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Abstract

Traumatic brain injury (TBI) induces cachexia and neuroinflammation which profoundly impact
patient recovery. Adipokine genes such as leptin (ob), resistin (rstn) and fasting-induced adipose
factor (fiaf) are implicated in energy metabolism and body weight control and are also associated
with chronic low grade inflammation. Since central rstn and fiaf expression was increased following
hypoxic/ischemic brain injury, we hypothesized that these genes would also be induced in the rat
brain following TBI. Realtime RT-PCR detected a 2—2.5-fold increase in ob mRNA in the ipsilateral
cortex and thalamus 12 h following lateral fluid percussion (FP)-induced brain injury. Fiaf mMRNA
was elevated 5—7.5-fold in cortex, hippocampus and thalamus, and modest increases were also
detectable in the contralateral brain. Remarkably, rsth mRNA was elevated in ipsilateral (150-fold)
and in contralateral (50-fold) hippocampus. To test whether these changes were part of an
inflammatory response to TBI we also examined the effects of an intracerebral injection of
lipopolysaccharide (LPS). We determined that central injection of LPS produced some, but not all,
of the changes seen after TBI. For example, in contrast to the stimulatory influence of TBI, LPS had
no effect on ob expression in any brain region, though fiaf and rstn mRNA levels were significantly
elevated in both ipsi- and contralateral cortex. In conclusion: (a) brain-derived adipokines could be
involved in the acute pathology of traumatic brain injury partly through modulation of central
inflammatory responses, but also via leptin-mediated neuroprotective effects and (b) TBI-induced
brain adipokines may induce the metabolic changes observed following neurotrauma.
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Traumatic brain injury (TBI) is currently one of the leading causes of injury-related death and
results in memory loss and impaired motor function [7,18]. Moreover TBI patients are often
hypophagic, hypercatabolic and the associated muscular atrophy can have detrimental
consequences on patient outcome [17,25]. A period of increased energy expenditure and
hyperthermia generally follows TBI, further compounding the underlying brain injury [17,
25]. At present there are no therapeutic interventions capable of counteracting or repairing
TBI-induced brain damage, despite extensive research that to date has focused on a variety of
pharmacological strategies, including, for example, glutamate antagonists, endocannabinoids
and free radical scavengers [22]. More recently, through microarray analysis, several genes
have been implicated in the pathogenesis of TBI [7,15], though their individual roles and their
suitability as therapeutic targets remain unclear.

The association of cachexia with TBI suggested the possible involvement of adipokines, such
as leptin, that are well-known for their effects on appetite, bodyweight and energy metabolism
[2,26]. An intriguing additional role for leptin is its stimulatory effects on brain protein
synthesis in addition to its neuroprotective and trophic properties in the central nervous system
(CNS) [1,8]. Leptin also protected against cell death in rat C6 glioblastoma cells and in the
human SH-SY5Y neuroblastoma cell line [5,23]. Our laboratory demonstrated that the rat brain
is a site of expression of several genes normally found in adipose tissue, including leptin
(ob), resistin (rstn) and fasting-induced adipose factor (fiaf) [28]. We also detected differential
increases in rstn and fiaf MRNA in the neonatal mouse brain following cerebral hypoxia/
ischemia (H/I) [27]. Fiaf gene expression was significantly elevated in the ipsilateral cerebral
cortex and hippocampus at 2 and 7 days post-injury, but returned to baseline values 21 days
later. In contrast, rstn mRNA was not increased until 21 days post-H/I injury. FIAF is known
to exert pro-angiogenic effects [13], and the time-course of fiaf upregulation in the neonatal
mouse brain corresponds with that of cerebrovascular angiogenesis that occurs following focal
brain ischemia in mice [11]. Thus, brain-derived adipokines could be involved in the pathology
of brain injury and repair.

Given the neuroprotective properties of leptin [8], and that the rat brain expresses other
adipokine genes in addition to leptin [28], we hypothesized that cerebral damage would induce
the expression of these central adipokine genes as part of an acute neuroprotective mechanism
that might also impact central energy metabolism following TBI. Experiments were undertaken
to evaluate the expression of ob, fiaf and rstn mRNA using realtime RT-PCR 12 h following
a lateral fluid percussion (FP) brain injury in adult rats [16]. Also, because of the known
involvement of a central inflammatory response in TBI, a second series of experiments was
undertaken to investigate the response of brain adipokines 12 h following the intracerebral
injection of lipopolysaccharide (LPS).

The FP brain injury procedure was approved by the University of Pennsylvania's Animal Use
and Care Committee and conformed to standards set by the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (1996). The intracerebral injection procedure was
approved by the Dalhousie University Committee on Laboratory Animals. For the TBI studies
adult male Sprague-Dawley rats (350—400 g, Harlan, Indianapolis, IN) were anesthesitized
with sodium pentobarbital (65 mg/kg) and underwent craniectomy followed by a lateral FP
brain injury of moderate severity (2.92—3.17 atm) as previously described in detail [16].
Normothermia was maintained throughout all procedures and for 120 min after lateral FP
injury. Animals were allowed to recover and were then returned to home cages. Sham-injured
rats were anesthetized and surgically prepared in the exact same manner but did not receive
FP brain injury. Animals were euthanized 12 h post-injury, and following decapitation, brains
were removed quickly and a 3 mm coronal section was removed from the occipital—parietal
level, which included the injury site over the left parietal cortex. First, the different brain regions
were dissected out on the ipsilateral side (side of injury) on a cold, glass plate in the following
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order: (1) hippocampus, (2) cortex and (3) thalamus, followed by the contralateral sites.
Sections were immediately placed in RNAlater® (Ambion, Austin, TX) and stored at room
temperature before shipment to Halifax, Nova Scotia, for RNA isolation.

For intracerebral injection of LPS (from E. coli 026:B6; #L.8274; Sigma, Oakville, ON) adult
male Sprague-Dawley rats (Charles River Laboratories, St. Constant, Quebec; 275-300 g)
were anesthetized using isoflurane USP (Abbott Laboratories, Montreal, QC) and placed in a
Stoelting stereotaxic frame. Anaesthesia was maintained throughout the experiment by
providing a 2-2.5% flow of isoflurane/oxygen. Rats were injected using coordinates from
bregma that approximated the site of the fluid percussion injury: dorsal, 5 mm; lateral, 4 mm
and ventral, 1.8 mm. Rats were slowly injected with either isotonic saline (5 uL) or the LPS
solution (5 pL; 25 ug) using a Hamilton syringe over several seconds. The needle was left in
place for a further 2 min, and slowly retracted before closing the incision with a wound clip.
Xylocaine jelly (2%; Astra Pharma Inc.; Mississauga, ON) was applied and the rats were
allowed to recover individually for 15 min prior to returning to their home cage where they
were housed in pairs. Animals were closely monitored to confirm that there were no adverse
effects from the surgery and tissues were collected 12 h later as described above.

Total RNA was isolated using the RNEasy mini kit following the DNase protocol (Qiagen,
Mississauga, ON) and reverse transcribed (RT) and PCR amplified using the SuperScript™
I11 Platinum® Two-Step gRT-PCR Kit (Invitrogen) according to the manufacturer's protocol
using specific primers and Tagman™ probes for rat leptin (ob), fiaf, resistin and cyclophilin
(sequences available upon request). In brief, RNA (2 ng) was diluted to 16 uL and then heat
denatured for 5 min at 70 °C. Samples were returned to ice prior to the addition of 20 uL of
the 2x reverse transcription master mix and 4 pL of the SuperScript™ I11 RT enzyme master
mix (Invitrogen). The RT reaction consisted of 10 min incubation at 25 °C, 45 min incubation
at 42 °C, followed by a 5 min 85 °C termination step, and the resulting complementary DNA
(cDNA,; 40 pL) was stored at —20 °C. For PCR amplifications samples were amplified in
duplicate and only one gene was analyzed per reaction. Individual PCR reactions consisted of
a 2x Platinum® quantitative PCR SuperMix-UDG, 7 pmol of the sense and antisense primers,
1 pmol of the appropriate dual-labeled probe, 3 uL of cDNA, to a final volume of 33 uL in
sterile water. Reactions were heated to 10 min at 95 °C, followed by 50 amplification cycles
of 95 °C for 20 s and 60 °C for 60 s using a BioRad thermal cycler and an iQ realtime PCR
detection system. A standard curve, that was prepared using a serial dilution of a reference
sample, was included in each realtime run to correct for possible variations in product
amplification. Relative copy numbers were obtained from standard curve values, and these
were normalized to the values obtained for our house keeping gene, cyclophilin. Data are
expressed as a percentage of the control + S.E.M. It should be noted that no significant
variations in the housekeeping gene were observed between groups when evaluated using either
the threshold cycle (Ct), or using the relative levels of expression, and this is consistent with
previous reports [4]. Data from the ipsilateral and contralateral brain samples were analyzed
independently using the Student's t-test with a significance level set at p < 0.05.

Twelve hours following brain injury, leptin mRNA levels were markedly increased in the
ipsilateral cerebral cortex and thalamus (Fig. 1A and C; 2.5-fold, p < 0.0005 and 2-fold, p <
0.05, respectively), but not hippocampus, relative to sham controls. Note that leptin expression
was not significantly affected in the contralateral cortex and thalamus. Large increases in
fiaf gene expression were seen in the three brain regions ipsilateral to the injury (Fig. 1D-F;
cortex [6-fold; p < 0.0001], hippocampus [7.5-fold; p < 0.0001] and thalamus [5-fold; p < 0.01]
12 h post-injury). In contrast to the leptin data we observed a significant, though smaller,
increase in fiaf MRNA in the contralateral brain (Fig. 1D-F; cortex 89%, p < 0.01; hippocampus
155%, p < 0.01; thalamus 102%, p < 0.01). Significant increases in rstn mRNA were detected
in the ipsilateral, but not the contralateral, cortex (128%; p < 0.01, Fig. 1G). Although rstn
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gene expression was very low in the thalamus (data not shown), hippocampal rstn mMRNA
levels were strikingly induced in both the ipsi and contralateral hippocampus (150-fold and
50-fold respectively; p < 0.05; Fig. 1H).

Data obtained from the intracerebral LPS injections revealed interesting differences in the
response of adipokine genes to an inflammatory stimulus, compared to those seen after TBI.
The most obvious change was the lack of response of ob in all three brain regions (Fig. 2A—
C), compared to the significant increases seen following TBI (Fig. 1A and C). In contrast LPS
induced large, significant increases in fiaf expression in both ipsi- and contralateral cortex (Fig.
2D; p <0.02 and p < 0.01, respectively), but had no effect in hippocampus or thalamus (Fig.
2E and F). Note that fiaf expression was very sensitive to TBI in these two brain regions (Fig.
1E and F). The LPS-induced increase in rstn expression was similar to that resulting from TBI
though the change was seen in both ipsi- and contralateral sites (Fig. 2G). No changes in body
weight were observed in either group of rats.

Our data show that TBI rapidly increases ob, fiaf and rstn gene expression in several regions
of the adult rat brain. Although the largest changes occurred at the site of injury, significant
increments in MRNA levels were also detected for fiaf and rstn in contralateral brain regions,
relative to sham-operated controls. This was especially true for fiaf in contralateral cortex,
thalamus and hippocampus, though rsth mRNA levels were also markedly increased in
contralateral hippocampus. In contrast, elevations in ob mRNA were confined to ipsilateral
cortex and thalamus, with no changes seen in ipsilateral or contralateral hippocampus. Taken
together with our previous report, that hypoxic/ischemic insult in neonatal mouse brain
stimulated fiaf and rstn gene expression [27], our current observations imply that the
upregulation of centrally derived adipokine genes, such as ob, fiaf and rstn, could be a general
response in the pathology of brain damage. In view of the known neuroprotective properties
of leptin [8], central adipokines might contribute to local tissue repair and prevent further
damage, though they may also lead to the altered metabolic status that is often associated with
brain injury. For example rats and patients often experience loss of appetite and become
hyperthermic following TBI, further exacerbating the initial neurotrauma [17,25]. Adipokines
are known to modify appetite via a hypothalamic-dependent pathway [2]. For example the
intracerebroventricular (i.c.v.) injection of leptin reduced appetite and increased energy
expenditure in rodents, and more recently i.c.v. delivery of resistin acutely reduced food intake
in rats [2]. Thus the increases in central adipokine gene expression that we describe could
modulate energy expenditure and appetite. Future experiments designed to examine longer
term (>12 h) changes in food intake, and adipokine gene expression in the hypothalamus, are
required to investigate this possibility. In addition, since TBI compromises the integrity of the
blood brain barrier (BBB), this may increase the brain's exposure to circulating factors of
peripheral origin leading to further alterations in energy metabolism [7,16]. This might explain
changes in gene expression that were detected in the contralateral, non-damaged, side of the
brain; i.e., fiaf and rstn mRNA, but not ob mMRNA were increased contralaterally, especially
in the hippocampus. Other studies also found a significant damaging effect of TBI on
contralateral hippocampal neurons as early as 10 min post-injury [6]. Using in vitro
autoradiography Sihver et al. [24] demonstrated a marked reduction in binding affinity at
cortical and hippocampal glutamate (NMDA) and GABA, receptors 12 h post-TBI. These
neurochemical changes could also be the result of alterations in cerebral blood flow [21].
Whether glutamatergic neurons, or other neurotransmitter systems, are implicated in brain-
derived adipokine gene expression is unknown. On the other hand, microarray analysis
revealed that certain transcription factors, known to be involved in the regulation of adipokine
genes, are rapidly increased in the rat following brain injury, most notably nuclear factor-xB
(NF-xB) and hypoxia inducible factor-1a (HIF-1a) [7,15]. Resistin promoter analysis revealed
the presence of numerous NF-«kB binding sites, and activating NF-«xB increased rstn gene
expression in adipocytes [14]. In addition to increased hif-1lo mMRNA, the stability and
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transcriptional activity of HIF-1o would also be enhanced by hypoxic conditions that often
result following brain injury [7]. HIF-1a is able to transactivate the leptin gene [10], and the
FIAF promoter contains both NF-xB and HIF-1a response elements, suggesting they might be
partially responsible for increasing adipokine expression following neurotrauma [3].

A further mechanism that may be at least partially responsible for TBI-induced increases in
central adipokine gene expression is suggested by the results of our LPS experiments that were
designed to produce an inflammatory response. Brain injury is known to increase local
expression of several inflammatory cytokines, such as tumor necrosis factor alpha (TNFa),
that are capable of inducing adipokine gene expression [26]. However, an intracerebral
injection of LPS produced some, but not all, of the changes seen after TBI. For example, in
contrast to the stimulatory influence of TBI, LPS had no effect on ob expression in any brain
region, though fiaf and rstn mRNA levels were significantly elevated in both ipsi- and
contralateral cortex. This result suggests that fiaf and rstn expression, at least in cortex, were
increased by a TBI-dependent inflammatory response, whereas ob mRNA levels are controlled
by an alternative, perhaps neuroprotective, mechanism.

What purpose could increased adipokine gene expression serve in the injured brain? Leptin
protected rat C6 glioblastoma cells, human neuroblastoma cells, and mouse cortical neurons
from cell death [5,8,23], and leptin was also reported to be neuroprotective against ischemic
damage in the mouse brain [29]. Leptin could assist in brain repair following injury through
stimulatory effects on neuronal proteins such as growth associated protein 43 (GAP-43) [1],
since there is evidence that axons injured by TBI may attempt to regenerate by up-regulating
GAP-43 expression [9]. Our previous demonstration that brain fiaf expression is upregulated
following a cerebral hypoxic/ischemic insult in neonatal mice indicates that increases in fiaf
might be a common marker of brain damage, though it is difficult at this time to conclude
whether elevated FIAF production is beneficial or deleterious to the outcome of cerebral
damage. FIAF is reported to exert strong pro-angiogenic effects in ischemic renal carcinoma
[13], and fiaf up-regulation is associated with cerebrovascular angiogenesis after focal brain
ischemia in adult mice [11] or cortical cold injury in adult rats [19]. However a potentially
damaging effect of FIAF following TBI could occur via the inhibition of lipoprotein lipase
activity (LPL) [12], since elevated levels of LPL are thought to be neuroprotective [20]. The
TBI-induced increase in brain rstn mRNA, measured at 12 h post-injury, is in marked contrast
to the delayed elevation seen in hypoxic ischemic mouse brain (>7 days) [27]. This suggests
that resistin, like FIAF, may participate in the acute responses to cerebral damage, possibly via
the induction of inflammation, but this requires further investigation [14,26]. We conclude that
important future investigations should focus not only on a more detailed time-course of the
changes we describe, but on the determination of the levels and localization of adipokine
proteins induced by TBI.

In summary, our data suggest that TBI-mediated increases in central adipokine gene expression
could be associated with some of the clinical features of TBI, in particular neuroinflammation
and cachexia. We speculate that brain-derived adipokines mediate their effects viaan autocrine/
paracrine mechanism to modulate local cytokine signaling and inflammatory responses
following brain injury. Blocking local injury-induced increases in adipokine expression,
perhaps through gene silencing techniques [28], could help resolve the individual roles of
leptin, resistin and FIAF, in the pathology of brain injury. These genes may prove to be useful
therapeutic targets in efforts to improve patient recovery following brain injury.
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Fig. 1.

The effects of TBI (12 h) on ob, rstn and fiaf mMRNA in various rat brain regions. (A—C) Leptin
(ob) gene expression was significantly upregulated in the ipsilateral cortex (A, 2.5-fold) and
thalamus (C, 2-fold) 12 h following lateral FP-induced brain injury. In contrast ob gene
expression was unaffected in the hippocampus (B), or in the contralateral brain tissues. (D-F)
Following TBI fiaf was significantly upregulated 6-fold, 7.5-fold and 5-fold in the ipsilateral
cortex, hippocampus and thalamus respectively. Fiaf expression was also significantly
upregulated in the contralateral tissues, but the increases were smaller (cortex 89%; thalamus
103%,; hippocampus 150%). (G and H) TBI increased rstn mRNA in the ipsilateral cortex (G,
128%), but had no effects on the contralateral tissue. In contrast, rstn was detectable at low
levels in the hippocampus of sham controls, but was strikingly induced following TBI in the
ipsi- and contralateral hippocampus (H, 150-fold and 50-fold, respectively). Fiaf expression
was undetectable in thalamic samples. Values are expressed as a percentage of the control +
S.E.M. obtained from duplicate experiments (N = 6—8; *p < 0.05, **p < 0.01 and ***p < 0.001,
****p < 0.0005). White bars represent sham, control rats; shaded bars indicate data from TBI
rats.
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The effects of intracerebral injection of LPS on ob, rstn and fiaf mMRNA in various rat brain

regions, measured 12 h post-injection. (A-C) The intracerebral injection of LPS had no effect
on leptin (ob) gene expression in cortex, hippocampus or thalamus. (D—F) Following the central
injection of LPS fiaf was upregulated in both the ipsilateral and contralateral cortex, but there
was no effect in the thalamus or hippocampus. (G and H) LPS increased rstn mRNA in both
the ipsilateral and contralateral cortex and hippocampus. Values are expressed as a percentage
of the control £ S.E.M. obtained from duplicate experiments (N = 5-10; *p < 0.05, **p < 0.01
and ***p < 0.001). White bars represent sham, control rats; shaded bars indicate LPS-treated

rats.
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