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Abstract

Ubiquitin, an 8.5 kDa protein associated with the proteasome degradation pathway has been recently identified as
differentially expressed in segment of cord caudal to site of injury in developing spinal cord. Here we describe ubiquitin
expression and cellular distribution in spinal cord up to postnatal day P35 in control opossums (Monodelphis domestica) and
in response to complete spinal transection (T10) at P7, when axonal growth through site of injury occurs, and P28 when this
is no longer possible. Cords were collected 1 or 7 days after injury, with age-matched controls and segments rostral to
lesion were studied. Following spinal injury ubiquitin levels (western blotting) appeared reduced compared to controls
especially one day after injury at P28. In contrast, after injury mRNA expression (QRT-PCR) was slightly increased at P7 but
decreased at P28. Changes in isoelectric point of separated ubiquitin indicated possible post-translational modifications.
Cellular distribution demonstrated a developmental shift between earliest (P8) and latest (P35) ages examined, from
a predominantly cytoplasmic immunoreactivity to a nuclear expression; staining level and shift to nuclear staining was more
pronounced following injury, except 7 days after transection at P28. After injury at P7 immunostaining increased in neurons
and additionally in oligodendrocytes at P28. Mass spectrometry showed two ubiquitin bands; the heavier was identified as
a fusion product, likely to be an ubiquitin precursor. Apparent changes in ubiquitin expression and cellular distribution in
development and response to spinal injury suggest an intricate regulatory system that modulates these responses which,
when better understood, may lead to potential therapeutic targets.
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Introduction they have developed to adulthood [9]. However, if a similar injury
is performed at four weeks of age, these animals do not re-grow

It is well established that the capacity of the central nervous new processes across the site of injury and their functional

system (GNS) to grow and repair itself after injury diminishes as it recovery is much diminished [9]. This raises the question of what
matures [1]. Although largely a mystery, evidence suggests that has changed between these two stages of spinal cord development
intrinsic molecular control affected by age is responsible for the and what initiates the transition from intrinsic and environmental
reduced ability to repair and recover after trauma [2]. The most factors that are permissive for recovery (first week of life) to those
extensive developmental studies of mammalian spinal injury used that are non-permissive and no longer supportive of axon re-
two marsupial species of opossum: Didelphis virginiana [3] and growth (four weeks of age).

Monodelphis domestica [4-5]. This is due to their physical immaturity
at birth [6-7] and thus the ease of accessibility for experimental
procedures, which in rodents and other eutherians would need to
be carried out i utero. Use of Monodelphis as an animal model was
further enhanced when its genome was published [8], making

Using a proteomic approach we have previously identified
many proteins that changed differentially in response to spinal
cord injury in the segment of the cord caudal to the lesion at these
two developmental stages: the very immature postnatal (P) day 7
and a more developed P28 compared to their individual age-

genome wide and transcriptomic studies possible. matched controls [10]. One of the identified proteins, ubiquitin,
7 AV, S 1 Q - o P . . . . .

.“C have de‘monstmt\ed prt:vl.ously that following a C?Hlplﬁt@ an ubiquitous protein known for its relation to the proteasome
spinal transection  performed in the first week of ) life, .th.e degradation pathway [11], showed a differential response to injury
Monodelphis regenerate nearly 50% of axotomised neurites origi- made at these two ages, as identified by a 2-D gel separation

. . . [ B . 4 = g
nating from supraspinal (brainstem) neurons [4]. These spinally method and validated using western blotting and Reverse

transected animals demonstrated near normal locomotion when Transcription — quantitative polymerase chain reaction (QRT-
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PCR). When the cord was transected at P7 ubiquitin levels
decreased whereas following transection at P28 ubiquitin in-
creased [10]. We now extend this study to the rostral segment of
the cord both during early development (P8 to P35) in Monodelphis
and following a complete spinal transection. This has involved
investigating changes in detectable levels of ubiquitin protein and
its mRNA expression levels. We also include morphological studies
of ubiquitin where we have identified cell populations in which
ubiquitin immunoreactivity has been detected both in develop-
ment and in response to spinal cord injury. Topographical areas of
the spinal cord that showed changes in ubiquitin expression after
spinal injury are also outlined.

Methods

Animals

Ethics Statement. Monodelphis domestica pups used in this
study were obtained from a colony located at the Medical Sciences
Animal House Facility at the University of Melbourne, Victoria,
Australia. All surgical procedures conducted throughout this study
conformed to the National Health and Medical Research Council
(NHMRC) guidelines with ethics approval by the University of
Melbourne Animal Ethics Committee (Ethics #1111998.1).

The day of birth is designated as postnatal day zero (PO).
Animals of both sexes were used in this study. Pups were separated
into two groups: (i) an experimental group where animals were
subjected to a complete spinal cord transection at thoracic level 10
(T10), at either P7 or at P28 and were terminally anaesthetized
one or seven days later (P7+1 d or P7+7 d and P28+1 d or
P28+7 d) and (i1) age-matched controls (P8, P14, P29 and P35). In
addition P21 pups were used in the profiling of ubiquitin for
normal cord development. In this study, control groups were
defined as animals that did not have any surgical procedures
performed apart from undergoing anaesthesia for the same
duration as experimental animals.

At P7 all pups in a litter were injured (n<<10) as it is not possible
to consistently mark them at this age without increasing the risk of
cannibalization by their mother [9]. Separate litters were collected
as age-matched controls. For the P28-injured group, approxi-
mately half of the pups (n<<5) in the litter underwent the surgery
whilst the other half were collected as age-matched controls.

Spinal cord transection. A complete spinal cord transection
at T10 was performed as described in detail previously [4-5],[9—
10]. Surgical procedures on P7 animals were conducted whilst the
pups were still attached to their mother’s teats. The mothers were
anaesthetized with 2-3% isofluorane and the same anaesthetic was
also administered to the pups via a miniature facemask. P28 pups
were individually anaesthetized throughout the procedure with 2—
3% isofluorane.

Spinal cord injury was performed using sharp sterilized scissors
(P7) or a sterilized surgical blade (P28). Mothers with their pups
were returned to their cages post-surgery for one day (+1 d) or
seven days (+7 d) recovery depending on the experimental group.
At the end of the recovery period, pups were terminally
anaesthetized with an overdose of isofluorane. Spinal cords were
dissected out on ice and separated as cord segments upper (rostral)
and lower (caudal) to the site of the injury. In this study only the
upper spinal cord segments were used as we have already
published a proteomic study of the lower segment in these same
animals [10]. In order to increase the biological reproducibility of
the results, different pups from several litters were pooled together
in all three experimental procedures described in this paper:
western blotting, qRT-PCR and proteomics. For histological
examination, 3—4 spinal cords were used at each age.
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Western blotting. Upper spinal cord samples were pooled
from several pups (n=2-10) to obtain a total wet tissue weight of
10-15 mg per sample. At all ages two separately pooled samples
were analyzed to confirm the results. Cords were homogenized in
1:10 weight/volume in a buffer containing 0.32 M sucrose,
25 mM Tris, 1 mM MgCl2, pH 7 using syringes with varying
size needles (20, 21, 25 and 27 Gauge). Extracts were centrifuged
and supernatants containing soluble proteins collected. Total
protein quantification using the Bradford Assay was performed on
all samples [12].

Lithium dodecyl sulfate — polyacrylamide gel electrophoresis
(LDS-PAGE) was performed following the Manufacturer’s Pro-
tocol using pre-cast 4-12% NuPAGE Bis-Tris gels (Invitrogen)
with 2-(Nmorpholino)ethanesulfonic acid (MES) running buffer at
200 V for 35 minutes as described in detail previously, as were the
conditions for Western blotting protocol and analysis [10]. Briefly,
separated proteins were transferred onto polyvinylidine fluoride
(PVDF) membranes using an iBlot (Invitrogen) for dry transfer.
Blocking solution made of 1:1 Tris-buffered saline (TBS) and
soymilk was used overnight at 4°C. Membranes were incubated
with cross-reacting antibodies to ubiquitin (DakoCytomation,
Denmark, Code No. Z 0458) diluted 1:200, followed by swine
anti-rabbit (DakoCytomation, Denmark, Code No. Z 0196, 1:400)
and rabbit PAP (Sigma-Aldrich, Code No. A 0545, 1:400), for two
hours each at room temperature. Between each antibody change,
the membrane was washed with TBS until solution was clear. The
membrane was developed with diaminobenzidine (DAB). The
reaction was stopped by immersing the membranes in distilled
water. Developed membranes were left to dry overnight. They
were digitally scanned and densitometric analysis was performed
using GeneTools V4.01.02 software (Syngene, Synoptics Ltd,
Cambridge, England).

Proteomic analysis. Samples of the spinal cord segments
rostral (upper) to the injury site or equivalent segments from age-
matched controls were pooled from several pups (n=4-20) to
obtain a total wet tissue weight of about 30 mg per sample. 2-D
separation protocol was performed as described previously [10].
Cords were homogenized 1:10 weight/volume in a buffer contain-
ing 0.32 M sucrose, 25 mM Tris, 1 mM MgCl2, pH 7 using
syringes with varying needle size (20, 21, 25 and 27 Gauge)
centrifuged and supernatants collected. Total protein quantifica-
tion using the Bradford Assay [12] was performed on all samples.

Contaminants from lysates were removed using a 2-D clean-up
kit (GE Healthcare) as described by the Manufacturer’s Protocol.
Samples were fractionated using the 3100 Off-gel Fractionator
(Agilent) following the Manufacturer’s Protocol on 12 cm low-
resolution immobilized pH gradient strips (pH3-10). Samples were
separated into 12 wells numbered as Fractions 1-12 and stored at
—20°C until further analysis.

Aliquots from these fractions (25 ul) were separated on LDS-
PAGE following the Manufacturer’s Protocol. LDS-PAGE was
run for 35 minutes (200 V) using pre-cast 4-12% NuPAGE Bis-
Tris 12 well mini gels (Invitrogen) on MES-SDS running buffer
(Invitrogen, Carlsbad, CA, USA) with a molecular weight marker
Novex Sharp pre-stained standard (Invitrogen). Samples were run
in the order P7+1d, P8, P7+7 d, P14, P21, P28+1 d, P29,
P28+7 d and P35. All gels were run in duplicate. Separated
protein bands were visualized using silver staining as described by
the Manufacturer’s Protocol (Silver Stain Plus Kit, BioRad).
Ubiquitin was identified using mass spectrometry and western
blotting on LDS-PAGE gels. Ubiquitin was only detected in
Fractions 7 and 8 therefore only data from these two fractions are

described.
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Histology and Immunocytochemistry. At the end of the
experimental time (1 or 7 days after injury) animals were
terminally anaesthetized by isofluorane overdose and exsangui-
nated. Spinal cords were dissected out and the tissue segments
centred on the injury site together with 5 mm above and 5 mm
below (and a corresponding spinal segment from control animals)
were immerse-fixed in Bouin’s fixative overnight at room
temperature. This was followed by washes in 70% ethanol until
clear of colour. Cords were embedded in paraffin wax and
consecutive sections cut on a Leica Microtome (Leica Micro-
systeme Vertriecb Gmbh, Wetzlar, Germany) at 5 Um in a trans-
verse plane. Ten sections were placed on each silanised glass slide.
Routine haematoxylin and Eosin (H&E) staining was done on
every tenth slide for general morphology [10]. Selected slides were
stained with antibodies to ubiquitin as described below.

Ubiquitin immunohistochemistry. Paraffin embedded sec-
tions were de-paraffinised and rehydrated in xylene followed by
a series of graded alcohols, treated with a 0.5% solution of
hydrogen peroxide in methanol for 15 minutes to quench
endogenous peroxidase, and then rinsed in TRIS buffered saline
(TBS, 5 mM Tris-HCL, 146 mM NaCl, pH 7.6). Non-specific
binding was inhibited by incubation for 30 minutes with blocking
buffer (ChemMate antibody diluent S2022, DakoCytomation,
Denmark) at room temperature. The sections were then incubated
2 hours at room temperature with a rabbit polyclonal antibody
that cross-reacts with human ubiquitin (DakoCytomation, Den-
mark, Code No. Z 0458), at concentration 1:20000 diluted in
blocking buffer. The sections were washed with TBS and
incubated for 30 minutes with peroxidase labeled polymer
conjugated to goat anti-rabbit/mouse immunoglobulins (EnVi-
sionTM+ System/HRP K5007, DakoCytomation, Denmark).
The sections were again washed with TBS, followed by incubation
for 6 min with 3,3’-diamino-benzidine chromogen solution.
Positive staining was recognized as a brown colour. The sections
were counterstained with Mayers hematoxylin and dehydrated in
graded alcohols followed by xylene. Slides were mounted using
DPX mounting media and a cover slip was placed to seal the
section. Control sections in which the primary antibody was
omitted, were included in each run and always appeared blank.

Quantitative reverse transcription polymerase chain
reaction (qRT-PCR). Total RNA was extracted from in-
dividual spinal cord segments using Qiagen RNeasy ® mini kit
(Valencia, California, USA) following Manufacturer’s Protocol.
cDNA was reversed transcribed from these samples using Multi-
Scribe Reverse Transcriptase (Applied Biosystems, Foster City,
California, USA). qRT-PCR was performed on these cDNAs
using SYBR Green chemistry with Tagman DNA polymerase and
gene specific PCR primers for ubiquitin (forward primer: 5'-
GGTGGTGCCAAGAAGAGAAA and reverse primer: 5'-
ATAAAGACCCCAGCACCACA) and the housckeeping gene
used, cyclophilin (forward primer: 5'-TCCAAAGGCAGCA-
GAAAACT and reverse primer: 5'-AAAACTGGGAGC-
CATTTGTG) [10] using the Applied Biosystems 7300 Real-
Time PCR System. All samples were run in triplicate. Threshold
cycle (Ct) values were obtained from triplicates, averaged and
normalized to the housekeeping genes used in this study
(cyclophilin) obtaining the ACt values. Results were then
normalized to the average values of control samples obtaining
the AACt values. Finally, results were analysed using the 2—AACt
method to obtain fold changes (FC). Six to nine individual cord
segments were collected for each age group of animals and
analyzed separately.

Statistical analysis. Statistical evaluations were performed
on the qRT-PCR data using the Mann-Whitney U test (un-paired,
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two-tailed, nonparametric test) with Graphpad InStat (Ver. 5.0,
San Diego, USA) using individual FC values obtained from
control and injured samples. P-values =0.05 were considered
significant.

Results

Changes in the expression of ubiquitin, both at the gene and
protein level, were investigated in the developing AMonodelphis
following spinal cord transection, together with age-matched
controls in the segment of the spinal cord rostral to the site of
injury at either one day or seven days after transection at two
postnatal ages: P7 or P28.

Samples of cord tissue following a complete spinal transection
performed at T10 were collected from 6-9 pups for qRT-PCR.
These were analyzed individually. For the proteomic analysis the
tissue was pooled from several pups (n=4-20, see Methods) to
obtain enough material for mass spectrometry (about 30 mg tissue
weight per sample). The required amount of tissue was based on
our previous proteomic profiling of the lower spinal cord of
Monodelphis at similar developmental ages [10]. Quantification of
total protein using Bradford assay [12] showed that concentration
of protein extracted from the present samples was similar between
each age-matched group (Table 1).

Western Blotting

Protein extracts of the spinal cord segments (pooled samples)
from the injured animals (injury at postnatal day 7 or P28,
collected one or seven days later, P7+1 d, P7+7 d; P28+1 d,
P28+7 d) and age-matched controls (P8, P14, P29, P35) were
separated by their molecular weight using 1-D polyacrylamide gel
electrophoresis and transferred proteins were probed with cross-
reacting antibodies to human ubiquitin [10]. Equal volumes were
used for each sample. Results from western blots, including
densitometry analysis, are presented in Figure 1A.

Between P8 and P35 in control cords levels of ubiquitin
remained relatively similar except at P29 where they appear to be
higher (compare peaks of solid lines in Figure 1A). Following spinal
transection ubiquitin levels were mostly lower in all experimental
age groups (dashed lines in Figure 1A), especially one day after
injury at P28 (P28+1 d compared to P29).

Statistical analysis could not be performed on these results
because western blots were run only on two separate samples.
However both samples gave similar results as those illustrated in
Figure 1A (see Limitations of the Study).

qRT-PCR

In order to relate changes observed at the protein level to its
mRNA expression, mRNA for ubiquitin was determined by qR'T-
PCR in the upper (rostral) spinal cord segment collected from
different litters then those used for protein detection. In each age
group 6-9 individual cord samples were analysed. Results are
illustrated in Figure 1B as fold changes compared to control
(27AACt see Methods). As can be seen in Figure 1B ubiquitin
mRNA levels were apparently higher following injury at P7, lower
one day after injury at P28 and not changed seven days after
transection at P28. However these values only reach the level of
significance (P<<0.05) at P7+7 d.

Proteomics

In our previous proteomic studies of the spinal cord caudal to
the lesion we have identified ubiquitin in Fraction 8 following gel
separation using 2-D fractionation [10]. In the present study we
have also identified ubiquitin in fraction 8, but in addition
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ubiquitin was also identified in fraction 7 (Figure 2A). In both
fractions ubiquitin separated as two bands, which were more
prominent at older ages (Figure 2A). Both bands in both fractions
were identified as ubiquitin by mass spectrometry. However, only
one of the bands, corresponding to the 8.5 kDa ubiquitin
monomer, cross-reacted with the antibody, as shown previously
[10]. The second, higher molecular weight band was identified as
a fusion protein containing ubiquitin at the N-terminus and
a ribosomal protein 140 at the C-terminus (a C-terminal extension
protein) [13—14]. This fusion product did not show cross-reactivity
with the ubiquitin antibody used as illustrated in Figure 3, which is
a western blot of fractions 7 and 8. In both fractions the antibody
only identified the lower molecular weight band.

Once ubiquitin bands were identified it was possible to analyze
their developmental pattern in silver stained gels of fraction 7 and
8 (Figure 2A). Figure 2B is a densitometry analysis of ubiquitin
bands during normal Monodelphis spinal cord development. Levels
of ubiquitin present in fraction 7 (lighter line in Figure 2B)
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Table 1. Number of cords, pooled tissue weight and total protein concentration of each sample used in the proteomic analysis.
Age group Number of cords Tissue weight (mg) Total protein concentration (ug/ul)
P7+1 d 11 37.7 4.7

P8 11 27.8 5.14

P7+7 d 10 49.9 7.99

P14 1 45.4 5.99

P21 7 89.9 6.74

P28+1 d 4 66.5 6.97

P29 4 87 8.74

P28+7 d 3 825 8.74

P35 4 97.9 9.22

+1 d and +7 d refer to days after injury at either P7 or P28. P8, P14, P29 and P35 are age-matched controls.
doi:10.1371/journal.pone.0062120.t001

appeared different at different ages with lowest levels present at
P14 and P35. On the other hand ubiquitin levels in fraction 8
(heavier band in figure 2B) seemed to increase between P8 and
P14, remained steady until P29 and became lower at P35.
However it should be noted that at P35 there was a significant shift
between the two ubiquitin bands identified in silver stained gels:
the upper band became more prominent than the lower band. At
all other ages the upper band was only slightly visible as illustrated
by a small peak detected by the densitometry scan. That peak was
present on the left hand side of the main ubiquitin peak (marked
with a star in Figure 2B).

Following spinal injury levels of ubiquitin seemed to change
differentially in both fractions and between the two ages, as
llustrated in Figure 2C and D. Transection at P7 (Figure 2C)
resulted in only a small change in ubiquitin in fraction 7, but in
fraction 8 it declined. Injury at P28 provoked a different response,
as shown in Figure 2D. One day after injury at P29 there was no
change in ubiquitin in fraction 7 but a decline in fraction 8 was

B
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Fold Change
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P7+1d P7+7d P28+1d P28+7d

Figure 1. Western blot of ubiquitin, corresponding densitometry and qRT-PCR. (A) Western blot of spinal cord segment lysates (7 pl)
separated on LDS PAGE and probed for Ubiquitin with corresponding densitometry graph. Reprication using independent samples gave similar
results. (B) gRT-PCR of ubiquitin in the same spinal segment. Graph is shown as fold change of spinal cord injured animals compared to their age
matched controls (taken as 1). N=6-9 separate samples per age group. Level of significance was set as p<<0.05.

doi:10.1371/journal.pone.0062120.g001
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Figure 2. Silver stained gels and western blots for ubiquitin as identified using 2-D separation. (A) Silver stained gels of fraction 7 and 8
following separation by Off-gel electrophoresis and LDS PAGE. Ubiquitin was identified by mass spectrometry (boxed area) and also confirmed by
western blotting (Figure 3). (B) Densitometry graphs of ubiquitin bands from silver stained gels from control animals only showing the protein during
development. Lighter lines refer to Fraction 7 and darker lines refer to Fraction 8. (C) Densitometry graphs of ubiquitin bands from silver stained gels
for P7 spinal cord injured animals (dotted lines) compared to age-matched controls (solid lines) in Fraction 7 and Fraction 8. (D) Densitometry graphs
of ubiquitin bands from silver stained gels for P28 spinal cord injured animals (dotted lines) compared to age-matched controls (solid lines) in

Fraction 7 and Fraction 8.
doi:10.1371/journal.pone.0062120.g002

observed. Seven days after injury levels of the protein appeared to
increase compared to age-matched controls in fraction 7 but
declined in fraction 8. Such differences in ubiquitin levels in
different fractions could explain why results obtained from whole
extracts of the tissue (Figure 1) showed much less variation in
response to injury. Therefore it seems that the overall changes in
ubiquitin in response to injury can only be detected accurately
using 2-D gel separation rather than a more standard SDS PAGE
of tissue homogenates and are more likely to be due to
modifications of the existing protein rather than its synthesis de
novo. This is also indicated by the mostly non-significant changes in
ubiquitin mRNA levels detected by qRT-PCR (Figure 1B).

Cellular/Intracellular Distribution of Ubiquitin

Cellular distribution of ubiquitin was analyzed using immuno-
cytochemical detection with cross-reacting antibodies to human
ubiquitin  [10]. Results are compared between age-matched
control cords and those after spinal transection. Two to three
sections from three separate cords at each age were used after
careful matching of the spinal level from which they were selected.
Results are illustrated in Figures 4-7 and under high magnification
in Figure 8. A description of age related changes between P8 and
P35 1s given first, followed by the immunocytochemical changes
identified at one and seven days after spinal transection at P7 or

P28.

Ubiquitin Immunostaining in Postnatal Monodelphis
Thoracic Spinal Cord

Immunostaining for ubiquitin, in the grey matter of the thoracic
spinal cord at P8 (Figure 4A) shows its immunoreactivity in well-
developed motor neurons of the ventral horn but also in
differentiated relay neurons of the intermediate grey including
lateral horn sympathetic neurons. The early developing inter-
neurons of the ‘head’ of the dorsal horn corresponding to substantia
gelatinosa are weakly stained. This is in contrast to the larger

Fraction 7 Fraction 8

P2

8+1d P29
s

P28+1d P29
Ay -

SS

WB - -

Figure 3. Silver stained gels and western blots of ubiquitin
showing cross-reactivity of anti-ubiquitin antibody. Silver
stained (SS) bands identified by mass spectrometry showing two
protein bands. Higher band was identified as a fusion protein
containing ubiquitin at the N-terminus and a ribosomal protein L40
at the C-terminus and the lower one was identified as mono-ubiquitin.
Western blots (WB) of ubiquitin showing that the anti-ubiquitin
antibody used only cross-reacts with a single band, as demonstrated
in both Fractions 7 and 8 (black arrows).
doi:10.1371/journal.pone.0062120.g003
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neurons (cells of Waldeyer) surrounding the dorsal horn, which are
rather more strongly stained. In the ventral and ventro-lateral
white matter characteristic radial glial cell processes and end-feet
as well as a few developing astrocytes are positively stained for
ubiquitin. Very few oligodendrocytes are visible at this early age.
The staining reaction product is mainly cytoplasmic and evenly
distributed between neurons and glial cells and between differen-
tiated (ventral horn) and differentiating (dorsal horn) neurons.
Endothelial cells and ependymal cells of the central canal are not
stained.

After a week of further development, at P14 (Figure 5A) axial
motor neurons in the most ventral part of the ventral horn are now
strongly stained in contrast to the more weakly stained ventral
horn interneurons. Intermediate grey relay neurons and inter-
neurons in the neck of the dorsal horn show moderate reactivity
whereas neurons in the ‘head’ of the dorsal horn and cells of
Waldeyer express a low level of ubiquitin reactivity similar to that
at P8 (Figure 4A). The reactivity of radial glial processes and
endfeet 1s now seen throughout the entire white matter, which now
also exhibits strongly stained small oligodendrocytes.

After a further two wecks of development (at P29) the
distribution of immunostaining for ubiquitin is similar to that in
P14 controls, but the immunostaining of the large ventral horn
motor neurons and the neurons (cells of Waldeyer) surrounding
the dorsal horn is more prominent (Figure 6A). The staining of
radial glia and small oligodendroglia is weaker than at P14. In
addition a distinct shift of cellular distribution is now visible. Up to
P14 ubiquitin immunoreactivity is predominantly cytoplasmic in
both neurons and glial cells, but at P29 the majority of the neurons
express strong nuclear and less cytoplasmic reactivity (Figure 6A).

At P35 ubiquitin staining (Figure 7A) is similar to that observed
at P29 (Figure 6A). Neuronal nuclei are still as strongly stained as
the cytoplasm apart from the Waldeyer cells at the tip of the dorsal
horn, which exhibit a stronger cytoplasmic staining of the reaction
product. A proportion of the glial cells in the white matter is also
positively stained. As in the younger animals the endothelial cells
and ependymal cells of the central canal are unstained.

Ubiquitin Immunostaining in Postnatal Monodelphis

Thoracic Spinal Cord Following Complete Transection

One day after injury at P7 (P7+1 d, Figure 4B), compared to its
age-matched control (Figure 4A), ubiquitin staining of the same
level of the thoracic spinal cord demonstrates a marked change in
reactivity where the more developed ventral part is clearly more
strongly stained compared to the weakly reacting and unstained
cells of the dorsal horn.

Seven days after SCI at P7 (Figure 5B) there is a marked
increase in ubiquitin reactivity in all neurons and glial cells
compared to the P14 control (Figure 5A). Note in particular the
strong staining of the ventral horn interneurons and of the
intermediate grey relay neurons. Interneurons in the neck and
ventral half of the ‘head’ region of the dorsal horn demonstrate
highly increased ubiquitin immunoreactivity compared to the P14
control - especially in the neuropil. At higher magnification it can
be seen that the ubiquitin staining in the ventral horn neurons is
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Figure 4. Immunocytochemical staining for ubiquitin in control (P8) and transected (P7+1 d) spinal cord of Monodelphis domestica.
All sections are from matching levels of thoracic spinal cord rostral to the injury site. A: Eight days postnatal (P8) control. Note Immunostaining of
well-developed motor neurons of the ventral horn grey matter, but also differentiated relay neurons of the intermediate grey including lateral horn
sympathetic neurons. Early developing interneurons of the ‘head’ of the dorsal horn (substantia gelatinosa when differentiated) are weakly stained, in
contrast to larger neuronal cells of Waldeyer surrounding the dorsal horn. B: P7+1 d post injury. Compared to the staining in the control (A) ubiquitin
staining of the same level of the thoracic spinal cord demonstrates stronger staining in the ventral cord compared to the weakly reacting and
unstained cells of the dorsal horn. A and B are of same magnification. Bar in B indicates 100 um.

doi:10.1371/journal.pone.0062120.g004

confined to the cytoplasm (Figure 8A, arrows) as is also the case for arrowheads). As in control cords during development between P14
the radial glia and few oligodendroglia that are present (Figure 8A, and P29, after injury a change in cellular distribution of ubiquitin
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Figure 5. Immunocytochemical staining for ubiquitin in control (P14) and transected (P7+7 d) spinal cord of Monodelphis domestica.
All sections are from matching levels of thoracic spinal cord rostral to the injury site. A: P14 control. Note strong staining of axial motor neurons in
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most ventral part of ventral horn. In white matter oligodendrocytes, radial glia and end feet are also strongly immunostained. B: P7+7 d post injury.
Note strong staining of ventral horn interneurons and intermediate grey relay neurons. Interneurons in neck and ventral half of ‘head’ region of dorsal
horn demonstrate highly increased ubiquitin immunoreactivity compared to P14 control (A) - especially in the neuropil. Endothelial cells and
neuroependymal cells lining the central spinal cord are negative. Boxed area is shown in higher magnification in Figure 8A. A and B are of the same

magnification. Bar in B indicates 100 um.
doi:10.1371/journal.pone.0062120.g005

is visible from predominantly cytoplasmic in both neurons and
glial cells (illustrated for P7+7 d in Figure 8A) to mostly nuclear
(Figures 6A and 8B). One day after injury at P28, the ventral horn
motor neurons show prominent nuclear staining as in the P29
control cord (Figures 6B 8). However, there are two marked
changes compared to the control. Firstly many more neurons in
the dorsal horn grey matter show prominent immunostaining for
ubiquitin. Secondly there is intense nuclear staining of the
oligodendroglia in the presumptive white matter in addition to
strong staining of glial processes including those of radial glia
(Figure 8B). Seven days after injury at P28 (Figure 7B) the overall
reaction pattern is similar to the P35 control specimens although
in general the reaction product seems to be less intense.

Discussion

Ubiquitin Gene and Protein Expression Following Spinal
Cord in Injury at P7 or P28

Previously we reported a differential response of ubiquitin to
spinal cord injury, as identified by 2-D gel separation and
validated using western blotting and gRT-PCR, in the segment of
the developing opossum spinal cord caudal to the injury [10]. This
was the first study, to our knowledge, that investigated expression
of ubiquitin in response to spinal injury in an immature cord and
in a marsupial. We have now extended this study to the segment of
the cord rostral to the injury both during early development in
Monodelphis and following a complete spinal transection. The
results indicate that cellular distribution of ubiquitin and its
expression change between the ages studied (P8 to P35) and differs
depending on the age of injury (P7 or P28). We have identified
that ubiquitin can be detected across the pH range of 6.48-7.64 as
it was present in two fractions, Fraction 7 and 8 using the Off-gel
Fractionator. There were some similarities and differences in
ubiquitin expression levels between the segment of the cord caudal
to the injury [10] and rostral to the injury (present study). Thus
both caudal and rostral to the injury site, ubiquitin appeared to be
reduced following injury at P7, although less so in the rostral
segment. But following injury at P28 ubiquitin increased in the
caudal segment [10] but appeared to decrease in the rostral
segment (Figure 1A). The changes in ubiquitin protein in the
caudal segment were matched by changes in expression [10], but
not in the rostral segment (cf Figures 1A and 1B). Insofar as there
were differences rostral and caudal to the lesion these most likely
reflect the difference in the maturity of the cord at this age-
previous work has demonstrated a very steep gradient of
development in Monodelphis spinal cord [15].

Ubiquitin is a 76 amino acid or 8.5 kDa protein first identified
in the thymus as a factor responsible for inducing differentiation of
T and B cell via B-adrenergic receptors and adenylate cyclase
activation [16]. It has been identified as a functional and well-
conserved protein throughout 3 billion years of evolution from the
yeast [17] to higher eukaryotes [17] but absent in Eubacteria and
Archaea superkingdoms [18]. Ubiquitin plays an important role in
the proteosomal degradation pathway where it is responsible for
conjugating to other proteins targeted for degradation [19]. More
recently it has been shown to play a role in cell signaling by
competition with other ubiquitin-like molecules such as NEDD
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[20] and SUMO [21-23] because of their similarity in 3-
dimensional structure and the enzymes that these molecules
interact with such as the ubiquitin carboxyl-terminal hydrolase
isozyme L3 (UCH-L3) [20] and E3-like ligases [22-23].

Earlier studies have identified several ubiquitin genes coding for
mono- and poly-ubiquitin from the yeast, frog, mouse, chicken,
cow and human [17], [24-29]. In addition, some of these
ubiquitin genes also contain precursor sequences [17],[27]. One
such fusion product was identified in the present study (heavier
ubiquitin band in fractions 7 and 8, Figure 2). These ubiquitin
fusion products can be cleaved as evidenced by the existence of an
ubiquitin-specific processing protease [30]. Although these genes
all code for the well-conserved mono-ubiquitin as their final
protein product, it has been suggested that the different genes may
play different roles in response to trauma through the cell’s heat
shock response [24-25],[27-28]. Additionally, the poly-ubiquitin
gene has been specifically implicated in developmentally pro-
grammed cell death [24-25],[27-28]. From the Monodelphis
genome database, it is possible to predict at least two ubiquitin
genes, a ribosomal protein S27a ubiquitin fusion product (NCBI
RefSeq: XM_001375193.2  or  Ensembl ID:  EN-
SMODGO00000001819) and a predicted poly-ubiquitin gene
coding for tandem repeats of ubiquitin, Ubiquitin-C (NCBI
RefSeq: XM_001366716.2 or Ensembl 1D: EN-
SMODG00000003520). However, in the present study it was
not possible to distinguish which ubiquitin was identified.

Role of Ubiquitin in Neurological Disorders

Ubiquitin has been implicated in playing a role in several
neurodegenerative diseases such as frontotemporal lobar de-
generation [31-32], schizophrenia [33], Parkinson’s [34], spinal
muscular atrophy [35], motor neuron disease/amyotrophic lateral
sclerosis [36-40], often associated with filamentous inclusion
bodies found in these types of disorder [31],[38]. In spinal cord
mnjury ubiquitin has been detected in axonal swellings [41];
however in this study there was no evidence of ubiquitinated
neuronal inclusions. Additionally, ubiquitin has been identified in
reactive axonal swellings, which occur at both proximal and distal
stumps of transected axons of the rat spinal cord [42]. Most of the
studies suggest an association between ubiquitin and the proteo-
some degradation pathway that leads to diseases of the central
nervous system and propose that it is its failure that is responsible
for the progression of such diseases (reviewed by [43-44]).

Role of Ubiquitin in Spinal Cord Development and
Response to Injury

Little 1s known about the role of ubiquitin in the spinal cord
during its development and in response to trauma, outside of its
association with proteosome degradation pathway. Our previous
[10] and present results show that ubiquitin may also be directly
involved in processes taking part after spinal injury as its response
to a complete mid thoracic transection was different at the two
ages investigated. The two ages were chosen because we have
demonstrated previously that if a complete transection at the mid
thoracic level is performed at P7 in Monodelphis, these animals
regenerate many of the axons that have been axotomised [4], re-
grow substantial neuronal tissue across the injury site [5],[9] and
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Figure 6. Immunocytochemical staining for ubiquitin in control (P29) and transected (P28+1 d) spinal cord of Monodelphis
domestica. A: P29 (control). Note distribution of immunostaining for ubiquitin similar to P14 controls (Figure 5A) but immunostaining of large ventral
horn motor neurons and neurons (cells of Waldeyer) surrounding dorsal horn is more prominent. B: P28+1 d post injury. Note strong immunostaining
of ventral horn motor neurons as in P29 control (A). Also many more neurons in dorsal horn grey matter show prominent immunostaining and
intense nuclear staining of oligodendroglia in the presumptive white matter and strong staining of glial processes including those of radial glia. These
features in the boxed area are shown at higher power magnification in Figure 8 B. Endothelial cells and neuroependymal cells lining the central spinal
cord are negative. A and B, same magnification. Bar in B: 100 um.

doi:10.1371/journal.pone.0062120.g006

recover a high degree of their locomotion when adult [9]. This regeneration [9-10]. However if a similar injury is performed at
stage of early CNS development was termed ‘“permissive” to P28, no re-growth of axons across the site of injury could be
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P35

Figure 7. Immunocytochemical staining for ubiquitin in control (P35) and transected (P28+7 d) spinal cord of Monodelphis
domestica. A: P35 control. Note ubiquitin staining similar to P29 (Figure 6A). Neuronal nuclei are as strongly stained as cytoplasm apart from
Waldeyer cells at the tip of dorsal horn, which have stronger cytoplasmic staining. Some glial cells in white matter are positively stained. B: P28+7 d
post injury. Note pattern of immunostaining is similar to that in age-equivalent control (P35, A) although less intense. Endothelial cells and
neuroependymal cells lining the central spinal cord are negative. A and B, same magnification. Bar in B: 100 um.

doi:10.1371/journal.pone.0062120.g007

demonstrated, indicating that this stage of CNS development is
“non permissive”, a situation that is similar to the adult [9]. In the
present study we have shown that after spinal injury at P7,
expression of ubiquitin in the segment of cord rostral to the injury

PLOS ONE | www.plosone.org
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site, as detected by qRT-PCR increased (but only statistically
significantly seven days after injury, Figure 1) while its protein
product levels in the whole homogenate barely changed. However
if cord homogenate was first subjugated to a 2D separation and
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Figure 8. Higher power images of Immunocytochemical
staining for ubiquitin in control and transected spinal cord of
Monodelphis domestica. A: P7+7 d post injury. Lateral ventral section
of spinal cord. Note large ventral horn neurons with strong cytoplasmic
immunostaining for ubiquitin (arrows), and also cytoplasmic immunos-
taining of some oligodendroglia (arrow heads) and radial glia and
processes. B: P28+1 day injury. Lateral ventral section of spinal cord.
Note large ventral horn neurons with strong ubiquitin nuclear
immunostaining for ubiquitin (arrows). Also prominent nuclear
ubiquitin immunostaining of oligodendroglia (arrow heads) and radial
glia and processes. There is no immunostaining of endothelial cells of
cerebral blood vessels (bv) in either micrograph. A and B, same
magnification. Bar in B: 50 um.

doi:10.1371/journal.pone.0062120.g008

proteomic analysis, the results showed that changes in the
isoelectric point of ubiquitin could be detected indicating a possible
modification to the ubiquitin monomer (Figure 2). The apparent
change in the size of ubiquitin protein peaks, as detected by the
densitometry scans in both fractions, seems more likely to be due
to modifications rather than to changes in its expression. The
actual changes in total ubiquitin levels are indicated by western
blot analysis of the whole tissue homogenate (Figure 1). The
comparison indicates that to detect subtle changes in ubiquitin
levels in response to injury, more accurate methods than 1-D
PAGE separation are required.

Changes in Cellular and Intracellular Distribution of
Ubiquitin Following Injury in the Developing Spinal Cord

The results from western blotting (Figure 1A) gave an overall
estimate of apparent changes in levels of ubiquitin during
development and following injury. Results from immunocyto-
chemical staining indicate changes in cellular and intracellular
distribution, which do not always match the direction of the
overall change. Thus there was a developmental increase in
immunostaining for ubiquitin (Figures 4A, 5A, 6A) that matched
an increase in protein level detected by western blotting (Figure 1A)
However, following injury, immunostaining of some cellular
populations increased markedly (Figure 4B, 5B, 6B) although the
overall level of ubiquitin was reduced, albeit to a small extent
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(Figure 1A). This post injury increase was particularly distinct
seven days post transection at P7, when a marked increase in
ubiquitin staining was visible both in neurons and in glia
(Figures 5B and 8). A similar immunocytochemical demonstration
of ubiquitin cellular distribution was noted in the caudal spinal
segment [10] but there was a difference in the levels of ubiquitin
expression between the two segments: in the caudal segment
expression did not change significantly, while in the rostral
segment it increased one day after transection.

In contrast to injury at P7, ubiquitin expression after transection
at P28 resulted in an apparent decrease one day after (not
significant) or no change seven days later (Figure 1). The protein
levels also seemed decreased in the whole homogenate but analysis
of proteomic results revealed that most of this decrease was due to
changes in fraction 8 (Figure 2D). This is in contrast to the results
obtained from the same animals in the spinal cord segment caudal
to the injury. In that segment ubiquitin levels in fraction 8
increased and its expression was also significantly elevated one day
after injury [10]. Comparisons between levels of the protein and its
mRNA transcript expression are difficult as it is not possible to use
one as an indication of a change in expression for the other. In the
present study this was further complicated by the possibility of the
ubiquitin being the protein product of multiple genes possibly
being expressed in Monodelphis genome under different conditions.
However, based on the data for the protein, as identified by mass
spectrometry and detected by the antibody used, the results show
that the free ubiquitin monomer does appear to change its
chemical properties and/or localization in development or in
response to injury. As suggested before [10], these results indicate
that in response to injury ubiquitin undergoes both synthesis de novo
and post-translational modifications, as well as differential
regulation seen by changes in isoelectric point, amount expressed
and cellular localization.

The cellular distribution of ubiquitin also demonstrated an age-
related shift from a more cytoplasmic immunostaining at an earlier
age (up to P14) to a more nuclear distribution at later stages (P29—
P35, see Figure 8 for examples). The nuclear immunostaining for
ubiquitin was more prominent following injury. Glial cells were
first seen to be clearly differentiated at P14, when immunostaining
was present in radial glial cells and their endfeet, astrocytes and
oligodendrocytes; this immunostaining became much more
prominent by P28, particularly following injury.

Mechanisms of Permissive and Non-permissive Axon
Growth Following Spinal Cord Injury

In the past it was widely believed that axons in the adult CNS
are unable to regenerate but this has been refuted by many studies
over the past 30 years. The pioneering studies conducted by
Aguayo and colleagues provided the evidence that neurons of the
CNS retain their intrinsic ability to regenerate so long as the
environment these neurons reside in is permissive such as within
the peripheral nervous system [45]. This led to the conclusion that
it is the CNS environment itself that was inhibiting central neuron
regeneration [45]. Subsequent work led to the discovery of various
molecules that inhibit neurite re-growth [46-49]. These molecules,
associated with oligodendrocytic deposited myelin, [46—49] such
as NOGO and OMgp were shown to be absent during
development but were present in the mature CNS [50]. However,
the results of spinal injury experiments in mice with gene deletions
for NOGO, thought to be the principle myelin inhibitor, have
been conflicting (see [51] for commentary). This together with
genomic (rodent [52]; Monodelphis [5],[10]) and proteomic
(rodents [53],[54] and cats [55]), studies of injured spinal cords
demonstrated that a large number of genes and proteins show
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changes in expression following injury, suggesting that the limited
response of the adult spinal cord to injury and the much more
successful recovery following injury to the immature spinal cord is
determined by much more complex mechanisms than the
presence or absence of a single inhibitory factor. The present
work suggests that ubiquitin and its pathway may well be involved
as a component of the ability of the spinal cord to recover
following trauma.

Possible Pharmacological Intervention

The analysis of our proteomic and genomic data caudal to [10]
and rostral to the injury site, indicates that ubiquitin could be
a possible target for treating spinal cord injuries. The drug
Bortezomib (Velcade, Millenium Pharmaceuticals) contains a bo-
ron atom that binds to the catalytic site of the 26S proteasome
[56]. This interferes with the normal function of the proteasome in
regulating protein expression and function by degradation of
ubiquitinylated proteins. It has been approved for the treatment of
multiple myeloma in the United States [57] and has been reported
to reduce the size of ischaemic brain lesions [58-59]. Thus
bortezomib treatment of older animals with spinal cord lesions in
which ubiquitin expression is increased caudal to the injury site
[10], might result in some preservation of neural tissue and
improved neurological function following injury. However, the
complexities of the changes in ubiquitin protein and expression
with age, injury and cellular distribution suggests more will need to
be known to make this a practicable approach.

Conclusion

An important outcome of the present study is that understand-
ing the molecular mechanisms of a particular gene or protein and
its cellular localization is critical in determining the relevance and
association to a particular disease. In this study we have not only
shown the differences in transcripted mRNA but also the
translation of its gene product, the ubiquitin protein. We have
also shown the added complexity of the possibility of post-
translational modification of ubiquitin suggesting the involvement
of many other complex regulatory pathways. This is in addition to
the discovery of several genes encoding mono-ubiquitin, poly-
ubiquitin and ubiquitin fusion genes in the Monodelphis domestica.
Both modifications and ubiquitin fusion products may possibly
explain the differences in cellular localization throughout de-
velopment observed in our study due to differences in cellular
trafficking identified by different precursor tags attached to the
ubiquitin sequence. This opens the possibility of a different
approach to spinal cord injury by targeting ubiquitin.

Limitations of the Study

Statistical analysis. In the present study no statistical
analysis was performed for either the western blots or silver
stained gels. Our aim was to identify possible changes in ubiquitin
levels in response to spinal cord injury at two stages of
development compared to their age-matched controls. The
limitations of using silver staining as a visualization method for
proteomics are well known. These include highly variable end
staining of the gels thus making inter gel comparisons difficult and
the narrow range of protein concentrations that can be detected
accurately. Thus, densitometry analysis of such gels is not
a quantitative method. Therefore, we have chosen to examine
gross changes and possible trends as opposed to actual values and
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only note differences that occur within one gel. To ensure this
technical aspect was replicated in a duplicate gel, all samples were
run twice. We also confirmed results from silver stained gels with
western blotting and demonstrated that differences observed from
densitometry scans correspond with those obtained using anti-
bodies.

Off-gel fractionation was performed on one pooled sample for
cach age group. Cords were pooled from several animals,
particularly at younger ages, to obtain enough material. In
addition pooling has the advantage that it gives an average
estimate from many individuals avoiding the problem that might
arise with variability of single samples from individual animals.
The whole proteomic separation was carried out on one pooled
sample because to obtain a biological replication would have
required a very large number of additional pups, which we
considered would not have been ethically justifiable. However we
did collect pups from different litters for every method we used and
made replicate blots of both whole homogenates and 1D LDS gels.
We have validated the biological reproducibility of the proteomic
analysis on several independent samples of P35 cords as we
reported in the previously published paper [10].

Ubiquitin gene annotation. The published AMonodelphis
genome is not well annotated with the identification of many
proteins/genes still being based on sequence homology with other
species and labeled as “predicted”. It is not known how many poly
ubiquitin genes there are. Based on predicted sequences annotated
in the database we could identify at least two poly-ubiquitin genes.
The PCR primers used in our studies were specific to one of the
ubiquitin genes (XM_001375193). Gel electrophoresis on agarose
showed amplification of a single PCR product. With the possibility
of multiple splice variants of the gene that the PCR primer was
based on as well as mRNA splice variants, further analysis by
Southern (gene identification) and northern (mRNA) blot would
be required. At present, the aim of the study was to confirm and
extend our earlier observation that ubiquitin changes its expression
and cellular localisation both in development and in response to
spinal injury in the rostral spinal cord, in addition to previously
published results for the caudal segment [10].

Cellular localization. The antibodies to ubiquitin that we
used were raised against the human protein. They are known to
cross react with rat ubiquitin, which we used previously to validate
it for cross reactivity with the Monodelphis antigen [10]. However,
the antibody only picks up the lower band of ubiquitin visible on
1D gels (see results of western blots). It is therefore possible that we
may have missed some additional changes in ubiquitin cellular
localization in development and response to injury. This would
require Monodelphis-specific antibodies, which are not available at
present.
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