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Chapter

Role of 5-HT in Cerebral Edema
after Traumatic Brain Injury

Priya Badyal, Jaspreet Kaur and Anurag Kuhad

Abstract

The pathogenesis of edema after traumatic brain injury is complex including the
destruction of micro-vessels and alterations in microcirculation around the pri-
mary injury and leakage of plasma constituents into the tissue, due to permeability
changes of the vessel walls. Many functional molecules like histamine, serotonin,
arachidonic acid, prostaglandins and thromboxane have been shown to induce
blood-brain barrier (BBB) disruption or cell swelling. It is believed that released
5-HT binds to 5-HT, receptors stimulating cAMP and prostaglandins in vessels that
cause more vesicular transport in endothelial cells leading to serum component’s
extravasation. The additional amount of serotonin into the tissue due to injury
maintains the state of increased vascular permeability that ultimately causes edema.
Serotonin is clearly involved in early cytotoxic edema after TBI. Reduction of
serotonin in the nervous tissue reduces swelling and the milder cell changes in the
brain or spinal cord of traumatized rats. Inhibition of serotonin synthesis before
closed head injury (CHI) in rat models or administration of serotonin antiserum
after injury attenuates BBB disruption and brain edema volume swelling, and brain
pathology. Maintaining low serotonin levels immediately after injury may show
neuroprotection and combat various secondary outcomes that occur after traumatic
brain injury.

Keywords: TBI, 5-HT (5-Hydroxytryptamine), cerebral edema, BBB permeability,
brain damage, neuroprotection

1. Introduction

Traumatic brain injury (TBI), the principal cause of morbidity and mortality is a
serious medical problem in people under 40 years of age. As a major cause of death,
it is a major worldwide concern and due to lifetime disability it also puts a huge
burden on society. [1] Despite the scale of this public health crisis, no effective TBI
therapies currently exist. [2] The hope for effective treatment is derived from the
fact that much of the post-traumatic damage to the injured brain is caused by a sec-
ondary injury cascade of consecutive pathophysiological events, including opening
of the blood-brain barrier (BBB), formation of edema, excitotoxicity, inflammatory
response activation, oxidative stress and ultimately cell death, which exacerbates
the primary injury. [3] While a variety of factors lead to elevated TBI-related mor-
tality and morbidity, the occurrence of cerebral edema with brain swelling remains
the most important outcome that contributes to morbidity and mortality. [4] In the
first week after traumatic brain injury, considering the prevalence of cytotoxic (or
cellular) edema, brain swelling can only occur with the addition of water from the
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vasculature to the cranial vault. As such, blood-brain barrier permeability control
has been a subject of recent research that aims to treat brain edema. [4] Many
functional molecules like histamine, serotonin, arachidonic acid, prostaglandins
and thromboxane have been shown to induce BBB disruption or cell swelling. It is
believed that released 5-HT binds to 5-HT, receptors stimulating cAMP and prosta-
glandins in vessels that cause more vesicular transport in endothelial cells and also
leading to serum components extravasation. [5]

It is well known that serotonin (5-hydroxytryptamine, 5-HT) is involved in
emotional disorders, such as depression and schizophrenia [6]. 5-HT has a role in
cerebral edema after TBI [7]. Serotonin has been reported to increase nitrogenoxide
(NO) tissue levels, and NO contributes to inflammation by increasing vascular
permeability, which leads to edema formation [8, 9]. Activation of the 5-HT,z
receptor induces endothelium-dependent NO release [10]. Increased calcium levels
in endothelium lead to NO formation through the eNOS pathway, followed by a
cGMP-dependent mechanism to increase vascular permeability. [11] Therefore, it
seems likely that 5-HT may play a significant role in edema after traumatic insults
to the brain. Therefore, in the present chapter the role of endogenous 5-HT in BBB
breakdown and in edema formation is discussed as a pharmacological approach to
alleviate cerebral edema after TBI.

2. Pathophysiology of cerebral edema

After brain injury, secondary complications like cerebral edema are a pressing
medical problem and can increase mortality to nearly 80% if severe [12]. Cerebral
edema and brain swelling are estimated to account for up to 50% of patient mor-
tality following traumatic brain injury [4]. Cerebral edema is now understood
to develop in stages, where each stage is marked by distinct morphological and
molecular changes [13]. Minutes after acute central nervous system (CNS) injury,
cytotoxic edema or cellular swelling manifests itself. After cytotoxic edema, ionic
edema, an extracellular edema that arises in the presence of an intact blood brain
barrier (BBB), forms immediately. Hours after the initial insult, vasogenic edema,
an extracellular edema which involves extravasation of plasma proteins manifested.
[13] Neurons are considered as fragile cells and cannot survive without support
from other cell types. So, in addition to provide neuroprotection, a new aim for
acute brain injury research is to investigate and attenuate mechanisms of endothe-
lial, astrocytic, and microglial dysfunction and, thereby, create an environment
permissible to neuronal survival. It follows that cerebral edema, a phenomenon
arising from astrocyte and endothelium dysfunction, is an important subject for
fundamental research and therapeutic intervention. [13].

The term BBB refers to an organization of different cell types that separates the
luminal contents of the cerebral vasculature from the brain interstitium. Brain ISF,
which interacts openly with cerebrospinal fluid (CSF), is designed for neuronal
activity and differs from blood serum because it includes higher levels of Cl” and
Mg2+ and lower concentrations of K*, Ca** and HCO®™ [14]. The Virchow Robin
space and the astrocyte endfeet that are part of BBB are recognised as important
anatomical components of the so-called “cerebral glymphatic system” [15]. This
system is designed to account for CSF movements observed in the healthy brain that
can operate from the parenchyma to clear solutes such as amyloid beta and promote
the transport of tiny lipophilic molecules, particularly during sleep. [15-17]

A pathological rise in the water mass contained by the interstitial space of the
brain is cerebral edema. Cytotoxic edema is swelling of oncotic cells, resulting in
fluid accumulation intracellular rather than extracellular and is best considered as
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a precursor to extracellular ionic edema. A mass effect that exerts pressure on the
surrounding shell of tissue is caused by brain swelling. The rigid enclosure of the
skull magnifies this pressure rise, which puts an upper limit on the volume to which
the brain can expand. It exerts mechanical forces on the skull interior as the brain
swells, thereby increasing intracranial tissue pressure. Capillary lumens collapse

as tissue pressure reaches capillary pressure, precipitating a feed forward phase

in which the surrounding shell ischemia induces more edema development and
further swelling in the next shell. [18]

Two key theories exist about the immediate source of the new water mass
required for brain swelling. In one theory, water, driven by osmotic forces, travels
from the capillary lumen into the parenchyma and is transmitted through capil-
lary endothelial cells. In support of the first theory, local blood perfusion status
is closely correlated with the formation of ionic edema. [19] Magnetic resonance
imaging (MRI) reveals that edema is first observed in regions of peri-infarction
that are actively perfused in human stroke. [20] However, acceptance of this theory
is not universal, as there are doubts about the levels of expression of widely cited
molecular mechanisms for influx of ions and water via endothelium in the brain
[21]. A recent explanation of the glymphatic system has led to the formulation of
a second theory, in which CSF is the immediate source of water and ions. In this
theory, swelling occurs when the influx of CSF into the parenchyma is increased
and/or interstitial fluid (ISF)efflux is impaired, a condition that precipitates the
parenchymatic relative accumulation of ISF [21]. The two theories do not account
well for the formation of vasogenic edema.

Cytotoxic edema is a premorbid cellular process also known as cellular edema,
whereby extracellular Na" and other cations enter into neurons and astrocytes
and accumulate intracellularly due to failure of energy-dependent mechanisms of
extrusion. This process takes place following CNS injury in all CNS cell types, but
is especially prevalent in astrocytes. Astrocyte swelling tends to be a response of
astrocytes to injury and occurs rapidly following a number of forms of CNS injury,
including ischemia, trauma, hypoglycemia, epileptic status, and fulminant hepatic
failure. [14] In the development of cerebral edema and swelling, cytotoxic edema is
an important initial stage, as it generates the driving force for the influx of ionic and
vasogenic edema, which induces swelling. As a consequence of primary active trans-
port or secondary active transport, osmolite cellular influx may occur. A continuous
supply of adenosine triphosphate (ATP) is needed for primary active transport
to provide energy for “pumps” such as the Na*/K*-ATPase and Ca**ATPase. [13]
Secondary active transport utilises the potential energy stored in transmembrane
ionic gradients that was previously generated through primary active transport.
Secondary active transporters include ion channels and cotransporters such as the
Na*/K*/Cl" co-transporter (NKCC) [1, 22] and the Na*/ Ca* exchanger. After many
types of CNS injury, intracellular ATP becomes depleted and due to that mechanism
independent of intracellular ATP, like secondary active transport, are more likely to
be involved in the formation of ionic edema. [13] NKCC1 is constitutively expressed
by astrocytes in all region of the adult brain [22-24] In vitro experiments using
cultured primary astrocytes is shown that NKCC1 leads to cell swelling in conditions
of high extracellular potassium. [25, 26] In vivo, swelling is decreased by the NKCC1
inhibitor bumetanide after trauma and ischemia [27-29].

Acute CNS injury activates a program of molecular changes in the neurovascular
unit before and after transcription that leads to the development of endothelial
“permeability pores” and subsequent loss of BBB integrity. Based on the key sub-
stances undergoing transcapillary motion, progressive endothelial dysfunction can
be organised into three stages, i.e. ionic edema, vasogenic edema, and hemorrhagic
conversion. [13]
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Vasogenic edema is a type of extracellular edema characterized by BBB break-
down, in which a pore of transendothelial permeability develops that allows the
interstitial brain compartment to extravasation of water and plasma proteins such
as albumin and IgG. Capillary structural integrity, unlike hemorrhage, is main-
tained during vasogenic edema in such a way that erythrocyte passage is prevented.
[30] It is thought that the three phases of endothelial dysregulation occur sequen-
tially, although the speed of change between phases possibly depends on the form
and severity of injury. In addition, since many etiologies of brain endothelial
dysregulation and cerebral edema are focal in nature, brain tissue typically displays
a complex spatiotemporal pattern of the various stages of endothelial dysregulation.
Significant gaps still remain in our understanding of how specific proteins contrib-
ute to cerebral edema. [13]

3. Serotonergic role in development of cerebral edema

In many brain disorders, edema is a severe complication, including traumatic
injury. Traumatic brain edema pathogenesis is complex and involves physical
disruption of microvessels, microcirculatory changes in and around the primary
injury, and changes in the permeability of the vessel walls that contribute to plasma
constituents leaking into the tissue. [31] There are reasons to assume that many of
these events are caused by a variety of chemical mediators, such as biogenic amines,
arachidonic acid, leucotrienes, histamine and free radicals, that are released or
activated in and around the primary lesion [32]. However, the role of serotonin
(5-hydroxytryptamine, 5-HT) is not well understood in traumatic brain edema.

In multiple neurological disorders and in pathological conditions, several lines of
recent evidence suggest a presumptive function of this amine. [7] Major changes in
the synthesis of serotonin occur in important brain injuries such as stroke, ischemia
and trauma, as well as in experimental cold injury lesions and other neurological
diseases. [7] Increased serotonin content occurs after traumatic brain insults in

the walls of the cerebral vessels, cerebrospinal fluid and brain. [5] In a wide range
of psychiatric disorders and mental disturbances, irregular serotonin levels in the
blood and brain have been identified. [33] In cerebral vessels, serotonergic recep-
tors are present and intracarotid, intravenous or intracerebroventricular serotonin
infusion substantially affects the cerebral circulation and metabolism as well as
increasing the permeability of the blood-brain barrier (BBB) [7, 32, 34] Therefore,
various studies were conducted to examine the function of endogenous 5-HT in
BBB breakdown, edema formation and early cellular changes in experimental
models of traumatic brain injury. Therefore, it seems probable that 5-HT could play
an important role in edema formation and cellular changes following traumatic
insults to the brain.

Studies show that endogenous depletion of 5-HT before acute insult to the brain
substantially thwarts the production of edema and early cellular changes, suggesting
that this amine plays an important role in the pathophysiology of traumatic brain
injury [35]. Clearly, physical damage to the brain can initiate a cascade of biochemi-
cal and structural events in and around the primary injury. [36] Edema is one of
those secondary events that may aggravate a primary injury, and studies suggest that
serotonin could be involved in edema-causing micro vascular reactions [7]. Serotonin
is present in many neuronal pathways arising from the nuclei of the dorsal raphe and
leptomeninges mast cells and in blood platelets. [33] Changes in the concentration of
serotonin most possibly occur during the progression of the injury. At the same time
as edema is produced, additional quantities of serotonin may be brought in from the
blood or from neurons. However, biochemical determinations suggest a rise in the
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serotonin content of the traumatized brain. [37] Serotonin is a powerful chemical
micro vascular response mediator to cerebral edema. [32] Results of para-chloro-
phenylalanine (pCPA) pretreatment before trauma induction are consistent with the
notion that serotonin plays a role as a vascular permeability-increasing compound
that contributes to early edema. [7, 38] Para-chlorophenylalanine (pCPA), acts as

a selective and irreversible inhibitor of tryptophan hydroxylase, which is a rate-
limiting enzyme in the biosynthesis of serotonin. This is further demonstrated by
the fact that the degree of cell changes in the periphery of the initial lesion is lower
in pCPA pretreated rats than in non-treated animals with the same type of injury.

[7] Therefore, it seems obvious that the decrease in the content of serotonin in the
nervous tissue is somehow reflected in the decreased swelling and milder changes in
the brain of traumatized rats. Nevertheless, apart from the effects of serotonin, ara-
chidonic acid release, prostaglandins and thromboxane can synergistically contribute
to edema formation.

The microdialysis technique was used in the popular carotid artery for intra-
arterial recordings. This new application was found to be a genuinely acceptable
and effective method that allows direct measurements of HPLC plasma serotonin
without any further extraction process [39]. Studies show a significant increase in
downstream plasma serotonin concentrations in response to acute non-occlusive
common carotid artery thrombosis (CCAT) that appears to be caused solely by
endothelium photochemical and not photo thermal impact. As a mediator of blood
brain barrier disturbance and/or irregular cerebral blood flow and/or neuronal
impairment in ischemic stroke and transient ischemic attacks (TIA%), the rise in
serotonin may be of significant importance [39].

3.1Role of 5-HT?2 receptors in formation of edema

5-HT),-receptor antagonists, ketanserin [40] and LY 53857 [41] prevent capsa-
icin-induced mouse ear edema. [42] Antagonists of the 5-HT;-receptor and 5-HT3-
receptor ICS 205-930 and MDL 72222 [43] respectively, had no effect on edema
caused by capsaicin. [42] The findings clearly indicate that 5-HT is partially involved
in the development of edema via 5-HT), receptors. 5-HT is known to induce plasma
extravasation by direct action on rat microvasculature [44] and to produce vaso-
dilation on peripheral blood vessels through 5-HT; receptors [44] A recent study
indicated that endogenous nitric oxide, in addition to 5-HT receptors, is involved in
a 5-HT-induced increase in vascular permeability in mouse skin. [45] In addition to
activation of 5-HT, receptors, 5-HT plays a role of releasing neuropeptides includ-
ing SP as the second mediator of increased vascular permeability at inflammatory
sites. [46] Mediators like SP, bradykinin and prostaglandins, on the other hand, can
release tachykinins from primary afferent terminals. [47] Many functional mol-
ecules like histamine, serotonin, arachidonic acid, prostaglandins and thromboxane
have been confirmed to induce BBB disruption or cell swelling. It is believed that
released 5-HT binds to 5-HT, receptors that stimulate cAMP and prostaglandins in
vessels that cause more vesicular transport in endothelial cells and leading to serum
components extravasation. The additional amount of serotonin into the tissue due to
injury maintains the state of increased vascular permeability that ultimately causes
edema. Changes in serotonin concentration were detected early after focal traumatic
injury to the rat spinal cord and were associated with edema formation and altera-
tions in blood flow. [35] Compared to controls, the serotonin concentration in the
traumatised section increased more than 100 percent in five hours after the injury.
The water content of the traumatised section estimated 5 h after the injury was also
gradually increased whereas para-chlorophenylalamine, serotonin synthesis inhibi-
tor, impeded the elevation in water content measured 5 h after the trauma. [35]
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3.2 Effect of antibodies to serotonin in closed head injury

Closed head injury (CHI) is a serious clinical issue that leads to immediate death
for most patients. [48] Swelling of the brain in a closed cranial compartment that
results in compression of the brain’s vital centers tends to be primarily responsible
for instant deaths. [49] CNS microhemorrhage, blood-brain barrier (BBB) perme-
ability breakdown, and brain edema development, alone or in combination, are
primarily responsible for cell damage and long-term neurodegenerative changes
following CHI. [37, 50, 51] Unfortunately, so far, no effective validated therapies are
accessible. Efforts to understand the molecular mechanisms of early pathophysi-
ological events in an animal model of CHI are therefore urgently required to explore
the possible therapeutic potential of different neuroprotective agents in order to
reduce the development of edema and cell death.

In brain or spinal cord injuries increased plasma and brain levels of serotonin fol-
lowing CHI is seen in previous studies. [50, 51] There was a strong link between this
rise in tissue serotonin levels and BBB breakdown and edema formation. [52] This
is further reinforced by the fact that previous inhibition by p-chlorophenylalanine
(pCPA) of serotonin biosynthesis greatly attenuated the formation of brain edema,
BBB damage, and cell injury in brain and spinal cord injury. [50, 51, 53] Taken
together, these findings strongly indicate an important role for serotonin in CNS
trauma pathophysiology. Subsequent trials of CNS damage using serotonin receptor
blocker drugs showed controversial results, however. [34, 54, 55] Blocking of 5-HT,.
and 5-HT, serotonin receptors improves cognitive function and reduces the forma-
tion of brain edema at low doses. [52, 56, 57], other serotonin receptor antagonists,
in fact, exacerbated the pathological outcome following brain injury [58, 59] Thus,
further research is needed into the role of serotonin receptors in mediating brain
pathology in CNS injuries. Since serotonin has more than seven receptor types with
several subtypes of receptors [52, 56, 58] There can be no clear view on this topic
of amine involvement using a few unspecific receptor antagonists. In addition,
the dosage response and time schedule of drug therapy can further affect the final
outcome. [60]

Results from studies demonstrate that intracerebroventricular administration of
monoclonal serotonin antibodies either 30 min before or 30 min after CHI induced
profound neuroprotection. Therefore, after CHI, marked decreases in BBB disrup-
tion, brain edema formation, and cell injury were noted in serotonin antiserum-
treated animals. Such novel results indicate that early intervention in CHI with
serotonin antiserum is neuroprotective. [60] Taken together, these findings suggest
the active participation of this amine during the early stages of CHI, in the cellular
and molecular pathways of brain edema formation and BBB breakdown. The neuro-
protective effects of antiserum serotonin in CHI are dose-dependent. This indicates
that to induce neuroprotection, enough serotonin antiserum is required to block in
vivo brain serotonin. On the other hand, when given 60 min after CHI, even a high
concentration of serotonin antiserum was ineffective. This means that serotonin
involvement is important for brain pathology within 30 minutes of CHI. [60]

Elevation in plasma and brain serotonin concentration by intravenous injection
of serotonin (10 to 20 g/kg/min) in animals without CHI disrupts the BBB func-
tion within 10 min. [52, 59, 60]. This effect of the serotonin on BBB interruption is
reversible. To measure BBB disruption, many approaches are used. Extravasation
of Evans blue (EB) dye is the most commonly used procedure. Normally, Evans
blue does not move through the BBB and hence its presence in brain tissue sug-
gests permeability alterations. Thus, when the same dye was administered 2 to
3 hours after serotonin administration, BBB permeability to Evans blue dye was no
longer observed. This means that the dosage and length of exposure to serotonin
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play a significant role in development of brain pathology. This principle is further
confirmed by the prevention of BBB breakdown by previous serotonin synthesis
inhibition, which attenuated an increase in plasma and brain serotonin in CHI. [60]
BBB permeability breakdown is associated with vasogenic brain edema forma-
tion and cell injury [61-63]. Protein leakage from the vascular compartment via the
blood-brain interface into the neuronal microenvironment will alter osmotic balance.
A change in osmotic balance will allow the bulk flow of water from the vascular com-
partment to the cerebral compartments. Furthermore, the release of neurochemical
mediators of brain edema, e.g. serotonin, prostaglandin, histamine and neuropep-
tides, via particular receptor-mediated pathways, will further affect water transfer
from blood to the brain. These neurochemicals also cause the BBB process to break
down. This hypothesis is consistent with a close relationship between the develop-
ment of brain edema, the amount of serotonin and BBB disruption in CHI. [60]

3.3 Serotonergic receptors in brain edema

Tissue collected after ischemic insult in gerbils showed two binding sites for
ketanserin, one with a lower and one with a higher affinity than that found in
sham-operated and ischemic animal brains. Ketanserin, a quinazoline derivative, isa
selective 5-HT?2 serotonin receptor antagonist with weak adrenergic receptor block-
ing properties. The results strongly suggest that the properties of binding sites for the
S2 receptor are altered in ischemia-induced cerebral edema [64]. The demonstrated
regulation of the binding sites of ketanserin appears to correlate with the observed
attenuated metabolic rate (= increased release) but not with the abnormal brain 5-HT
levels. Studies indicate that the variations in 5-HT ischemic patterns are most likely
related to the type and model of ischemia and/or brain structure examined, as well
as to the 5-HT detection system used [64] However, in the brains of gerbils subjected
to 15 min bilateral carotid artery occlusion without recirculation, 5-HT metabolism
is unquestionably disturbed. [65-67] Therefore, there may be numerous explana-
tions for the lack of apparent changes in the kinetic characteristics of 5-HT, receptor
binding sites, especially if the presynaptic region is considered to be the primary site
of the ischemically disrupted 5-HT pathway. The most critical of these are: (a) the
insufficient lapse of time (15 min of ischemia) and/or the absence of recirculation
required for the production of post-synaptic changes; and/or (b) the presence in
the subcellular compartment of altered 5-HT), receptor properties obscured by the
analysis of the entire cortical homogenate rather than the relevant fraction [64].

In neuronal and/or glial and/or vascular postsynaptic membranes, the modified
5-HT, receptors may be localized. Desensitization and hypersensitization of the
receptor sites are demonstrated by the detection of 5-HT, postsynaptic binding sites
with lower and higher affinities (indicated by apparent higher K and lower Kp)
after 1 h of recirculation than those seen in the ischemic and control cortex. Due to
increased release, reduced uptake and reuptake of 5-HT in the presynaptic regions,
this could be the result of inappropriately accessible 5-HT at the postsynaptic
receptor sites. [64] In general, this phenomenon is consistent with the well-known
agonist-specific desensitization of high levels of hormones and neurohormones
exposed to cell membranes, whereas their depletion results in supersensitization
[68]. In addition, in the recovery period (recirculation of 1 and 2 h), the observed
5-HT, binding sites with a higher affinity (lower Kp) than those seen in ischemic
and control brains may indicate either an unmasked pre-existing site or an addi-
tional binding site. It can be assumed that the existing disruptions of the 5-HT
pathway and its adverse effects are not limited to the presynaptic, but also include
the postsynaptic subcellular compartments, based on the observed changes in the
properties of S2 receptor binding sites. [64]
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In addition, it is conceivable that the presynaptically released 5-HT into the
synaptic cleft is also able to directly impact the membrane. In this way, unmetabo-
lized 5-HT overflow can lead to increased permeability of the membrane, allowing
for more pronounced passive ion transfer and water accumulation in the cells [64].
This inference is confirmed by the additional increase in Na* observed, a decrease
in K" concentration and a decrease in Na*-K*-ATPase activity at the time of most
marked cell swelling. In particular, the concomitant occurrence of changes in the
kinetic properties of S2 receptors and the activity of Na"K"-ATPase is of concern,
since an increase in PGF2a levels was also observed after the same period of isch-
emia and recirculation. 5-HT can stimulate the development of PGF,,, since this
amine increases the formation of PGF1a in cultured cerebrovascular elements.
Nevertheless, it remains to be clarified if 5-HT affects directly or indirectly Na'K"-
ATPase operation. [64] list Nevertheless, at the time of the most conspicuously
increased cellular water in the brain of gerbils subjected to ischemia and recircula-
tion, the observed alteration of 5-HT), receptors strongly supports the argument of
5-HT involvement in edema formation and/or progression [64].

4. Neuroprotective role of serotonin after TBI
4.11In cerebral ischemia

The severity of secondary TBI mechanisms depends on the severity of the injury
or the primary insult location. Reductions in cerebral blood flow [69, 70] have been
reported to exceed ischemic levels in conditions of extreme TBI. Cerebral ischemia
is therefore addressed as one secondary cause of injury that may be involved in brain
trauma. [69, 71] There is a massive increase in the concentration of both excitatory
and inhibitory neurotransmitters in the extracellular space during cerebral ischemia
[72-75]. It has been proposed that over-excitation of neurons triggered by excitatory
amino acid neurotransmitters plays a major role in the pathogenesis of ischemic
neuronal destruction [76]. Glutamate induces an influx of Ca** and Na* into the
neuron by acting on N-methyl-D-aspartate (NMDA) and non NMDA receptors.

The neuronal membrane depolarizes strongly and can allow Ca*" to reach the cell
through additional pathways. These events can lead to a neurotoxic accumulation

of intracellular Ca** [77] In addition to glutamate antagonists, agents that induce
neuronal membrane hyperpolarisation may be able to reduce the influx of Ca** via
these ionophores and may exert neuroprotective effects. 5-Hydroxytryptaminel A
(5-HT}1,) receptors through Ca2+-independent K*-conductance mediate an inhibi-
tory, hyperpolarizing effect on cortical and hippocampal neurons. [78-80] It has
been shown that 5-HT 5 receptor agonists imitate 5-HT’s hyperpolarizing activity on
the resting membrane potential, increase the firing threshold, and decrease the fir-
ing rate of hippocampal CAj, cortical, and dorsal raphe neurons [81] The complexity
of 5-HT’s function in cerebral ischemia is probably due to the multiplicity within the
brain of 5-HT receptors and their distinct distribution and densities. 5-HT}5 recep-
tors mediate the inhibitory effect on neurons, as mentioned above. However, 5-HT
also stimulates hippocampal and cortical neurons via 5-HT} receptors. [80, 82]

4.2 In neurocognitive and neuropsychiatric disorders following traumatic brain
injury

Due to variable diagnostic criteria, the prevalence of post-TBI depression
varies from 6-77% [83], and up to 53% in the first year after injury [84]. The
association between TBI and the development of neuropsychiatric disorders is
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well documented. [85, 86] Disruption of the serotonergic system is one unifying
factor that underlies acquired neuropsychiatric disorders following TBI. As the
blood-brain barrier cannot be crossed by serotonin, synthesis must occur de novo

in the brain. The shearing of brain stem axons during TBI effectively interferes with
pontine and medullary serotonergic projections, resulting in decreased serotonin
metabolism and production. [87-90] Selective serotonin reuptake inhibitors (SSRIs)
are a class of antidepressant agents which inhibit serotonin reuptake by presynaptic
cell monoamine transporters and increase extracellular concentration of serotonin,
enabling increased serotonin availability in the synaptic cleft and increase activation
of postsynaptic serotonergic receptors, resulting in increased synaptic signaling.
SSRIs are involved in regulation of neuronal cell survival and neuroplasticity for

the treatment of psychiatric disorders, including depression, obsessive—compulsive
disorder, bulimia, and panic disorder. [91] Serotonin modulates mood, arousal,
emotion, and working memory, and thus constitute SSRIs an attractive, treatable,
and potentially long-term pharmacological intervention for neurocognitive and
neuropsychiatric deficits post-TBI. [92] Consequently, the judicious use of SSRIs in
post-TBI depression treatment is of great importance and impact.

5. Pharmacological interventions after TBI related to serotonin

A growing number of patients are surviving with residual neurological impair-
ments due to improvements in the treatment of head trauma. A commission of
the National Institute of Health reports that there are currently 2.5 to 6.5 million
Americans with TBI-related disabilities [93]. Information from various disciplines
and professions beginning at the time of injury and continuing through the recovery
process is required for successful treatment of TBI. In both the sub-acute (less than
1 month post TBI) and chronic (more than 1 month post TBI) stages, pharmaco-
therapy is used. Selective serotonin reuptake inhibitors (SSRIs) have been found to be
helpful in the treatment of behavioral syndromes in patients with TBI, especially in
the sub-acute recovery phases [94], but also in chronic settings. Most studies indicate
that SSRIs enhance neurobehavioral, neurocognitive, and neuropsychiatric deficits,
especially agitation, depression, psychomotor retardation, and recent memory loss,
but most of the information comes from non-randomized studies. Similarly, bupro-
pion boosts the levels of both dopamine and norepinephrine and is a weak serotonin
reuptake inhibitor. This agent has been effective in treating restlessness at 150 mg per
day [95] .For anxiety, depressed mood, and deficits in psychomotor pace and recent
memory, sertraline administered at an average dose of 100 mg daily for 8 weeks was
found to be beneficial but shorter treatment durations have shown no benefit [94].
There was a strong link between the rise in tissue serotonin levels and BBB breakdown
and edema formation [52]. This is further reinforced by the fact that previous inhibi-
tion by p-chlorophenylalanine (pCPA) of serotonin biosynthesis greatly attenuated
the formation of brain edema, BBB damage, and cell injury in brain and spinal cord
injury [53]. Blocking of 5-HT,. and 5-HT4 serotonin receptors improves cognitive
function and reduces the formation of brain edema at low doses [52, 56]. Thus, 5-HT,
receptor functions need to be explored more in the development of cerebral edema
and this can be used as pharmacological intervention to reduce cerebral edema.

6. Conclusion

Due to permeability changes in the vessel walls, the pathogenesis of edema
after traumatic brain injury is complex, including disruption of micro vessels and
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changes in microcirculation around the primary injury and leakage of plasma
constituents into the tissue. To cause BBB disruption or cell swelling, several func-
tional molecules such as histamine, serotonin, prostaglandins and thromboxane
are involved. The 5-HT released is believed to bind to 5-HT?2 receptors stimulat-
ing cAMP and prostaglandins in vessels that trigger further vesicular transport

in endothelial cells, leading to extravasation of the serum portion. Serotonin is
involved in early cytotoxic edema after TBI. Reduction of serotonin in the nervous
tissue is shown to reduce swelling and the milder cell changes in the brain or spinal
cord of traumatized rats. Inhibition of serotonin synthesis before CHI in rat models
or administration of serotonin antiserum after injury attenuates BBB disruption
and brain edema, volume swelling, and brain pathology. BBB disturbance and
brain edema, volume swelling, and brain pathology are attenuated by inhibition of
serotonin production before CHI in rat models or the administration of serotonin
antiserum after injury. Immediately after injury, maintaining low serotonin levels
can demonstrate neuroprotection and fight various secondary outcomes that occur
after traumatic brain injury.

Author details
Priya Badyal, Jaspreet Kaur and Anurag Kuhad*
Pharmacology Research Laboratory, University Institute of Pharmaceutical

Sciences, Panjab University, Chandigarh, India

*Address all correspondence to: anurag_pu@yahoo.com; anurag.kuhad@pu.ac.in

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

10



Role of 5-HT in Cerebral Edema after Traumatic Brain Injury

DOI: http://dx.doi.org/10.5772/intechopen.96460

References

[1]JinY, LinY, Feng JF, Jia F, Gao G,
Jiang JY. Attenuation of Cell Death in
Injured Cortex after Post-Traumatic
Brain Injury Moderate Hypothermia:
Possible Involvement of Autophagy
Pathway. World Neurosurg. 2015;
84(2):420-30

2] Li Q, Wu X, Yang Y, Zhang Y, He F,
Xu X, etal. Tachykinin NK1 receptor
antagonist L-733,060 and substance P
deletion exert neuroprotection through
inhibiting oxidative stress and cell death

after traumatic brain injury in mice. Int
] Biochem Cell Biol. 2019;

[3] Bayir H, Kochanek PM, Kagan VE.
Oxidative stress in immature brain after
traumatic brain injury. Developmental
Neuroscience. 2006. 28:420-31

[4] Donkin JJ, Vink R. Mechanisms of
cerebral edema in traumatic brain
injury: Therapeutic developments.
Current Opinion in Neurology. 2010.
23(3):293-9.

[5] Pappius HM, Dadoun R, McHugh M.
The effect of p-chlorophenylalanine on
cerebral metabolism and biogenic amine

content of traumatized brain. ] Cereb
Blood Flow Metab. 1988; 8(3):324-334

[6] S.M. Hung A, YM. Tsui T, CY. Lam ],
S.M. Wai M, M. Chan W, T. Yew D.
Serotonin and its Receptors in the
Human CNS with New Findings - A
Mini Review. Curr Med Chem. 2011;
18(34):5281-8

[7] Olsson Y, Sharma HS, Pettersson CA
V. Effects of p-chlorophenylalanine on
microvascular permeability changes in
spinal cord trauma - An experimental
study in the rat using 131I-sodium and
lanthanum tracers. Acta Neuropathol.
1990; 79(6):595-603

[8] Chiavegatto S, Nelson R]J. Interaction
of nitric oxide and serotonin in

aggressive behavior. In: Hormones and
Behavior. 2003. 44(3):233-41

11

[9] Fukumura D, Gohongi T,

Kadambi A, Izumi Y, Ang J, Yun CO, et
al. Predominant role of endothelial
nitric oxide synthase in vascular
endothelial growth factor-induced
angiogenesis and vascular permeability.
Proc Natl Acad Sci U S A. 2001; 98 (5)
2604-2609

[10] Manivet P, Mouillet-Richard S,
Callebert J, Nebigil CG, Maroteaux L,
Hosoda S, et al. PDZ-dependent
activation of nitric-oxide synthases by

the serotonin 2B receptor. ] Biol Chem.
2000; 275(13):9324-31

[11] Borgdorff P, Fekkes D, Tangelder GJ.
Hypotension caused by extracorporeal
circulation: Serotonin from pump-
activated platelets triggers nitric oxide

release. Circulation. 2002;
106:2588-2593

[12] Kochanek KD, Xu J, Murphy SL,
Minifio AM, Kung HC. Deaths: final
data for 2009. Natl Vital Stat Rep. 2011;
60(3):1-116

[13] Stokum JA, Gerzanich V, Simard JM.
Molecular pathophysiology of cerebral
edema. Journal of Cerebral Blood Flow
and Metabolism. 2016. 36(3):513-38

[14] Di Terlizzi R, Platt S. The function,
composition and analysis of
cerebrospinal fluid in companion
animals: Part I - Function and
composition. Vet J. 2006; 172(3):422-31

[15] Iliff JJ, Wang M, LiaoY, Plogg BA,
Peng W, Gundersen GA, etal. A
paravascular pathway facilitates CSF
flow through the brain parenchyma and
the clearance of interstitial solutes,
including amyloid f. Sci Transl Med.
2012; 4(147):147ral11

[16] Thrane VR, Thrane AS, Plog BA,
Thiyagarajan M, Iliff J], Deane R, et al.
Paravascular microcirculation facilitates
rapid lipid transport and astrocyte



Serotonin and the CNS - New Developments in Pharmacology and Therapeutics

signaling in the brain. Sci Rep.
2013; 3:2582

[17] 1liff J], Nedergaard M. Is there a
cerebral lymphatic system? In: Stroke.
2013. 44:S93-S95

[18] Hossmann KA, Schuier FJ.
Experimental brain infarcts in cats. I.
Pathophysiological observations. Stroke.

1980; 11(6):583-92

[19] Bell BA, Symon L, Branston NM.
CBF and time thresholds for the
formation of ischemic cerebral edema,

and effect of reperfusion in baboons. ]
Neurosurg. 1985; 62(1):31-41

[20] Quast M]J, Huang NC, Hillman GR,
Kent TA. The evolution of acute stroke
recorded by multimodal magnetic

resonance imaging. Magn Reson
Imaging. 1993; 11(4):465-71

[21] Thrane AS, Rangroo ThraneV,
Nedergaard M. Drowning stars:
Reassessing the role of astrocytes in

brain edema. Trends in Neurosciences.
2014. 37(11):620-8

[22] Yan Y, Dempsey R]J, Sun D.
Expression of Na+-K+-Cl- cotransporter
in rat brain during development and its
localization in mature astrocytes. Brain
Res. 2001; 911(1):43-55

[23] Yan Y, Dempsey R], Sun D. Na+-
K+-Cl- cotransporter in rat focal

cerebral ischemia. ] Cereb Blood Flow
Metab. 2001; 21(6):711-21

[24] Jayakumar AR, Norenberg MD. The
Na-K-Cl Co-transporter in astrocyte
swelling. In: Metabolic Brain Disease.

2010. 25(1):31-8

[25] Hamann S, Herrera-Perez J],
Zeuthen T, Alvarez-Leefmans FJ.
Cotransport of water by the Na+-K+-2Cl
cotransporter NKCC1 in mammalian
epithelial cells. ] Physiol. 2010; 588(
21):4089-101

12

[26] Su G, Kintner DB, Sun D.
Contribution of Na+-K+-CI-
cotransporter to high-[K+]o- induced
swelling and EAA release in astrocytes.
Am ] Physiol - Cell Physiol. 2002;
282(5):C1136-46

[27] Lu KT, Cheng NC, Wu CY, Yang YL.
NKCC1-mediated traumatic brain
injury-induced brain edema and neuron
death via Raf/MEK/MAPK cascade. Crit
Care Med. 2008; 36(3):917-22

[28] O’Donnell ME, Tran L, Lam TI,
Liu XB, Anderson SE. Bumetanide
inhibition of the blood-brain barrier
Na-K-Cl cotransporter reduces edema
formation in the rat middle cerebral
artery occlusion model of stroke. ]
Cereb Blood Flow Metab. 2004;
24(9):1046-56

[29] Yan Y, Dempsey RJ, Flemmer A,
Forbush B, Sun D. Inhibition of Na+-
K+-Cl- cotransporter during focal
cerebral ischemia decreases edema and
neuronal damage. Brain Res. 2003;
961(1):22-31

[30] Vorbrodt AW, Lossinsky AS,
Wisniewski HM, Suzuki R,
Yamaguchi T, Masaoka H, et al.
Ultrastructural observations on the
transvascular route of protein removal
in vasogenic brain edema. Acta

Neuropathol. 1985; 66(4):265-73

[31] Unterberg AW, Stover J, Kress B,
Kiening KL. Edema and brain trauma.
Neuroscience. 2004; 129(4):1021-9

[32] Wahl M, Unterberg A,

Baethmann A, Schilling L. Mediators of
blood-brain barrier dysfunction and
formation of vasogenic brain edema.

Journal of Cerebral Blood Flow and
Metabolism. 1988. 8(5):621-34

[33] McEntee W], Crook TH. Serotonin,
memory, and the aging brain.

Psychopharmacology. 1991.
103(2):143-9



Role of 5-HT in Cerebral Edema after Traumatic Brain Injury

DOI: http://dx.doi.org/10.5772/intechopen.96460

[34] Sharma HS, Olsson Y, Kumar Dey P.
Changes in blood-brain barrier and
cerebral blood flow following elevation
of circulating serotonin level in
anesthetized rats. Brain Res. 1990;
517(1-2):215-23

[35] Sharma HS, OlssonY, Dey PK. Early
accumulation of serotonin in rat spinal
cord subjected to traumatic injury.
Relation to edema and blood flow
changes. Neuroscience. 1990;

[36] Nag S, Manias JL, Stewart D].
Pathology and new players in the

pathogenesis of brain edema. Acta
Neuropathologica. 2009. 118(2):197-217

[37] Day PK, Sharma HS. Ambient
temperature and development of
traumatic brain oedema in

anaesthetized animals. Indian ] Med
Res. 1983;

[38] Sharma HS, Olsson Y. Edema
formation and cellular alterations
following spinal cord injury in the rat
and their modification with
p-chlorophenylalanine. Acta
Neuropathol. 1990; 79(6):604-10.

[39] Dietrich WD. The Role of
Neurotransmitters in Brain Injury. Vol.
10, Journal of Cerebral Blood Flow &
Metabolism. 1990. 758-758 p.

[40] Leysen JE, Awouters F, Kennis L,
Laduron PM, Vandenberk J, Janssen PA]J.
Receptor binding profile of R 41 468, A
novel antagonist at 5-HT2 receptors.
Life Sci. 1981; 28(9)1015-22

[41] Cohen ML, Fuller RW, Kurz KD.
LY53857, a selective and potent
serotonergic (5-HT2) receptor
antagonist, does not lower blood
pressure in the spontaneously
hypertensive rat. ] Pharmacol Exp Ther.
1983; 227(2):327-32.

[42] Inoue H, Nagata N, Koshihara Y.
Participation of Serotonin in

13

Capsaicin-Induced Mouse Ear Edema.
Jpn ] Pharmacol. 1995; 69(1):61-8

[43] Fozard JR. MDL 72222: a potent and
highly selective antagonist at neuronal
5-hydroxytryptamine receptors.
Naunyn Schmiedebergs Arch
Pharmacol. 1984; 326(1):36-44

[44] Arvier PT, Chahl LA, Ladd R]J.
Modification by capsaicin and
compound 48/80 of dye leakage induced
by irritants in the rat. Br ] Pharmacol.
1977; 59(1):61-8

[45] Fujii E, Irie K, Uchida,
Tsukahara F, Muraki T. Possible role of
nitric oxide in 5-hydroxytryptamine-
induced increase in vascular
permeability in mouse skin. Naunyn
Schmiedebergs Arch Pharmacol. 1994;
350(4):361-4

[46] Mantione CR, Rodriguez R. A
bradykinin (BK)1 receptor antagonist
blocks capsaicin-induced ear
inflammation in mice. Br ] Pharmacol.

1990; 99(3): 516-518.

[47] Holzer P. Capsaicin: Cellular targets,
mechanisms of action, and selectivity
for thin sensory neurons.
Pharmacological Reviews. 1991.
43(2):143-201

[48] Ommaya AK, Goldsmith W,
Thibault L. Biomechanics and
neuropathology of adult and paediatric
head injury. British Journal of
Neurosurgery. 2002. 16(3):220-42

[49] Goyal K, Yadav R. Traumatic brain
injury. In: Acute Neuro Care: Focused
Approach to Neuroemergencies. 2020.

[50] Vannemreddy P, Ray AK, Patnaik R,
Patnaik S, Mohanty S, Sharma HS. Zinc
protoporphyrin IX attenuates closed
head injury-induced edema formation,
blood-brain barrier disruption, and
serotonin levels in the rat. Acta
Neurochir Suppl. 2006; 96:151-6.



Serotonin and the CNS - New Developments in Pharmacology and Therapeutics

[51] Dey PK, Sharma HS. Influence of
ambient temperature and drug
treatments on brain oedema induced by

impact injury on skull in rats. Indian J
Physiol Pharmacol. 1984; 28(3):177-86

[52] Sharma HS. Influence of Serotonin
on the Blood-Brain and the Blood-Spinal
Cord Barriers. In: Blood-Spinal Cord
and Brain Barriers in Health and
Disease. 2004.

[53] Sharma HS, Winkler T, Stalberg E,
Mohanty S, Westman J.
p-Chlorophenylalanine, an inhibitor of
serotonin synthesis reduces blood-brain
barrier permeability, cerebral blood
flow, edema formation and cell injury

following trauma to the rat brain. Acta
Neurochir Suppl. 2000; 76:91-5

[54] Nichols CD. Serotonin. In:
Encyclopedia of the Neurological
Sciences. 2014.

[55] Sharma HS, Westman J, Cervos
Navarro ], Dey PK, Nyberg F. Probable
involvement of serotonin in the
increased permeability of the blood-
brain barrier by forced swimming. An
experimental study using Evans blue
and 131I-sodium tracers in the rat.
Behav Brain Res. 1995; 189-196

[56] Salzman SK, Kelly G, ChavinJ,
Wang L, Puniak MA, Agresta CA, etal.
Characterization of mianserin
neuroprotection in experimental spinal
trauma: Dose/route response and late
treatment. ] Pharmacol Exp Ther. 1994;
269(1):322-8

[57] Salzman SK, Puniak MA, Liu Z -j,
Maitland-Heriot RP, Freeman GM,
Agresta CA. The serotonin antagonist
mianserin improves functional recovery

following experimental spinal trauma.
Ann Neurol. 1991; 30(4):533-41

[58] Faden Al, Salzman S.
Pharmacological strategies in CNS

trauma. Trends in Pharmacological
Sciences. 1992. 13:29-35

14

[59] Sharma HS, Winkler T, Stilberg E,
OlssonY, Dey PK. Evaluation of
traumatic spinal cord edema using
evoked potentials recorded from the
spinal epidural space. An experimental
study in the rat. ] Neurol Sci. 1991;
102(2):150-62

[60] Sharma HS, Patnaik R, Patnaik S,
Mohanty S, Sharma A, Vannemreddy P.
Antibodies to serotonin attenuate closed
head injury induced blood-brain barrier
disruption and brain pathology. In:
Annals of the New York Academy of
Sciences. 2007. 1122:295-312

[61] Sharma HS, Westman ], Nyberg F.
Pathophysiology of brain edema and cell
changes following hyperthermic brain
injury. Progress in Brain Research. 1998.
115:351-412

[62] Sharma HS, Westman J, Nyberg F,
Cervos-Navarro ], Dey PK. Role of
serotonin and prostaglandins in brain
edema induced by heat stress. An
experimental study in the young rat.
Acta Neurochir Suppl (Wien). 1994;
60:65-70.

[63] Sharma HS, Olsson Y, Nyberg F,
Dey PK. Prostaglandins modulate
alterations of microvascular
permeability, blood flow, edema and
serotonin levels following spinal cord
injury: An experimental study in the rat.
Neuroscience. 1993; 443-449

[64] Wroblewska B, Ueki Y, Mrsulja BB,
Djurici¢ BM, Spatz M. Serotonin
Receptors in Ischemic Brain Edema.
Brain Edema. 1985;178-84.

[65] Maruki C, Merkel N, Rausch WD,
Spatz M. Brain Monoamines in Cerebral
Ischemic Edema, the Effect of Gamma-
Hydroxy-Butyrate. In: Recent Progress
in the Study and Therapy of Brain
Edema. 1984.

[66] Mrsulja BB, Djurici¢ BM, Cveji¢V,
Mi¢i¢ D V. Pharmacological Approach to
Postischemic Brain Edema in Gerbils. In:



Role of 5-HT in Cerebral Edema after Traumatic Brain Injury

DOI: http://dx.doi.org/10.5772/intechopen.96460

Recent Progress in the Study and
Therapy of Brain Edema. 1984.

[67] MrsSulja BB, Mrsulja BJ, Spatz M,
Klatzo I. Monoamines in Cerebral
Ischemia in Relation to Brain Edema.
Dyn Brain Edema. 1976;187-92.

[68] Iyengar R, Birnbaumer L. Agonist-
specific desensitization: molecular locus
and possible mechanism. Adv Cyclic
Nucleotide Res. 1981;14:93-100.

[69] Marion DW, Darby J, Yonas H.
Acute regional cerebral blood flow
changes caused by severe head injuries. ]
Neurosurg. 1991; 74(3):407-14

[70] Zauner A, Bullock R, Kuta AJ,
Woodward J, Young HF. Glutamate
Release and Cerebral Blood Flow after
Severe Human Head Injury. Acta
Neurochir Suppl. 1996; 67:40-4

[71] Bouma GJ, Muizelaar JP, Choi SC,
Newlon PG, Young HF. Cerebral
circulation and metabolism after severe
traumatic brain injury: The elusive role
of ischemia. ] Neurosurg. 1991;
75(5):685-93

[72] Benveniste H, Drejer J,

Schousboe A, Diemer NH. Elevation of
the Extracellular Concentrations of
Glutamate and Aspartate in Rat
Hippocampus During Transient
Cerebral Ischemia Monitored by
Intracerebral Microdialysis. ]
Neurochem. 1984; 43(5):1369-74

[73] Hagberg H, Andersson P,
Lacarewicz J, Jacobson I, Butcher S,
Sandberg M. Extracellular Adenosine,
Inosine, Hypoxanthine, and Xanthine in
Relation to Tissue Nucleotides and
Purines in Rat Striatum During

Transient Ischemia. ] Neurochem. 1987;
49(1):227-31

[74] Globus MY-., Busto R, Dietrich WD,
Martinez E, Valdes I, Ginsberg MD.
Effect of Ischemia on the In Vivo Release
of Striatal Dopamine, Glutamate, and
y-Aminobutyric Acid Studied by

15

Intracerebral Microdialysis. ]
Neurochem. 1988; 51(5):1455-64

[75] Sarna GS, Obrenovitch TP,
Matsumoto T, Symon L, Curzon G.
Effect of Transient Cerebral Ischaemia
and Cardiac Arrest on Brain
Extracellular Dopamine and Serotonin
as Determined by In Vivo Dialysis in the
Rat. ] Neurochem. 1990; 55(3):937-40

[76] Jorgensen MB, Diemer NH.
Selective neuron loss after cerebral
ischemia in the rat: Possible role of

transmitter glutamate. Acta Neurol
Scand. 1982; 66(5):536-46

[77] Choi DW. Glutamate neurotoxicity

and diseases of the nervous system.
Neuron. 1988. 1(8):623-34

[78] Beck SG, Clarke WP, Goldfarb J.
Spiperone differentiates multiple
5-hydroxytryptamine responses in rat

hippocampal slices in vitro. Eur ]
Pharmacol. 1985; 116(1-2):195-7

[79] Andrade R, Malenka RC, Nicoll RA.
A G protein couples serotonin and
GABAB receptors to the same channels
in hippocampus. Science (80- ). 1986;
234(4781):1261-5

[80] Colino A, Halliwell J V. Differential
modulation of three separate
K-conductances in hippocampal cal
neurons by serotonin. Nature. 1988;

328(6125):73-7

[81] Basse-Tomusk A, Rebec G V.
Ipsapirone depresses neuronal activity
in the dorsal raphe nucleus and the

hippocampal formation. Eur J
Pharmacol. 1986; 130(1-2):141-3

[82] Davies MF, Deisz RA, Prince DA,
Peroutka SJ. Two distinct effects of
5-hydroxytryptamine on single cortical
neurons. Brain Res. 1987; 2):347-52

[83] Jorge RE, Robinson RG, Moser D,
Tateno A, Crespo-Facorro B, Arndt S.
Major Depression Following Traumatic



Serotonin and the CNS - New Developments in Pharmacology and Therapeutics

Brain Injury. Arch Gen Psychiatry. 2004;
61(1):42-50

[84] Bombardier CH, Fann JR,

Temkin NR, Esselman PC, Barber J,
Dikmen SS. Rates of major depressive
disorder and clinical outcomes
following traumatic brain injury. JAMA
-] Am Med Assoc. 2010;

303(19): 1938-45

[85] Koponen S, Taiminen T, Portin R,
Himanen L, Isoniemi H, Heinonen H, et
al. Axis I and II psychiatric disorders
after traumatic brain injury: A 30-year
follow-up study. Am J Psychiatry. 2002;
159(8):1315-21

[86] Koponen S, Taiminen T,
Hiekkanen H, Tenovuo O. AxisI and II
psychiatric disorders in patients with
traumatic brain injury: A 12-month
follow-up study. Brain Inj. 2011;
25(11):1029-34

[87] Markianos M, Seretis A, Kotsou A,
Christopoulos M. CSF neurotransmitter
metabolites in comatose head injury
patients during changes in their clinical
state. Acta Neurochir (Wien). 1996;
138(1):57-9

[88] Tsuiki K, Yamamoto YL, Diksic M.
Effect of Acute Fluoxetine Treatment on
the Brain Serotonin Synthesis as
Measured by the a-Methyl-1-Tryptophan
Autoradiographic Method. ]
Neurochem. 1995; 65(1):250-6

[89] Tsuiki K, Takada A, Nagahiro S,
Grdisa M, Diksic M, Pappius HM.
Synthesis of Serotonin in Traumatized
Rat Brain. ] Neurochem. 1995;
64(3):1319-25

[90] Kline AE, YuJ, Horvath E,

Marion DW, Dixon CE. The selective
5-HT1A receptor agonist repinotan HCI
attenuates histopathology and spatial
learning deficits following traumatic
brain injury in rats. Neuroscience. 2001;

106(3):547-55.

16

[91] Schneier FR, Campeas R,

Carcamo J, Glass A, Lewis-Fernandez R,
Neria Y, et al. COMBINED
MIRTAZAPINE and SSRI TREATMENT
of PTSD: A PLACEBO-CONTROLLED
TRIAL. Depress Anxiety. 2015;

32(8): 570-579

[92] Mostert JP, Koch MW, Heerings M,
Heersema DJ, De Keyser ]. Therapeutic
potential of fluoxetine in neurological

disorders. CNS Neuroscience and
Therapeutics. 2008. 14(2):153-164

[93] Iaccarino MA, Bhatnagar S,
Zafonte R. Rehabilitation after
traumatic brain injury. In: Handbook of
Clinical Neurology. 2015. 127:411-22

[94] Meythaler JM, DepalmaL,

Devivo MJ, Guin-Renfroe S, Novack TA.
Sertraline to improve arousal and
alertness in severe traumatic brain

injury secondary to motor vehicle
crashes. Brain Inj. 2001; 15(4):321-31

[95] Teng CJ, Bhalerao S, Lee Z, Farber J,
Morris H, Foran T, et al. The use of
bupropion in the treatment of

restlessness after a traumatic brain
injury. Brain Inj. 2001; 15(5):463-7



