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Abstract

Much of the permanent damage that occurs in response to nervous system damage (trauma, infection,
ischemia, etc.) is mediated by endogenous secondary processes that can contribute to cell death and
tissue damage (excitotoxicity, oxidative damage and inflammation). For humans to evolve
mechanisms to minimize secondary pathophysiological events following CNS injuries, selection
must occur for individuals who survive such insults. Two major factors limit the selection for
beneficial responsesto CNS insults: for many CNS disease states the principal risk factor is advanced,
post-reproductive age and virtually all severe CNS traumas are fatal in the absence of modern medical
intervention. An alternative hypothesis for the persistence of apparently maladaptive responses to
CNS damage is that the secondary exacerbation of damage is the result of unavoidable evolutionary
constraints. That is, the nervous system could not function under normal conditions if the mechanisms
that caused secondary damage (e.g., excitotoxicity) in response to injury were decreased or
eliminated. However, some vertebrate species normally inhabit environments (e.g. hypoxia in
underground burrows) that could potentially damage their nervous systems. Yet, profound
neuroprotective mechanisms have evolved in these animals indicating that natural selection can occur
for traits that protect animals from nervous system damage. Many of the secondary processes and
regeneration-inhibitory factors that exacerbate injuries likely persist because they have been adaptive
over evolutionary time in the healthy nervous system. Therefore, it remains important that researchers
consider the role of the processes in the healthy or developing nervous system to understand how
they become dysregulated following injury.

“I was taught that the human brain was the crowning glory of evolution so far, but |
think it's a very poor scheme for survival.” —Kurt VVonnegut. London Observer (27
December 1987)

1. Introduction

The vertebrate central nervous system (CNS) is a remarkably complex organ system consisting
of hundreds of billions of neurons and trillions of connections among them. Neuroscientists
are continually fascinated by the immense capacity of the nervous system and its remarkable
ability to remodel itself in response to experience and the environment. Evolutionary biologists
view the vertebrate nervous system as the result of countless generations of fine-tuning through
natural selection. This has produced an organ system that has been called the most complicated
machine " in the known universe. The ability of the nervous system to perceive, store, recall,
and analyze complex information is immense.
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In contrast, the responses of an injured nervous system are not nearly so elegant. Indeed, much
of the permanent damage that occurs in response to nervous system damage (trauma, infection,
ischemia, etc.) is mediated by endogenous secondary processes that can contribute to cell death
and tissue damage (Bramlett and Dietrich, 2004). Thus, considered in the context of the rest
of the body’s responses to injury, the vertebrate nervous system response to injury is fair at
best. This limited ability to repair or sustain neural tissue after injury suggests that selection
has not acted (or at least not to the same extent) on the processes that occur following severe
nervous system damage as it has on processes that isolate the nervous system from potential
injuries. For example, the brain and spinal cord are protected from physical trauma by
encasement in bony structures, and from peripheral infection and some chemical influences
by the blood brain barrier. Also, sophisticated cognitive abilities, including fear, risk
assessment, and impediments to impulsivity, have evolved to minimize risky behaviors that
might lead to CNS damage (Nesse and Williams, 1996).

Cerebrovascular and cardiovascular diseases are currently among the most common causes of
serious brain injury. It is unlikely, however, that the evolution of CNS responses to trauma has
been shaped by exposure to these so-called diseases of modernity. First, they likely were not
experienced by many ancestral humans because individuals tended to live much shorter, less
sedentary, lives than humans today. Second, variation is the grist upon which natural selection
acts; thus, even among relatively young individuals who suffered strokes or other brain trauma,
natural selection may not have been able to act because variance in outcome was presumably
nonexistent—all stricken individuals likely died prior to the advent of modern medical
technology (Strasser et al., 1996). Greatly impaired survival following damage to the nervous
system impedes the evolution of mechanisms that would tend to promote adaptive responses
to injury. This hypothesis has important implications for the study and clinical treatment of
humans who suffer CNS damage today.

For humans and nonhuman animals to evolve mechanisms to minimize secondary
pathophysiological events following CNS injuries, selection must occur for individuals who
survive such insults or related processes. Two major factors limit the selection pressure for
beneficial responses to CNS insults: (1) for many CNS disease states the principal risk factor
is advanced, post-reproductive age and (2) virtually all severe CNS traumas are fatal in the
absence of modern medical intervention. In terms of age, among modern humans 95-97% of
all ischemic strokes occur in patients 45 years of age or older. However, the average lifespan
in hunter-gatherer societies can be conservatively estimated at approximately 28 years, even
after adjusting for elevated infant mortality (Holliday, 2005). For example, members of the
Yanomami Indians of South America, an extant hunter-gatherer society, have an average
lifespan of only 20-22 years (Meindl, 1992). Although there are inherent limitations to
inferring past human traits based on extant aboriginal cultures (Bettinger, 1991), general
patterns emerge that may be useful in understanding past selection pressures (Lee and Devore,
1968). Even if survivable strokes or other types of injuries occur in these traditional settings,
successful reproduction following injury would be highly unlikely. In modern medically-
advanced countries, sexual motivation and performance decline following CNS injury
(Anderson et al., 2005; Dahlberg et al., 2007; Giaquinto et al., 2003; Rees et al., 2007); the
effect persists even after controlling for the economic burden of having children with an
injured- partner and potentially sexually-unattractive traits associated with CNS damage
(Giaquinto et al., 2003). Thus, the decline in reproductive motivation among individuals with
CNS injury further limits selection.

Secondly, almost all types of serious CNS injuries are fatal in the absence of immediate and/
or long-term medical care. To illustrate the argument that ancestral humans or non-human

animals could not have survived nervous system injury, we will briefly consider some of the
medical interventions that are necessary to keep patients with spinal cord injuries (SCI) alive.
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For example, one medical intervention that was unavailable to our ancestors in cases of
traumatic SCI is surgical decompression of the cord; this procedure, when conducted within
24 hours of injury, is typically associated with shorter inpatient hospitalization and greater
neurological recovery (Fehlings and Perrin, 2005; McKinley et al., 2004). In the hours and
days following traumatic or ischemic SCI, most patients are in a critical condition. Shock
(spinal, neurogenic, hypovolemic, or cardiogenic) can occur and often requires both fluid and
vasopressor administration to normalize blood pressure (Wuermser et al., 2007). Sepsis is also
a concern and often requires treatment with high doses of powerful antibiotics. Another
potentially lethal side-effect of SCI is deep vein thrombosis and pulmonary embolism, a
condition that is treated prophylactically with anticoagulant drugs such as low-molecular
weight heparin (Saito et al., 2005). Even if patients can be stabilized following SCI, they then
require costly, time-consuming and in some cases potentially risky interventions for extended
periods after the injury (Dryden etal., 2005; Payne et al., 2002). These interventions can include
(but are not limited to) repeated catheterizations, bowel treatments, turning to avoid pressure
sores, and monitoring to prevent infections (Wuermser et al., 2007).

Such sophisticated medical care could not have been provided by pre-industrial humans let
alone hunter-gatherer societies. In industrialized nations SCl-related mortality has been
reduced to less than half of the approximately 90% mortality that occurred prior to the First
World War (DeVivo et al., 1999; Guttman, 1976; Yeo et al., 1998). Similarly, in developing
countries with less advanced health care infrastructures, such as Nigeria and Zimbabwve,
mortality rates for CNS damage were still approximately 90% as late as the 1970s (Avivi et
al., 1999; Nwuga, 1979). Finally, the potential argument that non-human animals might be
able to survive spinal injuries with less care is belied by the extensive human intervention
needed to keep both laboratory rats and monkeys viable following experimental SCI (Santos-
Benito et al., 2006).

It should be noted that both less severe injuries and also neonatal hypoxia ischemia likely were
survived by both ancestral humans and non-human animals. In considering the evidence for
evolutionarily-shaped responses to injury it will be beneficial to consider what selection
pressures have existed over evolutionary time and how natural selection may have shaped the
responses to mild and more severe injuries. If such mechanisms exist to counteract minor CNS
damage, clinical interventions might be able to expand and improve these mechanisms to treat
more severe CNS trauma. Additionally, natural selection can operate when survival rates are
low. For example, although rare, survival of serious CNS insults occurs.

2. Common pathways underlying secondary nervous system damage

This review focuses on three types of clinically-relevant CNS insults: infection, physical
trauma, and ischemia. Importantly, these three classes of injuries have the potential to kill
neurons and other CNS cell-types directly and initiate a pathological cascade that can
exacerbate tissue damage. However, all three types of CNS damage share pathophysiological
features common to virtually all other types of CNS injuries. The majority of nervous system
injuries are characterized by a two-phase process of cell death and tissue damage. Primary
injuries are the direct result of the precipitating insult. For example, in traumatic CNS injury
many cells are killed immediately by injury from mechanical membrane disruption,
hemorrhage, and ischemia (Bramlett and Dietrich, 2004; Pettus et al., 1994). Similarly,
following stroke, many neurons die from acute energetic failure and the resulting inability of
affected cells to maintain membrane potentials (Hertz et al., 1992; Sapolsky, 1985; Sapolsky
and Pulsinelli, 1985). It is difficult to spare CNS tissue injured by these primary processes.
However, following traumatic brain injury and ischemia, as well as in most other CNS injuries,
a significant proportion of cell death occurs during the hours and days after the initial insult.
Secondary cell death presents an attractive target for clinical intervention because the temporal
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lag between injury and cell loss provides a potential treatment window (Kermer et al., 1999).
These secondary processes are mediated by endogenous factors and are not the direct result of
injury. Here, we focus on three interactive and overlapping secondary processes that can serve
to exacerbate the initial injury: (1) excitotoxicity, (2) oxidative damage, and (3) inflammation.

Although a complete overview of the mechanisms of secondary tissue damage following CNS
injuries is beyond the scope of this review, a brief overview of key secondary
pathophysiological processes that exacerbates primary injuries including excitotoxicity,
oxidative damage, and inflammation are included below.

2.1 Immune and inflammatory responses in CNS injuries

The CNS, once considered independent from interactions with the immune system (immune
privileged), is now recognized to be in constant communication with the immune system via
neural (reviewed in (Nance and Sanders, 2007; Tracey, 2002)) and endocrine (reviewed in
(Webster et al., 2002)) systems. The CNS has intrinsic immune cells, such as microglia and
immunologically-active astrocytes, which are potent regulators of immune responses. The
CNS actively regulates neuroimmune interactions under normal physiological conditions via
the blood brain barrier and anti-inflammatory cytokines such as interleukin-10 and
interleukin-1 receptor antagonist (IL-1 and IL1-ra respectively) (Carson et al., 2006; Ransohoff
etal., 2003). Within minutes of trauma, an immune response ensues and the surrounding tissue
becomes immersed in a pro-inflammatory and pro-thrombotic environment (Bramlett and
Dietrich, 2004; Wang et al., 2007). This inflammatory cascade includes activation of microglia
and astrocytes, release of soluble factors such as cytokines and chemokines, infiltration of
blood-leukocytes such as monocytes/macrophages, neutrophils, and T-cells, as well as
upregulation of adhesion molecules to facilitate cell adhesion, migration, and extravasation to
the site of injury (Bramlett and Dietrich, 2004; Danton and Dietrich, 2003; Ransohoff et al.,
2003; Siesjo and Siesjo, 1996; Wang et al., 2007). The inflammatory response is an attempt to
restore homeostasis via elimination of pathogens and removal of damaged cells. This response
typically leads to apoptosis and deleterious effects on surrounding healthy tissue due to the
release of toxic substances (Beattie et al., 2000; Casha et al., 2001). Typically, in non-CNS
tissue, such as skin, this damage is an acceptable cost of inflammation because the tissue can
be repaired or regenerated over time. The limited ability of CNS tissue to regenerate accounts
for its strong predisposition to permanent damage from inflammatory-related damage.
Although many cytokines are involved in the inflammatory cascade, interleukin-1p (IL-1p)
has been identified as the primary regulator of the CNS pro-inflammatory cascade associated
with secondary cell death (Allan et al., 2005; Basu et al., 2005; Touzani et al., 2002). After
CNS injury, IL-1p expression is associated with increased neuronal damage (Friedman,
2001). Likewise, administration of exogenous IL-1f increases tissue damage and inflammation
(Loddick and Rothwell, 1996), whereas administration of exogenous IL-1ra significantly
reduces neural injury (Relton and Rothwell, 1992). Notably, not all inflammation is pathogenic;
IL-1 also has protective functions (Mason et al., 2001) (See section on Immune Privilege).
Mice that have been genetically engineered to lack specific inflammatory gene receptors, such
as TNF-a p55/p75, display increased cell death in animal models of CNS pathology (Gary et
al., 1998). To focus solely on pro-inflammatory cytokines would be an overly simplified
portrayal of the inflammatory response as it has been recognized that the anti-inflammatory
cytokines play a regulatory role in CNS damage. 1L-10 and IL-1ra knockout mice have
increased neuronal damage following trauma (Boutin and Rothwell, 2002; Grilli et al., 2000).
Additionally, infusions of IL-1ra & IL-10 into trauma sites are neuroprotective (Bethea et al.,
1999; Knoblach and Faden, 1998; Nesic et al., 2001). Inflammation may play a neuroprotective
role in some forms of trauma (Correale and Villa, 2004) and although acute inflammatory
events may be devastating to CNS tissue, some delayed inflammatory events can potentially

Prog Neurobiol. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

be reparative and beneficial (reviewed in (Hohlfeld et al., 2000; Kerschensteiner et al., 1999)
and see below).

2.2 Excitotoxicity

One of the striking features of the evolution of vertebrate nervous systems is that the amino
acid glutamate is both the most prevalent amino acid and neurotransmitter within the CNS
(Fonnum, 1984), and one of the key instigators of secondary injury. Within minutes after CNS
trauma, toxic elevations of extracellular glutamate can be detected at the site of injury
(Farooque et al., 1996; Liu et al., 1991; McAdoo et al., 1999). Importantly, a key early
pathophysiological event in most types of CNS injury is energetic failure (associated with
ischemia or disruption of the vasculature or other processes that interfere with normal cellular
metabolism) that quickly exhausts limited energy stores. One of the most energy-intensive
cellular processes in neurons is the maintenance of membrane polarization through ionic
transporters. When these transporters fail, neurons (and other CNS cell types) are unable to
maintain their membrane polarization and are thus more easily excitable and more likely to
release excitatory transmitters such as glutamate. This quickly leads to a maladaptive cycle
wherein cells become more depolarized (and unable to repolarize) and more likely to release
additional neurotransmitters including glutamate (Dirnagl et al., 1999; Katsura et al., 1994).
In other words, increased excitatory signals are present in the extracellular environment and
less input is required to drive synaptic activity.

Increased glutamate is particularly toxic to cells that have been weakened by other processes
(Arundine etal., 2003; Kass and Lipton, 1982; Lucas and Newhouse, 1957). Glutamate induces
synaptic responses via metabotropic and ionotropic receptor systems leading to increased cell
excitability and increases in intracellular calcium (Choi, 1988). Metabotropic glutamate
receptors activate G proteins that induce the release of calcium from intracellular stores. On
the other hand, activation of ionotropic receptors increases membrane permeability to sodium,
potassium, and calcium ions (Choi, 1988).

After trauma, excess glutamate binds to extracellular receptors, such as NMDA (N-methyl-D-
aspartate) and AMPA (a-amino-3hydroxy-5methyl-4isoxazole propionic acid) receptors,
resulting in excessive intracellular calcium levels via increases in both ion influx and
phospholipase C mediated release from intercellular stores (Agrawal et al., 1998). Calcium
ions are critical mediators of multiple intracellular functions such as enzyme phosphorylation,
exocytosis, and cell excitability, and therefore are under tight cellular regulatory control via
ion transporters and reservoirs (Carafoli, 1987). The inability of cells to maintain a homeostatic
balance of intracellular calcium levels following CNS injury leads to inappropriate activation
of numerous downstream signals resulting in over-activation of mitochondria, phospholipase,
and protein kinases (Lipton and Rosenberg, 1994; Park et al., 2004). The calcium-induced
activation of these enzymes leads to degradation of proteins and membranes and impairs
cellular survival (Casha et al., 2001; Liu et al., 1997). Additionally, the toxic levels of
intracellular calcium and downstream signaling molecules can lead to mitochondrial
dysfunction, cytochrome C release, and apoptosis (Rego and Oliveira, 2003). Further evidence
for the role of excitotoxicity in CNS injuries is evident from studies demonstrating the efficacy
of NMDA antagonists to attenuate nervous tissue injury in both ischemia (Bao et al., 2001)
and traumatic brain injury (Faden et al., 2001). Similarly, the infusion of high doses of
excitatory neurotransmitters leads to excitotoxic damage similar to that seen in CNS trauma
models (Canudas et al., 2003; Micu et al., 2006). Neurons are not unique in their vulnerability
to excitotoxic damage as multiple CNS cells types such as oligodendrocytes (Matute et al.,
1997; McDonald et al., 1998) and astrocytes (Haas and Erdo, 1991) are susceptible to similar
damage. The dysregulation of astrocytes can lead to an inability to buffer extracellular

Prog Neurobiol. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

glutamate levels and a subsequent increase in glutamate levels (Haas and Erdo, 1991; Rothstein
et al., 1996) resulting in a vicious cycle of excitotoxicity and subsequent cell death.

2.3 Oxidative damage

The CNS consumes a disproportionate amount of the body's oxygen, as it derives its energy
almost exclusively from oxidative metabolism of the mitochondrial respiratory chain (Coyle
and Puttfarcken, 1993). Nervous tissue utilizes oxygen for vital oxygenase and oxidase
activities such as lipoxygenase, heme oxygenase, and tyrosine hydroxylase (Kim et al., 1999;
Tyurin et al., 2000). The asymmetrical consumption of oxygen molecules by the CNS leaves
it exceedingly susceptible to damaging effects of oxidative stress. Reactive oxygen species
(ROS) have been implicated as a source of pathogenesis in multiple CNS disorders including
neurodegenerative diseases (Barnham et al., 2004; Charvin et al., 2005), ischemia (Chan,
2001; Piantadosi and Zhang, 1996b) and traumatic brain and spinal cord injury (Robertson et
al., 2007; Xu et al., 2005). Treatment with ROS synthesis inhibitors, such as
diphenyleneiodonium, attenuates nervous tissue damage following CNS damage (Kajihara et
al., 1973; Nagel et al., 2007). ROS, such as superoxide, nitric oxide, and hydroxyl radicals, are
normally produced as a byproduct of the mitochondrial respiratory chain and account for 1-
2% of all molecular oxygen metabolism under normal physiological conditions (Orrenius et
al., 2007). Organisms have evolved mechanisms for abrogating the damaging effects of ROS
by oxidative scavenging via low molecular weight anti-oxidant molecules such as such vitamin
E and glutathione, as well as anti-oxidant enzymes such as glutathione peroxidase and
superoxide dismutase. Under normal physiological conditions, ROS are kept under tight
control by these anti-oxidant compounds and do not lead to pathology. Following nervous
system trauma, acute ischemia is common (Hlatky et al., 2003) and reoxygenation during
reperfusion induces a marked increase in ROS via mitochondrial dysfunction (Piantadosi and
Zhang, 1996a). Additionally, ROS compounds are released in excitotoxic neurons following
trauma (Singh et al., 2003). The subsequent calcium influx due to excitotoxicity increases ROS
production, leading to inhibited ATP synthesis, release of cytochrome c, as well as
mitochondrial permeability transitions (Sullivan et al., 2005). Elevation in ROS levels leads
to the inability of the cellular environment to scavenge the nocent molecules that lead to
oxidative damage (Shohami et al., 1997). The injury-induced imbalance of antioxidant and
ROS induces a runaway reaction in which deleterious ROS molecules are released in increasing
amounts resulting in an array of pathological effects (Saito et al., 2005). ROS mediated
pathological cascades include altered cellular protein activity (Chan, 1996), DNA damage
(Slupphaug et al., 2003), and lipid degradation (Azbill et al., 1997). ROS also lead to
excitotoxicity via calcium- induced mitochondrial dysfunction (Mattson and Chan, 2003) and
axon demyelination (Smith et al., 1999). An additional mode of ROS-mediated CNS damage
is via alterations in blood brain barrier permeability which mediates increased recruitment in
inflammatory cells further potentiating inflammatory damage (van der Goes et al., 1998).
Figure 1 summarizes some of the secondary mechanisms of cell death following ischemia or
trauma.

2.4 Immune privilege

The CNS has decidedly limited ability to regenerate damaged or dead cells. Vertebrate
evolution has favored a strategy of protecting the CNS from potential injuries rather than
evolving mechanisms to regenerate damaged CNS tissue. Immune responses in the CNS are
greatly restricted compared to other regions of the body, a phenomenon termed ‘immune
privilege’. Because immune mediated inflammatory responses can have catastrophic and
irreversible effects on CNS cells, this restriction makes adaptive and intuitive sense. The
general principle of immune privilege and the consequences of this evolutionary strategy for
recovery and regeneration following CNS injury are discussed below.
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The concept of immune privilege was based on work from the 19t and 20t centuries which
demonstrated that foreign tissue grafts persisted in the eye and brain, but were readily rejected
when grafted into the periphery (Medawar, 1948; van Dooremal, 1873). Peter Medawar
interpreted this phenomenon, along with the lack of readily apparent afferent lymphatic
drainage, as evidence that antigens were sequestered in the CNS and thus the immune system
was ‘ignorant’ of the antigenic milieu of the CNS (Medawar, 1948). Indeed, an additional
allogeneic graft from the same donor in the periphery could initiate rejection of the graft in the
CNS (Medawar, 1948) suggesting that the efferent arm was intact (Medawar, 1948). Over time
and with the advent of sensitive immunological techniques this idea that the afferent arm of
the immune system was deficient in the CNS has been greatly revised because cells or soluble
antigens injected into the CNS or the anterior chamber of the eye (a tissue with highly similar
immunological properties and developmental origins as the brain) both enter the general
circulation and induce antibody production (Gordon et al., 1992; Kaplan and Streilein, 1977).
Indeed, it is now well-established that the CNS hardly *ignores’ immunological stimuli; rather,
the restriction of immunological activity in the CNS is a highly regulated, active, and adaptive
process (Niederkorn, 2006).

Various processes in the CNS restrict immune-mediated damage. In general, adaptive immune
responses in the CNS rely on humoral (antibody-mediated; Th2) rather than notoriously
destructive cell-mediated (Th1l) mechanisms, such as delayed-type hypersensitivity (DTH)
(Niederkorn, 2006). This pattern is particularly salient when an animal is immunized with a
soluble antigen behind the blood brain barrier resulting in systemic suppression of DTH and
cytotoxic T-lymphocytes activity while sparing (or even enhancing) antibody responses,
thereby reducing the possibility of T cell priming and entry into the CNS (Gordon et al.,
1992; Harling-Berg et al., 1991; Wenkel et al., 2000). Although nearly all nucleated vertebrate
cells constitutively express the major histocompatibility complex type 1 antigen, neuronal cells
and cells from other critical tissues that cannot regenerate express MHC-1 weakly or not at all
(Lampson and Fisher, 1984). The lack of MHC-1 expression putatively protects virally infected
neuronal cell types from cytotoxic T-cell mediated lysis. In the CNS both soluble and
membrane-bound proteins participate in the suppression of immune responses. For instance,
most CNS cell types (i.e., neurons, glia, and endothelial cells) constitutively express the
cytokine Fas-ligand (Fas-L), the receptor for which is on most leukocytes (Choi and
Benveniste, 2004; Niederkorn, 2006). The ligand and receptor are part of the TNF and TNF
receptor superfamilies, respectively, and are both upregulated by inflammation (Choi and
Benveniste, 2004; Locksley et al., 2001). Fas-Fas-L interactions are involved in a variety of
immunomodulatory actions, but also can induce apoptosis in infiltrating leukocytes and thus
tonically suppress CNS inflammation (Choi and Benveniste, 2004). Further, cerebrospinal
fluid (CSF) and extracellular fluid in the CNS contains relatively high concentrations of
immunomodulatory proteins such as transforming growth factor-p (TGFp), a-melanocyte
stimulating hormone (a-MSH), calcitonin gene-related peptide (CGRP), and vasoactive
intestinal peptide (VIP) with strong anti-inflammatory and immunosuppressive properties
(Taylor, 1996; Taylor and Streilein, 1996; Taylor et al., 1994).

It has been proposed that the relative restriction of immunological activity within the CNS
could potentially limit neuroregeneration and exacerbate damage following injury (Bechmann,
2005). Although there is no question that inflammatory responses are major components of
many types of CNS pathology, evidence exists that immune cells and soluble mediators can
participate in regenerative processes. For instance, T cells appear to be capable of buffering
glutamate and secreting neuroprotective factors including neurotrophins. Additionally, one of
the major inhibitors of axonal regeneration in the CNS is myelin; T-cell responses can direct
myelin debris phagocytosis. So-called ‘protective autoimmunity” may occur when myelin
reactive T cells abrogate CNS injury (Yoles etal., 2001). However, in some cases, the presence
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of myelin reactive T cells can exacerbate injury following spinal cord trauma (Jones et al.,
2002; Popovich et al., 1997).

Considered together, the concept of immune privilege is interesting from an evolutionary
perspective for several reasons. It is a testament to both the critical role of the CNS and the
potential for immune-mediated pathology that such a system of relative immunological
tolerance has evolved, especially because this renders the CNS susceptible to infection.
Presumably, the costs of allowing viruses to persist in CNS tissues is outweighed by the heavy
burden of killing all virally-infected neurons (and other CNS cell-types) (Kwidzinski et al.,
2003). The remarkable susceptibility to immune-mediated tissue damage following CNS insult
in concert with the suppression of most types of inflammatory responses in the healthy CNS
strongly supports the hypothesis that selection has not occurred for responses to CNS injury.
If vertebrate evolution had been faced with selection pressure to minimize secondary damage
to the CNS following an insult rather than preventing insults, then such a system would likely
have evolved very differently. Although this could merely reflect constraints in the underlying
substrates upon which evolution through natural selection had to act. In other words, selection
has responded to the negative consequences of inflammation in the CNS and instead of
selection favoring individuals whose neurons do not die from inflammation-associated
mechanisms, it has favored the strategy of isolation of the CNS from those mechanisms. It is
critical to emphasize that we are not suggesting that designing experimental or clinical
interventions to break or modulate CNS immune privilege would be beneficial in CNS injury
(although some labs have reported beneficial effects while others have reported exacerbation
of injury with this type of manipulation); rather, it is important to be aware of how CNS immune
responses function under basal conditions and the nature of the selection pressures that formed
these patterns when considering how to design interventions.

3. Neuroregeneration

The postnatal mammalian nervous system has relatively limited capacity to regenerate
following injury. Although there are specific populations of cells that remain mitotic into
adulthood, the vast majority of neurons that are present in adult nervous systems cannot be
replaced if they die. Additionally, traumatic and ischemic injuries often result in loss of axons
without the loss of the neuron itself (Edgerton et al., 2004; Yiu and He, 2006), but a variety of
factors inhibit the regeneration of axons through the site of injury. Importantly, peripheral
axons are capable of regeneration. However, no fundamental differences exist between
peripheral and central neurons; indeed dorsal root ganglia neurons send axons back into the
spinal cord and out into the periphery. The peripheral axons regenerate after transection, but
the central branches do not (Ramon y Cajal, 1928; Schnell and Schwab, 1990). Peripheral
neurons implanted into the CNS also fail to regenerate, suggesting that the CNS has inhibitory
signals that prevent axonal outgrowth (Busch and Silver, 2007). Two large classes of molecules
inhibit axonal regeneration in the CNS: (1) the myelin associated molecules and those
associated with extracellular matrix and (2) glial scars which are often formed after CNS
injuries.(Rhodes and Fawcett, 2004). The scar is formed largely by reactive astrocytes that
proliferate and secrete a variety of extracellular matrix proteins. Axons are not able to extend
through areas of gliosis. Ramadn y Cajal originally described the axonal response which he
termed as ‘dystrophic endbulbs’ and interpreted this morphological state as evidence of
permanent quiescence (Ramon y Cajal, 1928). It is now apparent that within the glial scar and
healthy myelin there are a variety of proteins that inhibit axonal regeneration. These proteins,
such as the chondroitin sulfate proteoglycans, aggregan and versican, as well as neuronal-glial
antigen 2 are part of the physiological mediators that prevent aberrant axonal connections in
the adult brain (Matthews et al., 2002; Rhodes and Fawcett, 2004), but are also upregulated
following injury. That is not to say that the gliotic scar is not an important part of the response
to mild CNS injury. Faulkner and colleagues (Faulkner et al., 2004) created transgenic mice
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carrying a viral gene under the control of the glial fibrillary acidic protein promoter. Treatment
with the antiviral drug ganciclovir ablated proliferating astrocytes and thus prevented the
formation of the glial scar. Mechanical lesions in the wild-type animals produced small
circumscribed lesions, whereas transgenic mice treated with ganciclovir exhibited dramatically
exacerbated inflammatory responses, blood-brain barrier disruption, demyelination, and cell
loss (Faulkner et al., 2004). Taken together, these studies suggest that the injured CNS does
not favor a strategy of regeneration, but rather one of minimizing further damage. Several
proximate reasons can explain why regeneration occurs in the periphery, but not in the CNS
(e.g., oligodendrocytes-derived myelin inhibitory proteins, inhibitory extracellular matrix,
etc.). From a proximate perspective, however, it seems likely that injuries to peripheral nerves
occurred and were associated with injuries that were sufficiently mild to survive. Presumably,
the evolutionary pressure for preventing aberrant axonal connectivity outweighed the potential
benefits of axonal regeneration.

Notably, regenerative capacity of the nervous system is not consistent across development.
Young organisms can suffer relatively large lesions of the nervous system and suffer only mild
functional impairments (Vargha-Khadem et al., 1994) (but see (Anderson et al., 2005))
depending on the type of injury sustained. At the cellular level there is evidence for spontaneous
regeneration of CNS cells and axons (Bregman and Goldberger, 1982; Gu et al., 2000; Liu et
al., 1998). Importantly, even later in life human brains retain remarkable capacity for recovery
of function that may be mediated by the remaining components of distributed circuitry or the
assumption of new tasks by spared tissue (reviewed in Stein and Hoffman, 2003). Two key
points are (1) the nervous system may have evolved some redundancy in order to prevent mild
CNS injuries from inducing devastating functional consequences and (2) many endogenous
repair processes work ‘better’ during early development and some of the repair processes that
occur in adulthood resemble those that occur during normal development (Filbin, 2006;
Teitelbaum et al., 1969; Wolgin et al., 1980). Taken together, these data provide further
evidence that plasticity is limited but possible in the injured nervous system and that it is much
better able to restore function following mild than severe injuries.

4. Evolution of Neuroprotective Traits

The strategy to identify and describe the physiological and pathophysiological processes that
occur in injured nervous system tissue and then design compounds that can influence those
pathways to provide neuroprotection has been slow. An alternative approach would be to
examine natural phenomena, such as hibernation and aestivation, to discover naturally-selected
solutions to ischemia that might serve as starting points for understanding, which in turn may
lead to interventions for limiting human brain damage. The thesis of this review is that natural
selection has not optimized the responses to nervous system damage because in the majority
of cases CNS damage is fatal and thus there has been little variation upon which natural
selection could act. An alternative hypothesis for the myriad of apparently maladaptive
responses to CNS damage is that evolutionary processes have shaped the responses to injury
and the secondary exacerbation of damage is the result of unavoidable evolutionary constraints.
That is, the nervous system could not function under normal conditions if the mechanisms that
caused secondary damage (e.g., excitotoxicity) in response to injury were decreased or
eliminated. Presumably, evolution has selected for trade-offs between beneficial responses to
injury to the extent that it can without selecting for adaptations that interfere with normal
nervous system function.

A comparative approach to test this hypothesis would identify species that experience (and that
survive) an insult to the nervous system in its natural habitat. If those species have evolved (1)
mechanisms to reduce or prevent damage from that insult and (2) these mechanisms are distinct,
qualitatively and/or quantitatively, from similar mechanism in animals that do not face similar
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types of challenges, then we can conclude that evolution of traits that are protective against
neurological damage is possible.

There are several examples of animal species that appear to satisfy the criteria that mechanisms
have evolved to combat neural insult. For instance, in the wild, heterothermic (hibernating)
mammals undergo physiological events that closely resemble ischemia-reperfusion.
Hibernation is characterized by a marked reduction in metabolic, respiratory, and heart rates
(Tan et al., 2005). In some species, cerebral blood flow is reduced by <90% during torpor
(Dave et al., 2006). Return to the euthermic (non-hibernating) state is an energetically
demanding event that induces transient, but severe hypoxia. Additionally, as in clinical
ischemia-reperfusion injury, the return of oxygenated blood following prolonged oxygen
reduction has the potential to exacerbate ischemic damage. However, the return to the
euthermic state is not associated with CNS damage in hibernating animals. Even in the
euthermic state, the arctic ground squirrel brain (Spermophilus parryi) is remarkably resistant
to ischemia-reperfusion injury. Hippocampal slices from hibernating ground squirrels survive
oxygen glucose deprivation (OGD; an in vitro model of ischemia), as well as NMDA-induced
cell death when compared to both interbout euthermic arctic ground squirrels and laboratory
rats (Ross et al., 2006). Similarly, an in vivo cardiac arrest procedure that produces severe
neuronal cell loss in laboratory rats induced virtually no histological evidence of cell death in
euthermic arctic ground squirrels (Dave et al., 2006). There has been great interest in
identifying the mechanisms that heterothermic animals use to protect their nervous systems
from IR injury during hibernation. Arctic ground squirrels appear to utilize a number of
neuroprotective mechanisms in addition to hypothermia, including increased expression of
antioxidant enzymes (Drew et al., 1999), alterations in NMDA receptor dynamics (Zhao et al.,
2006), ion channel arrest, hypocoagulability (Svihla et al., 1951), and suppression of
inflammatory processes (Zhou et al., 2001; Zhu et al., 2005). However, extracellular striatal
GABA concentrations fall during torpor and glutamate remains relatively constant between
torpor and euthermy.

The brains of arctic ground squirrels appear to be chronically, but mildly, hypoxic during the
euthermic state as measured by enhanced expression of hypoxia-inducible factor 1 alpha
(HIF-1a)(Maet al., 2005). It is possible that alterations in metabolic processes that allow arctic
ground squirrels to survive torpor and cardiac arrest have deleterious consequences for cerebral
metabolism in the euthermic state. It would be useful to determine whether this chronic mild
hypoxia has functional costs for arctic ground squirrels during euthermia, suggesting that an
evolutionary trade-off has occurred.

Other vertebrates with specialized life-history traits also utilize a variety of neuroprotective
strategies (Lutz, 1992; Lutz et al., 1996). For instance, many aquatic turtles exhibit dramatic
resistance to anoxia. In nature, these animals spend months continuously submerged under
frozen water (Carr, 1952). In the laboratory, freshwater painted turtles (Chrysemys picta) can
survive for months in severely hypoxic 3° C water (Jackson and Heisler, 1983). These turtles
are both more resistant to anoxia in general, and able to enter a physiological state of profound
anoxia-resistance in response to reduced oxygen availability (Lutz, 1992). Although not
identical, the mechanisms display an overall similarity between the adaptations associated with
anoxia-tolerance in mammals (Lutz, 1992). In general, turtles enter a state of profound
hypometabolism and hypothermia in response to hypoxic conditions. Additionally, the
glutamate:GABA ratio decreases, neurotransmitter dynamics change (Lutz and Milton,
2004), and ion channels are blocked (Lutz and Milton, 2004; Nilsson and Lutz, 1991). Turtle
brain slices are resistant to oxygen deprivation, as well as glutamate toxicity (Wilson and
Kriegstein, 1991). Other vertebrate species including fossorial mammals, frogs, and cold-water
fish also exhibit anoxia-tolerance (Ultsch, 1989). For instance, blind mole rats (Spalax
ehrenbergi) tolerate hypoxia far better than other rodent species, and do so in large part by

Prog Neurobiol. Author manuscript; available in PMC 2009 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weil et al.

Page 11

increasing the density of blood vessels and angiogenic signals like vascular endothelial growth
factor in the brain and in the periphery (Avivi et al., 1999; Band et al., 2007).

An additional ‘natural’ example of IR occurs during parturition in mammals. Low in utero
oxygen pressure and the temporal gap between delivery and the onset of spontaneous breathing
can be conceptualized as an example of physiological IR. Not surprisingly, neonatal
mammalian brains are much more resistant to ischemia reperfusion injury than conspecific
adult brains (Duffy et al., 1975; Singer, 1999). There is now strong cellular evidence that
neonatal brains possess several strategies that aid in preventing ischemic damage. Elevated
melatonin concentration, resistance to energetic depletion, and altered NMDA receptor
composition, distribution and attenuated receptor currents have all been described in response
to hypoxia in neonatal mammal brain (Hansen, 1977; Singer, 1999; Tan et al., 2005). Few
researchers interested in perinatal hypoxia have addressed the question of why (from the
ultimate, adaptive functional perspective) mammals lose this relative resistance to hypoxia as
they mature. What do adult mammals gain by giving up this relative hypoxia resistance with
increasing age? Has natural selection favored the loss of hypoxia tolerance in order to allow
the full capacity of the CNS to be reached in adulthood? These ‘why questions’ are important
to address in order to achieve a complete understanding of the “how questions’ including the
mechanisms underlying the constraints and possibilities of brain injury recovery.

The neurchormone melatonin also has been implicated as a neuroprotectant agent for
individuals that experience physiological ischemia-reperfusion. Melatonin is the principal
secretory product of the pineal gland although it is also produced by a variety of other tissues.
In addition to its role in biological timing, melatonin is also a potent antioxidant with the
capacity to scavenge free radicals directly and also upregulate other antioxidant enzymes.
Elevated melatonin concentrations may be an adaptation that aids animals in surviving
ischemia-reperfusion that they experience in their natural habitat (Tan et al., 2005). For
instance, in a variety of hibernating animals including hamsters and snakes melatonin
concentrations increase rapidly during arousal from torpid states (Mendonca et al., 1995;,
1996; Vanecek et al., 1984) Diving marine mammals generally have extremely large pineal
glands, as well as high basal melatonin concentrations during the time of the year when diving
most often occurs (Aarseth and Stokkan, 2003; Ralph, 1975)

Estrogens represent an additional class of endogenous hormones with potent neuroprotective
effects (McCullough and Hurn, 2003); through middle age, men are more likely to suffer from
a stroke then women (Barrett-Connor and Bush, 1991). This relative advantage declines at
menopause suggesting a role for ovarian steroids generally and estrogens specifically. In
several animal models of global and focal cerebral ischemia, males display more tissue damage
than females despite similar insults (Barrett-Connor and Bush, 1991; Jover et al., 2002;
Shughrue and Merchenthaler, 2003; Touzani et al., 2002). Surgical, genetic, or
pharmacological interruption of estrogen signaling eliminates this female advantage
(McCullough and Hurn, 2003). Exogenous estrogen administration reduces tissue damage
when administered to either males or females (Toung et al., 1998). Estrogenic effects on
ischemic tissue are mediated through both receptor-dependent and -independent mechanisms.
Estrogens have neuroprotective effects during acute ischemia/reperfusion largely via its effects
on cerebral vasculature (e.g. increasing cerebral blood flow) (Farhat et al., 1996; Krause et al.,
2006), through its antioxidant properties (Moosmann and Behl, 1999), and by altering
inflammatory responses (Santizo et al., 2000; Vegeto et al., 2006). Estrogens also can aid in
functional recovery during the period after reperfusion by promoting angiogenesis (Ardelt et
al., 2005) and synaptogenesis (McEwen and Woolley, 1994), and by preventing delayed
apoptosis (Dubal et al., 2006; Jover et al., 2002).
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Progestins also appear to be protective in experimental stroke traumatic brain injury
(Labombarda et al., 2006; Sayeed et al., 2007; Stein et al., 2008). Specifically, high endogenous
(related to sex or estrous cyclicity) or exogenous concentrations of progesterone were
associated with significant neuroprotection in rats with either experimental strokes or traumatic
forebrain injuries (Jiang et al., 1996; Roof et al., 1993) Progesterone also appears to be
efficacious across a relatively wide therapeutic window and in both males and females (Galani
etal., 2001). Progesterone also has been successful in a recent clinical trial with traumatic brain
injury patients(Wright et al., 2007). The mechanisms of action of progesterone include
increasing inhibitory neurotransmission, regulation of inflammatory and oxidative responses
and antagonizing cell death cascades as well has having significant effects on tissue
regeneration (Belelli et al., 2006; Galani et al., 2001; Grossman et al., 2004; McEwen and
Woolley, 1994; Roof et al., 1997; Shear et al., 2002) Although, there is little evidence that
damaged tissue produces de novo steroids or increases gonadal or adrenal estrogen production
to take advantage of these neuroprotective effects progesterone and pregnenolone (direct
precursor of progesterone) increase after spinal cord injury and also nonspecifically after
psychological stressors (Labombardaetal., 2006; Persengiev etal., 1991). Taken together these
data suggest that progesterone modification of CNS pathophysiology may be part of an extant
endogenous neuroprotective system.

Another important neuroprotective mechanism, ischemic preconditioning, occurs when tissues
are transiently exposed to a non-injurious stimulus prior to a more severe ischemic event
(Gidday, 2006). Animals that undergo brief anoxia are better able to survive a later, more
severe, and prolonged period of anoxia (Dahl and Balfour, 1964). These brief preconditioning
events induce a series of processes that do not typically occur in the ischemic CNS and require
de novo protein synthesis and the expression of many neuroprotective genes (Kawahara et al.,
2004; Stenzel-Poore et al., 2003). Overall, preconditioning establishes, at least temporarily, a
relative ischemia-resistant brain through the attenuation of many classes of injury including
oxidative and excitotoxic injury, and ultimately the prevention of apoptotic and necrotic cell
death (Dhodda et al., 2004). Many stimuli, such as proinflammatory cytokines (Nawashiro et
al., 1997), forced exercise (Stummer et al., 1995), and metabolic inhibitors (Pera et al., 2004)
(among others) in addition to hypoxia and ischemia (Stagliano et al., 1999; Tang et al., 2006;
Ueda and Nowak, 2005) provide effective pre-conditioning and reduce damage both in vivo
and in vitro from different models of cerebral ischemia (reviewed in (Gidday, 2006)). Many
of the same neuroprotective mechanisms that exist in heterothermic mammals can be induced
by these preconditioning stimuli including an increase in inhibitory neurotransmission, ion
channel arrest and hypometabolism within the CNS (Dhodda et al., 2004; Stenzel-Poore et al.,
2003). It is conceivable that ischemic preconditioning represents an unmasking of latent
neuroprotective mechanisms that are vestigial under physiological (non-heterothermic)
conditions. What is apparent, however, is that the CNS can be coaxed into a relatively protected
state with preconditioning providing the best evidence that physiological constraints do not
prevent the evolution of endogenous neuroprotection. These mechanisms are extant in modern
humans and other mammals, but are largely not utilized in cases of cerebral ischemia without
preconditioning. Thus, it seems possible in theory that natural selection could have favored the
initiation of many of these underutilized processes if given the opportunity. Figure 2
summarizes some of the extant neuroprotectant strategies that exist in animals discussed above.

Taken together, these data suggest that mechanisms can (and have) evolved to subserve
tolerance to ischemia-reperfusion injury. The specific mechanisms that have evolved to render
neuronal tissue resistant to IR injury are varied and often tailored to the specific challenges
facing these animals. These examples offer ‘existence proof’ that it is possible to evolve
mechanisms that protect the nervous system from damage. Therefore, it seems unlikely that
the responses of non-heterothermic mammalian brains to injury have been directly selected for
over time. In other words, if ancestral humans or nonhuman animals had survived neuronal
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insult caused by trauma, stroke, or cardiovascular disease over evolutionary history, then we
can presume that neuronal responses to injury in laboratory animals and modern humans might
be very different.

5. Conclusions

Despite intensive research, the numbers of effective clinical treatments to minimize or reverse
damage to the nervous system remain limited. The general strategy of basic neuroscientists
and clinical researchers has been to identify and describe the physiological and
pathophysiological processes that occur in injured nervous system tissue and then design
compounds that can manipulate those pathways to provide neuroprotection. Although much
has been learned about the physiology of CNS injury, this approach has produced few effective
clinical interventions. However, there have been some successes particularly in the use of
therapeutic hypothermia and steroid hormones in clinical trials (Wright et al., 2007; Zeiner et
al., 2000).

Although perhaps no descriptor is more damning in current grant reviews than
‘phenomenological’ (except perhaps “descriptive’), clinical and translational research would
be well-served to address both the basic phenomena in neurobiology and also return to a
strategy of using natural phenomena such as species that exhibit ischemic tolerance or
regenerative abilities to start to address clinical issues. There are few medical problems that
evolution failed to address and constructing an injury-resistant brain is certainly not one of
them. Researchers who are able to capitalize on the ‘work’ of natural selection to solve
problems associated with ischemic CNS tissue will likely gain important insights. For two key
reasons, researchers must move past the dichotomous thinking that certain processes that occur
after an injury are adaptive or detrimental. First, rarely is anything so simple as “good” or
“bad”; indeed, in most cases (e.g. inflammation) nearly every process has both detrimental and
beneficial aspects, and it is probably best to view adaptations in terms of costs versus benefits.
Second, many of the secondary processes and regeneration-inhibitory factors persist because
they have been adaptive over evolutionary time. Therefore, it remains important that
researchers consider the role of the processes in the healthy or developing CNS in order to
understand how they become dysregulated following injury.
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Figure 1.

Schematic of some of the secondary mechanisms of neuronal cell death following traumatic
or ischemic injury (Barnham et al., 2004; Basu et al., 2005; Bramlett and Dietrich, 2004;
Dirnagl et al., 1999; Katsura et al., 1994; Lipton and Rosenberg, 1994; Liu et al., 1991; Park
et al., 2004; Singh et al., 2003; Wang et al., 2007) and references in the text.
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Endogenous Neuroprotective Mechanisms in Ischemia-Resistant Animals
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Figure 2.

Summary of neuroprotective mechanisms that exist in animals that experience hypoxia in their
natural environments. Including, ion channel arrest, increased GABA:glutamate ratio, anti-
inflammatory, anti-apoptotic and anti-oxidant defenses, reduced glutamate-mediated
depolarization and metabolic suppression (Dave et al., 2006; Drew et al., 1999; Gidday,
2006; Lutz et al., 1996; Ross et al., 2006; Stenzel-Poore et al., 2003; Tang et al., 2006; Zhao
et al., 2006) and references in the text.
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