi) or contralateral (contra) from sham surgeries
where L4—6 spinal nerves were unilaterally exposed and handled but not
injured. Tissue sections from 1 hour, 1 day, 2 days, 4 days and 1 week after
sham surgeries as indicated that were processed for immunofluorescence to
detect cellular FOXO3a levels. Scale bar: 100 um.

amined, but is supported by the findings of a study by Oak-
lander and Brown (2004) in which bilateral loss of distal skin
innervation is observed following unilateral sural nerve in-
jury, possibly due to loss of neurons. Interestingly, despite a
high level of FOXO3a expression in small- to medium-sized
neurons contralateral and remote to injury, it may not be
linked to an altered algesic state. It has been reported that
allodynia/mechanical sensitivity was not altered in the limb
contralateral to tibial and peroneal nerve lesion during the
21 day post-injury period studied (Oaklander and Brown,
2004). Similar findings of a lack of contralateral algesia were
also reported following unilateral chronic constriction injury
for both mechanical and thermal pain indices (Dubovy et
al,, 2013). There is emerging evidence that altered expression
of many transcription factors in neurons contralateral and
remote from the lesion, as well as behavioral changes (Kolt-
zenburg et al., 1999). These include heightened plasticity, im-
mune responses, pain-associated changes, and a growing list
of altered transcription factor expression that now includes
FOXO3a. The recent creation of a fluorescent reporter sys-
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tem supports broad reaching impacts of unilateral peripheral
nerve injury that include contralateral DRG spinal cord and
brain pathways (Hashimoto-Torii et al., 2018).

Few connections exist between neurons that innervate
opposite sides of the body; however, a collection of clinical
evidence confirms contralateral deficits in patients with
one-sided injuries (Kozin et al., 1976; Oaklander et al,,
1998). The bilateral impact of nerve injury has been report-
ed in a number of animal models where sensory neurons,
sympathetic neurons, or motoneurons opposite to the lesion
site differ morphologically and/or biochemically from naive
controls (Koltzenburg et al., 1999). In addition to these
changes, neurons of intact DRG contralateral or segmentally
adjacent to the injured ganglia have altered nerve sprouting
in unaffected limb areas (Devor et al., 1979; Navarro et al,,
1997; Oaklander and Brown, 2004). In general, these obser-
vations are considered a result of a neural mechanism with
a propagating signal through the spinal cord, but not due to
a global effect. However, our results support the existence of
a humoral response to peripheral nerve axotomy whereby
injury signals originating from the lesion site and/or system-
ically released may circulate via spinal fluid or bloodstream
and influence uninjured sites. Recent work supports that
increased levels of the cytokine interleukin-6 in the cerebral
spinal fluid and the associated STAT-3 signaling pathway
contribute to the heightened plastic state observed in sen-
sory neurons contralateral and remote to 1 week unilateral
sciatic nerve injury and can be mimicked by bolus injection
of interleukin-6 into the subarachnoid space (Dubovy et al.,
2018, 2019a, b).

Notably, the temporal biphasic nature of the contralateral
FOXO3a response in sensory neurons parallels that which
we observed for another stress transcription factor, Luman/
CREB3 (Hasmatali et al., 2019) and mirrors the phasic tran-
scriptome changes described for the injured neurons (Li et
al., 2015). These changes coupled with the changes remote
to injury support the existence of humoral factors that exert
systemic transcriptome changes that broadly influence the
stress response to injury. However, the fact that the temporal
patterns of change in injured versus uninjured contralateral
neurons with respect to FOXO3a did not parallel each other
support that different factors also contribute to the response
in these two populations of neurons.

Conclusion and significance
Cellular stress and trauma has a profound effect on cell phe-
notype, as epitomized by DRG neurons that regenerate after
injury. Transcription factor regulation during this compro-
mised state is essential to the activation of repair and regen-
eration programs. The impact of peripheral nerve axotomy
on FOXO3a and its localization supports that its absence
during the initiation and early phases of regeneration may
likely benefit the injured neuron while its rising expression
at more protracted 1 week time point suggests it may serve a
role in the second wave of transcriptional events associated
with regeneration of the injured neuron and potentially the
delayed cell death.

The alterations in FOXO3a expression and localization ob-
served contralaterally to injury in uninjured neurons mirror
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the biphasic pattern observed for Luman/CREB3, another
stress-associated transcription factor that also correlates with
an increased plasticity in the contralateral uninjured neurons
(Hasmatali et al., 2019). This suggests that select systemic
factors are induced that effect parallel transcriptional phases
described for the injured neuron, supporting that a global
response to injury exists and that uninjured DRG neurons
sense these subtle changes. The reality of contralateral and
humoral effects of nerve injury illustrates the importance
of using naive animals and not uninjured tissue as controls.
The identity of the underlying mechanism(s) responsible for
contralateral and remote alterations in FOXO3a and other
transcription factors is still in question.
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