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Abstract

Aging results in increased activation of inflammatory glial cells and decreased neuronal viability
following spinal cord injury (SCI). Metabolism and transport of glucose is also decreased with
age, although the influence of age on glucose transporter (GLUT) expression or glucose uptake in
SCl is currently unknown. We therefore performed [18F]Fluorodeoxyglucose (FDG) PET imaging
of young (3 month) and middle-aged (12 month) rats. Glucose uptake in middle-aged rats was
decreased compared to young rats at baseline, followed by increased uptake 14 days post
contusion SCI. gRT-PCR and protein analysis revealed an association between 14 day glucose
uptake and 14 day post-injury inflammation. Further, gene expression analysis of neuron-specific
GLUT3 and non-specific GLUT4 (present on glial cells) revealed an inverse relationship between
GLUT3/4 gene expression and glucose uptake patterns. Protein expression revealed increased
GLUT3 in 3 month rats only, consistent with age related decreases in glucose uptake, and
increased GLUT4 in 12 month rats only, consistent with age related increases in inflammatory
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activity and glucose uptake. Inconsistencies between gene and protein suggest an influence of age-
related impairment of translation and/or protein degradation. Overall, our findings show that age
alters glucose uptake and GLUT3/4 expression profiles before and after SCI, which may be
dependent on level of inflammatory response, and may suggest a therapeutic avenue in addressing
glucose uptake in the aging population.
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Introduction

The average age of spinal cord injury (SCI) has been steadily increasing, with a current
average age of onset of 42 [1,2]. Though SCI has largely been studied in the young adult
population, the effect of aging on SCI has been receiving increased attention [3-6]. Cellular
changes after SCI include acute neuron, astrocyte and oligodendrocyte reduction of cell
viability, followed by chronic white matter and axon loss, glial scar formation, and
inflammation [7].

Aged spinal cord tissue shows increased basal inflammatory activity and oxidative stress
[4,5,8], resulting in reduced neuronal viability and contributing to worsened outcome
following SCI [3,9-11]. Work in our lab and work from other groups has demonstrated that
aging increases glial cell activity and promotes an exaggerated response to SCI [4-6,12-14].

Glucose is the major energy source for the central nervous system (CNS) [15,16]. Previous
work in our lab using positron emission tomography (PET)-based measurements of glucose
uptake demonstrated an acute reduction at 6 hours post-injury in young adult rats [17].
Aging results in impairments of glucose metabolism and transport in brain and fatty tissue
[18-21], although the impact of aging on the post-SCI pattern of glucose uptake is currently
unknown.

Glucose is transported into cells by glucose transporters (GLUTS) [15,22,23]. There are
multiple isoforms of GLUTS, including GLUT3 (abundant in neurons) [24,25] and GLUT4
(insulin-sensitive and present on neurons, microglia, blood vessels and astrocytes) [25-28].
Both age and injury lead to alterations in GLUT functionality in the brain and skeletal
muscle, which can contribute to impaired glucose uptake and metabolism [18-20,29].

The purpose of this study was to determine how age and its associated cellular changes alter
the glucose uptake profile in the naive and injured rodent spinal cord. We now show that age
significantly reduces basal glucose uptake, which is associated with GLUT3 and 4 gene but
not protein expression elevation, and that injury results in a marked elevation in glucose
uptake at 14 dpi in middle-aged rats that is associated with elevation in inflammation.
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Materials and Methods

Animals

Male Sprague Dawley rats were given free access to food and water and a 12h light/12h dark
cycle. Young adult rats (3 months old: 300-500g; Harlan, Frederick, MD: n=32) were
housed for 1 week prior to entering the study. Middle-aged rats (12 months old, retired
breeders: 400-600g; Harlan, Frederick, MD: n=24) were acquired at 10 months of age, and
gentled twice a week until 12 months of age. Division of animals by experimental group is
outlined in Table 1. All animal procedures were approved by the Uniformed Services
University IACUC and complied fully with the principles set forth in the “Guide for the
Care and Use of Laboratory Animals” prepared by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Resources, National Research Council
(DHEW pub. No. (NIH) 85-23, 2985); this manuscript has been written in accordance with
the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines [30].

Contusion SCI

Contusion SCI was performed in rats (n=10 (3 month) and 8 (12 month)) as described
previously [31]. Briefly, moderate injury (150 kDynes force) was induced with the Infinite
Horizons Impactor (Precision Systems Incorporated, Natick, MA). Sham animals (n=10 (3
month) and 8 (12 month)) received laminectomy but no impact. Naive animals (n=10 (3
month) and 8 (12 month)) received no surgery or anesthesia.

microPET/CT Imaging and Analysis

Prior to injury and at 1 and 14 dpi, PET imaging was performed to assess FDG (1.5-2 mCi
injection) uptake, as previously described [17], with a 70-minute uptake period and a static
30-minute PET scan using a Siemens Inveon Multimodality scanner (Siemens Medical
Solutions, Erlangen, Germany).

Images were analyzed using Siemens Inveon Research Workplace (IRW) software, version
4.2, as previously described [17]. To avoid biases introduced due to partial-volume effects,
the PET data were reconstructed using iterative algorithm (ordered subset expectation
maximization) and the ROI’s drawn were more than 3 times (ROl size = 26mm3) (von
Leden et al., 2016) the scanner intrinsic resolution (1.4mm x 3 = 4.2mm?3). Further, to
restrict influence of FDG uptake in surrounding injured muscle tissue of the surgery site,
ROIs were restricted to within the bony structures, as previously described [17].

Comparative RT-PCR

A 5 mm section of the spinal cord, centered at the lesion epicenter, encompassing the caudal
half of the lesion site, was dissected from naive rats or at 14 dpi and immediately frozen on
dry ice and processed as previously described [14]. To determine changes in gene
expression, primers were designed using the Primer-Blast tool, then obtained from
Integrated DNA Technologies (IDT, Coralville, 1A). Primers were designed for glucose
transporters GLUT3 (sense — 5’-CCATCTCTGGTGTTCGCTGT- 3’, anti-sense — 5’-
GTCTTCCAACCGCTCTTCCA- 3’), GLUT4 (sense — 5’-CAGGCCGGGACACTATACC- 37, anti-
sense — 5’-AATCACTTTCTGTGGGGCGT- 37), and internal control (GAPDH, sense — 5°-
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GCTGGTCATCAACGGGAAA-3’, anti-sense — 5’-ACGCCAGTAGACTCCACGACA-3’). Reported
gene expression values were determined using the AA CT method: raw CT value of each
sample normalized first to CT value of the internal control (GAPDH) and then to control
group (either age matched naive or 3 month injured, dependent on analysis performed).

Western Blot

Statistics

Results

The 5 mm rostral half of the lesion site of the spinal cord was then frozen on dry ice and
processed for biochemistry as previously described [14]. Antibodies against GLUT3
(20pl/ml, Abcam, RRID AB_732609) and GLUT4 (10ul/ml, Abcam, RRID AB_305554)
were probed overnight at 4°C and bands were verified against the literature [32], [33].
GAPDH (0.5ul/ml; Millipore, RRID AB_2107445) was used as a control. To ensure that
GAPDH was not adversely affected by age or injury, side-by-side comparison with an
alternative protein loading control, B-actin, was performed and showed no difference among
groups in protein expression (Supplementary Fig. 1). NIH Image J was used to assess pixel
density of resultant blots for quantitation.

Sample sizes were calculated based on our previous work [17,34]. All assays were carried
out by investigators blinded to subject group. Quantitative data are presented as mean +/—
standard error of the mean (SEM). Post-injury PET imaging was analyzed using a 2-way
ANOVA with Tukey’s multiple comparison’s post hoc test. Baseline PET imaging, western
blots and g-RT PCR were analyzed using the student t-test. All statistical tests were
performed using the GraphPad Prism Program, Version 6.03 for Windows (GraphPad
Software, San Diego, CA). A pvalue < 0.05 was considered statistically significant.

Baseline FDG uptake is decreased in 12 month rat spinal cord

To determine glucose uptake in naive 3 month and 12 month rats, FDG-PET imaging was
performed and scans were analyzed using region of interest (ROI, Fig. 1A) analysis with
reference region (cerebellum) normalization. 12 month rats showed a significant decrease in
glucose uptake compared to 3 month rats at baseline (t(5.269), p<0.0001; Fig. 1B). To verify
that these differences in glucose uptake were not region specific, we analyzed an ROI in the
cervical spine using the same shape and size as at T9, which showed a similar reduction in
12 month rats (t(3.304), p=0.0064; Fig. 1B).

GLUT3/4 gene and protein expression is altered in 12 month rat spinal cord

To determine if age altered the glucose transport machinery, we examined gene and protein
expression of GLUT3 and GLUT4 in naive spinal cords. Interestingly, gene expression of
both GLUT3 and GLUT4 was significantly increased in the 12 month rats compared to the 3
month rats (t(2.985), p=0.0405 and t(7.05), p=0.0021, respectively; Fig. 1C), showing an
inverse relationship to glucose uptake. Protein levels of GLUT3 and GLUT4 were not
different between age groups.
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FDG uptake is increased in 12 month rats at 14 days post-injury

To determine if glucose uptake was altered by age after SCI, FDG-PET was performed at 14
dpi in 3 and 12 month rats (Fig. 2A). Analysis with a two-way ANOVA revealed a
significant difference with age at injury (F(4,50)=5.69, p=0.0007). Post-hoc analysis
revealed that 12 month injured rats showed significantly increased glucose uptake in
comparison to 3 month injured rats (**£=0.0038; Fig. 2B). Sham-injury in the 12 month old
rats resulted in a significant increase in glucose uptake compared to both 3 month sham and
injured rats (#£=0.0174 and *p=0.0113, respectively; Fig. 2B). Regardless, 12 month injured
rats remained the highest glucose uptake group of all age and injury groups, showing
significantly increased uptake compared to both the 12 month and 3 month sham rats
($=0.0172 and #p=0.0041, respectively; Fig. 2B). As significant differences in glucose
uptake were only noted at baseline and 14 dpi, all subsequent analyses were performed at
these time points.

We examined the same size ROI in the cervical spine (C5 vertebrae) to verify that these
findings were region specific and are a result of injury — two-way ANOVA analysis revealed
no significant difference by age or injury in sham or injured groups (Fig. 2C).

Inflammatory marker gene expression is increased in 12 month injured rats

To determine if the inflammatory response may be related to the increased glucose uptake
observed at 14 dpi in injured 12 month old rats (Fig. 2), we examined gene expression of
two known pro-inflammatory markers, CD86 and iNOS. In 12 month injured rats, both
CD86 and iNOS were significantly increased compared to 3 month rats (t(4.172), p=0.0140
and t(4.835), p=0.0084, respectively; Fig. 2D). Gene expression of CD86 was also
significantly increased in 12 month sham rats compared to 3 month sham rats (t(3.038,
p=0.0385; Fig. 2D). However, unlike 12 month injured, no difference was observed in iNOS
gene expression between sham groups.

Gene and protein expression of GLUT3/4 is altered after injury

To characterize the post-injury gene and protein expression pattern of GLUT3/4 and
determine if age alters that pattern, we compared all post-injury samples to the age matched
naive group as a control (Fig. 4). GLUT3 was significantly increased at 14 dpi in 3 month
rats (t(3.772), p=0.0196; Fig. 4A), however 12 month rats showed no significant difference
compared to naive. At 14 dpi, GLUT4 gene expression was significantly increased in both 3
(t(3.97), p=0.0165; Fig. 4A) and 12 month rats (1(3.404), p=0.0272; Fig. 4B).

In 3 month rats, GLUT3 protein levels at 14 dpi were significantly increased compared to
nai’ves (t(3.907), p=0.0298; Fig. 4C). 12 month rats also had significant increases in GLUT4
at 14 dpi (t(2.684), p=0.0500; Fig. 4D), however, they did not show any significant
difference in GLUT3 protein expression.

Discussion

The results of this study show that glucose uptake is depressed at baseline in 12 month rats
compared to 3 month rats, followed by a notable increase during the secondary injury period
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post SCI. Previous work by our group using PET imaging of glucose uptake after SCI in 3
month old rats [17] suggested an association between increased glucose uptake and
inflammatory activity, and other findings by our group have shown that age results in basally
increased inflammatory activity that is hyper-responsive to insult [14]. Accordingly, we now
show that at 14 dpi, glucose uptake is significantly increased in 12 month old injured rats
over 3 month old rats and analysis of inflammatory markers CD86 and iNOS at 14 dpi show
an associated increase in inflammation chronically after injury.

Interestingly, evaluation of sham-injured middle-aged rats showed an intermediate
phenotype in both glucose uptake and inflammatory response. Our previous findings [17]
compared injured to sham 3 month old rats, whose glucose uptake matched naive controls,
suggesting there was no influence of the surgery alone on glucose uptake. However, in this
study we found that glucose uptake in 12 month sham rats was significantly increased at 14
dpi compared to 3 month shams. As inflammatory activity in aged rats is increased in naive
tissue and hyper-responsive to insult [4,14], it is possible that laminectomy surgery alone
caused an inflammatory response.

Previous work has shown that glucose metabolism is compromised and less efficient with
age [19-21]. An inverse relationship between baseline glucose uptake and gene expression
suggests age may influence GLUT gene expression changes in response to glucose uptake;
increases in 12 month GLUT3 gene expression may be associated with age related decreases
in neuronal viability, resulting in dysregulated glucose transport [35], while increased
GLUT4 gene expression may indicate an attempt of the cellular environment to maintain
balance in response to age-related depressed glucose uptake and increased inflammatory
activity. Further, these gene expression findings may reflect a response to changes in glucose
uptake, by increasing or decreasing expression levels to encourage a return to cellular
homeostasis through translation of proteins. Interestingly, GLUT3/4 protein levels do not
differ between age groups at baseline, suggesting age-related impairments in mMRNA
stability and subsequent gene degradation may contribute to inconsistent gene translation
[36,37].

The thoracic dorsal contusion injury causes primarily white matter damage with less impact
on the neuron-heavy grey matter regions of the spinal cord [38,39]. In the CNS, GLUT3 has
been shown to be most abundant on neurons [25], and GLUT4, though present on a variety
of cells including neurons, is present on inflammatory glial cells (microglia and astrocytes)
that migrate to the injury site [28]. In the peripheral nervous system, GLUT4 increases in
response to injury, where GLUT3 does not [40]. Similarly, in our current study, increased
GLUT4 primarily in 12 month old rats observed at 14 dpi is consistent with elevated glial
cells [28] and evidence of chronic inflammation with aging [4,14]. Elevated and chronic
inflammation has been noted in a several studies of injury to the CNS in aged populations
[5,14,41,42]. While the exact mechanism behind this elevation in inflammation is not
known, oxidative stress has been suggested as one possibility [5]. Glucose metabolism
dysregulation may be another potential mechanism, although additional research is needed
to determine if this is a cause or an effect.
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Conclusions

We now show that alterations in glucose uptake profiles and expression of GLUT 3/4 are
aligned with increased inflammatory markers with injury and age. These alterations to
glucose uptake, transport and metabolism could contribute to worsened injury severity,
chronic inflammation, and impairments in functional recovery observed in the aging SCI
population and in preclinical studies[3,5,14,43,44]. This has significant implications in
therapeutic approaches for SCI; treatments that are effective in young age groups may be
less effective in aged populations. Current research utilizing stem cell transplantation
suggests that this therapy is equally effective in both groups, but to date only 1 therapy has
been assessed in more than one age[45]. As glucose is necessary for homeostatic function of
all CNS cells, our findings suggest that manipulation of glucose uptake and metabolism
could be a potential therapeutic avenue for aging and/or SCI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Glucose uptake is depressed in middle-aged rats
. Glucose transporter (GLUT)-3/4 show altered gene expression in middle-aged
rats
. Glucose uptake in increased in middle-aged rats after spinal cord injury
. Inconsistencies between gene and protein suggest age-related impaired
translation
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Figure 1.
12 month rats show altered glucose uptake pattern and GLUT3/4 gene expression compared

to 3 month rats. A) Representative PET images of 3 and 12 month baseline (naive) spinal
cord. Arrowheads point to cervical spine region, block arrows to thoracic injury site.
Heatmap: black/blue represents lowest level of uptake, red/white represents highest level of
uptake. B) Naive 12 month rats show significant decreases in glucose uptake compared to
naive 3 month rats in both the thoracic and cervical cord. No difference in glucose uptake is
found in cervical spine after injury, indicating post injury alterations in glucose uptake are
specific to the injury site. C) Comparative RT-PCR between 3 month and 12 month rats
reveal significantly increased gene expression in 12 month rats in both GLUT3 and GLUT4.
D) No significant difference in GLUT3 or GLUT4 protein expression is found by age group.
N=8-12/group (PET imaging), 4/group (gene and protein expression); *p<0.05, ** p<0.005,
**** p<0.0001.
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Figure 2.
12 month rats show increased glucose uptake after SCI compared to 3 month rats. A)

Representative images of both 3 and 12 month rats at 1 and 14 dpi. Arrowheads point to
cervical spine, block arrows point to thoracic injury. Heatmap provided to left of images —
red represents highest level of uptake. B) 12 month injured rats showed significantly higher
glucose uptake than all other groups. 12 month sham rats also show significant increases in
glucose uptake compared to 3 month injured (*) and sham (#) groups. Quantitative glucose
uptake values in provided table (standard uptake value normalized to cerebellum control and
baseline). C) At the cervical spine, no significant difference is found in any group by age or
injury. D) When compared to 3 month rats, 12 month injured rats show significantly
increased gene expression of both CD86 and iNOS at 14 dpi. 12 month sham rats showed
significantly higher CD86 gene expression than 3 month sham rats; no significant difference
was seen in iNOS by age group. N=4-6/group; *p<0.05, **p<0.005.
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Comparative RT-PCR and protein expression for GLUT3 and 4 in 3 and 12 month rats show
alterations after SCI. A) 3 month rats show significantly increased GLUT3 and GLUT4 gene
expression at 14dpi. B) 12 month rats also show significantly increased GLUT4 at 14 dpi. C)
In 3 month rats, GLUT3 protein expression is significantly increased at 14dpi. D) In 12
month rats, GLUT4 protein expression is significantly increased at 14 dpi. Representative
images of western blots are shown. N=4/group; *p<0.05.
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Table 1.

Number of rats per group for all experiments in study. Rats were divided by age (3 months, 12 months) and
injury type (naive, sham or SCI).

Experiment Group 3 Month Rats 12 Month Rats
Naive | Sham** | SCI | Naive | Sham** | SCI
PET Imaging (Naive/1/14 dpi)™ 12 6 6 8 4 4
gRT-PCR/Mvestern Blot (Naive)™™™ | 4 NA NA 4 NA NA
gRT-PCR/Western Blot (14 api) NA 4 4 NA 4 4
Total n 16 10 10 12 8 8

*
All rats that underwent PET imaging were included in baseline quantification analysis.

Ak
For biochemistry experiments, the 1 cm section of spinal cord encompassing the lesion site at T9 was divided for gRT-PCR and western blot.
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