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Abstract
Each year, over one million people in the United States are affected by traumatic brain injury
(TBI). Symptoms of both acute and chronic neuroinflammation follow TBI, coinciding with a
robust immune response and activation of the brain’s endogenous repair mechanisms. TBI can
lead to endocrine failure as a result of damage to the thalamic region of the brain, evidenced by
excessive thirst and polyuria often accompanying TBI. These symptoms indicate the presence of
diabetes insipidus (DI), a disruption of water homeostasis due to antidiuretic hormone deficiency.
This deficiency accompanies a mechanical or neuroinflammatory damage to the thalamic region
during TBI, evidenced by increased expression of inflammatory microglial marker MHCII in this
brain region. Excessive thirst and urinations, which are typical DI symptoms, in our chronic TBI
rats also suggest a close connection between TBI and DI. We seek to bridge this gap between TBI
and DI through investigation of the Cluster of Differentiation 36 (CD36) receptor. This receptor is
associated with Low-Density Lipoprotein (LDL) deregulation, proinflammatory events, and innate
immunity regulation. We posit that CD36 exacerbates TBI through immune activation and
subsequent neuroinflammation. Indeed, scientific evidence already supports pathological
interaction of CD36 in other neurological disorders including stroke and Alzheimer’s disease. We
propose that DI contributes to TBI pathology via CD36 neuroinflammation. Use of CD36 as a
biomarker may provide insights into treatment and disease pathology of TBI and DI. This
unexplored avenue of research holds potential for a better understanding and treatment of TBI and
DI.
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Introduction
Traumatic brain injury (TBI) affects an estimated 1.7 million people in the United States
annually, accounting for 1.365 million emergency room visits and 52,000 deaths each year
—one third of all injury-related deaths in the United States [1]. Disruptions of water balance
and osmolality are common following TBI [2-6]. Diabetes insipidus (DI), a condition in
which the kidneys fail to reabsorb water, occur in 21.6% to 26% of patients diagnosed with
TBI, 6% to 6.9% of whom experienced chronic DI symptoms [3,7]. Other studies report that
most, but not all, DI cases are transient; symptoms usually appear 1 to 3 days post TBI and
disappear within a month [2,5]. This link between DI and TBI has been recognized for many
years [8].

TBI is usually associated with central diabetes insipidus (CDI), a failure of the kidneys to
reabsorb water due to antidiuretic hormone (ADH) deficiency [4]. This deficiency results in
increased blood osmolality and increased excretion (polyuria) due to decreased water
reabsorption in the distal tubules and collecting ducts [2,3,9]. Other hypothalamus and
pituitary dysfunction has been observed after TBI as well. In fact, approximately 30% to
40% of patients show some type of hormone deficiency following TBI [6,10]. These
symptoms, including CDI, are likely due to hypothalamus or pituitary damage sustained
during injury, and studies have identified a direct relationship of the severity of injury with
likelihood of developing chronic hormone deficiencies [5-7]. Therefore, a strong
pathological interaction exists between TBI and CDI. Here, we discuss these two disease
conditions and examine the Cluster of Differentiation 36 (CD36) receptor as a major
pathological link between them.

A Neuroinflammatory Response in TBI
Neuroinflammation, both acute and chronic, is widely recognized as a symptom following
TBI. Immediately following TBI, the brain mounts a robust inflammatory response,
including activation of the immune cells and secretion of regulatory cytokines and
chemokines [11-13]. CD36 may directly and indirectly modulate cytokine release.
Following a neurotoxic protein stimulant (i.e., prion) a CD36-directed microglial activation
is achieved involving an immediate but transient increase in the mRNA expression of CD36
that upregulates mRNA and protein levels of proinflammatory cytokines (IL-1β, IL-6 and
TNF-α), resulting in increased inducible nitric oxide synthase expression and nitric oxide
production, which in turn activate NF-κB and caspase-1, and elevated Fyn activity [14].
Indirectly, CD36 participates in the development of atherosclerosis by mediating the uptake
of oxidized low-density lipoproteins (oxLDL) by macrophages, thus leading to foam cell
formation, with progression of the pathogenesis of atherosclerosis determined by ongoing
inflammatory reactions [15]. Furthermore, CD36 in platelet binding of hypochlorite-
oxidized LDL. CD36 plays a prominent role as the major receptor responsible for
hypochlorite-oxidized LDL-induced platelet activation that accumulates in the release of
CD40L-mediated proinflammatory role of platelets, especially in conditions of oxidative
stress [16,17]. CD36 modulation of these cytokine pathways has also been shown to be
influenced by serum amyloid and dietary cholesterol, both of which have been associated
with several pathological diseases [18,19]. The brain also attempts to repair itself via
endogenous repair mechanisms such as cell proliferation [20]; however, these repair
mechanisms cannot fully ameliorate the secondary cell death, neuroinflammation [11,20],
and apoptosis [21,22] following TBI. Chronic neuroinflammation from TBI results in
neuron loss, impaired cell proliferation, and an upregulation of activated microglia cells
[13,23]. Therefore, neuroinflammation interferes with the brain’s endogenous repair
mechanisms, which in turn impedes recovery from TBI [23]. Neuroinflammation and its
associated cell death events linger over time following injury; in fact, neuroinflammation
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has been observed up to 17 years post TBI [24]. Both the primary injury itself and
neuroinflammation following TBI can damage the thalamic region of the brain, leading to
subsequent endocrine system failure [25] and among other endocrine-related deficits
associated with neurodegeneration of the thalamus. In particular, excessive thirst and
excretion of large amounts of severely diluted urine, have been documented in TBI with
thalamic damage, symptoms reminiscent of CDI [2,4].

The Thalamic Region and DI
Hypopituitarism frequently follows TBI, either as a result of brain damage or the body’s
endocrine response to the injury. Still, present data do not define the exact time frame of
hypopituitarism [3,6]. Regardless, evidence of both chronic and acute pituitary damage
following TBI is abundant. Autopsy of 496 patients who died from acute TBI revealed
hemorrhage or necrosis at the anterior pituitary in 21% of cases and at the posterior pituitary
in 22% of cases [6]. In a large series of cases, a 7% prevalence of diabetes insipidus in long-
term TBI survivors was observed [26]. Consequences of endocrine dysfunction following
TBI have been routinely explored in adults, but juvenile studies are limited and show an
incidence rate of endocrine dysfunction in 16-61% in patients 1-5 years after injury [28]. In
addition, evidence of hypothalamic or pituitary vascular lesions via CT or MRI scan has
been noted in about 79% of patients with post traumatic hypopituitarism [27]. Normally,
ADH is secreted by the posterior pituitary, and ADH production is monitored by the
hypothalamus through osmoregulatory cells [2,4]. Therefore, mechanical or
neuroinflammatory damage to these regions or the pituitary stalk can inhibit the body’s
osmotic balance, thus causing post-traumatic DI [2,3,5,7]. Reports suggest that disruption of
blood flow to these hypothalamic osmoreceptor cells disrupts water homeostasis in the body
[2]. Irreversible damage can result in permanent DI [7]. We seek to draw the connection
between TBI and DI through studying this neuroinflammation in tandem with the CD36
receptor.

CD36: An Overview
CD36 or Fatty Acid Translocase (FAT) is a scavenger receptor that supports a large
extracellular domain and two short cytoplasmic tails [29]. This extracellular region includes
a hydrophobic region, a proline-cysteine rich domain, and ten potential N-linked
glycosylation sites. These glycosylation sites allow the cell to recognize various lipid-based
ligands, which further increases CD36’s highly diverse cellular responses [29]. This class B
scavenger receptor can be found in hematopoietic cells, which include erythroid precursors,
platelets, monocytes, macrophages, and megakaryocytes [30]. CD36 is mainly associated
with Low-Density Lipoprotein (LDL) deregulation, regulating inflammation, innate
immunity, and lipid uptake in peripheral tissue including retina, breast, kidney, and tongue.
Once the CD36 receptors have been activated in response to Fibrillar β amyloid (fAβ), it
causes proinflammatory events.

CD36-Mediated Neuroinflammation: A Link between TBI and DI
CD36 contributes to neuroinflammation in patients with post-ischemic inflammation [32].
Reduction in free radical production and injury size in CD36 KO mice further prove that
CD36 induces an increase in brain injury. CD36 ligands such as Fibrillar β amyloid (fAβ),
modified/oxidizes low density proteins (mLDL, oxLDL), among others are elevated
following ischemia [33-35]. Since CD36 works in a feed forward manner [36], the existence
of CD36 ligands in the infarct area insinuates that excess CD36 pathways are activated.
Certain CD36 ligands influence vascular dysfunction, such as amyloid β, oxLDLs, lipid
based proteins, and advanced glycogen end products (AGE) LDL [29].
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The plethora of modified/oxidized low-density proteins (mLDL, oxLDL) in hyperlipidemic
plasma suggests the connection of lipid-based ligands in intensifying CD36-mediated
function (Figure 1). Foam cell formation occurs when there is an uptake of excess lipid
ligands by monocyte/macrophage CD36, which is a key event that leads to atherosclerotic
lesion development in vessels [30]. The involvement of CD36 in hyperlipidemia-induced
exacerbation in ischemia is further supported by laboratory observations demonstrating that
CD36 knockout animals displayed smaller infarct sizes, reduced expression of inflammatory
cytokines MCP-1 and CCR2, and a decreased number of foam cells [29]. Along this line of
investigations, previous laboratory evidence implicates an interaction between CD36 and
insulin resistance [36,37]. (AGE) LDL has a high affinity for CD36 in that the exposure of
(AGE) LDL induced a pro-oxidant and proinflammatory state in smooth muscle cells,
increasing lipid accumulation [38]. This directly compromises endothelial function and
promotes proinflammatory responses.

Fibrillar β amyloid (fAβ) is one of many examples about how CD36 brings about a
neurological disease as a result of neuroinflammation. In this specific case, Alzheimer’s
Disease (AD) is brought about. The pileup of β amyloid in the plaque attributes AD. fAβ
binds to many biomolecules such as proteins and membrane lipids. Consequently, this
binding further advances fibrillation of fAβ, which reconfigures the structure and function of
the membrane [39]. CD36 activates signaling cascades, which trigger innate host responses
[40-42], in response to fAβ.

Altogether, the body of laboratory evidence advances the notion of an intimate pathological
interaction between CD36 and neurological disorders, such as stroke and Alzheimer’s
disease, characterized by robust neuroinflammation. To this end, because
neuroinflammation is a hallmark pathological feature of TBI, as discussed above, there is
high likelihood that CD36 also participates in the disease pathology of TBI. As noted above,
CD36 has been widely associated with the development of atherosclerosis [43]. Recent
scientific advances have implicated a key role for CD36 in stroke in hyperlipidemia [44].
Here, we advance that CD36 may serve as a pathological link between DI and TBI.
Moreover, we envision that CD36 can be used as a biomarker of disease onset and
progression, as well as an outcome measure of therapeutic intervention, in that a high level
of CD36 either in plasma or CSF may indicate disease pathology, while a reduced CD36
level may suggest effectiveness of therapy.

Hypothesis
We propose that DI following TBI contributes to disease pathology via CD36
neuroinflammation. Investigations into CD36 as a biomarker of DI/TBI may reveal the
acute, subacute, and/or chronic neuroinflammation associated with both DI and TBI,
allowing for a better understanding of disease pathology that may provide insights into the
development of novel treatments for DI and TBI. Evidence suggests that following a TBI
incident, CD36 is activated, causing an upregulation of activated microglia cells and
neuroinflammation. Detailed previously, this neuroinflammation can damage the thalamus
region of the brain, thus causing the onset of post-traumatic DI. Therefore, CD36 bridges the
gap between these two conditions.

Our recent laboratory observations revealed a rampant neuroinflammation in the thalamic
region of the brain in our chronic TBI animals, as evidenced by the overexpression of the
inflammatory microglial marker MHCII. With this new knowledge, we next assessed
whether CD36 colocalized with the MHCII-stained thalamic cells. Interestingly, we found
that CD36 expression was increased in the same thalamic area populated by the
inflammatory MHCII cells (Figure 2). Equally compelling in support of our hypothesis is
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the demonstration that this histopathological detection of CD36-neuroinflammation in the
thalamic region in our chronic TBI animals coincided with the observation that the majority
of the rats displayed excessive thirst and urinations, which are routine CDI behavioral
pathologic outcomes. What previously seemed like a usual side effect to TBI is actually a
hallmark feature of CDI. These underexplored and novel brain pathological and behavioral
symptoms of TBI advance our hypothesis linking TBI to the phenotypic characteristics of
CDI.
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Figure 1. CD36 neuroinflammation in the thalamic/hypothalamic region - a pathological link
between DI and TBI
(A). This picture depicts a brain that has suffered TBI, demonstrating a modest level of
inflammation. (B). A person who suffers from diabetes insipidus has more ligands available
that activate CD36, consequently causing more inflammation.

Diamandis et al. Page 8

Med Hypotheses. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. CD36 expression in TBI rat brain
A representative microphotograph (20x) showing activated microglial cells in the thalamus/
hypothalamus of an animal subjected at 30 days post-injury after controlled cortical impact
model of TBI. MHCII+ stained cells (black arrows in A), with adjacent coronal section
demonstrating CD36+ (white arrows in B).
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