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Abstract
Luman/CREB3 is an important early retrograde axotomy signal

regulating acute axon outgrowth in sensory neurons through the

adaptive unfolded protein response. As the injury response is tran-

scriptionally multiphasic, a spatiotemporal analysis of Luman/

CREB3 localization in rat dorsal root ganglion (DRG) with unilat-

eral L4–L6 spinal nerve injury was conducted to determine if

Luman/CREB3 expression was similarly regulated. Biphasic altera-

tions in Luman/CREB3 immunofluorescence and nuclear localiza-

tion occurred in neurons ipsilateral to 1-hour, 1-day, 2-day, 4-day,

and 1-week injury, with a largely parallel, but less avid response

contralaterally. This biphasic response was not observed at the tran-

script level. To assess whether changes in neuronal Luman expres-

sion corresponded with an altered intrinsic capacity to grow an

axon/neurite in vitro, injury-conditioned and contralateral uninjured

DRG neurons underwent a 24-hour axon growth assay. Two-day in-

jury-conditioned neurons exhibited maximal outgrowth capacity rel-

ative to naı̈ve, declining at later injury-conditioned timepoints. Only

neurons contralateral to 1-week injury exhibited significantly higher

axon growth capacity than naı̈ve. In conclusion, alterations in neuro-

nal injury-associated Luman/CREB3 expression support that a mul-

tiphasic cell body response occurs and reveal a novel contralateral

plasticity in axon growth capacity at 1-week post-injury. These

adaptive responses have the potential to inform when repair or thera-

peutic intervention may be most effective.

Key Words: Axotomy, Contralateral, LZIP, Peripheral nerve in-

jury, Unfolded protein response.

INTRODUCTION
A characteristic of peripheral nervous system (PNS)

neurons is their capacity for regeneration and self-repair.
Axotomy alters neuronal phenotype as the priority changes
from signal transmission to axon regeneration. This requires
abundant lipid and protein synthesis (1–3), originating from
somal or axoplasmic endoplasmic reticuli (ER) (4). The
augmented protein production and vesicular trafficking dur-
ing regeneration can result in elevated levels of unfolded or
misfolded proteins, with ER stress ensuing (5). Adaptive
cellular mechanisms such as the unfolded protein response
(UPR) can ameliorate this stress state, re-establish ER ho-
meostasis and aid in the regeneration of axons (6–8). Con-
versely, maladaptive ER stress is increasingly linked to
neurologic disease, neuronal loss, neuropathic pain, and im-
paired regeneration (9–11).

There is a paucity of information about the transcrip-
tional regulators of the ER stress/UPR associated with nerve
injury. However, we have recently identified an important reg-
ulator of this pathway, Luman/CREB3 (also known as LZIP;
herein called Luman). Luman, through its regulation of the
UPR and cholesterol biosynthesis, plays a crucial role in the
ability of a sensory neuron to regrow an axon early after injury
(7, 12). Luman is a member of the CREB/ATF family (13)
and the first known cellular ligand for host cell factor-1 (14).
While initially recognized for its role in viral latency and reac-
tivation (13–16), its localization to the ER membrane and
links to the UPR suggested additional roles. Luman protein
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processing/activation resembles that of the UPR-associated
protein, activating transcription factor 6 (ATF6) (17). Luman
undergoes regulated intramembrane proteolysis releasing the
basic leucine zipper domain, which translocates to the nucleus,
activating target gene transcription (18–21). Luman binds
cAMP response elements (16) and the UPR element in a simi-
lar capacity to the UPR protein X-box binding protein
1(XBP1) (22).

With respect to peripheral nerve injury, our labs demon-
strated increased expression of ER stress markers in sensory
neurons associated with each arm of the UPR. These included
increases in somal and axonal CCAAT-enhancer-binding pro-
tein homologous protein (CHOP) and the ER chaperone 78-
kDa glucose regulated protein (GRP78)/Binding immunoglob-
ulin protein (BiP) levels in response to 1-day injury, with axo-
nal UPR elements being retrogradely transported back to the
cell body (7). Prior work identified Luman as a critical retro-
grade injury signal for axon regeneration. Luman was shown
to be both synthesized and activated in the axonal ER equiva-
lent in response to axotomy and retrogradely transported back
to the cell bodies of sensory neurons in an importin-dependent
manner (12). Luman was subsequently found to regulate ele-
ments of the UPR and cholesterol biosynthesis sufficient for
axon growth (7). Indeed, injured neurons necessitate a coordi-
nated UPR and increased levels of certain ER stress regulators,
in particular XPB1, to improve regeneration outcomes (8).

The recent identification of genes temporally expressed
in dorsal root ganglion (DRG) following sciatic nerve transec-
tion revealed that gene transcription occurs in a multiphasic
pattern in response to axotomy (23). The phases coincide with
initial injury and acute pre-regeneration responses to the in-
jury, and a later chronic regeneration phase. Whether these
distinct injury-associated transcriptional phases synchronize
with corresponding ER stress responses is unknown. However,
such knowledge may reveal opportunities of when one could
intervene and bolster the neurons ability to deal with the asso-
ciated ER stress. Insight into these phases may be elucidated
through examination of regulators of ER stress in the injured
neuron.

Because distinct transcriptional phases to the cell body
response include an early stress response phase that is over by
6 hours post-injury, followed by a pre-regeneration phase that
lasts until 4-day post-injury, and finally a regeneration phase
that is clearly on by 7 days (23), we chose to conduct a spatio-
temporal study examining whether Luman, as a regulator of
adaptive ER stress, might be coordinately regulated. Further-
more, we examined how this might correlate with the intrinsic
capacity of sensory neurons to grow an axon. Novel distinct
phasic responses with respect to Luman expression in injured
DRG neurons ipsilateral to injury were observed, with a
largely parallel albeit less avid response in neurons contralat-
eral to injury. The latter suggests that a broader systemic re-
sponse to the injury also occurs. Whether these phasic
alterations in Luman expression might correlate with the in-
trinsic ability of injury-conditioned or contralateral uninjured
neurons to grow an axon in vitro was also determined. Maxi-
mal outgrowth occurred in the 2-day injury-conditioned neu-
rons, with contralateral uninjured neurons only exhibiting
increased outgrowth relative to naı̈ve in the neurons contralat-

eral to a 1-week injury. The findings support a role for Luman
not only as a sensor of injury, but also 1 tightly linked to the
distinct transcriptional phases of the cell body response associ-
ated with axon regeneration. The inferred involvement of this
regulator of the UPR in the injured state highlights the signifi-
cance of adaptive ER stress in this pathology and provides op-
portunities for enhancing the response.

MATERIALS AND METHODS
Unless otherwise stated, all reagents employed in this

study were obtained from Sigma-Aldrich (Oakville, ON,
Canada).

Nerve Injury Animal Model
A total of 138 male Wistar rats (Charles River Laborato-

ries, St. Constant, PQ, Canada) weighing between 200 and
300 g, housed at room temperature on a 12-hour light-dark cy-
cle with access to food and water, were used in this study. Ani-
mal procedures were conducted in accordance with the
Canadian Council on Animal Care and approved by the Uni-
versity of Saskatchewan Committee on Animal Care and
Supply.

Animals were given buprenorphine (Temgesic; 0.05–
0.1 mg/kg) analgesic subcutaneously pre- and postoperatively.
For peripheral nerve axotomy, animals were deeply anesthe-
tized with inhalational isoflurane (Pharmaceutical Partners of
Canada, Richmond, ON, Canada), 2% delivered at a rate of
2L/minute. A dorsal incision was made exposing the lumbar
and sacral spinal column followed by careful dissection of sur-
rounding bone and muscle to reveal the Lumbar segment spi-
nal nerves. The right sciatic nerve was transected at its origins
from the lumbar 4–6 (L4–L6) spinal nerves and a small 5-mm
segment resected to prevent regeneration. This anatomical in-
jury site was selected as it ensures nearly 100% injury of the
L4–L6 DRG neurons. Axotomized animals were sutured
closed in layers and placed in individual cages until tissue
harvesting.

The injury time course was conducted by killing the ani-
mals after the predetermined post-injury timepoints of 1 hour,
1 day, 2 days, 4 days, and 1 week. Naı̈ve control animals
underwent anesthetic procedures but had no surgical interven-
tion. Sham animals were surgically exposed and tissues were
dissected out at the same postsurgical timepoints as with the
nerve injured rats, with the exception that no spinal nerve was
handled or injured.

For tissue analysis, a total of 4 injury time courses (na-
ı̈ve, 1 hour, 1 day, 2 days, 4 days, and 1 week; n ¼ 3 rats/ex-
perimental timepoint/time course; 72 rats total) and 1 sham
surgery time course (n ¼ 3 rats/experimental timepoint/time
course; 18 rats total) where the nerve was exposed but not in-
jured were generated. Three of these injury time courses and
the sham injury time course were processed for quantitative
immunofluorescence data, while the remaining injury time
course was processed for in situ hybridization.

Four additional time courses, naı̈ve, 2 days, 4 days, and
1 week (n ¼ 3 rats/experimental timepoint/time course; 48
rats total) were generated, 3 for the 24-hour intrinsic axon
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growth capacity assay and 1 for quantitative real-time poly-
merase chain reaction (qRT-PCR).

Sample Preparation
Prior to tissue harvesting, animals were anesthetized

with a Euthanyl Forte overdose (Bimeda-MTC, Cambridge,
ON, Canada). The rats were perfused via the left ventricle
with 100 mL of 0.1 M warm phosphate buffered saline (PBS)
only for in situ hybridization studies and with PBS followed
by 500 mL of ice cold 4% paraformaldehyde with 0.2% picric
acid (Sigma-Aldrich) for immunofluorescence. The L4–L6 ip-
silateral and contralateral DRGs were dissected promptly,
postfixed (1–1.5 hours) and cryoprotected in 20% sucrose.
Control and experimental tissues were embedded in the same
cryomolds to ensure processing under identical conditions,
covered in optimal cutting temperature compound (Sakura
Finetek USA, Torrance, CA) and frozen in cooled isopentane
(Sigma-Aldrich) prior to storing at�80�C until processing.

Immunofluorescence Histochemistry
The DRG tissues were sectioned serially at 6 lm on a

cryostat and thaw mounted onto cooled ProbeOn Plus slides
(Fisher Scientific, Ottawa, ON, Canada). Immunohistochemis-
try slides were air-dried, washed in PBS (3 � 10 minutes) and
blocked with 10% donkey serum in 0.25% Triton-X in PBS for
1 hour at room temperature. Tissues were incubated with pri-
mary antibody, either rabbit anti-Luman (Misra Laboratory,
University of Saskatchewan, Saskatoon, SK, Canada) diluted
1:400 in 2% donkey serumþ 0.25% Triton X-100) (7, 12, 16),
or rabbit anti-ATF-3 (1:2000, Santa Cruz Biotech, Dallas, TX)
overnight in humidified containers at 4�C. All slides were also
co-incubated with goat anti-LaminB (1:50, Santa Cruz Bio-
tech), a protein localized to the nuclear envelope to allow ac-
curate identification of the nuclear compartment, mouse anti-
glial fibrillary acidic protein ([GFAP]; 1:100, Cell Signaling
Technology [New England Biolabs], Whitby, ON, Canada) or
mouse anti-calcitonin gene-related peptide ([CGRP]; 1:100
Abcam, Cambridge, MA). The following day, slides were
washed in 0.1 M PBS (3 � 10 minutes) and incubated with
Jackson ImmunoResearch (West Grove, PA) secondary anti-
bodies, donkey anti-rabbit Cy3 (1:600), donkey anti-goat
Dylight 488 (1:2000), or Alexa Fluor 488-conjugated donkey
anti-mouse IgG (1:1000) for 1 hour in the dark at room tem-
perature. Slides were washed in 0.1 M PBS (3 � 10 minutes)
and coverslipped with Prolong Gold with 4’, 6-diamidino-2-
phenylindole (DAPI) (Life Technologies) as an additional
means to LaminB to accurately identify the nuclear region.
Additional slides were incubated with the omission of primary
antibody and processed as above as immunofluorescence con-
trols. Specificity of the Luman antibody was assessed via im-
munofluorescence or Western blot analysis with antibody
aliquots pre-absorbed with cell protein isolates from Vero
cells transfected with either Luman or Zhangfei, the latter a
potent and efficient inhibitor of Luman activity (16, 19) that
should not disrupt Luman/anti-Luman interactions (Fig. 1).

Immunofluorescence Quantification and
Analysis

To ensure accurate quantification of the Luman immu-
nofluorescence signal over cytoplasmic and nuclear regions
and allow comparison between groups, the following precau-
tions were taken: (i) each cryomold contained individual L5
DRG ipsilateral and contralateral to lesion for all injury time-
points examined, as well as naı̈ve control ganglia. Mounting
all groups on the same slide ensured processing under identi-
cal conditions and negates the impact of any slide to slide vari-
ance between groups; (ii) digital images were taken under
identical exposure conditions using Northern Eclipse v7.0
software (Empix Imaging, Mississauga, ON, Canada) for all
experimental groups on the same slide. Photomicrographs of
immunofluorescence were taken using Zeiss Axio Imager M.1
fluorescence microscope; (iii) the injury state of all DRG used
in the time course was confirmed by the presence of nuclear
activating transcription factor-3 (ATF-3) (Fig. 1D); (iv) only
neurons with a clearly defined LaminB-positive ring were in-
cluded in the analysis, as this ensures that the neuron was sec-
tioned through its center, allowing for accurate assessment of
cell size and nucleus-associated immunofluorescence. The
corresponding image of the LaminB immunofluorescence for
the neurons being analyzed was opened on the same screen as
the Luman immunofluorescence to allow for this assessment;
and (v) great care was taken when tracing the neuron so as not
to include any immunofluorescence associated with the
Luman-positive perineuronal region, which in naı̈ve neurons
is associated with GFAP-positive satellite glial cells (Fig. 2B).

The intensity of the immunofluorescence signal for cy-
toplasmic and nuclear regions (average gray/micron2) for each
neuron and neuronal diameter were measured using Northern
Eclipse v7.0 software (Empix Imaging) by an evaluator
blinded to the experimental condition. Scatterplots and line
graphs were constructed in GraphPad Prism v5.0 (GraphPad
Software, La Jolla, CA) and statistical significance between
timepoints and conditions were assessed using the Kruskal-
Wallis 1-way ANOVA with Dunn’s post-test analysis or the
Mann-Whitney t-test, with statistical significance at p values
<0.05.

To assess the incidence of CGRP expression in the sub-
population of sensory neurons displaying moderate to high
levels of Luman immunofluorescence, L5 DRG sections from
4 naı̈ve rats were processed for dual Luman/CGRP immuno-
fluorescence. Those neurons with moderate to high levels of
Luman immunofluorescence were then identified in the sec-
tions followed by assessment of whether there was detectable
CGRP immunofluorescence in the same neurons. The inci-
dence of co-expression was then calculated as a percentage 6
SEM along with the incidence of those neurons that are
CGRP-expressing without moderate to high levels of Luman
immunofluorescence and those with moderate to heavy
Luman immunofluorescence and no detectable CGRP.

Western Blot
Proteins were extracted from tissue and cell culture sam-

ples with ice cold radioimmunoprecipitation assay buffer con-
taining protease inhibitor cocktail (Sigma-Aldrich). These
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FIGURE 1. Luman antibody and injury specificity controls. (A) Photomicrographs of L5 dorsal root ganglion (DRG) (6-lm
sections) processed for immunofluorescence detect Luman protein with anti-Luman rabbit serum (left) and anti-Luman absorbed
with cell protein isolates from Luman-transfected Vero cells. Scale bar ¼ 160 lm. Note: Absorption of anti-Luman abolishes
immunofluorescence staining. (B) Western blot analysis of anti-Luman rabbit serum-treated membrane of electrophoresed
protein extracts from Vero cells transfected with Luman (lane 2) or Zhangfei (lane 3). Molecular weight marker (lane 1). Note: In
the Luman-transfected cell extract, anti-Luman recognizes a single band of approximately 60 kDa, the suspected molecular
weight of unprocessed Luman, while unable to detect any identifiable antigen in the Zhangfei-transfected cell extract at its
expected molecular weight of approximately 30 kDa. (C) Western blot analysis of protein extracts from naı̈ve L4 and L5 DRG
(lane 2). Molecular weight marker (lane 1) Note: Anti-Luman recognizes unprocessed full-length Luman (Fl) at approximately 60
kDa and 2 additional faint bands of approximately 40 and 15 kDa, the predicted molecular weights of Luman protein
cleavage products (Cl). (D) L5 DRG sections (6 lm) processed to detect injury-associated ATF-3 protein in DRG sections
ipsilateral to 1-hour, 1-day, 2-day, 4-day, and 1-week L4–L6 spinal nerve transection or naı̈ve controls. Scale bar ¼ 150 lm.
Injury state is confirmed by presence of nuclear ATF-3 immunofluorescence, detectable by 1-day post-injury. (E) To accurately
delineate cytoplasmic and nuclear compartments, all tissue was dually processed for Luman (red) and LaminB (green)
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samples included L4–L6 DRG from naı̈ve animals and Vero
cells grown in culture. For Luman antibody specificity con-
trols, Vero cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA), with 10% new-
born calf serum, 100 unit/mL penicillin, and 100 mg/mL strep-
tomycin at 37�C in a humidified incubator with 5% CO2. The
day prior to transfection, Vero cells were seeded into 6-well
plates at a density of 5 � 105cells/collagen-coated well. Cells
were transfected with 1 lg of pcDNA3.1, pcLuman or
pcZhangfei, using Lipofectamine (Fisher Scientific) in 6-well
plates as per the manufacturer’s instructions.

Twenty micrograms of DRG or Vero cell extracts were
electrophoresed on a 10% or 12% SDS polyacrylamide gels,
respectively, along with a protein molecular size marker (LI-
COR Biosciences, Lincoln, NE) and then transferred onto a
polyvinylidene fluoride membrane (Bio-Rad Laboratories,

Ltd, Mississauga, ON, Canada) by semidry electroblotting
for 15 minutes in cold transfer buffer (25 mM Tris, 192 mM
Glycine, 20% methanol) at 15 V using a Bio-Rad Trans-Blot
apparatus. Membranes were blocked with blocking buffer
(LI-COR Biosciences) at room temperature for 1 hour.
Membranes were then incubated with primary antibodies
(Luman 1:4000) in LI-COR Odyssey blocking buffer with
0.1% Tween 20 overnight at 4�C, followed by incubation
with Goat anti-Rabbit LI-COR IRDye 680 (1:10 000, LI-
COR Biosciences) secondary antibodies for 1 hour at room
temperature. Proteins were visualized by the Odyssey Infra-
red Imaging System (LI-COR Biosciences). Mouse anti-
GAPDH (1:10 000) was used to detect GAPDH loading con-
trol. Membranes were then rinsed in distilled water and
scanned on the Li-Cor Odyssey 9120 infrared scanning sys-
tem (LI-COR Biosciences).

FIGURE 1. Continued
immunofluorescence, the latter recognizing the nuclear envelope. Only neurons with a clearly defined LaminB ring were
analyzed (examples-*), as they identify cells sectioned through their center with clear cytoplasmic and nuclear compartments;
those without defined rings were not (examples-x). Scale bar ¼ 75 lm.

FIGURE 2. Characterization of Luman immunofluorescence in dorsal root ganglion (DRG). (A) Representative image of a L5 DRG
section from a naı̈ve rat processed for dual immunofluorescence to examine incidence of moderate to high Luman
immunofluorescence signal (1) in calcitonin gene-related peptide (CGRP)-positive neurons. Note that the majority of neurons
with moderate to heavy Luman immunofluorescence (þ) have detectable levels of CGRP, with only the rare Luman neuron not
expressing detectable CGRP (þ/�) or the rare CGRP-positive neuron not expressing moderate to high levels of Luman
immunofluorescence (�/þ). Scale bar ¼ 25 lm. (B) Representative image of a L5 DRG section from a naı̈ve rat processed for
dual immunofluorescence to examine Luman expression in glial fibrillary acidic protein (GFAP)-positive perineuronal satellite
glial cells. Note the colocalization of these 2 markers in the perineuronal cells of neurons identified with red asterisk. Scale bar
¼ 25 lm.
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In Situ Hybridization
Oligodeoxyribonucleotide (OligoDNA) 48 mer probes

were synthesized complementary to and selective for Luman
mRNA (50-TATCTCAATCACCATGGCTTGA AGCTTCCT
CAGTTGATCTAGAAGGGA-30) (University of Calgary
DNA Services, Calgary, AB, Canada). All cDNA regions used
were checked against the GenBank database (NIH, at the In-
ternet site: www.ncbi.nlm. nih.gov); no greater than 60% ho-
mology was found to sequences other than the selected
transcript. Labeling of probe with 35S-dATP (Perkin Elmer,
Waltham, MA) and terminal transferase enzyme (Amersham,
Canada) was performed in a terminal transferase buffer, con-
taining sodium cacodylate 500 mM, CoCl2 (pH 7.2) 10 mM,
mercaptoethanol 1 mM, for 1.5–2 hours at 37�C. The reaction
was halted with 500 lL, 0.1 M Tris HCl (pH 8.0), after which
the probe was purified through a NENSORB-20 column (New
England Nuclear, Boston, MA), and dithiothreitol added to a
final concentration of 10 mM. The radioactivity was measured
and the labeled probe was stored at 4�C.

All steps were performed under RNase free conditions.
The slides were air-dried and postfixed in 4% PF (20 minutes),
washed in PBS (3 � 5 minutes), treated with proteinase K at
37�C (20 lg/mL; 7–8 minutes), rinsed in PBS (5 minutes),
fixed in 4% PF (5 minutes), rinsed in PBS (2 � 5 minutes),
rinsed in diethyl pyrocarbonate (0.1%) –H2O (5 minutes), and
dehydrated in increasing ethanol concentrations (70%, 90%,
100%; approximately 1 minute in each). Sections were hybrid-
ized with radiolabeled probe at a concentration of 107 cpm/
mL in a hybridization solution consisting of 50% formamide,
4� saline sodium citrate ([SSC]; 1 � SSC ¼ 0.15 M NaCl,
0.015 M sodium citrate), 1 � Denhardt’s solution (0.02% bo-
vine serum albumin [BSA], 0.02% Ficoll and 0.02% polyvi-
nylpyrrolidone), 10% dextran sulfate, 0.5 mg/mL salmon
sperm DNA, 1% sarcosyl and 0.2 M dithiothreitol. Hybridiza-
tion with approximately 100 lL hybridization solution/slide
was conducted overnight at 43�C in air-sealed, humidified
chambers to prevent evaporation. Following hybridization, the
slides were washed in 1 � SSC (4� 15 minutes, 55�C, and an
additional 30 minutes, room temperature), dipped twice in dis-
tilled water, dehydrated in ascending ethanols, and air-dried.
Slides were dipped in Kodak NTB2 photo emulsion (diluted
1:1 in distilled water, Kodak Canada, Toronto, ON, Canada)
to generate autoradiograms. After 4–8 weeks exposure, the
slides were developed in Kodak D19 (3–5 minutes), rinsed in
water, fixed in Kodak rapid fix (5 minutes), and rinsed in wa-
ter (20 minutes). For darkfield viewing and photography, the
slides were left unstained, whereas slides for brightfield exam-
ination were counterstained with 0.5% toluidine blue (in an ac-
etate buffer; pH 4–4.5), and mounted with Permount (Fisher
Scientific) and a coverslip. The specificity of hybridization
signal for the individual probes was determined by hybridiza-
tion of adjacent 6-lm sections with labeled probe with the ad-
dition of either 1000-fold excess corresponding unlabeled
probe, which abolished the signal, or 1000-fold excess of a
dissimilar unlabeled probe of the same length and similar GC
content, which left the signal unchanged from that observed
with labeled probe alone. Luman oligonucleotide probe spe-
cificity controls were previously published (24).

Quantitative Real-Time Polymerase Chain
Reaction

L4 DRG ipsilateral and contralateral to injury and naı̈ve
control L4 DRG were collected in RNAlater (Sigma-Aldrich)
(1 DRG per tube containing 500 lL) and stored at �80�C.
RNA was extracted from each DRG (n ¼ 3 rats/condition/
timepoint) using the Qiagen RNeasy Mini Plus kit (Qiagen,
Mississauga, ON, Canada) as per manufacturer’s instructions;
RNA concentration was determined using Life Technologies
Qubit RNA HS Assay Kit and Qubit 3.0 Fluorometer as per
manufacturer’s instructions. Isolated RNA was then reverse-
transcribed to cDNA using Qiagen QuantiTect Reverse Tran-
scription Kit (Qiagen). Luman qPCR was performed using
Agilent Stratagene MX3005P and Qiagen QuantiFast SYBR
Green PCR Kit. Luman qPCR primers were as follows: 50-
TGTGCCCGCTGAGTATGTTG-30 and 50-AGAAGGTCG-
GAGCCTGAGAA-30 (24). Data were analyzed using the
DDCt method in Microsoft Excel and 2-tailed p values were
calculated using the unpaired t-test; p value less than 0.05 was
considered significant. All qRT-PCRs satisfied MIQE guide-
lines. Rictor and ANKRD27 served as normalizers as per
Gambarotta et al (25).

Adult DRG Culture and Axon Outgrowth Assay
Quantification

Naı̈ve, 2-day, 4-day, or 1-week L4–L6 spinal nerve in-
jured rats were deeply anesthetized and killed, followed by re-
moval of L4–L6 DRGs. DRG trimmed of their rootlets were
treated with 0.25% collagenase for 1 hour (37�C), dissociated
with 2.5% trypsin for 30 minutes (37�C). Neurons were further
purified by placing on the top of a 3-mL 15% BSA solution
and then spun at 850 rpm for 20 minutes at 4�C before count-
ing and plating dissociated neurons on laminin- (1 lg/mL) and
poly-D-lysine-coated (25 lg/mL) coverslips at 5000 cells/cov-
erslip/well in 6-well plates (BD Biosciences, San Jose, CA) in
Dulbecco’s Modified Eagle Medium (Sigma-Aldrich). Cyto-
sine b-D-arabinofuranoside (10 lM, Sigma-Aldrich) was
added to inhibit nonneuronal cell proliferation.

After 24 hours, the cultures were immunostained with
anti-bIII-tubulin to assess total axon/neurite length/neuron.
Briefly, the culture coverslips were washed with PBS, fixed
for 30 minutes in 2% paraformaldehyde, blocked for 1 hour at
room temperature with Sea Block (ThermoFisher Scientific),
then incubated in primary antibody mouse anti-bIII-tubulin
(1:800, Millipore, Temecula, CA) in 10% Sea Block, 0.1% tri-
ton in 0.01 PBS overnight at 4�C. The next day, the coverslips
were washed and incubated in Donkey anti-mouse AlexaFluor
594 (1:1000; Abcam, Cambridge, MA) to visualize bIII-tubu-
lin immunopositive neurons and their neurite outgrowth.

Total axon/neurite length/neuron (identified by bIII im-
munofluorescence) was calculated for all neurons in each of
approximately 70–80 random fields per experimental time-
point for each of the 3 experimental time courses/replicates,
resulting in 200–250 neurons being analyzed per experimental
timepoint. For quantitative analysis of axon outgrowth in each
experimental group, random fields were digitally photo-
graphed using a Zeiss Axioskop microscope using the 20� ob-
jective. Axon outgrowth analysis was carried out using
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Neurobin (Northern Eclipse, Empix Imaging). The Kruskal-
Wallis nonparametric ANOVA test (Prism, GraphPad Soft-
ware, La Jolla, CA) was used to compare the mean axon
length for each treatment group with Dunn’s post-test analysis.
Statistical significance was accepted at p< 0.05 level.

RESULTS
The specificity of the anti-Luman antibody was assessed

immunohistochemically on DRG tissue sections incubated with
anti-Luman or anti-Luman serum absorbed with cell protein
isolates from Luman-transfected Vero cells (Fig. 1A). Absorp-
tion of the antibody resulted in near elimination of immunofluo-
rescence staining as compared to tissue samples processed with
anti-Luman alone. Western blot analysis further characterized
the anti-serum specificity. Membranes of electrophoresed
lysates of cells transfected with Luman (Fig. 1B, lane 2) or
Zhangfei (Fig. 1B, lane 3) were incubated with anti-Luman se-
rum. In the Luman-transfected Vero cell extract, anti-Luman
recognized a single band of approximately 60 kDa, the pre-
dicted molecular weight of unprocessed Luman, while unable
to detect any identifiable antigen in the Zhangfei-transfected
cell extract at the expected MW of approximately 30 kDa. In
protein extract from naı̈ve DRG, Luman anti-serum also recog-
nized the unprocessed/full-length form of Luman and low levels
of 2 additional bands in rat DRG extract of approximately 40
and 15 kDa, the predicted molecular weights of Luman protein
cleavage products (Fig. 1C).

Prior to conducting the Luman spatio-temporal analysis,
the injury state of the DRG tissue was confirmed in 2 ways: vi-
sually at the time of dissection, and by the upregulation and
nuclear localization of ATF-3, detectable in the nuclei of DRG
neurons injured for 1 day or longer (26, 27). All injured DRG
met these criteria and thus could be included in the analysis
(Fig. 1D). Furthermore, as the unstable catalytic domain of
Luman is cleaved and translocates to the nucleus in response
to stress events, the nuclear envelope protein LaminB was
used to delineate the nuclear region to allow for quantification
of alterations in Luman localization to this cellular compart-
ment. Only neurons with complete and distinct rings of Lam-
inB staining around the nucleus were analyzed. This assures
that the neuron was sectioned through its center and allows for
both accurate determination of neuron size and maximal visu-
alization of the nucleoplasm (Fig. 1E). Nuclear DAPI staining
was also used to confirm presence of nucleoplasm. Finally, to
ensure accurate and reliable assessment of relative changes in
Luman immunofluorescence signal from 1 experimental con-
dition to the next, the cryomolds to be sectioned contained 1
DRG from each experimental group analyzed. This allows for
all experimental conditions to be represented on the same slide
and processed for immunofluorescence in an identical manner,
negating any potential slide to slide variance in immunofluo-
rescence levels.

Characterization of Luman Expression in Naı̈ve
DRG

While some level of Luman immunofluorescence/
expression is detectable in all sensory neurons, the population

of naı̈ve sensory neurons with moderate to high levels is pri-
marily small to medium in size, with the occasional large-size
neuron (Figs. 1 and 2). This is the size distribution for nocicep-
tive neurons and is most consistent with the nerve growth
factor (NGF)-responsive subpopulation of nociceptors, which
is best characterized by its expression of the nociceptor-
associated neuropeptide CGRP (28, 29). Thus, the incidence
of CGRP co-expression was examined in the subpopulation of
naı̈ve sensory neurons displaying moderate to high Luman im-
munofluorescence. Neurons displaying moderate to high lev-
els of Luman immunofluorescence were first identified in
sections of L5 DRG from 4 naı̈ve animals that had been proc-
essed for dual Luman/CGRP immunofluorescence (Fig. 2A).
The incidence of Luman/CGRP co-expression was deter-
mined, followed by assessment of how many neurons with de-
tectable CGRP did not express moderate to high levels of
Luman immunofluorescence. A high incidence of CGRP co-
expression was found in neurons with moderate to high
Luman immunofluorescence (90.71% 6 2.54% [SEM] of sen-
sory neurons). This population represents 95.76% 6 2.76%
(SEM) of CGRP-positive neurons detected. Thus, the NGF-
responsive, CGRP-expressing subpopulation of primary sen-
sory neurons displayed moderate to high levels of Luman im-
munofluorescence, suggesting a potential role for Luman in
nociception.

To determine whether the rings of bright Luman immu-
nofluorescence observed in the perineuronal region localized
to satellite glial cells, additional sections of naı̈ve tissue were
dually processed for Luman and GFAP, a phenotypic marker
of this cell population. Qualitative examination of the result-
ing co-expression revealed that the bright rings of perineuro-
nal Luman immunofluorescence colocalized with GFAP
(Fig. 2B) in the 4 animals examined, supporting that this sub-
population of satellite glial cell does indeed express Luman. It
also highlights the importance of not including this region
when determining the level of neuronal Luman immunofluo-
rescence signal.

Axotomy Induces Biphasic Changes in Luman
Expression and Nuclear Localization in Injured
Sensory Neurons

Distinct transcriptional phases in the response of sensory
neurons to nerve injury have recently been described in (23).
This made us posit that Luman, in its role in sensing perturba-
tions in the homeostatic state of sensory neurons, might be
regulated in a manner that reflects these nerve injury-
associated phasic transitions. The effect of nerve transection
on Luman expression in sensory neuron was investigated by
axotomizing the sciatic nerve of male Wistar rats at the level
of the L4–L6 spinal nerves to assure complete transection of
virtually all axons within the ganglion. In situ hybridization,
RT-qPCR and immunofluorescence were used to assess altera-
tions at the transcript and protein levels. Luman immunofluo-
rescence levels in naı̈ve ganglia were higher in small-medium
diameter neurons and the occasional large-size neuron with
low-moderate nuclear staining in a small fraction of these cells
(Fig. 2A).
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FIGURE 3. Unilateral peripheral nerve injury alters Luman levels detected in axotomized ipsilateral dorsal root ganglion (DRG)
neurons. Left Column: Representative immunofluorescence photomicrographs of L5 DRG sections (6 lm) detecting Luman
protein in DRG ipsilateral to L4-L6 spinal nerve transection rats were at 1-hour, 1-day, 2-day, 4-day and 1-week post-injury. Scale
bar ¼ 50 lm. Naı̈ve animals served as controls. Sections shown were all mounted on the same slide to ensure processing under
identical conditions and are those for which the quantification is shown Right column: Representative scatterplots depicting
relative changes in Luman immunofluorescence signal over individual neuronal cytoplasmic and nuclear regions as related to
neuron size. Experimental states as indicated. Dashed lines divide the plots into low versus moderate to heavily labeled
populations (n ¼ 181–206 neurons analyzed per condition/animal). A total of 3 separate animals were analyzed in this manner
per condition.
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At 1-day post-axotomy, neurons ipsilateral to lesion had
higher levels of Luman immunofluorescence (Figs. 3 and 4)
and mRNA (Fig. 6) compared to naı̈ve controls with visible
translocation of Luman immunofluorescence to the nuclei of
small neurons. The first peak in Luman immunofluorescence
signal was observed at 2-day post-injury, when high cytoplas-
mic and nuclear immunoreactivity was clearly evident in the
subset of small- and medium-sized neurons, with larger neu-
rons demonstrating only slightly increased levels over naı̈ve
controls (Figs. 3 and 4); increases in transcript levels were also
found to be significantly different from naı̈ve at this timepoint
(Fig. 6). Qualitatively, parallel changes in nuclear Luman im-
munofluorescence levels (confirmed by DAPI and LaminB
staining) in the perineuronal regions were also observed.

By 4-day post-injury, dramatically decreased Luman im-
munofluorescence signal was observed across all size ranges
of neurons with only a few neurons appearing to be moderately
labeled. The decreased levels at this timepoint were similar to
those obtained in the naı̈ve state for both cytoplasmic and nu-
clear compartments (Figs. 3 and 4). In contrast, Luman mRNA
remained higher than naı̈ve controls in DRG ipsilateral to 4-
day spinal nerve lesion (Fig. 6). Thus, the decrease in immuno-
fluorescence observed at 4 days is likely attributable to regula-
tion at the post-transcriptional level. In contrast, by 1-week
post-injury, a second peak in Luman immunofluorescence was

observed. This time, however, the elevated expression was not
restricted to the small- to medium-size neurons. Instead, the el-
evated immunofluorescence signal was evident in neurons
across all size ranges of neurons (Figs. 3 and 4). These obser-
vations suggest that as result of injury, ER stress may be ini-
tially higher in small to medium size, presumably nociceptive
neurons, then decrease and rise for a second time after 4-day
injury to higher levels in all size ranges of neurons, including
the larger-sized neurons with presumed proprioceptive and/or
mechanoreceptive functions.

Unilateral Axotomy Affects Contralateral Luman
Expression and Localization

How broadly the injury response is communicated is
still a subject of debate. Unilateral axotomy has been docu-
mented to result in altered protein expression on the unin-
jured/contralateral side (30–32). But whether the stress of
injury is reflected in altered Luman expression in uninjured
contralateral neurons has yet to be investigated. We found
that unilateral sciatic L4–L6 spinal nerve injury resulted in
changes in Luman immunofluorescence signal and nuclear
localization in DRG contralateral to injury that were rapid,
biphasic, and largely paralleled that which was observed in
the DRG ipsilateral to injury, albeit at lower levels (Figs. 3–

FIGURE 4. Peripheral unilateral axotomy results in bilateral biphasic alterations in Luman protein immunoreactivity in both
injured and contralateral uninjured dorsal root ganglion (DRG) neurons. Summary line graphs of alterations in the mean þ SEM.
cytoplasmic (A, blue) and nuclear (B, black) Luman immunofluorescence intensity levels as normalized to the mean naı̈ve control
value on the same slide. Data were subdivided into that observed in small- and medium-sized (<35 lm, column 1) and medium-
and large-sized (>35 lm, column 2) DRG neurons ipsilateral (injured—solid line) and contralateral (uninjured—dashed line) to
injury at timepoints as indicated (n ¼ 181–206 neurons analyzed per timepoint per animal analyzed), with 3 rats/experimental
condition assessed for each data point. ***p < 0.001 ANOVA with Dunn’s post-test analysis for change relative to previous
timepoint. Note: relative changes in nuclear localization parallel those observed for the cytoplasmic staining.
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FIGURE 5. Unilateral peripheral nerve injury alters Luman protein levels in uninjured dorsal root ganglion (DRG) neurons
contralateral to injury. Left Column: Representative photomicrographs of L5 DRG sections (6 lm) processed for
immunofluorescence to detect Luman protein in DRG contralateral to 1-hour, 1-day, 2-day, 4-day and 1-week injury. Sections
shown were all mounted on the same slide to ensure processing under identical conditions and are those for which the
quantification is shown. Scale bar = 50 lm. Naı̈ve animals served as controls. Right Column: Representative scatterplots depicting
relative changes in Luman immunofluorescence signal over neuronal cytoplasmic and nuclear regions as related to neuron size.
Experimental states as indicated. Dashed lines divide the plots into low versus moderate to heavily labeled populations (n ¼ 181–
204 neurons analyzed per animal per condition). A total of 3 separate animals were analyzed in this manner per condition.
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5). While the first peak in Luman immunofluorescence in
DRG neurons ipsilateral to lesion occurred at 2-day post-
lesion, the first peak in Luman expression was evident at
the 1-hour timepoint in DRG neurons contralateral to injury,
with elevated neuronal cytoplasmic and nuclear levels
detected. In addition, there appeared to be elevated Luman
immunofluorescence in the nuclei of perineuronal cells at
this early timepoint. This heightened expression pattern was
still evident at 1 day (Figs. 4 and 5). By 2 days, a slight de-
cline in Luman levels was discernible. Once again, signifi-
cantly lower levels found in the 4-day-injured DRGs, with
levels reduced to those observed in naı̈ve neurons (Figs. 4
and 5). However, unlike the ganglia ipsilateral to lesion, the
Luman detected in the perineuronal cell (presumably satel-
lite glial cell) nuclei at 4-day post-injury were still quite ele-
vated, albeit lower than at the first peak 1-hour post-injury
(Fig. 5). These changes in immunofluorescence were not
mirrored by similar changes in mRNA expression, as only
small insignificant variances in expression were detected us-
ing both in situ hybridization and RT-qPCR approaches.
While this suggests that the contralateral increases or reduc-
tions in expression post-injury might be through protein sta-
bility or increased or decreased translation, 1 cannot rule out
impacts on mRNA stability or translational efficiency
(Fig. 6).

Luman Levels Are Not Discernibly Altered by
Sham Surgery

Because there is a robust increase in Luman detected in
the nuclei and cytoplasm of neurons and perineuronal cells in
contralateral ganglia across all size ranges of neurons, we had
to ascertain whether the contralateral changes in expression
were due to systemic stress response associated with the surgi-
cal exposure or the actual spinal nerve lesions. Thus, sham sur-
geries were performed and qualitatively assessed at each
timepoint for alteration Luman expression and localization in
L4, 5 DRG ipsilateral or contralateral to the surgical exposure
site. Qualitative analysis of ipsilateral or contralateral L5
DRG sections processed for Luman immunofluorescence (n¼
3 animals/timepoint) did not reveal any discernible changes
relative to naı̈ve controls, suggesting that the changes ob-
served in the axotomy time course were due to the nerve injury
imposed and not the surgical stress state (Supplementary Data
Fig. S1).

The Intrinsic Axon Growth Capacity of Sensory
Neurons Ipsilateral and Contralateral to a
Conditioning Injury Is Temporally Altered

In vitro growth assays are an effective way to evaluate
how in vivo experimental conditions alter the intrinsic axonal/
neurite growth capacity of adult sensory neurons (12, 33, 34).
If conducted acutely, the assay reflects the growth state of the
neurons at the time of culturing. Smith and Skene noted that a
transition occurs after 24 hours in vitro whereby dissociated
naı̈ve neurons begin to switch their form of axon growth from
an arborized toward an elongating form of growth (33). For
this reason, all growth assay experiments in our study were

terminated at 24 hours, allowing for sufficient outgrowth from
the neurons without having to factor in culturing-induced
alterations in growth competence.

Quantitative and qualitative evaluation of the intrinsic
growth competence of 2-day, 4-day, or 1-week injury-conditioned
neurons revealed that 2-day injury-conditioned neurons exhibited
the highest level of 24-hour axon/neurite outgrowth; this was sig-
nificantly greater than naı̈ve and the 2 other injury timepoints ex-
amined (Fig. 7). This peak in outgrowth corresponds with the first
peak in Luman cytoplasmic and nuclear immunofluorescence ob-
served in the injured neurons (Figs. 3 and 4). There was signifi-
cantly reduced axonal outgrowth in the 4-day injury-conditioned
neurons relative to the 2-day timepoint (Fig. 7) and this correlates
with the dramatic decline in Luman levels observed (Figs. 3 and
4). However, this level of intrinsic outgrowth did not increase sig-
nificantly beyond that of the 4-day injury in the 1-week injury-
conditioned neurons, despite significantly increased Luman ex-
pression and nuclear localization equivalent to levels seen in the 2-
day-injured neurons (Figs. 3 and 4).

We next examined whether the altered Luman expres-
sion and nuclear localization observed in contralateral unin-
jured L4–L6 DRG neurons correlated with alterations in
intrinsic axon/neurite growth capacity and found that neither
the 2-day nor the 4-day contralateral neurons exhibited a simi-
lar form and extent of outgrowth as that seen in naı̈ve neurons
(Fig. 7). However, 1-week-prior injury of sensory neurons
resulted in significantly longer growth relative to naı̈ve in the
L4–L6 uninjured contralateral DRG neurons (Fig. 7). Qualita-
tively, this outgrowth was predominantly of the elongating
and not the arborized form, which is notable because the pre-
dominantly elongating form of growth had only been de-
scribed for the injury-conditioned neurons in the Smith and
Skene study (33). In that study, the controls were always naı̈ve
neurons and not the uninjured contralateral neurons.

DISCUSSION
Our previous studies revealed that axotomy results in

early increases in axonal Luman synthesis, cleavage and the
retrograde transport of the activated Luman signal back to the
cell body. There it serves as a critical early retrograde injury
signal regulating the intrinsic ability of 1-day-injured sensory
neurons to regenerate an axon through the regulation of the
UPR and cholesterol biosynthesis (7, 12). Extended temporal
analysis of the axotomy response in this study reveals clear bi-
phasic changes in Luman cytoplasmic immunofluorescence
and nuclear localization at the neuronal and perineuronal cell
levels, both ipsilateral and contralateral to injury. This sug-
gests that in addition to axonal ER-associated Luman
“sensing” the injured state and encoding a retrograde signal,
alterations in neuronal and perineuronal Luman expression
likely serve as part of an adaptive response that may help miti-
gate regeneration-associated ER stress or UPR challenges and
promote regenerative growth during the distinct regeneration
phases.

A notable finding was that there is a potential role for
Luman in the cell body response of DRG neurons associated
with early, acute and chronic phases of axotomy. This injury
response is also sensed in a largely parallel albeit lesser man-
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FIGURE 6. Unilateral peripheral axotomy alters Luman mRNA expression in dorsal root ganglion (DRG) neurons ipsilateral to
injury. Representative darkfield photomicrographs of L5 DRG sections (6 lm) or DRG processed for radioisotopic in situ
hybridization or qRT-PCR (graph insert), respectively, to visualize and quantify alterations in Luman transcript expression relative
to naı̈ve in ipsilateral-injured and contralateral-uninjured DRG. Ipsilateral (left column) and contralateral (right column) DRG
sections are from DRG 1-hour, 1-day, 2-day, 4-day, and 1-week post-injury as indicated. Top left: Naı̈ve animals served as
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ner contralateral to injury, showing that the distinct transcrip-
tional phases observed in the injured neurons must have also
parallel systemic influences. Because the impact of injury on
Luman levels in neurons contralateral to injury was not
observed in sham animals, this supports that surgical stress un-
likely contributed to the altered contralateral expression;
rather, it is a response to the injury. Beyond the phasic altera-
tions in Luman expression, we also discovered that the intrin-
sic capacity for sensory neurons to grow an axon/neurite
changes temporally after injury. Because this intrinsic plastic-
ity is maximal for the 2-day injury-conditioned neurons, this
may be an optimal time for surgical repair however this
remains to be determined. Surprisingly, we also found a signif-
icantly increased capacity for axonal/neurite growth in unin-
jured neurons contralateral to 1-week injury to grow, with
qualitative assessment of this mode of growth being more con-
sistent with that normally observed in injured neurons. These
are significant findings, as they reveal that axotomy has sys-
temic impacts that are phase-specific and extend beyond the
affected injured neuron.

Luman Expression in Sensory Neurons and Its
Role in the Nerve Injury Response

Luman is a known regulator of the UPR (20, 35), a role
recently extended to injured sensory neurons and 1 that has
been linked to the intrinsic ability of an injured axon to regrow
(7). Furthermore, this association with ER stress is the likely
explanation for the robust changes in expression observed in
injured neurons. Peripheral nerve damage causes a phenotypic
shift in sensory neurons from a “transmitting” cell to one of
“regeneration” with a goal of producing new fibers and growth
back to previously innervated areas (36). Sensory neurons
upregulate a myriad of regeneration-associated genes critical
to axon growth, including other transcription factors such as
ATF-3 (26, 27) or c-Jun (37), as well as growth-associated
proteins (34, 38). This cell body response causes a significant
protein burden to the cell and evidence suggests that proper
protein processing, ER stress, and the UPR are critical espe-
cially during regenerative growth. Studies show a correlation
between PNS disease states and elevated levels of ER stress
markers. For example, damage to sciatic nerves increased ex-
pression of the chaperone protein GRP78/BiP in the soma of
non-degenerating neurons and the transcription factors XBP1s
and ATF4 in degenerating motoneurons (5, 39). There are also
reports of peripheral nerve damage upregulating other chaper-
one proteins and ER foldases, types of chaperones that assist
in protein folding (40–42). Our lab described how injury leads
to upregulation of DRG cell body and axonal localized UPR
elements including GRP78/BiP and CHOP, which are retro-
gradely transported to the soma of injured DRG neurons (7).

However, the need for a coordinated and controlled UPR/ER
stress response for axon regeneration had not been proven.
With a sciatic nerve injury model, Onate et al (8) found that
ablation of the ER stress regulator XBP1, but not ATF4,
delayed motor recovery, decreased macrophage recruitment
and reduced myelin removal and axonal regeneration. Con-
versely, they found that transgenic mice overexpressing XBP1
have enhanced regenerative capacity after nerve crush
injuries. These data provide evidence that certain aspects of
the UPR are necessary for the injury/cell body response of sen-
sory neurons. Our findings with respect to Luman support the
theory that the Luman may serve to mitigate ER stress.
Whether expression of UPR markers undergo a parallel bi-
phasic response to injury as Luman is the focus of current
investigation.

Prior to injury, Luman is expressed predominantly in
small- to medium-size neurons associated with nociceptive
function, reported here and previously (43). The greatest ini-
tial rise in Luman expression post-injury 2-day post-axotomy
occurs in this subpopulation of injured neurons (Figs 3 and 4).
This subpopulation is highly metabolically active with regards
to glucose metabolism (44) and growth potential, having high
baseline expression of growth-associated proteins (45). The
plasticity-associated protein brain-derived neurotrophic factor
(BDNF) is also highly expressed in this subpopulation in the
intact state. Like Luman, its expression increases early post-
injury in this subpopulation, where we have shown it plays a
critical role in the induction of the regeneration response in
sensory neurons (34, 46). It is not surprising that Luman is
expressed at high levels early after injury as it too has been
linked to early axon outgrowth (7, 12) and evidence suggests
that small- and medium-sized sensory neurons are more
primed for growth compared to larger neurons (47). The initial
rise in Luman in this subpopulation also infers that they likely
face a greater amount of ER stress as they transition more rap-
idly to a growth state. We also identified that the highest in-
trinsic capacity of the injured neuron for axonal growth
appears to be shortly after injury (2 days), supporting that re-
pair strategies may be bolstered if done at this early timepoint.

Prolonged peripheral nerve injury has been shown to ef-
fect a phenotypic switch in DRG sensory neurons. For exam-
ple, the initial increases in BDNF are most evident in small- to
medium-size neurons early after injury. BDNF expression
then declines in this subpopulation and by 1-week post-injury
there is increased expression in large-size neurons (46, 48,
49). The temporal biphasic response to injury with respect to
Luman expression, peaking 2 days after injury in the small- to
medium-size neurons, then falling across all size ranges by 4
days and rising again in all size ranges by 1 week, supports the
existence of distinct phases to the injury response. Indeed,
there are multiple transcriptional phases that take place as a

FIGURE 6. Continued
controls (n ¼ 3 animals analyzed/timepoint). Scale bar ¼ 100 lm. Graph insert: qRT-PCR analysis of Luman mRNA from injured
DRG and contralateral uninjured DRG relative to naı̈ve controls (n ¼ 3 experimental replicates/timepoint). Note: The rise in
transcript levels observed in injured DRG reached significance at 2-day post-injury and remained unchanged (p < 0.03). The
relative increase in Luman mRNA levels in DRG neuron cell bodies ipsilateral to injury is also observed using in situ hybridization.
No significant change in Luman mRNA levels was observed in DRG contralateral to injury using either approach.
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FIGURE 7. Assay reveals phasic injury-associated changes in intrinsic axonal/neurite growth capacity in injury-conditioned and
uninjured contralateral sensory neurons. Fluorescence photomicrographs depicting bIII-tubulin-immunopositive staining in
naı̈ve, ipsilateral injury-conditioned (left column) and contralateral uninjured (right column) L4–L6 dorsal root ganglion (DRG)
neurons assayed for 24 hours on laminin and poly-L-lysine coated coverslips (timepoints as indicated). Scale bar ¼ 50 lm. Graph
insert (upper right) summarizing the mean (6 SEM) total axon/neurite length per neuron relative to naı̈ve from DRG ipsilateral or
contralateral to injury at timepoints as indicated (n ¼ 200–250 neurons analyzed/timepoint from 3 separate time courses). Note:
intrinsic axon/neurite outgrowth capacity increases significantly (***p < 0.001) following injury with peak outgrowth observed in
the 2-day injury group, which qualitatively exhibits both highly arborized and elongating forms of growth, versus the 4- and 7-
day injury-conditioned neurons that qualitatively exhibit predominantly the elongating form of outgrowth. In the uninjured
contralateral DRG neurons, significantly increased outgrowth is only observed in the contralateral to 1-week injury group and is
qualitatively of the predominantly elongating form normally associated with injury-conditioned neurons.
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homeostatic DRG neuron transitions to a regenerating one
(50, 51). A recent study used cDNA microarray analysis to
identify the different genes expressed by DRG neurons after
sciatic nerve transection overtime (23). The expressed genes
belong to multiple biological processing including the detec-
tion of stimulus, signal transduction, the response to stimulus,
transcription mechanics, regeneration and growth, and various
others. Interestingly, they found 3 distinct transcriptional
phases throughout the injury time course where the upregula-
tion or downregulation of genes serve a common purpose.
These phases included: (i) the “stress-response” phase occur-
ring at 0.5–6 hours post-injury, which was enriched with tran-
scription events associated with detection of stimulus and
signal transduction; (ii) the “pre-regeneration phase” at ap-
proximately 9 hours to 1 day corresponded to increased regu-
lation of DNA replication and transcription and elevated
molecular functions such as “transcription factor activity”;
and (iii) a “regeneration phase” beginning at 4 days showed
processes related to cell proliferation, growth, and growth fac-
tor activity. The groups’ molecular function analysis showed a
multiphasic trend with regards to transcription factor activity
post-injury with a peak during the early phase (approximately
9-hour mark) and a marked decrease at the 4-day timepoint,
the transition point from a “pre-regeneration” to a regeneration
phase, and a gradual increase thereafter. This trend shows a
close similarity to the finding with Luman as levels are signifi-
cantly shutdown in both the ipsilateral and contralateral neu-
rons at 4 days, then increase at the 1-week point.

What drives the dramatic downregulation in Luman ex-
pression at 4 days, especially in light of no discernible decline
in mRNA expression, is not yet known. However, the Luman
protein transactivation domain is very unstable upon cleavage,
being rapidly degraded and usually only readily visualized
in vitro with the use of protease inhibitors (14). Recently, the
Jun activation domain-binding protein 1 (JAB1) was identified
as a specific inhibitor of Luman. It acts by increasing Luamn’s
degradation (52), which builds an argument that the primary
regulatory mechanism for Luman protein expression occurs at
the protein level. Thus, at 4 days, the possibility exists that
there is elevation of its degradation, a cellular event that needs
to be examined. Regardless, the temporal pattern of Luman
immunoreactivity in injured neurons appears to coordinate
nicely with the transition timepoints of the identified transcrip-
tional phases.

Implication of the Contralateral Effect
An interesting aspect of this study was the effect of uni-

lateral axotomy on neuronal Luman expression in uninjured
contralateral DRG. Contralateral neurons showed a similar bi-
phasic, but less robust response and did not have the dramatic
increase in neuronal Luman expression observed in DRG ipsi-
lateral to the 2-day injury. Few connections exist between neu-
rons that innervate opposite sides of the body; however, a
collection of clinical evidence confirms contralateral deficits
in patients with 1-sided injuries (53, 54). The bilateral impact
of nerve injury has been reported in a number of animal models
where sensory, sympathetic, or motoneurons opposite to the le-
sion site differ morphologically and/or biochemically from na-

ı̈ve controls (55). 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
(56–58). Contralateral DRG neurons may have altered neuro-
trophin signaling, as unilateral sciatic nerve injury causes in-
creased p75 receptor expression in perineuronal glial cells in
contralateral DRG (59). In general, these observations are con-
sidered a result of a neural mechanism with a propagating sig-
nal through the spinal cord, and not due to a systemic effect.

The contralateral alterations in Luman expression were
also biphasic, with a significant drop in expression at the 4-day
timepoint, suggesting that these phases have distinct humeral
signatures. However, the initial early 1-hour response was more
robust in contralateral ganglia implying that disconnection from
target ipsilateral to injury may serve to dampen the initial stress
response associated with axotomy. Notably, the changes in con-
tralateral Luman expression and localization were not reflected
in corresponding changes in transcript levels, which remained
relatively stable over the time course, unlike the observed ipsi-
lateral changes. Any change in this regulator of the UPR would
imply that the contralateral DRG neurons are experiencing
varying degrees of ER stress, although this needs to be deter-
mined. As explained above, the 4-day timepoint corresponds to
a significant transition point in the injury response of sensory
neurons when transcription factor activity and transcriptional
activation is depressed. Thus, presumably there would also be
less of a need for a coordinated UPR.

The increased Luman expression and significantly in-
creased intrinsic axon growth competence that we observed in
neurons contralateral to 1-week injury support previous work
by the Ryoke et al (60) showing that a prior lesion can serve to
condition contralateral DRG to express higher levels of pro-
tective and growth-promoting compounds, and to regenerate
more robustly when subsequently injured (61). Interestingly,
we found the mode of axon growth to be predominantly of the
elongating form typically associated with the 1-week injury-
conditioned neurons (31), as opposed to the highly arborized
outgrowth we observed for contralateral neurons at the 2 ear-
lier timepoints, which did not differ from that observed for na-
ı̈ve neurons and is in agreement with that which we previously
reported for neurons contralateral to 1-day injury (12).
Whether, the increased levels of Luman always serve to ad-
vantage contralateral neurons is not known. The reality of con-
tralateral and humeral effects of nerve injury illustrates the
importance of using naı̈ve animals and not contralateral unin-
jured tissue as controls.

Humoral/Systemic Influences in Injury
Responses

Systemic inflammatory responses are well-defined clini-
cal entities where a severe insult to the organism results in a
systemic cascade of inflammatory mediators causing hemody-
namic instability, end organ damage, and potentially multisys-
tem organ failure (62). Spinal cord injury (SCI) is 1 such case
where evidence suggests pathological connections emanating
from the injured spinal cord result in a profound and sustained
intraspinal and systemic inflammatory response with in-
creased circulation of immune cells and proinflammatory

Hasmatali et al J Neuropathol Exp Neurol • Volume 78, Number 4, April 2019

362



mediators resulting in distal end organ dysfunction (reviewed
in [63]). Following transection of a peripheral nerve, the
severed distal segment undergoes Wallerian degeneration
where an inflammatory driven process leads to macrophage
invasion and clearance of the damaged axons and associated
glia (64). While release of breakdown products and inflamma-
tory markers from the lesion site into the circulation is likely
to occur, there is a paucity of studies investigating the impact
of peripheral nerve injury on systemic inflammatory states. It
is unknown whether these signals exist at a level to potentially
contribute to a contralateral affect.

There is also dysregulation of the neuroendocrine system
in SCI subjects with increased activation of the hypothalamic-
pituitary-adrenal (HPA) axis, a potent endocrine regulator of
stress and inflammation. Elevated levels of glucocorticoids are
the end result of this dysregulation (65). Circulating levels of
endogenous corticosterone (rodents) and cortisol (humans) in-
crease after SCI (66, 67), undoubtedly affecting multiple glu-
cocorticoid receptor (GR)-regulated cellular functions;
however, specifics of GR signaling are not well defined in the
context of nervous system injury. The impact of peripheral
nerve damage on the HPA axis is also not well understood but
DRG neurons express GRs, while steroid or HPA axis manipu-
lation has been shown to alter DRG neuron phenotypic expres-
sion patterns (68–70). Thus, it is plausible to consider
glucocorticoids as a potential contributor to either bilateral,
contralateral, or systemic sensory nerve injury changes but the
response of the HPA in the injured state needs to be character-
ized. Interestingly, Luman has recently been identified as a key
regulator of glucocorticoid-mediated stress responses through
its ability to modulate GR expression and activity (70) by bind-
ing to the GR (71). Whether this factors into the response to pe-
ripheral nerve injury remains to be determined.

Altered neurotrophin signaling has also been a suspected
contributor to the contralateral effect. Most recently, Shakhba-
zau et al (32) discovered that unilateral sciatic nerve transec-
tion resulted in elevation of NGF and NT3, but not glial-
derived neurotrophic factor or BDNF, in the uninjured contra-
lateral nerve. This evidence suggests that unilateral injury can
regulate systemic neurotrophin levels and therefore enhance
neurotrophin signaling in uninjured DRG neurons. However,
the link between systemic implications of PNS pathologies
and observed contralateral responses must be better elucidated
before they can be attributed to changes in contralateral
neurons.

Conclusion
Peripheral neurons do grow axons after nerve injury, but

repair is often slow and functional recovery is poor. Evidence
supports the necessity of a coordinated UPR and the induction
of specific UPR regulators for optimal regeneration to occur.
While we had previously identified axonal Luman as a key
sensor of injury, regulating the UPR and cholesterol biosyn-
thesis in DRG neurons critically linked to acute axonal growth
capacity, we now show Luman is also part of the injury-
associated cell body response. Its upregulation and nuclear
localization coordinates with recently identified timepoints of
increased transcriptional activity in injured neurons.

Elucidating how Luman/CREB3 is altered spatially and tem-
porally and how this correlates with changes in intrinsic axon
growth capacity at the different timepoints examined has the
potential to inform when therapeutic intervention or repair
may be most effective.
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