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Marshall LF,  et al. J Neurosurg 1991; 75;S14-20 



Cerebral edema post-trauma 

• Poor prognostic sign 

• Class III (83.7%) and Class IV (93.8%) had 

severe disability, vegetative or dead 

• >10 mm shift, Compressed basal cisterns, 

IVH, traumatic SAH = OR 2.0  

• Absent cisterns OR 5.7 of death 

Marshall LF, Marshall SB, Marmarou A, Foulkes MA et al. J Neurosurg 1991; 75;S14-20 

Maas AIR, Hukkelhoven CWPM, Marshall LF, Steyeberg EW.  Neurosurgery 2005; 57:1173-82 

Claasen at al. Stroke 2002:33:1225-1232 

 



Physiological Consequences 

• Intracranial hypertension 

• Monro-Kellie Doctrine 1820  

• Compression of venous outflow and CSF 

• Decreased cerebral perfusion and secondary 

ischemic injury 

• Compression of brain structures and clinical 

herniation 
 

 



Normal Brain Water Homeostasis 

• Central osmoreception, osmolarity compensation, and cell 

volume regulation 

• Compartments: blood in vessels, CSF in ventricular and 

subarachnoid space, ECF, and ICF in brain parenchyma 

• BBB, Blood-CSF barrier and plasma membranes of neural 

cells 

– ECF – interactions between BBB, BCSFB and transporters on the membranes of 

neural cells, particularly astrocytes 

– CSF – choroid plexus secretion and drainage into dural sinuses, some flow from ECF 

to CSF 

– ICF – cellular metabolic activity and active transport of Ions 

 

 
Cesseti T. et al. Frontiers in Cellular Neuroscience 2012;6:1-14 



BBB AND BCSFB 

• Anatomic barriers and dynamic tissues expressing multiple 

transporters, receptors and enzymes 

• Prevent free paracellular diffusion of polar molecules by 

complex morphological features such as Tight Junctions, 

adherens junctions in brain capillary endothelial cells in 

choroid plexus epithelium 

• Specific transport proteins provide transport of nutrients, 

ions into CNS and removal of waste products 

• Ion transporters and exchangers and ion channels 

• Regulatory proteins posses kinase and phosphatase activity 

Redic Z. Fluids and Barriers of the CNS 2011;8:3 



Cellular basis for volume distribution 

• Water changes affect brain volume and intracranial pressure 

• Changes in extracellular or intracellular content of osmolytes are 

coupled to movements of osmotically obliged water 

• Normally, redistribution of water between ECF and ICF occurs modifying 

the volume of the neural cells but not the total brain volume 

• This involves modification of the  

     expression and activity of ion channels  

     and transporters and  

     by metabolic changes 

 

Cesseti T. et al. Frontiers in Cellular Neuroscience 2012;6:1-14 



NEUROTRANSMITTER EFFECTS 

E.g. Neural activity determines isosmotic volume changes as a consequence of 

ionic fluxes across cell membranes during neuronal firing – cells  counteract the 

volume change by Regulatory Volume increase and decrease 

Cesseti T. et al. Frontiers in Cellular Neuroscience 2012;6:1-14 



WATER TRANSPORT  

• Membrane-spanning transport proteins which can couple 

ion and substrate transport 

– K/Cl co-tranporter in the choroid plexus 

– Na/K /CL in the glia 

– Na coupled glutamate 

– Na/GABA 

– GLUT1 and 2 

– ATP binding cassette transporters (Aβ, cholesterol efflux, Cs) 

• Total water transported is the sum of co-transported and the 

osmotic components 

 

 

 



TRANSPORTERS 

Redzic Fluids and Barriers of the CNS 2011;8:3 



PATHOPHYSIOLOGY:  

BBB/GLIOVASCULAR UNIT 

Chodobski A et al. Transl Stroke Res 2011;2(4):495-516 



CYTOTOXIC EDEMA  

• Different pathologies lead to isosmotic cytotoxic swelling by 

different mechanisms: 

– Energy failure and dissipation of Na gradients  - hypoxia/ischemia 

– Increase in intracellular K – ischemia, epilepsy, cortical spreading 

depression 

– Ammonium accumulation in hepatic encephalopathy 

– Dialysis dysequilibrium – changes in Urea/Osmolar gradient 

• Changes in cell metabolism, pump and ion channel dysfxn 

• Changes in ECF/ICF ion equilibrium alter neuronal function 

• Role of Astrocytes/Glia - Astrocytes  swell secondary to water fluxes 

across the membrane and to neighbor astrocytes through gap junctions  

 

 
Marmarou A. Neurosurg Focus 2007; 22:5)E1 

Chodobski A et al. Transl Stroke Res 2011;2:492-516 



 

Marmarou et al. J  Neurosurg 2006; 104: 720-730 



Edema 

• Predominantly Cytotoxic edema in TBI 

• MRI studies ADC decreased in perifocal  and focal traumatic 

brain edema 

• No evidence of BBB leakage at 24 hours 

• Not related to CBF/ischemia 

• Increased ADC in first 60 mins followed by decreased ADC 

from as early as 45 mins to 7 days post- injury  

• Membrane depolarization activates ligand gated ion 

channels, triggers voltage gated channels 

• Aquaporin-4 channels -  water conducting protein in astrocyte 

foot processes adjacent to blood vessels 

1. Untenberg AW, Sotver J. Kress B and Kiening KL.  Neuroscience 2004;12:1021-1029 

2. Papadopoulos Verkman. Progress in Brain Research 2008;170:589-601 

3. Marmarou A. Neurosurgery Focus 2007; 22:e1-10 



 

Marmarou et al. J  Neurosurg 2006; 104: 720-730 



AQUAPORIN CHANNELS 
• Tetrameric water channels assembled at the cell membrane, or inside 

the cell (AQ6) 

• 13 homologs in mammals, variable tissue distribution depending on 

physiological function and mediates movement of water and small 

solutes, such as glycerol across membranes  according to osmotic 

gradient and differences in hydrostatic pressures 

• 3 Functional Groups:  

– Water selective – AQP0,1, 2, 4, 5, 6 – permeable to water 

– Aquaglyceroporins  - AQP3,7,8 – permeable to water, glycerol, urea 

– Neutral solute channels -  AQP9 and 10 – water, glycerol, urea, purines, pyrimidines, 

and monocarboxylates 

• CNS: AQP1,4,9 with AQP4 is the most abundant and expressed in 

borders between brain parenchyma and major fluid compartments 

 

 

 



ROLES OF AQPS 

 



Aquaporin 4 Channels 

1. Manley GT et al. Nature Med 2000; 6: 159-163 

2. Kleffner I et al. Stroke 2008; 9: 1333-1335 

3. by Yoshinori Fujiyoshi http://www.jbsdonline.com/Structure-and-function-of-channels-p15705.html 

 

• bidirectional high capacity  water 

channels 

• expressed at astrocyte foot 

processes in the CNS 

• blood-brain barrier/brain-CSF 

barrier 

• Animal studies:  AQP4 deficient 

mice had significantly reduced 

cerebral edema and better survival 

in a water intoxication model 

• Human studies identified an AQP4 

polymorphism associated with 

increased severity of cerebral 

edema after MCA occlusion 



AQP4 

• Levels of expression are not constant but functionally regulated 

– Increased in brain regions where BBB is disrupted following injury, 

ischemia or tumor 

• Regulated at level of RNA transcription and channel assembly 

• Multiple phosphorylation sites and kinases have been implicated but the 

precise regulation of expression of these receptors remains unclear 

• Brain water homeostasis – deficiency in mice reduces brain swelling in 

cytotoxic edema, and mediated by physiological neuronal activity 

• But worsens outcome in vasogenic edema 

• Likely facilitates redistribution and absorption of excessive brain fluid 

• Functional Interplay between AQPs and Ion channels 

 

 



 

 

 

• Human studies 

• DNA analysis of 188 ethnically diverse cohort 

• Identified 4 novel single nucleotide polymorphisms 

• I128T, D184E, I205L and M224T 

• Reduced water permeability 

Sorani, Manley et al Human Molecular Genetics 2008;17: 2379-89 



CACNA1 gene mutation 

• Ion conducting pore forming 1A subunit of voltage 

dependent P/Q type neuronal calcium channels 

• Involved in modulating neurotransmitter release like 

glutamate, monamines 

• Missense mutation (C-to-T/Serine for Lysine at codon 

218)  in small intracellular loop  between 4th and 5th 

transmembrane segments of first domain of 1A 

subunit  

• S218L mutation has been found in patients with 

familial hemiplegic migraine, seizures and delayed 

cerebral edema after trivial head trauma 

• Lowers threshold of cortical spreading depression, 

enhancing excitotoxicity 

Kors EE et al. Ann Neurol 2001;49:753-760 
Stam AH et al. J Neurol Neurosurg Psych 2009; 8: 1125-9 
Hartings JA et al. Brain 2011; (epub)  

S218L 



SULFONYLUREA 1 RECEPTOR 

• SUR1 regulatory subunit involved in forming 

pore forming subunits of  K-ATP channels 

• Regulates SUR1/TRPM4 a nonselective 

cation channel that requires calcium and is 

activated by ATP depletion 

• Causes cell depolarization and cell blebbing 

cytotoxic edema 

• Glibenclamide/Glyburide is an antagonist 



SUR1 is transcriptionally upregulated in white matter.  

Simard J M et al. Stroke 2010;41:531-537 

Copyright © American Heart Association 



Glibenclamide improves 24-hour end points in a stroke model with 6-hour I/R.  

Simard J M et al. Stroke 2010;41:531-537 

Copyright © American Heart Association 



NKCC1 

• Co-transporter protein 

• Expressed in the luminal surface of 

endothelial cells 

• Modulates Cl- in neurons, glia, etc 

• Upregulated in ischemia 

• Mediated by Glutamate and K – that 

stimulate NKCC1 activity in neurons and 

neuroglia 



 



CURRENT THERAPIES  

 

Raslan A. Bhardwaj A. Neurosurg Focus 2007; 22:E1-12 



 



 



 

J of Neurotrauma 2010;69:275-283 



 
DECRA TRIAL 

  
 



 NOVEL THERAPIES 

 

 

 

 

• NKCC1 – cotransporter inhibited by bumetanide 

• SUR1/TRPM4 – nonselective cation channel causing depolarization and 

cell blebbing, upregulated in TBI, ischemia - NCT01268683 

• Decreases absorption of water in collecting tubules – FDA approved for 

euvolemic hyponatremia 

 

 

 

Walcott BP , Kahle KT, Simard JM. Neurotherapeutics 2012;9:65-72 



 



Hypothesis and Specific Aims 

• The CACNA1 gene missense mutation 

S218L and AQP4 polymorphisms will be over 

represented in patients with post-traumatic 

cerebral edema 

• Perform full exon sequence analysis of these 

2 genes in 20 well defined cases of 

excessive cerebral edema 



Research Design and Methods 

• Clinical Cohort and Phenotype 

– Prospective outcome study of moderate to severe TBI 

– Data points, Functional outcomes 3 & 12 months 

• Blood samples 

– DNA extracted from white blood cells 

• Gene Mutation analysis (Dr. Brown’s lab) 

– Full sequencing of all exons of the AQP4 and CACNA1 

genes 

– Cross-reference with 1,000 genome database 

– Use Taqman primers to amplify novel variants in 200 

controls  



Conclusion 

• Traumatic Cerebral edema has severe clinical 

consequences  

• Highly predictive of death and poor outcome 

• Normal Brain function necessitates the 

maintenance of a highly regulated electrical 

osmotic microenvironment 

• BBB and BCSFB are complex barrier systems that 

include multiple ion channels and co-tranporters 

 



Conclusion 

• Vasogenic edema results from barrier breakdown 

and initiates multiple pathways of damage 

• Cytotoxic edema is the major component of post-

traumatic cerebral edema 

• Aquaporin 4 channels modulate cytotoxic edema 

and may attenuate vasogenic edema 

• Current treatments include Osmotherapy, 

Pentobarbital coma, Hypothermia and surgical 

therapies but trials are negative 

 

 



Conclusion 

• Possible therapies developed from channel 

modulators some are in ongoing clinical trials 

• Multiple therapy trials 

 



FUTURE DIRECTIONS 

• Better outcome studies 

• Surgical trials 

• Channel research 

• AQP4 and human genetic studies 

• Imaging studies/Perfusion studies 

• Microdialysis/PET/SPECT 

• New Therapies  
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