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Introduction: Lessons from the Laboratory  

Hypoxic-ischemic brain damage is an evolving process that begins during the insult and 
extends into recovery.[1] We have learnt a lot from neonatal animal models of neonatal 
hypoxic-ischemic brain injury.[2] This lecture will review the evolution of brain injury from 
different perspectives to highlight some of the most clinically relevant  “lessons from the 
laboratory”.   
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1.0  The Clinical Perspective 
 Following severe perinatal asphyxia, the newborn infant is affected by multi-organ  

dysfunction. While other organs may recover, the brain is often permanently injured by  a 
pathophysiologic process that progresses over many days. The clinical encephalopathy peaks 
in severity after 3-4 days and the neurological sequele are directly related to the severity of the 
encephalopathy [3] [4]. What is both disturbing and exciting to 
the clinician is the fact that the evolving encephalopathy reflects 
progressive brain injury and that appropriate management can 
be protective in animal studies even if administered hours after 
reperfusion. While the therapeutic window has been teased 
open with novel therapeutic strategies it is critical to elucidate 
the mechanisms of cell death following perinatal asphyxia. 
Future therapies will most likely represent a combination of 
modalities, including  rescue hypothermia and various 
pharmacologic approaches that are appropriate for the phase 
and mechanism of post asphyxial injury.  
 

Figure1 A graphical representation of the “encephalopathy score”  which 
represents the severity of the clinical presentation. It peaks between days 3-4 
in infants destined to have an abnormal neurological outcome at 1year . (from
Thompson ref 3.) 
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2.0 Phases of Cerebral Recovery  
 2.1 Neurophysiological events 

  Phases of recovery are characterized by the alterations in cerebral blood flow, EEG 
intensity, and cortical impedance that occur in the first 5 days after perinatal asphyxia. They 
have been referred to as:   Fig. 2 

Reperfusion phase (± 0-4hrs)             
Latent phase (0-8hrs) 
Secondary energy failure phase(8-72 h) 
Late phase>72hrs  

(The time spans in parentheses are rough estimates) 
 
Figure 2A. Line graph representing the average  
carotid blood flow following 30 min transient 
carotid occlusion in fetal sheep (modified from 
Gunn et al [5]). The interval between the end of 
carotid occlusion and the dotted line at 8hours 
recovery is the  Latent Phase.  The early portion 
(first few hours) of the Latent Phase  is the 
Reperfusion Phase . Note: Blood flow falls below 
normal during this phase. See discussion about “no-
reflow”  later in text. In the immature rat model of hypoxia 
ischemia blood flow is not low during this time however 
between 3-6hrs following HI the cerebral cortex exhibits a 
pattern of increased regional glucose utilization and 
evidence of neuronal injury (loss of MAP2 
immunostaining). The increased glucose utilization is 
indicative of impaired mitochondrial function and is a 
forerunner of overt infarction.[6] 
 
Figure 2B: In the same fetal sheep model, EEG intensity 
falls pr ecipitously during ischemia and recovers slowly 
during the Latent Phase. During the Phase of Secondary 
Energy Failure  which spans the interval between the dotted 
lines in 2B, the EEG intensity falls for the second time. 
Seizures are frequent at the recovery interval indicated by 
the arrow. 
  
Figure 2C. Illustrates changes in cortical impedance which is 
an indicator of cytotoxic edema. Impedance increases 
rapidly during carotid occlusion. During the Latent Phase it 
remains constant yet above normal and with the Phase of 
Secondary Energy Failure there is another more gradual rise 
in impedance. This biphasic increase in cell water can be 
seen on diffusion weighed MRI of the immature rat brain.[7] 
   
The recovery interval beyond 3 days can be regarded as the Late Phase of recovery and it is 
associated with a reduction in impedance, EEG intensity, and a blood flow  reduction to below 
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normal. As the mechanisms of injury and repair differ during each phase it is important to try 
and identify the stage of recovery the patient is experiencing. The use of the amplitude 
integrated EEG, 3 and 6 hours after birth is most useful in helping to identify which infants are 
likely to benefit from intervention after birth asphyxia[8, 9] Serial diffusion MRI images could 
also help indicate the changing phases of cytotoxic edema but they are not a practical clinical 
tool. The ideal cerebral monitor has still to be developed. It is my   guess that it will require two 
or more of the above signals. In each phase the signals move in different directions relative to 
each other, thus by comparing the relative changes of 2 or more parameters it may be possible 
to identify the phase of recovery. 

 
2.2 Cellular and Molecular Events 

2.2.1 Reperfusion Phase:  
 
During the Reperfusion Phase there is a return of oxygenated blood to previously ischemic 
brain. The microvasculature bears the brunt of reperfusion injury as free radicals are generated 
by the return of oxygen to the tissue (See Figure 3). Activated neutrophils adhere to vascular 
endothelial cells, which are often swollen and the lumens narrowed (see review in ref [10]).  If 
ischemia lasts for more than a few minutes the disturbance in blood flow is not readily reversed 
when the baby is resuscitated. There is a brief period of hyperemia followed by a few hours of 
reduced blood flow “no-reflow”. [11] (reviewed in ref [12]) The pathophysiology of no–reflow is 
multifactorial. It results from mechanical obstruction of the microcirculation, and includes such 
vascular factors as endothelial blebs, compression by swollen glial cells, blood factors like 
viscosity changes due to polycythemia, erythrocyte sludging, platelet aggregation, and general 
cardiovascular factors such as post ischemic hypotension. The treatment of no-reflow consists 
of maintaining adequate post ischemic blood pressure.  In animal models no-reflow can be 
prevented by raising blood pressure.  

Following cerebral ischemia and a brief period of hyperemia, a phenomenon of delayed 
post ischemic hypoperfusion can also occur.[12] Post ischemic hypoperfusion is a functional 
disturbance due to increased arteriolar vascular tone. It is important to prevent delayed post 
ischemic hypoperfusion as it may contribute to secondary delayed tissue injury. The increased 
vascular tone is due to failure of endothelium mediated vasodilation, possibly an abnormality of 
the synthesis of nitric oxide. Other contributors are adhesion of polymorphonuclear leukocytes 
and platelets.[13, 14]Treatment of post ischemic hypoperfusion and the resulting reduction in 
oxygen and glucose supply can be ameliorated by reducing vascular tone, improving the 
rheological properties of the blood. Reducing the oxygen and glucose requirements of the 
blood would also be helpful. For the asphyxiated newborn, maintaining normoglycemia, and 
normoxia is important. Hyperoxia can produce vasoconstriction[15] and increased lipid 
peroxidation.[16] Resuscitation with oxygen should be controlled to avoid prolonged hyperoxia. 
There is growing interest in resuscitating newborns in room air as it is as effective as using 
100% oxygen. [17] While this matter is being resolved, clinicians should limit the use of 100% 
oxygen to the shortest amount of time that ensures adequate resuscitation, then wean to a 
lower amount as permitted by the other cardiorespiratory factors to ensure adequate 
oxygenation. Experimental therapies aimed at reperfusion events include free radical 
scavengers and antineutrophil strategies.   

 
 



 4 

 
 

Molecular mechanisms of neutrophil adhesion and microvascular injury during reperfusion. 
 

Inflammatory mediators (for example, C5a, thrombin, histamine, and reactive oxygen 
species) are released from damaged brain tissue and cause the activation of blood vessel 
endothelia. The activated endothelium expresses adhesion molecules to attract and then 
adhere any circulating neutrophils. The first adhesion molecule to be expressed onto the 
endothelial cell surface is P-selectin. P-selectin, expressed rapidly on the endothelial surface, 
mediates the tethering of flowing leukocytes to the blood vessel wall by binding to selectin 
ligands on leukocytes. These interactions coerce leukocytes to "roll" along the vascular 
endothelium in the direction of blood flow. Rolling is a necessary first step before firm adhesion 
can occur. All selectins recognize a sialylated carbohydrate component of their ligands (Sialyl 
Lewisx)   

 

 
The vascular surface is activated by additional inflammatory stimuli (superoxide, the 

cytokines IL-1 and TNFa) that stimulate the formation of ICAM-1 (intercellular adhesion 
molecule-1) and E-selectin. These adhesion molecules require mRNA transcription and protein 
synthesis and usually take 3 to 6 hours to be expressed. The next step in the inflammatory 
adhesion cascade requires the activation of leukocyte β2 integrin molecules (CDII/CD18). 
Chemoattractants (PAF, IL-8, chemokines) induce a conformational change in the leukocyte 
integrins that allow them to bind to the endothelial cell ligands (ICAM-1). Leukocyte rolling 
prolongs their exposure and enhances activation by endothelial derived chemoattractants. The 
appearance of ICAM-1 on the postcapillary venule luminal membrane arrests granulocyte 
"rolling" and secures adhesion of the neutrophils to the microvascular endothelium.  
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Cerebral hypoxia-ischemia in the PD7 rat enhances rapid expression of brain inflammatory 
cytokines (IL6, IL-1B),[18] and the expression of  inflammatory cell response to injury that 
includes neutrophils lymphocytes, and microglia. [19, 20] [21]  We, and others, have found that 
neutrophils are mainly intravascular during the first 12 -24hours of reperfusion.[21, 22] 
Interestingly, we found that hypoxic-ischemic brain damage in the immature rat could be 
reduced with neutrophil depletion with antineutrophil serum.  If the antineutrophil serum was 
administered immediately after hypoxia-ischemia (it takes 8 hours to make the rats 
neutropenic) the protective effect was lost.[23] This suggests that the neutrophils exert their 
influence in producing ischemic brain injury either during ischemia or shortly afterward in early 
reperfusion, when one might expect no-reflow or delayed post ischemic hypoperfusion. 

 

Microvascular changes are reviewed in ref[10, 24] 
 

 
Immediately following reperfusion, cytotoxic edema, which developed during ischemia, 

rapidly improves in those regions of the brain not permanently injured by the ischemia.[7] The 
improvement in cytotoxic edema can clearly be visualized by diffusion weighted MRI.[7]  
Unfortunately, improvement is only transient as cellular energy failure starts the biochemical 
cascade described below and after a few hours the brain swells from a combination of 
cytotoxic and vasogenic edema.  

 
2.2.2 Latent Phase 
The Latent Phase is characterized clinically by absence of seizures (pre seizures) and 

reduction in early cytotoxic edema.  Cerebral blood flow often falls below normal following a 
transient hyperemia (Figure 2A). Impedance improves rapidly then stabilizes (Figure 2C).  
EEG activity is suppressed but begins to recover in this phase (Figure 2B).   

During this interval of relative neurophysiological suppression, there are a host of biochemical events 
occurring in the parenchyma and microvessels  that contribute to injury. These are summarized below: 

Pathways to cell death: See Figure 4, Cell Injury Cycle 
Hypoxia-ischemia results in depletion of ATP and the reduction of resting membrane 

potentials in neurons and glia (primary energy failure).  Potassium leaks out of cells and 
depolarizes neurons leading to a massive release of glutamate (excitotoxicity). Acting via 
NMDA receptors, glutamate permits the intracellular influx of calcium, which triggers a number 
of potentially harmful enzymes including cyclooxygenase, lipoxygenase, proteases and nitric 
oxide (NO) synthetase.   

Nitric oxide:NO combines with superoxide anion to form the powerful oxidant 
peroxynitrite. Peroxynitrite damages proteins, lipids and DNA.[25, 26]  Inducible NOS message 
and protein was  expressed from 6 to 24hours after hypoxia ischemia and the activity peaked 
at 48 hours. The production of 3-nitrotyrosine is a marker for nitrated tyrosine, was elevated 
with a coincident peak at 48hrs.  The clinical relevance of this delayed onset of excess nitric 
oxide production is that when the rats were treated with a specific inhibitor of inducible NOS 
infarction  was reduced  from 31.9 to 10.6%. Studies in my laboratory have confirmed that in 
the neonatal rat, damage can be reduced by inhibiting NOS ( with low dose L-NAME) even 
when the non specific inhibitor was administered at 15hrs of recovery. [27] 

DNA fragments trigger a repair process by the nuclear enzyme Poly (ADP ribose) 
polymerase (PARP).[28] 
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Massive activation of PARP leads to ADP ribosylation and depletion of NAD+.  
NAD/NADH are vital cofactors for glycolysis and the electron transport chain. When PARP is 
overactive, ATP is consumed in an effort to resynthesize NAD+.[29]   NO may also directly 
interfere with cellular respiration and deplete cellular ATP via direct inhibition of enzymes in the 
glycolytic pathway, Krebs cycle, and electron transport chain.[30] The combined NO/peroxynitrite 
mediated onslaught on cellular energy production leads to cell death by energy depletion (Persistent or 
Delayed Energy Failure). For surviving neurons, depletion of energy can lead to further loss of 
membrane potential and amplification of excitotoxicity in another self -perpetuating energy depleting 
cycle. [Lo, 1998 #96 
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2.2.3 Phase of Secondary Energy Failure 
 Clinical and experimental studies have determined that following cerebral ischemia, 
there is a delayed (secondary) phase of injury and energy failure that occurs 8-48h after 
reperfusion.[31, 32]  This has been reported in human infants in whom the severity of the 
delayed energy failure correlated with poor neuro-development at 1 year of age.[32]  In the 
near-term fetal lamb model  (Figure 2) of transient  cerebral ischemia, the secondary phase of 
energy depletion coincides with the onset of cytotoxic edema and seizures.  Seizures begin at 
about 7 hrs after reperfusion and peak at about 28hrs.   At the same time there is an 
accumulation of excitotoxins, increased production of nitric oxide, and a fall in brain electrical 
activity. [33] [34] [35]  
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2.2.4 Apoptosis and Delayed Cell Death 

In severe hypoxic ischemic injury necrosis is the predominant modality of cell death but 
in less severe injury apoptosis seems to prevail Figure 5 Illustrates how the caspase family of 
“cell death enzymes” are activated in the initiation and execution of apoptosis .Reviewed by 
Martin in ref [36] 

Caspases (cysteinyl aspartate-specific proteinases) are a family of 14 proteases that 
are activated by regulated proteolysis of proenzymes. Upstream caspases activate 
downstream “executioner” caspases. Active caspases have numerous target proteins including 
nuclear proteins, cytoskeletal proteins and cytosolic proteins. Activation of caspase-3 leads to 
cleavage of the inhibitor of caspase-activated-DNase which triggers the activation of caspase 
activated DNase and subsequent DNA fragmentation.  

  
Different caspase cascades not necessarily exclusive mediate apopotosis: 

The intrinsic pathway involves cytochrome c release from mitochondria, promoting the 
activation of caspase –9 through Apaf-1 and then caspase –3 activation. The consequences of 
mitochondrial injury after cerebral ischemia and reperfusion are numerous.[37] They include 
metabolic failure , oxidative stress, impaired Ca++ buffering and opening of the mitochondrial 
permiability pore with the release of apoptotic factors such as cytochrome c and apoptosis 
inducing factor (AIF).In the immature rat mitochondrial dysfunction is characterized by early  ( 
3-6hrs of recovery) glucose hyperutilization in areas of the cerebral cortex followed by a 
secondary phase with low glucose utilization and infarction.[6]When mitochondrial respiration 
was measured following HI in the neonatal rat it decreased immediately after HI and was 
followed by a partial recovery between 3-8h. Thereafter a secondary drop in mitochondrial 
respiration occurred reaching a minimum at 24h of reperfusion. This secondary loss of 

Figure 5 
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respiratory function was accompanied by increased caspase-3 like activity and loss of cell 
integrity. (MAP2 staining)[38] 

The extrinsic pathway to caspase activation leads to activation of cell-surface death 
receptors,inluding Fas and tumor necrosis factor receptor, leading to caspase –8 activation 
that in turn cleaves and activates downstream caspases.[36] Caspase 8 cleaves a cytosolic 
substrate protein (Bid) that translocates to mitochondria thereby transducing death receptor 
action at  the cell surface to the mitochondrion.  Activation of Fas is induced by the binding of 
Fas ligand, a member of the TNF-cytokine family. Fas is expressedon activated T cells and 
natural killer cells. Following HI in the 7-day old  rat, T cells have been detected in the 
periinfarct region  between 48-96hrs after ischemia.[20]  See inflammation 4.0 below. 

 
.  Recently there have been a number of studies attesting to the role of apoptosis and 
delayed injury in the 7day old rat model of HI injury: apoptotic cells density is elevated from 
12h to 7 days after HI in the cortex and and in the basal ganglia. [39] Necrotic cell death can 
been seen in the striatum and cortex as early as 3hours following hypoxia-ischemia. However 
a secondary phase of injury occurs after 24-48h in the cortex and not until 6 days in the basal 
ganglia. The delayed cortical neurodegeneration is a hybrid of necrosis and apoptosis (cell 
death continuum) while in the thalamus it is apoptosis.[40] Caspase –3 activity peaks at 24hrs 
of recovery in the injured parietal cortex of the 7day old rat, [41]whereas DNA damage also 
occurs maximally after 24 hours.  [42]  
 
 Damage to the forebrain of the neonatal rat is also associated with damage to remote 
areas that are connected with white matter pathways and that are probably dependent on 
trophic stimulation from the damaged forebrain. This is consistent with target deprivation 
mediated injury.[40]Damage to the thalamus is delayed about 24hours. It has structural and 
molecular and features of apoptosis,is mediated by death receptor activation (Fas) and altered 
mitochondrial function manifested by cytosolic cytochrome C accumulation.[43] Various 
studies have confirmed that apoptosis has a prolonged role in the neonatal rat.[39]  
 

 Strategies for preventing the terminal events in the sequence of events preceding 
apoptotic cell death may provide a new therapeutic strategy effective many hours after 
reperfusion. [44, 45]   
 

 
 
 

3.0 Duration of Injury Process 
One question that interests the clinical investigator is “For how long does brain injury 

continue to progress after the primary insult?” Most animal studies are terminated within a few 
weeks of recovery. There is a need to evaluate even longer recovery timeframes. 

Human infants who have a bad neurological outcome following birth asphyxia show 
increased brain lactate/creatinine for as long as a year later.[46]   Preliminary findings obtained 
from 31P NMR studies from the same investigators have shown that the increased lactate 
/creatinine correlated with an increased pH and a decreased PCr/Pi 9 months after asphyxia. 
[47] These late changes in high energy phosphates suggest long standing pertubations in the 
brain energy metabolism. Using the immature rat pup model of unilateral carotid occlusion and 
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hypoxia we have observed that a microglial and astroglial response to the areas of injury 
continues for at least a year following the insult.[48] We have also observed plaque-like 
structures that stain positive for iron reaction product (Perls stain) and calcium as a late 
recovery finding.  These plaques are surrounded by microglia, and the surrounding 
parenchyma stains positive with a marker for lipid peroxidation. It appears that these plaques 
may represent foci of chronic inflammation and possibly chronic injury [48].  
 
4.0 Inflammation 
  Cerebral hypoxia-ischemia in the PD7 rat enhances rapid expression of brain 
inflammatory cytokines (IL6, IL-1B)[18] and an inflammatory cell response to injury that includes 
neutrophils, lymphocytes, and microglia. [19, 20] Systemic anticytokine therapy, in the form of 
receptor antagonists to TNFα, markedly reduces ischemic brain injury[49], as does an IL-1 
receptor antagonist.[18]  Neutrophil depletion is also neuroprotective in neonatal,[21] and adult 
stroke models. ( see review in [50]) 
 

Cytokines and white matter damage in the preterm neonate 
 
Strong epidemiologic evidence indicates that the babies who are at greater risk of 

developing an adverse outcome are those born to mothers who have chorioamnionitis.[51] [52-
55]  There are elevated concentrations of the cytokines, tumor necrosis factor (TNFα), and 
interleukins 1β (IL-1β) and IL-6 in the amniotic fluid and umbilical cord plasma of fetuses and 
prematurely born infants who sustain periventricular leukomalacia (PVL). [56, 57]  Both tumor 
necrosis factor and IL-6 are expressed in areas of PVL in premature infants who expire with 
such lesions.[58, 59]  Thus, infection and ischemia share the cytokine pathway as upstream 
modulators of brain injury.  In a recent report, Nelson et al,[60] showed that children with 
cerebral palsy had elevated inflammatory cytokines in their cord blood. It is possible that the 
fetal inflammatory response made the brain more susceptible to asphyxiating insults.[61]  
 

In human infants the neuropathology of PVL is diverse and includes diffuse astrogliosis, 
characteristic loss of oligodendrocytes, and deficiencies in myelination.[62-65]  Cell culture 
experiments have shown that immature oligodendrocytes are particularly vulnerable to free 
radical mediated apoptotic cell death. (for review see [66]) In areas of white matter injury, 
microglia stain positive for inflammatory cytokines TNF-α and IL-6.[59]  Activated microglia are 
capable of secreting a vast array of neurotoxins, including free radicals.[67]  Finally, to test the 
role of intrauterine infection as a cause of fetal brain injury, Yoon et al, [68] developed a model 
in which fetal rabbits were exposed to intrauterine infection.  Some rabbits developed areas of 
necrosis in the white matter. 

 
There is evidence that blood supply to the white matter is precarious because there are 

relatively fewer blood vessels to that area, especially in the 28 week premature infant who is 
most susceptible to PVL.[69]  Impaired autoregulation also places the white matter at increased 
risk of damage. (Reviewed by Perlman in reference[70]) Thus, there are two main contributors 
to white matter damage in the preterm. The first relates to elevated levels of inflammatory 
cytokines, and the second to vascular factors leading to ischemia.  These two apparently 
separate mechanisms may have common components. One possible link could be the role of 
inflammatory cytokines in activating neutrophil adhesion to blood vessels. Under low flow 
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states, neutrophil plugging might contribute to cerebral ischemia and periventricular 
leukomalacia.[71-73] 

 
Premature infants born from an infected uterine environment have nearly 3 times as 

many neutrophils in their blood as infants whose placentas have no evidence of infection. We 
have found that neutrophils accumulate in cerebral blood vessels during hypoxia-ischemia in 
the immature rat,[21] and that they contribute to the extent of the brain’s energy failure during 
hypoxia-ischemia.  If neutrophils are depleted prior to subjecting immature rats to hypoxia-
ischemia, then subsequent brain injury is reduced.[23]  If neutropenia is induced within hours of 
reperfusion then we lost the neuroprotective effect. Thus it seems likely that in the immature 
rat, neutrophils contribute to the ischemic insult or early reperfusion phase.  Accordingly, the 
activated neutrophil may be an important link between exposure to infection in-utero and 
ischemic brain injury. 
 
 
5.0 Brain Rescue Strategies (see tables) 
 
The Table below is separated into the Phases of Recovery and the common mediators of 
injury. The middle column contains modifications to current practice that can be made in light 
of the lessons we have learned from animal experiments.  The third column “Future Rescue 
Therapy” lists the modalities that have a proven neuroprotective effect in animal experiments. 
The bold type indicates that the treatment is currently available in our pharmacies. Clinical 
trials are needed before new therapeutic modalities can be applied to clinical practice. Recent 
reviews of neuroprotective therapies and references for the modalities listed can be found refs 
[24, 74-76] [77] 
 
Table 1: Neuroprotective Strategies for the Newborn Infant Recovering from a Hypoxic 
Ischemic Insult 
 
Reperfusion Phase of Recovery (first 4hrs) 
 

Mediators  of 
injury 

Current management        Future rescue therapy          

Hyperoxemia produces 
vasoconstriction and 
increases free radical 
formation. 

Monitor and control oxygen 
delivery. Avoid prolonged 
exposure to 100% oxygen. 
Maintain normoxia. 
 

Free radical scavengers: Allopurinol 
Metal chelation, antioxidants 
Antenatal administration of Allopurinol 

Free radicals     Allopurinol, ascorbic acid, 
deferoxamine 

Neutrophil adhesion  and 
vascular plugging 

Avoid hypotension and poor 
peripheral perfusion.  

Antineutrophil strategy: Prevent 
adhesion, activation, secretion.(Sialyl  
Lewis x) pentoxifylline  
  

Inflammatory  mediators  
Lipid derived and 
inflammatory cytokines  

  PAF antagonists, Thromboxane 
antagonists, Cycloxygenase 
inhibitors,  (Ibuprofen), 
Phospholipase A2 antagonists, IL-1 
antagonists ( zinc protoporphyrin) 

No reflow ( hypoperfusion) Maintain adequate blood Ibuprofen 
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Endothelin 
(vasoconstrictor) 

pressure Avoid hyperviscosity. 
Avoid hyperoxemia.   

Endothelin antagonists 
Calcium channel blockers 
(nimodipine) 

Endothelial  cell 
alterations/ swelling and 
villi formation 

Avoid hyperviscosity Hct>65.  Hyperosomolar therapy 

Pressure passive 
cerebral circulation. 

Maintain adequate blood 
pressure 
Monitor and control carbon 
dioxide levels within normal 
range. 

 

Evolving inflammation Avoid radiant heat to the 
head. 

Rescue Hypothermia 

Impaired substrate 
delivery 

Maintain normal serum 
glucose. 

Fructose-1,6-Diphosphate, acetyl 
–L Carnitine,ketone bodies. 

Release of mediators 
from other organs eg 
XO, iron, inflammatory 
mediators and activated 
coagulation cascade. 

Treat multi organ system 
dysfunction. 

Allopurinol, complement 
antagonists, 

 
Table 2: Latent Phase of Recovery (0- 8hrs of recovery) 

Mediator of Injury Future  Rescue Strategy 

Ongoing inflammation  Prolonged Rescue Hypothermia 

Nitric oxide  Specific inhibitors of neuronal and inducible 
nitric oxide synthetase. 
Hypothermia 

Intracellular Calcium Calcium channel blockers (nimodipine) 
Neuronal calcium channel blockers 
(Nilvadipine, Conopeptide) 

Excitatory amino acids NMDA receptor antagonists: 
(Dextromethorphan,  Mag sulphate) 
Glutamate release inhibitors: (Lubeluzole, 
Lamotrigine) 
Adenosine transport inhibitors:  
Hypothermia 

Free radicals Free radical scavengers: 
Pyrrolopyrimidines 
Metal chelators: deferoxamine 
Allopurinol  

 Proteases Calpain inhibitors 
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Phase of Secondary Energy Failure (8-48rs) 
 
Mediator of Injury Current  Management Future Rescue Strategy 
Apoptosis (Programmed cell 
death) 

 Caspase Inhibitors. BAF 
Growth Factors: bFGF,BDNF, 
IGF-1 

Excess Poly (ADP-Ribose) 
Polymerase activity 
produces energy failure 

 PARP antagonists 

Nitric oxide /peroxynitrite  See above 
Excitatory amino acids  See above 
Seizures Phenobarbitone    Phenobarbitone high dose 

(40mg/kg before seizures) 
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