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ABSTRACT 

 

 It is becoming increasingly possible to analyze detailed genotypic and phenotypic 

data in the study of complex disorders. One such disorder is brain injury and the 

accompanying cerebral edema, or brain water accumulation, caused by trauma. 

Traumatic brain injury (TBI) is a significant public health problem. Each year in the 

United States, approximately 1.4 million people experience a TBI. These injuries result in 

about 50,000 deaths, and survivors often face life-long cognitive and physical disability. 

 Here we describe cellular, computational, and clinical work to study brain injury 

phenotypes, defined by physiological vital signs and response to drug treatment, and 

genotypes, with emphasis on variation in Aquaporin-4 (AQP4), the primary water 

channel protein in the brain. Finally, we discuss early work to begin to study the 

association between outcomes after brain injury and race. 

In our study of brain injury phenotypes, we first implemented a data-driven 

classification approach to construct multi-variate physiological data "profiles" to classify 

patients for diagnosis and treatment. We then focused on the specific problem of 

understanding the dose-response relationship of mannitol used when treating elevated 

intracranial pressure (ICP). We measured ICP continuously in patients with TBI who 

were given at least one dose of either 50g or 100g of mannitol. After 100 minutes, ICP 

had increased in the 50g group to nearly its initial value but was still lower in the 100g 

group. We also identified previous studies that quantitatively characterized the dose-

response relationship of mannitol and ICP. Meta-regression found a weak linear 

relationship between change in ICP and dose. 
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In our study of brain injury genotypes, we focused on AQP4, a member of the 

aquaporin gene family involved in the physiological water balance essential for life. For 

human, naturally-occurring, non-synonymous point mutations, we developed a map of 

aquaporin variation and functional features. AQP4, a water channel expressed in the 

apical membrane of the foot processes of brain astrocytes, plays a significant role in brain 

water homeostasis. We analyzed DNA samples from an ethnically-diverse cohort of 

healthy volunteers to screen for AQP4 variants and identified four novel AQP4 nsSNPs. 

Cellular assays found that compared to wild type, the mutations reduced water 

permeability. We then compiled a data set of structures, interfaces, and functional 

mutations and applied structural modeling to describe the location and effect of SNPs. 

We found that nsSNPs were more likely to occur within 5 Angstroms of at least one 

interface than background. 

Many factors are thought to be prognostic indicators for mortality and disability 

after TBI. However, the effect of race and ethnicity has been studied tangentially or in 

homogeneous settings. We retrospectively assessed outcome by race and found that, 

against dead versus alive outcome, Asians had an odds ratio of 2.25 for worse outcome. 

This dissertation represents progress towards quantitatively defining physiological 

and drug responses after traumatic brain injury and cerebral edema as well as potentially 

important genetic factors that may influence outcomes. While larger, prospective studies 

will be needed to validate predictors as well as genotype-phenotype-outcome 

relationships, the methodologies of dose-response and physiological profile analysis as 

well as the identification and characterization of genetic variation provide an important 

foundation for future research. 
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CHAPTER 1 

INTRODUCTION 

 

 The major questions in the treatment of traumatic brain injury (TBI) center on 

better understanding of the physiological progression of patient status, optimal use of 

available therapeutics, and improved awareness of potential genetic predisposition to 

differential outcomes. In this dissertation, two major questions were addressed. First, 

using physiological data from patients in the intensive care unit, is it possible to construct 

physiological "profiles" for prognosis and dose-response relationships for drug 

treatment? Second, can we identify, characterize, and potentially explain the mechanism 

of action of variants in a gene suspected to influence progression of cerebral edema? 

 Patients who suffer severe traumatic brain injuries may be faced with lifelong 

cognitive and physical disabilities, if they survive. In an instant, they, their families, and 

society as a whole become burdened with significant medical, emotional and financial 

challenges. TBI is also a complex disorder that is difficult to treat because multiple 

physiological processes are simultaneously affected. In modern ICU's, however, 

physiological data obtained from patient monitoring (Figure 1.1) may be used to 

construct physiological "profiles" for improved prognosis, diagnosis and treatment. 

Furthermore, while recent efforts to develop new therapeutics for TBI have largely been 

unsuccessful, there are opportunities to improve care using the therapies and data already 

at our disposal. For example, the treatment of cerebral edema can benefit from optimized 

use of existing osmotic diuretics such as mannitol (Figure 1.2) by better understanding its 

dose-response relationship. The diagnosis and treatment of patients can, in general, 
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become increasingly evidence-based and guideline-driven through the integration of real-

time physiological data in routine care.  

 Eventually, genotypic information gained from genetic studies or epidemiological 

surveys may also be integrated into clinical care, potentially to indicate opportunities to 

"personalize" treatment and, ultimately, to develop new drug therapies. In cerebral 

edema, as in other disorders of water homeostasis, the aquaporin family of genes (Figure 

1.3) has been shown to influence phenotype. Computational, cellular and clinical studies 

of these and other genes, and their natural variants, will be necessary to improve 

understanding of disease progression, drug response, and therapeutic opportunities for 

TBI and other complex disorders. 
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Figure 1.1. Physiological data collection system. A schematic example of a TBI patient 

in the intensive care unit connected to multiple real-time physiological monitors. 
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Figure 1.2. Mannitol and its effect. A) The chemical structure of mannitol. B) A 

schematic representation of the curves of dose-response, where response is ICP decrease, 

and dose-toxicity, which occurs primarily in the kidney, for mannitol. 

 

A) 

 

 

B) 
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Figure 1.3. Aquaporin-4 in the brain. Aquaporin-4 (AQP4) is expressed in the blood-

brain barrier (top) and cerebrospinal fluid-brain barriers, specifically in the foot processes 

of astrocytes (bottom). 
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 We first asked whether it is feasible to construct patient "profiles" using 

physiological data. A fundamental purpose of neurocritical care is the management of 

secondary brain injury. In Chapter Two, we show that until now this has often been 

accomplished by monitoring and managing individual patient parameters including 

physiological vital signs. We explored opportunities in the emerging field of 

physiological informatics in critical care medicine. We analyzed data on 23 brain-injured 

patients from the San Francisco General Hospital Neurotrauma and Critical Care 

Database which contains more than 20 physiological parameters recorded automatically 

at one-minute intervals via bedside monitors connected to standard personal computers. 

We performed exploratory data analysis, studied two patient cases in detail, and 

implemented a data-driven classification approach using hierarchical clustering. We 

developed a clustering methodology to construct multi-variate physiological data 

"profiles" to classify patients for diagnosis and treatment. Computational methods 

previously used primarily for basic science may have clinical relevance and can 

potentially be adapted to provide physicians with improved ability to integrate complex 

information for decision-making in neurocritical care. 

We then asked whether we could the real-time monitoring data to define the dose-

response relationship between mannitol, one of the principal therapeutics for the 

treatment of TBI, and intracranial pressure, a critical parameter in patient management. 

Despite the widespread use of mannitol to treat elevated intracranial pressure (ICP), there 

is no consensus regarding the optimal dosage. In Chapter Three, we retrospectively 

characterized the dose-response relationship between mannitol and ICP using data 

collected with a continuous high frequency physiological data collection system. We 
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measured ICP continuously in 28 patients with traumatic brain injury who were given at 

least one dose of mannitol. Twenty TBI patients were given a total of 85 doses of 50g of 

mannitol and 18 patients were given 50 doses of 100g. Thirty minutes following the start 

of mannitol infusion, ICP was equal between the 100g group (15.6 + 10.9 mm Hg) and 

the 50g group (15.7 + 6.3 mm Hg). However, at 100 minutes, ICP had increased in the 

50g group to nearly its initial value but was still lower in the 100g group (18.6 + 7.6 v. 

14.2 + 6.7 mm Hg; p=0.001). We have thus quantitatively shown that mannitol's effect on 

ICP is dose-dependent and that higher doses provide a more durable reduction in ICP. 

 We next compared our findings in the previous chapter with previously reported 

evidence by performing a meta-analysis of past studies. Mannitol is the osmotic diuretic 

most commonly used in the ICU, yet despite its clinical importance, treatment protocols 

vary from center to center, and the dose-response relationship is not understood. In 

Chapter Four, we present a meta-analysis in which we analyzed data from studies that 

have described the dose-response relationship between mannitol and ICP. We identified 

18 studies that quantitatively characterized the dose-response relationship of mannitol 

and ICP. Meta-regression found a weak linear relationship between change in ICP and 

dose (Change in ICP = 6.6*Dose - 1.1; significance value, p = .27; R-squared = 0.05). 

The lack of statistical significance could reflect the variation in protocols among studies 

and the variation in patients both within and among studies. We also found that the initial 

ICP influenced the mannitol dose-response relationship. That is, ICP decrease was 

significantly greater (p < .001) when initial ICP was above 30 mm Hg. Finally, we found 

that recent studies tend to enroll fewer patients and set a lower ICP threshold for mannitol 

administration but report more parameters of interest; duration of mannitol's effect was 
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most frequently unreported. Future studies must enroll sufficient numbers of patients and 

report relevant parameters to adequately address as yet unanswered questions. 

To address the major question of the role of genetic variation in TBI and cerebral 

edema, we first investigated the nature and extent of variation in the human aquaporin 

gene family. In Chapter Five, we introduce the family of thirteen known human 

aquaporin genes which are divided into those that transport only water molecules, the 

"orthodox" aquaporins, or also glycerol and small solutes, the aquaglyceroporins. In 

humans, genetic variation in aquaporins--particularly point mutations--are responsible for 

various diseases and other phenotypes of abnormal water homeostasis. Most aquaporins--

especially aquaglyceroporins--have not been well-characterized in terms of the effect of 

genetic variation on protein structure, cellular function, and clinical phenotype. We 

examined the functional features in human aquaporin proteins and summarized previous 

studies of naturally-occurring variants. We developed a map of aquaporin variation and 

functional features and examined uncharacterized variants by sequence and structure 

analysis. Finally, we propose possible variant-based phenotypes for further research. 

We then asked whether we could identify and characterize variation in 

Aquaporin-4 (AQP4), a water channel expressed in the foot processes of brain astrocytes 

that plays a role in brain water homeostasis. Genetic variants in AQP4 and other human 

aquaporins have been associated with a variety of diseases. However, in AQP4, only one 

human non-synonymous single nucleotide polymorphism (nsSNP) has previously been 

reported. In work presented in Chapter Six, we analyzed DNA samples from an 

ethnically-diverse cohort of healthy volunteers to screen for AQP4 variants. We used 

software tools and substitution matrices to predict the effects of the nsSNPs. We then 
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constructed non-synonymous AQP4 variants by site-directed mutagenesis. We verified 

total and membrane protein expression in transfected cells by Western blot. We 

confirmed protein localization to the membrane by immunohistochemistry. To measure 

water permeability, we transfected Chinese Hamster Ovary (CHO) cells with wild-type or 

mutant proteins, and we performed a permeability light scattering assay. We identified 24 

variants including four novel AQP4 nsSNPs. In addition to the previously documented 

M278T, not found in our sample, the four nsSNPs were I128T, D184E, I205L, and 

M224T. All the nsSNPs we found were rare (~1%) and heterozygous. Computational 

analysis predicted several loss-of-function mutations. Total protein expression levels 

were similar for wild type and mutant proteins, and most of the protein localized to the 

plasma membrane. Cellular assays found that compared to wild type, four mutations 

reduced water permeability (p < 0.001) while, interestingly, the M278T mutation 

increased normalized water permeability to 140.4 ± 9% of wild type (p < 0.001) in cells. 

Of interest, the M278T gain-of-function mutation we found could be enhancing 

phosphorylation and membrane expression in a known basolateral targeting motif. 

Based on findings in the previous chapter that AQP4 variants reside in the 

periphery of the channel, we asked whether the location of these variants relative to 

oligomeric interfaces was related to their effects. As we discuss in Chapter Seven, 

aquaporins are highly-conserved membrane proteins that function as high-capacity 

channels for water and neutral solutes. Genetic variants in human aquaporins have been 

implicated in multiple abnormal phenotypes. Factors that predict whether variants will 

have phenotypic effects include evolutionary conservation and their structural nature, but 

most methods analyze mutations in the context of the individual protein. Aquaporin 
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monomers form tetramers, and the tetramers form arrays, so it may be necessary to 

account for the potential role of mutations in protein interactions. We compiled an 

experimentally-determined data set of structures, interfaces, and functional mutations for 

the human aquaporin family and applied structural modeling techniques to describe the 

location and effect of SNPs. We compiled data on 21 aquaporin mutations in OMIM and 

their resulting water permeability data from the literature. We then compiled data on 24 

aquaporin mutations in dbSNP and Ensembl. Finally, from the literature, we identified 76 

inter-molecular interface residues. We constructed a multiple alignment to determine 

where corresponding interfaces would be in other aquaporins, we identified structures, 

and we superimposed the SNPs and interfaces onto the structures for proximity analysis. 

We then analyzed the relationship between the type of amino acid change and the effect 

on protein function. We found that nsSNPs were more likely to occur within 5 Angstroms 

of at least one interface (16 of 18 OMIM SNPs and 17 of 19 dbSNP SNPs) than 

background (p<0.001). We saw that 10 of 24 changes among uncharacterized SNPs 

versus 16 of 21 changes among disease SNPs altered the type of residue (p=0.01). Our 

results indicate that human aquaporins are robust to mutations near interfaces. 

Finally, as an initial step to understand population differences and to estimate the 

potential size of genetic effects in TBI outcome, we asked whether race and ethnicity 

were associated with TBI outcome. Many factors are thought to be prognostic indicators 

for mortality and disability after TBI, including age, gender, and Glasgow Coma Scale 

score. However, the effect of race and ethnicity has been studied only tangentially or in 

racially homogeneous settings. In Chapter Eight, we tested in an ethnically diverse 

population whether mortality and disability depended on race, independent of other 
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known factors as a first step to gauge the potential presence and size of the effect of 

genetic variation on outcomes. We retrospectively identified TBI patients over age 17 

admitted to our intensive care unit from 2001 through 2004. We assessed 11 predictors 

and performed logistic regression on two measures of outcome by dichotomizing 

discharge GOS scores: dead versus alive and unfavorable versus favorable. We also 

performed follow-up by phone interview and analyzed results. We found significant 

associations between race and age (p<0.001), gender (p=0.01), weight (p=0.02), 

mechanism of injury (p=0.03), and Injury Severity Score (ISS) (p=0.04). Specifically, 

Asians were older, had the lowest proportion of males, had higher average ISS score, and 

among males, weighed the least. Race was significantly associated with dead versus alive 

outcome (p=0.02) but not with unfavorable versus favorable outcome (p=0.27). Against 

dead versus alive outcome, Asians had an odds ratio of 2.25 (p=0.005, 95% CI 1.28-

3.96). Against unfavorable versus favorable outcome, Asians had an odds ratio of 2.20 

(p=0.08, 95% CI 0.92-5.25). We also performed long-term follow-up on 67 patients and 

found an association between race and progression (p=0.04): most Whites showed at least 

a one point improvement in GOS, but among non-Whites the number of patients who 

improved was equal to the number who stayed the same or got worse. 

We conclude in Chapter Nine with a summary of our key findings and a 

discussion of areas for future research. We also include a critique of the research in terms 

of whether key questions posed were answered. 
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CHAPTER 2 

NEW APPROACHES TO PHYSIOLOGICAL INFORMATICS IN 

NEUROCRITICAL CARE* 

 

Introduction 

 Frequent monitoring of physiological vital signs is standard of care in the 

intensive care unit (ICU). Most patients admitted to an ICU are connected to at least one 

continuous monitor, such as an electrocardiogram or a pulse oximeter. Blood pressure 

and temperature may be measured intermittently or continuously. Depending on the 

patient's specific diagnosis and severity of injury, additional monitors are placed (e.g., 

intracranial pressure (ICP) monitor, central venous pressure monitor, pulmonary artery 

catheter, jugular venous oxygen catheter, brain tissue oxygen probe, end-tidal carbon 

dioxide monitor). This process often results in continuous monitoring of a dozen or more 

clinical variables, with real-time values displayed on bedside or overhead computer 

monitors for visualization by nurses and physicians.(1,2,3) However, the ability to 

acquire those data has outstripped the ability to record, process, and integrate this high 

volume of information into routine patient care. 

 

Monitoring Meets Informatics 

 A fundamental purpose of neurocritical care monitoring is to prevent secondary 

brain injury by identifying and treating insults such as hypotension, hypoxia, fever, and 

elevated ICP. Unfortunately, current methods of evaluating the data acquired during 

                                                 
* Published in: Sorani MD, Hemphill JC 3rd, Morabito D, Rosenthal G, Manley GT. New approaches to 
physiological informatics in neurocritical care. Neurocrit Care. 2007;7(1):45-52.   
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monitoring rely on the relatively simplistic identification of events, often indicated by an 

alarm, when a pre-determined threshold is crossed. This approach leaves open many 

questions. For example, what is hypotension? Is it a single event below some threshold 

(e.g., MAP < 90 mm Hg)? How does one pick the threshold? Additionally, how do 

clinicians even know that these events have occurred? Even though continuous 

physiological data are often being generated, this information is almost always recorded 

intermittently, often hourly, in medical records with no data on duration of events. 

Typically, this is the only information available for physician review on rounds. Many 

reports have used relatively gross descriptors such as whether an event occurred, or, at 

most, how many times it occurred. In contrast, Struchen et al studied the relationship 

between outcome and duration of adverse physiological events, defined as variables such 

as ICP, mean arterial pressure (MAP) and cerebral perfusion pressure (CPP) exceeding 

certain thresholds, and found that duration of events accounted for a significant portion of 

the variance in Disability Rating Scale scores.(4) 

 Despite the availability of multi-modal monitoring, detection of potential insults 

is performed by asking separate, univariate questions rather than by integrating and 

interpreting the multivariate patient situation. Routine ICU orders often focus on 

individual physiological parameters. For example, “Call physician for ICP > 20 mm Hg”. 

While treatment thresholds, protocols, and management styles may vary among 

institutions, this general paradigm holds. Adequate management is assumed if individual 

parameters of interest are maintained between commonly accepted upper and lower 

thresholds. This univariate approach does not reflect the physiological complexity of the 

severely injured patient. For example, alteration of respiratory rate may affect multiple 
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parameters such as arterial blood gas values, ICP, and brain tissue oxygenation. While 

clinicians are aware of these physiological complexities, which were the impetus for 

instituting multi-modal monitoring, few tools have been developed to electronically store, 

integrate and analyze this multi-dimensional information. 

 Advances in the use of biostatistics and informatics have fundamentally altered 

the way information is examined in many aspects of medical care and human biology. 

For example, the use of multivariable regression techniques to assess the impact of 

several factors that may jointly influence a parameter of interest such as patient outcome 

is now standard in epidemiology. The field of human genetics has also been 

revolutionized by advances in informatics. In fact, one of the necessary aspects of the 

Human Genome Project has been the development of new bioinformatics approaches 

which allow the study of the complex interactions of multiple genes. We can now analyze 

microarray data by using methods such as hierarchical clustering to identify patterns 

relevant to molecular biology. More broadly, however, bioinformatics (including 

buzzwords like pattern analysis and data mining) can be thought of as a set of 

computational and quantitative methods that are applicable not only to basic science but 

also to physiological data analysis and to clinical decision-making. Significant amounts 

of multivariate data are now being generated in the ICU, and computer algorithms are 

increasingly being adapted to provide clinicians with capabilities to predict, diagnose, 

and treat.(5,6) We expect that in neurocritical care, just as in epidemiology and human 

genetics, the interaction of multiple parameters is more relevant than any individual 

factor. We suspect that the reason this has not been explored more extensively is because 
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the analytical tools for studying complex physiological interactions have not been 

available. 

 This manuscript develops the idea that advances in neurocritical care monitoring 

must be accompanied by advances in methods of analyzing the data being captured. 

Furthermore, these new methods must take into account the complex interaction of 

multiple processes occurring in the critically ill patient rather than viewing them as 

mutually exclusive. Our aims were (1) to present challenges and opportunities for high-

frequency multi-modal monitoring to quantitatively detect secondary brain insults, and 

(2) to develop clustering methodology to construct multi-variate physiological data 

"profiles" to classify patients for diagnosis and treatment. 

 

A Multivariate Approach to Continuous Data Analysis 

 San Francisco General Hospital (SFGH) is an acute care hospital operated by the 

City and County of San Francisco. The SFGH Neurotrauma and Critical Care Database 

contains physiological and nursing care data as well as demographic information. The 

main hardware components of the system are bedside monitors connected to a standard 

personal computer via serial cables. Such a system is not entirely unique. Goldstein et al 

described a real-time, continuous physiologic data acquisition system for a 16-bed ICU 

for the study of parametric and waveform data.(7) We capture over 20 physiological 

variables (Table 2.1), plus date, time and optional comments. Data are collected 

automatically at one-minute intervals and is output into text files. In addition to reliable 

data capture, however, we also place an emphasis on multivariate data analysis. 

Quantitative analysis can be used to answer questions related to measurement, 
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classification, or prediction for diagnosis and treatment. The choice of analytical methods 

depends on the type of question. For example, descriptive statistics can measure variables 

and help to frame biomedical questions, while clustering can be used for classification. 

During this study, caregivers did not have access to the analyses or the full data set we 

describe. 
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Table 2.1. Physiological variables included in the SFGH Neurotrauma and Critical Care 

database. 

Source Variable Definition 
Viridia bedside monitor MAP mean arterial blood pressure 
  ABP - systolic systolic arterial blood pressure 
  ABP - diastolic diastolic arterial blood pressure 
  ICP intracranial pressure 
  ETCO2 end tidal CO2 
  SvO2 oxygen saturation of venous blood from brain 
  HR heart rate 
  CPP cerebral perfusion pressure 
  SpO2 oxygen saturation in capillaries 
  Core Temp body temperature  
Licox tissue oxygen 
monitor PBrO2 brain tissue oxygen 
  Brain Temp brain tissue temperature 
Draeger ventilator Plateau Pressure pressure applied to small airways and alveoli 
  PEEP Breathing Pressure positive pressure applied at the end of expiration 
  Peak Breathing Pressure pressure measured by ventilator in major airways 
  Tidal Volume lung volume during normal breath 

  
Spontaneous Minute 
Volume tidal volume x respiratory rate - patient breathing 

  Minute Ventilation tidal volume x respiratory rate - ventilator 
  Respiratory Rate respiratory rate 
  Inspired O2 fraction of inspired oxygen 
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 We performed exploratory analysis retrospectively on a sample high-frequency 

data set from traumatic brain injury (TBI) patients to visualize and describe the large 

amounts of physiological data generated in the ICU. Data analysis was performed using 

SPSS v13 (SPSS Inc., Chicago, IL). We used descriptive statistics to determine ranges 

and distributions of the physiological variables in Table 2.1. Data were collected from 23 

patients every minute for a median of 7 days (mean ± s.d.: 5.7 ± 2.3). The median 

duration of observation per patient was 8,453 minutes (8,518 ± 7,554). Collection was 

performed using Viridia bedside monitors (Philips), Licox tissue oxygen monitors 

(Integra NeuroSciences), and Draeger ventilators and required no intervention outside of 

standard clinical care. Monitoring data were integrated by a middleware software 

backbone (Aristein Bioinformatics). Not all patients admitted with TBI met our 

monitoring protocol. Those that did were continuously monitored only if a bed with the 

appropriate monitoring infrastructure was available. An additional design constraint that 

reduced our patient sample was the desire to continuously monitor patients for one week 

rather than to truncate their monitoring period simply to connect the next patient. 

Collected data included occasional spurious or missing values due to system problems, 

cable disconnection or other technical issues. To address this issue, we constructed 23 

patient files with raw data and cleaned them according to simple rules: we did not delete 

outliers, but data such as heart rate equal to zero and unrealistically high ICP 

(>16,000,000) were ignored during analysis. 

 The concept of multi-variate data classification involves using quantitative 

algorithms to separate subjects into two or more categories according to their features. 

Clustering can be used to divide data into a hierarchy. The traditional representation of 
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this hierarchy is a tree, with a single cluster containing every subject at the beginning and 

individual subjects arranged in groups at the end (Figure 2.1). In contrast to a more 

knowledge-based approach like an expert system, hierarchical clustering is primarily 

data-driven. Advantages of knowledge-based approaches include the benefits of clinical 

intuition, while advantages of data-driven approaches include the unbiased discovery of 

unexpected relationships. The variables used in the cluster analysis were chosen based on 

the current monitoring capabilities in our ICU, the variables which we believed a priori 

might be important, and the variables for which sufficient data were captured. We used 

median values of physiological parameters for each patient from their entire ICU stay 

based on measures acquired every minute. Using Cluster v2.11, we log-transformed our 

physiological data, centered the data set around patient and variable medians, and 

normalized values. Data were then clustered using average linkage hierarchical 

clustering. The ICU physiological data were arranged into a two-dimensional grid with 

similar patients and correlated variables next to each other(8) by creating a "heat map" 

and cluster tree (Figure 2.2) using TreeView v1.6. (Cluster and TreeView can be found at 

http://rana.lbl.gov/EisenSoftware.htm). Such a heat map is more commonly used to 

display gene expression data. Whereas gene expression heat maps display up- or down-

regulation of many genes across many samples (tissues, patients, etc.) or time periods, we 

are displaying high or low values of many physiological measures across many patients. 

The clusters represent correlations between subjects. Red areas indicate high values while 

green areas indicate low values. The heat map is a compact, intuitive way to visualize a 

moderately large data set (18 variables across, 23 patients down). We described the 
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patient clusters according to clinical measures such as Glasgow Coma Score (GCS) and 

Injury Severity Score (ISS) were recorded once per patient. 
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Figure 2.1. A schematic example of classification, where an initial group of disparate 

subjects is divided into smaller groups of more similar subjects. 
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Figure 2.2. Heat map of physiological variables, including the hierarchical cluster tree of 

patients. The heat map is labeled with the hierarchical cluster tree of variables and the 

three groups of patients, named A, B and C. 
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Exploratory Analysis 

 We first performed exploratory analysis on the data set. We captured heart rate, 

CPP, arterial blood pressure (ABP) values, and ICP for all patients (Table 2.2). We also 

captured brain tissue oxygen tension (PbrO2), brain temperature, and respiratory 

parameters (plateau pressure, tidal volume, minute ventilation, and respiratory rate) for 

nearly all (78-91%) patients. Median values within each patient time course were 

computed for all variables. Heart rate medians generally ranged between 60 and 110 

beats per minute across patients, CPP ranged between 70 and 100 mm Hg, MAP ranged 

between 80 and 110 mm Hg, and ICP ranged between 5 and 15 mm Hg with some high 

outliers (Figure 2.3). Of the variables with incomplete collection, PbrO2 ranged between 

10 and 60 mm Hg with some high outliers, plateau pressure ranged between 10 and 30 

mm Hg, tidal volume ranged between 0.5 and 0.75 liters, minute ventilation ranged 

between 7 and 15 liters per minute with some high outliers, and respiratory rate ranged 

between 10 and 30 breaths per minute with some high outliers. We also computed means, 

standard deviations, and estimates of distribution symmetry such as skew and kurtosis. 

These physiological data ranges can be helpful in determining "typical" and "crisis" 

periods in the severely injured patient. We found that other variables were not as 

informative for analysis because values were basically constant. For example, PEEP was 

typically 5 cm H2O, fraction of inspired oxygen was typically 0.4, and SpO2 was almost 

always 100%. We also saw, as expected, that respiratory variables were correlated with 

each other as were hemodynamic variables (data not shown). 
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Table 2.2. Ranges of 14 selected physiological parameters of interest for 23 patients. For 

example, for mean arterial pressure (MAP) for patient X, the 10th percentile value might 

be 70 mm Hg and the 90th percentile value might be 96 mm Hg (the low values), while 

for patient Y, the 10th percentile value might be 97 mm Hg and the 90th percentile value 

might be 129 mm Hg (the high values). Abbreviations are defined in Table 2.1.  

 
 

10th 
pctile 

10th 
pctile 

90th 
pctile 

90th 
pctile 

 Low High Low High 
MAP (mm Hg) 70 97 96 129 
ABP - systolic (mm Hg) 105 158 144 201 
ABP - diastolic (mm Hg) 53 76 75 104 
ICP (mm Hg) 1 11 9 24 
HR (beats/min) 41 82 65 131 
CPP (mm Hg) 62 84 85 115 
PBrO2 (mm Hg) 6.7 35.1 23.4 100 
Brain Temp (degrees C) 31.2 38.2 32.5 39.4 
Core Temp (degrees C) 34.2 37.6 36.7 39.3 
Plateau Pressure (mm Hg) 9 23 15 42 
Peak Breathing Pressure (mm Hg) 11 36 16 47 
Tidal Volume (L) 0.16 0.71 0.53 0.84 
Minute Ventilation (L/min) 6.3 10.7 8.7 20.9 
Respiratory Rate (breaths/min) 10 17 13 34 
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Figure 2.3. The range of median ICP values observed across 22 patients. Patient 13 is not 

included because of technical issues with ICP monitoring. 
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 The potential benefits of applying informatics to exploratory analysis of 

continuous, high-frequency physiological ICU data are illustrated by two patient cases. 

Patient A was a 40 year-old man who suffered a head injury after a fall from a ladder. On 

arrival, his GCS was 7, and he had one non-reactive pupil. Visual inspection of the 

patient’s entire ICP time course (Figure 2.4a) indicates that ICP was usually below 20 

mm Hg despite a period of raised ICP on Day 4 (approximately 3500-4100 minutes) and 

increased ICP volatility on Day 6 (beginning at approximately 6000 minutes; Figure 

2.4b). Nursing documentation shows that on Day 4 in the mid-morning, cerebrospinal 

fluid (CSF) was being drained at least four times per hour. Thus, nursing documentation 

in conjunction with high-resolution physiological data is critical to explain this patient’s 

physiological course. This patient's ICP was greater than 20 mm Hg for only 5.4% of the 

total monitoring time. Such measurement demonstrates how continuous data can be used 

beyond summary data to determine the dose (i.e., degree, duration and frequency) of 

events likely to contribute to the severity of secondary brain injury. Patient A was in the 

ICU for 18 days and was discharged to a rehabilitation facility with a Glasgow Outcome 

Score Extended (GOS-E) of 4 (upper severe disability). 
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Figure 2.4. Multiple ICP time series scatterplots for two patients. a) ICP time course 

over the entire monitoring period for Patient A indicates some high outliers, with a period 

of raised ICP on Day 4 (at approx. 3500 minutes). ICP is usually below the 20 mm Hg 

reference line. The narrow dashed line box from 6300 to 6500 minutes indicates the 

period expanded in panel b. b) Slightly increased ICP volatility on Day 6 (at approx. 

6300 minutes). This graph depicts the potential effect on interpretation when continuous 

data are only recorded at hourly intervals. Increased ICP volatility might not have been 

noticed had ICP values only been recorded hourly. c) ICP time course for Patient B. The 

dashed box from 8000 to 8200 minutes indicates the period expanded in panel d. d) A 

period of 200 minutes during which ICP was 15 ± 6 mm Hg. Even though the variance 

was "typical" for this patient, sharp ICP spikes could be observed, and ICP was generally 

greater than in Patient A's "volatile". 

 

 



 28

 Patient B was a 47 year-old male injured in an industrial accident. His GCS was 

9, and he was intubated on arrival. As seen by the total ICP time course for this patient 

(Figure 2.4c), ICP over the first 6,000 minutes (100 hours) of observation was frequently 

near or above 20 mm Hg (15.4 ± 7.2 mm Hg). There followed a period (about 1,500 

minutes in duration) during which ICP fell to 11.5 ± 7.9 mm Hg. This was followed by 

another period (about 500 minutes; Figure 2.4d) during which ICP rose to 23.0 ± 8.3 mm 

Hg. During this period, even though the variance was "typical" for this patient, sharp ICP 

spikes could be observed, and ICP was generally greater than in the "volatile" period for 

Patient A (Figure 2.4b). It is noteworthy that hourly recording of ICP values in the 

bedside nursing chart (as is often done in routine care) would underestimate the true ICP 

during this time period. To illustrate, the ICP values for three consecutive hours during 

this period were 20, 17 and 17 mm Hg, which would suggest to a physician reviewing 

this chart on rounds that the patient's ICP was within an acceptable range. However, such 

hourly measurements do not reflect the many ICP readings above 20 mm Hg and several 

readings above 30 mm Hg. In the final period of observation of about 3,000 minutes, ICP 

fell slightly--and this time showed far less variability--to 18.6 ± 3.7 mm Hg. Ultimately, 

he required a hemicraniectomy and right frontal lobectomy. This patient's ICP was 

greater than 20 mm Hg for 24.7% of the monitoring time, nearly five times the amount 

for Patient A. This type of data integration over time indicates the severity of his patient's 

injury and would suggest a commensurate treatment response. Patient B was in the ICU 

for 19 days, and his total hospital length of stay was 31 days. He was discharged to rehab 

with a GOS-E of 2 (vegetative). 
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Classification Analysis 

 Using hierarchical clustering, the 23 patients were assigned to three groups. The 

seven patients in Group A include those whose respiratory and blood pressure values 

were lowest (Figure 2.2) and those with the worst outcomes. Specifically, only three 

patients in the total sample of 23 died, but two of them were in Group A; two patients in 

the total sample were vegetative, and both were in Group A. As such, our approach 

potentially appears to be predictive of outcome based on clustering of physiological data. 

Group A included the youngest patients (average age, 34.3 ± 14.4) with the lowest (i.e., 

worst) average arrival GCS motor score (3.6 ± 1.9) and average ISS (21.9 ± 6.6).(9) The 

ten patients in Group B included those with higher blood pressure and CPP and were, on 

average, the oldest (44.3 ± 17.0) and had the highest ISS (30.3 ± 11.3). The six patients in 

Group C had the highest average arrival motor score (5.2 ± 1.3) and the highest values for 

respiratory rate, plateau pressure and peak breathing pressure. 

 These patient profiles are complex, and to our knowledge, this is the first effort to 

fully integrate a multivariate data set to construct patient profiles that could ultimately be 

used in diagnosis and treatment. The division of patients into three groups is not 

definitive; with more physiological or demographic data, the patients could be divided 

into more, smaller and perhaps even different groups. However, the three groups we 

describe are robust for this physiological data set insofar as they are quantitatively 

validated by independent, demographic data. Cluster analysis demonstrates that even 

patients that are similar in many respects (treatment protocols, etc.) are different in other 

ways, and it is this insight that we are looking for. By its nature, the execution of a 

clustering algorithm will always produce one or more clusters. However, from the tree of 
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physiological variables, several clusters emerge as expected (based on known 

physiological relationships), and serve as internal controls: for example, systolic blood 

pressure, diastolic blood pressure and MAP values cluster together (Figure 2.2). Brain 

tissue oxygen tension (PbrO2) and end-tidal CO2 (ETCO2) also cluster, consistent with 

the known relationship between CO2, cerebral blood flow, and brain tissue oxygen 

tension. Since clustering physiological data is a new approach, the high degree of 

correlation where it is expected represents validation of the methodology. Analysis of a 

more restricted set of non-inter-related variables would risk missing unexpected 

relationships. In fact, other clusters emerge that are unanticipated. For example, in this 

dataset ICP clusters with inspired oxygen. Upon review of the physiological data and 

nursing documentation, we noticed instances in which ICP spiked when inspired oxygen 

was raised to 100% while the patient was being suctioned (Figure 2.5). This has led to 

modification of our clinical practice during suctioning. The clustering of core temperature 

with SpO2 and heart rate with PEEP may not be informative since SpO2 and PEEP were 

both essentially constant. 

 The heat map is a quantitative, high-throughput, and visually intuitive way to 

group patients and possibly associate them with diagnoses or treatment strategies. This 

approach has potential clinical significance in the possibility of identifying new patients 

who, based on multiple characteristics, are at risk to experience complications or 

worsened outcome. In this manner, ongoing refinement of physiological profiles could be 

used to target specific treatments. Future studies will be needed on larger patient samples 

to determine statistical significance and potential for translation to the bedside. 

 



 31

The State of the Art and Future Directions 

 Our aims were (1) to present challenges and opportunities for high-frequency 

multi-modal monitoring to quantitatively detect secondary brain insults, and (2) to 

develop clustering methodology to construct multi-variate physiological data "profiles" to 

classify patients for diagnosis and treatment. We captured over 20 hemodynamic, 

respiratory and temperature variables. We first presented issues of continuous data 

summarization, visualization, and integration with nursing documentation. We then 

presented the first application of hierarchical clustering to construct physiological data 

profiles for patient classification, diagnosis and treatment. These initial efforts are among 

the first to begin to integrate multivariate, continuous data analysis into acute care, and 

they elucidate the complexities of ICU informatics, from reliable data capture to useful 

interpretation. Future hypothesis-driven, prospective approaches must address 

quantitative and clinical issues together, not independently, to answer questions about 

clinical care that is optimized for individual patients. 

 Prior studies have employed exploratory data analysis in neurocritical care. Jones 

et al examined time series MAP, ICP and CPP data and related their variability to 

outcome. Their data were displayed on polygraphs, and patterns were described to help 

interpret the data produced at the bedside.(10) In other studies, Cifu et al have used 

various statistical methods to study post-acute functional outcome after brain 

injury.(11,12,13,14) Worldwide, several groups have developed free, generalizable 

software resources to enable more powerful analysis specifically tailored to physiological 

data. These include PhysioToolkit from the NIH National Center for Research Resources, 

Scilab from the French Institut National de Recherche en Informatique et en 
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Automatique, TISEAN from the Max Planck Institut in Germany, ICM+ from the 

University of Cambridge, and HRV Analysis from the University of Kuopio in Finland. 

 Classification methods have seen limited use in the ICU but could potentially be 

applied to a wide variety of problems. For example, Stuss et al evaluated the ability of 

measures of initial injury severity, tests of attention, and demographic characteristics to 

predict recovery of memory in TBI patients using classification and decision tree 

analysis. They identified four groups of patients and concluded that approaches that take 

into account multiple measures provide a more sensitive predictive index.(15) Similarly, 

Andrews et al compared results of logistic regression with those of tree analysis of a 

head-injury data set including a range of secondary insults and 12-month outcomes. They 

found, perhaps not surprisingly, that tree analysis confirmed some regression results and 

challenged others.(16) Other groups have conducted similar studies.(17,18,19,20) 

 Potential downsides exist to pursuing more complete data acquisition and 

processing; among them, the difficulty in interpreting the vast amount of data that is 

acquired. With all the parameters continuously collected and the issues that occur in an 

ICU that may corrupt information (e.g., transducers being zeroed, ventriculostomies 

being opened for drainage, patients being turned, monitor disconnections for transport to 

imaging studies and procedures), there is great potential for data overload and false 

information. Thus, fundamental goals of any physiological informatics approach must be 

to ensure reliability of the data, avoid collecting and processing large volumes of 

“meaningless” data, and establish relationships between physiological data and clinical 

events. All this must be done with output that is user-friendly and enhances the ability of 

the clinician to care for patients, rather than detracts from patient care. This is not a task 
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for clinicians alone. At our institution, we have developed a collaboration between our 

clinicians, bioinformaticians, and computer scientists with the goal of addressing these 

complex and novel issues. 

 Neurotrauma physicians have been caring for critically injured patients for 

decades. We recognize the value of clinical expertise. Yet it is often difficult to formalize 

how this expertise is gained, other than through “experience.” As critical care informatics 

evolves, it is important to determine if it aids decision-making regardless of the level of 

practitioner experience, standardizes care, serves as a training resource for junior 

clinicians, or provides better information access even without making specific 

recommendations. These are controversial areas. We have shown that Q1 minute data 

capture of many variables across many patients is feasible and can potentially lead to new 

clinical insights. Data visualization and use of descriptive statistics are good first steps in 

physiological data analysis. However, visualization of large time spans of data for even 

moderate numbers of concurrent variables often becomes overwhelming, even after 

normalization, so computational methods such as hierarchical clustering can be useful for 

patient classification. 

 The potential benefits of neurocritical care informatics are alluring since 

improvements to the nature and timing of interventions could reduce secondary injury, 

long-term disability, and death. In Chapter Three, we will discuss a study using 

continuous ICP data to determine the dose-response relationship for mannitol. The 

lessons of epidemiology and human genetics indicate that powerful statistical and 

informatics tools can significantly extend knowledge in those fields. We believe that the 

future of neurocritical care lies not just in developing new monitors, but in the ability to 
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more fully understand the information that we already have and to translate this 

knowledge to improve patient care. 
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CHAPTER 3 

THE DOSE-RESPONSE RELATIONSHIP BETWEEN MANNITOL AND 

INTRACRANIAL PRESSURE IN TRAUMATIC BRAIN INJURY PATIENTS† 

 

Introduction 

Abnormalities in water balance play an important role in the pathophysiology of 

traumatic brain injury (TBI), stroke, and other neurological disorders. Brain edema, 

defined as an abnormal increase in water content of the brain parenchyma, is influenced 

by complex changes in ion fluxes, cell volume regulation and excitotoxic processes.(1) 

Development of brain edema depends on the type of primary lesion (hematoma, 

subarachnoid hemorrhage, diffuse axonal injury, etc.) and associated conditions, like 

arterial hypotension or hypoxia. Because the skull is a rigid compartment, any increase in 

intracranial volume related to edema formation can increase intracranial pressure (ICP), 

potentially leading to brain ischemia, herniation and death. As we discussed in Chapter 

Two, in our intensive care unit (ICU) ICP is monitored continuously and one-minute 

averages are recorded. Brain swelling is treated primarily with intravenous hyperosmostic 

agents to decrease ICP. 

Osmotic agents create an osmotic gradient to dehydrate vital, well-perfused 

cerebral structures.(2) Despite their clinical importance, the molecular mechanisms of 

brain water accumulation and clearance remain controversial, and current treatments 

aimed at reducing brain edema have changed little since their introduction more than 80 

years ago.(3) Mannitol, a six-carbon alcohol sugar, is the osmotic diuretic most 

                                                 
† In press: Sorani MD, Morabito D, Rosenthal G, Manley GT. Characterizing the dose-response 
relationship between mannitol and intracranial pressure in traumatic brain injury patients. J Neurotrauma. 
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commonly used in the ICU to reduce brain mass. It does not cross an intact blood brain 

barrier (BBB) but is thought to open the BBB by shrinking endothelial cells and 

temporarily opening tight junctions.(4) Mannitol does not undergo metabolism and is 

cleared by glomerular filtration.(5) Mannitol reduces ICP by several mechanisms of 

action. While mannitol has a dehydrating action on the brain that reduces brain volume, 

the immediate effects of mannitol administration may also be due to changes in the 

rheological characteristics of the blood.(6) These changes include increased plasma 

volume by drawing water from the body tissues into the vascular space, decreased 

hematocrit and viscosity, and increased cerebral perfusion pressure (CPP), cerebral blood 

flow, and cerebral oxygen delivery and metabolism. These changes result in a 

vasoconstrictive response that decreases the intracranial blood volume. While treatment 

with mannitol has not specifically been associated with improved outcome,(7,8) 

management of ICP is known to be beneficial.(9) 

 The aim of this study was to quantitatively characterize the dose-response 

relationship between mannitol and ICP in TBI patients using a continuous, multivariate 

physiological data collection system in the ICU. We found that there is a dose-dependent 

relationship between mannitol administration and ICP response, that higher doses provide 

a more durable reduction in ICP, and that mannitol does not appreciably reduce ICP 

when it is not elevated. 

 

Materials and Methods 

San Francisco General Hospital (SFGH) is a Level I trauma center serving 1.5 

million residents of San Francisco and northern San Mateo County. The SFGH 



 40

Neurotrauma and Critical Care Database contains prospectively collected physiological 

and nursing care data as well as demographic information. The main components of the 

system are bedside monitors connected to a web-based system via serial cables and 

integrated via a middleware backbone (Aristein Bioinformatics, Palo Alto, CA). We 

capture over 20 physiological variables using Viridia bedside monitors (Philips Medical, 

Andover, MA), Licox tissue oxygen monitors (Integra NeuroSciences, Plainsboro, NJ), 

and Draeger ventilators (Draeger Medical, Lubeck, Germany). Data are recorded 

automatically at one-minute intervals. Medication data are captured separately in a 

Carevue (Philips Medical) nursing system. Data include the patient ID, the type of 

medication (e.g., Mannitol 20%), the time and date of administration, and the dose 

amount and units. Data between the two systems are reconciled manually. Use of the data 

from the database for this study was approved by UCSF's Committee on Human 

Research. 

Patients were treated in accordance with the San Francisco General Hospital 

Neurotrauma Program Guidelines. The guidelines are based on the standard guidelines 

for the management of severe traumatic brain injury and the following goals: PaO2 > 100 

mm Hg; PaCO2 > 35 mm Hg and < 45 mm Hg; CPP > 60 mm Hg; CVP 5-7 mm Hg; ICP 

< 20 mm Hg; PbrO2 > 15 mm; hemoglobin > 10 g/dl; Na > 135 mEg/L and < 145 mEq/L. 

Guidelines and treatment goals are evaluated by continuous quality assurance and 

enforced by process improvement efforts routinely performed at San Francisco General 

Hospital to insure consistency of care and reduce variability in the treatment of TBI 

patients. 
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A total of 45 patients receiving doses of mannitol as 20% solution were identified. 

Of these 45 patients, 17 patients were excluded from the study because they were non-

trauma patients (e.g., tumor), because ICP monitors were temporarily disconnected, or 

because ICP data were not captured if mannitol was given in the emergency department 

or the operating room prior to arrival in the ICU. The remaining 28 patients receiving a 

total of 135 doses (50g or 100g) were included in the analysis. Patients received either 

50g or 100g of mannitol at the discretion of the treating physician. We compared 

demographics between patients who received either 50g or 100g but did not include the 

patients who received both dose amounts since their characteristics are the same 

regardless of dose. The reduction in sample size highlights the difficulty of conducting a 

retrospective dose-response study. The patients included in the study received a median 

of 3.5 doses (4.8 + 5.1). 

As part of our physiological monitoring program, we captured ICP continuously 

and successively recorded one-minute averages to create a time series for each patient. 

For this dose-response study, we examined 100-minute periods after each mannitol dose 

given, based on the time recorded by the ICU nurses in the Carevue system. If ICP was 

not being collected when the dose was given, the dose was not included in the analysis. 

We measured ICP (reported as mean + s.d.) as the value in mm Hg recorded by the probe. 

We performed significance tests using two-tailed Student's t-tests and chi-squared tests in 

SPSS v13 (SPSS, Chicago, IL). 

In addition to analysis of absolute ICP values, we examined normalized ICP, we 

constructed dose-response models, and we analyzed area under the curve (AUC). We 

defined normalized ICP as the ICP value at any point in the time series divided by the 
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ICP value at the beginning of the time series. Therefore, at the time of the bolus, 

normalized ICP is 1.0. We performed this normalization because while ICU protocol 

seeks to maintain ICP below 20 mm Hg, actual ICP values show variation at the exact 

time mannitol is administered. To construct dose-response curves, we examined the 

relationship between decreases in ICP and both gross and weight-adjusted doses of 

mannitol. Finally, because the overall exposure--or rescue from exposure--to elevated 

ICP may be as important as the duration, we performed AUC analysis.(10) We set a 

baseline of ICP equal to its value when mannitol was given and calculated the area 

between baseline and actual ICP. We interpolated missing values if needed. Because 

AUC is a multiplicative quantity, we report medians instead of averages. 

 

Results 

A total of 28 patients and 135 doses of mannitol were included in the analysis 

(Table 3.1). Of the 135 doses, 85 were of 50g and 50 were of 100g. We compared the 

groups of patients receiving 50g, 100g, or both dose amounts based on several 

demographic and physiological factors. Only one factor (presence of multiple 

injuries\chronic conditions) was found to be significantly different (p<0.05) between the 

patients receiving either only 50g or only 100g. 
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Table 3.1. Census of patients and doses. Patients are described by demographic and 

physiological characteristics. Many patients received multiple doses, often of both 50g 

and 100g. We report counts for patients and doses, mean + s.d. for continuous data, 

median for GCS, and percentages for categorical data. P-values compare the 50g only 

and 100g only groups. 

  
50g and 

100g 50g only 100g only Total p-value 
Patients 10 10 8 28  
Doses of 50g 59 26  85  
Doses of 100g 40  10 50  
      
Age (yrs) 33.2 + 10.9 38.3 + 19.2 48.1 + 14.2 39.3 + 15.9 0.23 
Weight (kg) 74.9 + 19.3 77.8 + 15.5 85.9 + 30.5 78.8 + 21.1 0.53 
Arrival GCS 13 9 5 9 0.23 
MAP (mm Hg) 98.4 + 11.5 95.9 + 7.4 92.9 + 11.2 95.9 + 10.0 0.52 
ICP (mm Hg) 16.9 + 2.3 15.1 + 6.6 12.9 + 5.1 15.1 + 5.1 0.43 
CPP (mm Hg) 81.5 + 11.1 80.8 + 9.2 80.0 + 7.1 80.8 + 9.1 0.84 
      
% Male 70.0 100.0 87.5 85.7 0.72 
% Survived 80.0 80.0 50.0 71.4 0.22 
% Multiple injuries 20.0 30.0 62.5 35.7 0.01 
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 We found that mannitol's effect is dose-dependent. In the study, 20 patients were 

given a total of 85 doses of 50g of mannitol, while 18 patients were given 50 doses of 

100g. We found that on average ICP was 22.0 + 10.6 mm Hg when mannitol was 

administered, consistent with clinical protocol for the treatment of elevated ICP. ICP 

began to fall immediately after bolus and continued falling for approximately 30 minutes. 

ICP at 30 minutes was 15.7 + 8.1 mm Hg across all patients. At that point, average ICP 

rose slowly but steadily, reaching 16.9 + 7.5 mm Hg at 100 minutes after bolus. We 

found that while initial average ICP was slightly higher in the 100g group versus the 50g 

group (23.9 + 12.4 v. 20.9 + 9.4 mm Hg; p=0.14), ICP after 30 minutes was 

approximately equal (15.6 + 10.9 v. 15.7 + 6.3 mm Hg) (Figure 3.1). While ICP in the 

50g group began to rise again, ICP in the 100g group continued to fall to a low of 12.8 + 

6.9 mm Hg at 60 minutes. At 100 minutes, ICP in the 100g group was significantly lower 

than in the 50g group (18.6 + 7.6 v. 14.2 + 6.7 mm Hg, p=0.001). We also determined 

averages for dose effect by patient so as to not unduly skew results towards patients who 

received more doses. For this data, average ICP after 30 minutes fell more in the 100g 

group (6.1 v. 4.8 mm Hg), and at 100 minutes the greater decrease was even more 

pronounced (10.1 v. 3.1 mm Hg, average intra-individual differences.) Results are similar 

when looking at the normalized ICP. At 30 minutes, normalized ICP was 0.87 in the 50g 

group but 0.74 in the 100g group. At 100 minutes, normalized ICP was 1.05 in the 50g 

group but 0.75 in the 100g group. 
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Figure 3.1. Average intracranial pressure time course by dose. On average ICP was 22.0 

+ 10.6 mm Hg when mannitol was administered. To demonstrate that mannitol's effect is 

dose-dependent, we show data from 85 doses of 50g of mannitol and 50 doses of 100g. 

While initial average ICP was slightly higher in the 100g group (23.9 + 12.4 v. 20.9 + 9.4 

mm Hg), ICP after 30 minutes was approximately equal (15.6 + 10.9 v. 15.7 + 6.3 mm 

Hg), and at 100 minutes ICP in the 100g group was significantly lower than in the 50g 

group (18.6 + 7.6 v. 14.2 + 6.7 mm Hg, p=0.001). 
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To control for possible inter-patient variability, we also analyzed ICP change in 

patients who received both 50g and 100g doses. Of the 28 patients, 10 received both dose 

amounts (59 doses of 50g and 40 of 100g in total). For each patient, we averaged their 

ICP response by dose amount and calculated the difference. We found that for these 

patients, average ICP after 30 minutes fell more in the 100g group (11.6 v. 4.0 mm Hg), 

and at 100 minutes the trend continued (10.6 v. 3.0 mm Hg). 

To construct dose-response curves, we examined the relationship between 

decreases in ICP and both gross and weight-adjusted doses of mannitol. Using gross 

dose, we compared average ICP every ten minutes after bolus and found that ICP was 

lower in the 100g group compared with the 50g group at all time points. Across ten time 

points, average ICP decrease in the 50g group was 3.6 + 1.2 mm Hg and 8.8 + 1.9 mm 

Hg in the 100g group, over a two-fold difference (Figure 3.2a). The linear fit (y=0.1x - 

1.6; p<0.001) indicates that an additional 7g of mannitol (0.1g/kg for 70kg person) 

achieves an additional reduction of approximately 1.0 mm Hg in ICP. Using weight-

adjusted dose, we plotted ICP decrease versus dose at 30 and 100 minutes after dose 

administration. We found nearly identical linear relationships for both cases (y=12.1x - 

5.6, p=0.003; y=12.4x - 6.1; p=0.004) (Figure 3.2b). The relationship similarly indicates 

that each additional 0.1g/kg mannitol achieves an additional reduction of approximately 

1.2 mm Hg in ICP. 
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Figure 3.2. Dose-response relationship. (A) We examined the change in ICP relative to 

the gross dose of mannitol. We compared average ICP every ten minutes after bolus and 

found that ICP was lower in the 100g group compared with the 50g group at all time 

points (each line is a different time point). Across these time points, average ICP decrease 

in the 50g group was 3.6 + 1.2 mm Hg and 8.8 + 1.9 mm Hg in the 100g group, a nearly 

three-fold difference. (B) Using weight-adjusted doses, we plotted ICP decrease versus 

dose at 30 minutes (white circles) and 100 minutes (black circles) after dose 

administration. We found nearly identical linear relationships for both cases. Here, the fit 

for data at 30 minutes is shown. 
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We next performed area under the curve (AUC) analysis. We found a more than 

double median AUC total, interpreted as mannitol benefit, in the 100g group (424 v. 158 

mm Hg ● mins, or mmm; p=0.03). We also re-ran the AUC calculations and subtracted 

areas over the curve from the total for a different measure of the benefit from mannitol. 

We again found a nearly two-fold advantage to higher mannitol dose (526 v. 257 mmm 

with all data, p=0.01). 

Finally, we separately analyzed doses given when patient ICP was greater than 20 

mm Hg versus less than 20 mm Hg. The cases where mannitol was given when the ICP 

was less than 20 mm Hg occurred when it was ordered for an ICP greater than 20 mm 

Hg, but the infusion started after the ICP had already self-corrected. We found that doses 

given when ICP was above 20 mm Hg resulted in a 36% or a 43% decrease in ICP over 

the first 30 minutes respectively for doses of 50g or 100g, while doses given when ICP 

was below 20 mm Hg showed only a 4% or a 13% decrease in ICP respectively (Figure 

3.3). 
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Figure 3.3. Intracranial pressure change by dose. We separately analyzed doses given 

when patient ICP was greater than versus less than 20 mm Hg. We found that patients 

with ICP above 20 mm Hg showed a 36% or a 43% decrease in ICP over the first 30 

minutes respectively for doses of 50g or 100g, while patients with ICP below 20 mm Hg 

showed a 4% or a 13% decrease in ICP respectively. 
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Discussion 

Traumatic brain injury (TBI) is the leading cause of death from blunt trauma, with 

an estimated cost to society of over $40 billion annually.(11) Edema and resulting 

increases in ICP are a major cause of death and disability after TBI. Despite the known 

clinical significance of elevated ICP and the widespread use of mannitol, no definitive 

dose-response relationship has been quantified. This situation is in sharp contrast with 

most other drugs used in the ICU. Until recently, part of the challenge was the lack of 

high-frequency physiological data to characterize response. Recently, despite uncertainty 

regarding mannitol's optimal dosing or time of maximum effect, randomized controlled 

trials have compared the effects of mannitol with hypertonic saline or glycerol.(12-15) 

Ours is the first study to quantify a dose-dependent effect of mannitol on ICP reduction 

using data from continuous monitoring. 

 There is an increasing amount of quantitative data regarding the dose-response 

relationship between mannitol and ICP, but study designs and dose-response models must 

be refined to definitively address this question. As discussed in Chapter Two, high 

frequency data collection systems can give a more complete picture of patient status and 

can reduce errors in interpreting data collected at longer intervals, as shown in Figure 2.4. 

According to early studies, the onset of mannitol action occurs 15 to 30 minutes after 

administration when an osmotic gradient is established.(16) Marshall et al. studied the 

dose-response relationship and the time course of ICP reduction in eight head-injured 

patients. They found that “much smaller doses than those previously recommended were 

effective in reducing the ICP acutely”.(17). James et al. administered mannitol 73 times 

in 48 patients, and ICP was reduced 10% or more (mean 52%) in all but three 
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administrations.(18) In a later study, they gave 120 boluses (0.18-2.5 g/kg) to 60 patients 

and measured a peak ICP reduction at 44 minutes but saw no relationship between dose 

and rapidity of peak response.(19) The Brain Trauma Foundation has developed 

evidence-based protocols and guidelines for the treatment of TBI to attempt to decrease 

mortality and morbidity. Based on the current available data, the Guidelines for the use of 

mannitol simply state that effective doses range from 0.25-1.0 g/kg body weight but that 

there are insufficient data to support a treatment standard.(20) 

 In our study, average ICP decrease across ten time points was 3.6 + 1.2 mm Hg in 

the 50g group and 8.8 + 1.9 mm Hg in the 100g group suggesting that the higher dose 

may be more clinically efficacious within the studied range. Importantly, our results for 

the subset of 10 patients who received both 50g and 100g doses confirm that the 

differences in ICP decrease can be attributed to differences in dose amounts rather than 

inter-patient variation. This result was also confirmed by taking within-patient averages 

of time courses by dose. The decreases we saw are similar to what has been previously 

reported. Using 25g of mannitol, Fortune et al. found that ICP decreased from about 24 

mm Hg to about 17 mm Hg after 20 minutes.(21) Kirkpatrick et al. reported that 14 

patients given 23 infusions saw 21% decreases in ICP.(22) 

 There are several challenges to constructing a dose-response curve from 

retrospective clinical data. For example, drug doses are administered according to patient 

need, often as gross rather than weight-adjusted amounts, and doses at the low and high 

ends of the range may not be administered because they are either not efficacious or may 

have adverse effects. High doses of mannitol increase serum osmolality and have been 

associated with risk of renal failure,(23) although a recent study of 95 patients treated 
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with mannitol found that acute renal insufficiency was associated with chronic insults to 

the kidneys such as a history of diabetes or hypertension, not mannitol dose or 

osmolality.(24) In our study, mannitol was often given in relatively high weight-adjusted 

doses (> 1 g/kg). However, we regularly monitored serum osmolarity, and we saw no 

cases of adverse renal effects. Nonetheless, our linear models may not be accurate for 

extremely high or low doses. We chose a linear model for simplicity, but in a controlled 

trial with less variability, it is possible that other models may fit the data as well or better. 

We found that patients who received larger doses also received greater total 

benefit, as interpreted from the more than two-fold increase in median AUC calculated in 

the 100g group. This is clinically relevant because the overall exposure to elevated ICP 

may be as important as the duration of that exposure. A weighted AUC analysis, which 

was not performed, might be even more appropriate since we might assume that each 

additional mm Hg increase in ICP could cause a more than linearly incremental 

deleterious effect. 

Finally, when we separately analyzed mannitol doses given to patients whose ICP 

at the time of bolus was greater than versus less than 20 mm Hg, we found that patients 

with high ICP showed a 36-43% decrease in ICP over the first 30 minutes, depending on 

dose, while patients with low ICP showed between a 4-13% decrease in ICP. The 

decreased effect of mannitol at lower ICP is not surprising since these patients are to the 

left on the pressure-volume curve. These data suggests that mannitol given when patient 

ICP is not elevated (e.g., prophylactic doses) may be ineffectual in lowering ICP, even 

though it may be reducing brain edema. It is possible that some of the ICP data from 

patients who were given mannitol when their ICP was below 20 mm Hg was captured 
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during particularly volatile periods since it is against our clinical protocol to administer 

mannitol when patient ICP is not elevated. However, it is reasonable that ICP may 

fluctuate from the time the order is given to the time drug is given, and it has also been 

shown that even ICP above 15 mm Hg can be dangerous (25) and, in some cases, result 

in herniation.(26) 

The small effect we found at lower initial ICP is corroborated by several previous 

studies. In a prospective study of 11 patients with severe TBI given a total of 30 mannitol 

administrations, Hartl et al. found that when initial ICP was below 20 mm Hg, ICP did 

not change significantly during or after mannitol infusion, but with a pre-infusion ICP 

above 20 mm Hg, a significant decrease was seen from 23 + 1 to 16 + 2 mm Hg at 60 

min.(27) Muizelaar et al. administered mannitol (0.66 g/kg) and measured ICP 25 

minutes later. In patients with intact autoregulation, mannitol decreased ICP by 27.2%, 

but in patients with defective autoregulation, ICP decreased by only 4.7%.(28) James also 

reported that return to baseline ICP was unpredictable but related to the initial ICP and 

that doses below 1 g/kg did not always reduce ICP. In studies of 150 patients given 961 

infusions of 10-100g of mannitol, McGraw and Howard found that the level of ICP and 

the cumulative amount of preceding doses of mannitol influenced the response of ICP 

more than the dose of mannitol. They concluded that unnecessarily large doses or 

prophylactic doses could lead to more mannitol being required later.(29,30) Hypertonic 

solutions have also been associated with a rebound effect;(6) that is, at some time after a 

mannitol bolus, ICP actually rises higher than it was at the time of bolus. It is still unclear 

whether this effect is a result of leakage of mannitol into the brain parenchyma through 

an altered BBB and secondary reversal of osmotic gradient;(31) net dehydration, 
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hemoconcentration, and systemic arterial blood pressure decline;(32) cellular 

penetration;(33) or other factors. 

 

Limitations 

 There were several limitations to this study. Limitations common to most studies 

of this nature include the complexity of traumatic brain injury, the heterogeneity of 

patient samples, the presence of confounding injury and treatment variables, and the 

occurrence of missing data. Limitations specific to this study include lack of serum 

osmolality data before and after dosing, lack of prospective design, and lack of a classical 

sigmoidal dose-response curve over a full drug dose range. Strengths of this study include 

the largest patient and dose sample size for a mannitol dose-response study since James' 

in 1980, availability of continuous physiological data from a state-of-the-art monitoring 

system and ICU, guideline-based treatment protocols, validation of previously published 

results suggesting mannitol's dose-dependent effect and lack of effect when ICP is not 

elevated, validation of inter-patient results by intra-patient analysis, extensive supporting 

nursing documentation, quantitative model development, demographically-matched 

patient samples (except frequency of multiple injuries) despite the lack of randomization, 

and statistical significance of results despite confounders. We emphasize that, unlike 

previous dose-response studies, we have used a high frequency physiological data 

collection system. This system was critical in allowing us to chart the course of 

mannitol's effect and to pinpoint the times of maximal dose effect as opposed to 

measuring ICP values at arbitrarily chosen times. 
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Conclusions 

Osmotic agents such as mannitol have been used for decades to treat cerebral 

edema, but there is no definitive quantitative information regarding the dosing of 

mannitol, as we will discuss in more detail in Chapter Four. This is the first study to 

quantify a dose-dependent effect of mannitol on ICP reduction using data from high-

frequency, continuous monitoring. We found that there is a dose-dependent relationship 

between administration of 50g versus 100g of mannitol and ICP response where, for each 

additional 0.1 g/kg of mannitol, we saw an additional decrease of approximately 1.0 mm 

Hg in ICP. We also found that mannitol does not appreciably reduce ICP when it is not 

elevated, regardless of dose. As with other drugs, definition of a "universal" dose-

response curve will require other parameters including serum osmolarity, the state of 

autoregulation, and so on. Our results warrant a prospective, randomized study to validate 

and refine these results in a larger patient population. 
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CHAPTER 4 

MANNITOL-INTRACRANIAL PRESSURE DOSE-RESPONSE: 

A META-ANALYSIS‡ 

 

Introduction 

Brain edema, defined as the abnormal increase in water content of the brain 

parenchyma, can increase intracranial pressure (ICP), potentially leading to ischemia, 

herniation and death. Edema and elevated ICP are often treated with intravenous 

hyperosmotic agents to create an osmotic gradient to dehydrate cerebral structures. 

Mannitol is the osmotic diuretic most commonly used in the ICU to reduce cerebral 

edema and brain swelling. In addition to its osmotic effect on astrocytes and neurons, it is 

thought to open the blood-brain barrier by shrinking endothelial cells and temporarily 

opening tight junctions.(1) While it reduces brain volume by redistributing water from 

the intracellular to the intravascular space, the immediate effects on ICP reduction may 

be due to changes in the rheological characteristics of the blood. These changes include 

increased plasma volume, decreased hematocrit and viscosity, and increased cerebral 

perfusion pressure (CPP), cerebral blood flow, and cerebral oxygen delivery. These 

changes can lead to a vasoconstrictive response that decreases the intracranial blood 

volume with a concomitant decrease in ICP.(2) 

Despite the clinical importance of mannitol, current treatment protocols vary 

widely, and the precise effect of dose on ICP response is not known. The Brain Trauma 

Foundation has developed evidence-based guidelines for the treatment of traumatic brain 

                                                 
‡ In press: Sorani MD, Manley GT. Mannitol-intracranial pressure dose-response: a meta-analysis. J 
Neurosurg. 
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injury (TBI) to attempt to decrease mortality and morbidity. Guidelines for the use of 

mannitol state that effective doses range from 0.25-1.0 g/kg body weight but that there 

are insufficient data to support a treatment standard.(3) A recent systematic review based 

on only seven trials, including three by Cruz et al.,(4-6) concluded that high-dose 

mannitol up to 1.4 g/kg "may be preferable to conventional-dose mannitol in the acute 

management of comatose patients with severe head injury."(7) However, the Cruz studies 

and three of the other four studies in the systematic review report daily ICP averages, 

blood pressure change,(8) mortality rate or neurological outcome,(9) and number and 

duration of hypertensive episodes,(10) but no dose response data. Despite insufficient 

data on the duration of mannitol's effect, timing of administration, or the mannitol dose 

response curve, a number of recent studies have compared the effects of mannitol with 

hypertonic saline,(11-13) glycerol,(14) hyperventilation,(15) and cerebrospinal fluid 

drainage.(16) Recent work by our group described in Chapter Three was, to our 

knowledge, the first to quantify a dose-dependent effect of mannitol on ICP reduction 

using data from high-frequency continuous physiological monitoring (Chapter 3). The 

goal of this meta-analysis was to aggregate and analyze data from all studies that have 

quantitatively characterized the dose-response relationship between mannitol and ICP. 

 

Materials and Methods 

We performed a PubMed search to identify studies that discuss both mannitol and 

ICP. We included in our analysis all studies that reported at least one gross or weight-

adjusted mannitol dose amount and either an initial and final ICP measurement or an 

absolute measure of ICP change. When available, we also captured information on the 
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mannitol administration protocol, the number of patients studied, the time over which the 

ICP change was observed, the time at which minimum ICP was observed, and the 

duration of mannitol's effect. We captured other aspects of treatment when available. In 

cases when results for multiple doses were reported for aggregate numbers of patients, we 

made no assumptions about breakdowns. Where possible, we reported weight-adjusted 

dose (g/kg), gross dose (g), and mannitol amount (e.g., 250 mL of 20% solution). When 

dosage was only reported as a gross amount, we converted it to a weight-adjusted amount 

for analysis, assuming a 70 kg person. We report ICP change in mm Hg except for 

occasions when only percent change was given. The number of significant figures for 

ICP data was preserved from the original studies; variance was not included in our 

analysis. Statistics are reported as mean + standard deviation. 

The meta-analysis was based on the data collection and transformation described 

above. We first performed simple, non-parametric analysis. Next, we developed a linear 

regression model using the data set compiled from the literature. We then compared ICP 

decrease between studies where mannitol was given for ICP greater than versus less than 

30 mm Hg. Finally, we performed non-linear regression to fit the relationship between 

ICP decrease and time of ICP measurement. Regression and Student's t-test analysis was 

performed with SPSS v13 (SPSS, Inc., Chicago, Illinois) and GraphPad Prism v4.02 

(GraphPad Software, Inc., San Diego, California). In addition, to construct a picture of 

which studies have most significantly influenced mannitol dosing research and, 

potentially, clinical practice, we also determined citation frequencies for mannitol dose-

response papers using the ISI Web of Science database (The Thomson Corp., Stamford, 

Connecticut). 
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Results 

Of the 581 papers found by our literature search, the vast majority mention 

mannitol and ICP as just one of several interventions or outcomes of interest in humans 

and animal models. We identified 18 studies with quantitative data on mannitol dose 

and\or ICP decrease for 35 dose amounts (Table 4.1). Of these 35 dose amounts, 26 

included corresponding ICP response data (Table 4.2). The mannitol administration 

protocol was usually reported as a duration over which ICP was above a certain threshold 

(Table 4.3). The time over which the ICP change was observed, the time at which 

minimum ICP was observed, and the duration of mannitol's effect were sometimes 

subject to interpretation or limited by the study design. 
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Table 4.1. Designs of published studies reporting dose-response data, listed in reverse 

chronology. Multiple rows for the same study indicate different dose amounts. Our data 

are listed for reference but not included in the meta-analysis. 

 

Study - Designs Admin protocol 
Patients/ 

doses 
Gross 
Dose 

Adjusted 
Dose Dose Amount 

  (mm Hg) (# / #) (g) (g/kg) (mL) 
Sorani et al. (2007) > 20 20 / 85 50 0.71 250 mL of 20% 
Sorani et al. (2007) > 20 18 / 50 100 1.43 500 mL of 20% 
Soustiel et al. (2006) > 20 34 / 137 35 0.50 175 mL of 20% 
Battison et al. (2005) > 20 for > 5 min 9 / 18 40 0.57 200 mL of 20% 
Harutjunyan et al. (2005) > 20 for > 5 min 15 / NR 22 0.27 145 mL of 15% 
Ware et al. (2005) > 20 for > 5 min 1 / 4 35 0.46 NR 
Ware et al. (2005) > 20 for > 5 min 6 / 7 50 0.70 NR 
Ware et al. (2005) > 20 for > 5 min 7 / 7 100 1.21 NR 
Schwarz et al. (2002) (17) > 20 8 / <18 40 0.57 200 mL of 20% 
Schwarz et al. (1998) (18) > 20 9 / <22 40 0.57 200 mL of 20% 
Biestro et al. (1997) > 20 for > 3 min 8 / 26 15 0.21 100 mL of 15% 
Hartl et al. (1997) > 20 11 / 30 25 0.36 125 mL of 20% 
Kirkpatrick et al. (1996) (19) > 25 14 / 23 40 0.57 200 mL of 20% 
Fortune et al. (1995) (20) > 15 for > 5 min 22 / 49 25 0.36 NR 
Rosner et al. (1995) CPP < 70 158 / NR 35 to 70 0.50 to 1.00 NR 
Rudehill et al. (1993) (21) Tumor surgery 5 / 5 70 1.00 NR 
Muizelaar et al. (1984) NR 23 / 28 46 0.66 NR 
Muizelaar et al. (1984) NR 13 / 14 46 0.66 NR 
McGraw et al. (1983) > 25 for > 10 min 61 / 1932 21 0.30 NR 
James et al. (1980) > 25 for > 3 min 1 / 1 13 0.18 NR 
James et al. (1980) > 25 for > 3 min <5 / 4 18 0.25 NR 
James et al. (1980) > 25 for > 3 min <10 / 9 35 0.50 NR 
James et al. (1980) > 25 for > 3 min <60 / 86 70 1.00 NR 
James et al. (1980) > 25 for > 3 min <6 / 5 105 1.50 NR 
James et al. (1980) > 25 for > 3 min <13 / 12 140 2.00 NR 
James et al. (1980) > 25 for > 3 min <4 / 3 175 2.50 NR 
Marshall et al. (1978) > 30 8 / 8+ 18 0.25 NR 
Marshall et al. (1978) > 30 8 / 8+ 35 0.50 NR 
Marshall et al. (1978) > 30 8 / 8+ 70 1.00 NR 
McGraw et al. (1978) > 25 for > 10 min NR / 146 10 0.14 50 mL of 20% 
McGraw et al. (1978) > 25 for > 10 min NR / 191 20 0.29 100 mL of 20% 
McGraw et al. (1978) > 25 for > 10 min NR / 80 30 0.43 150 mL of 20% 
McGraw et al. (1978) > 25 for > 10 min NR / 50 35 0.50 175 mL of 20% 
McGraw et al. (1978) > 25 for > 10 min NR / 60 40 0.57 200 mL of 20% 
McGraw et al. (1978) > 25 for > 10 min NR / 214 50 0.71 250 mL of 20% 
McGraw et al. (1978) > 25 for > 10 min NR / 32 100 1.43 500 mL of 20% 
James et al. (1977) > 25 for > 3 min 48 / 73 12 to 175 0.18 to 2.50 NR 
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Table 4.2. Results of published studies reporting dose-response data. NR = not reported. 
 

Study - Results 
Initial 
ICP Reduced ICP Time 

Time to 
minimum 

Duration 
of effect 

  (mm Hg) (mm Hg) (min) (min) (min) 
Sorani et al. (2007) 20.9 15.1 34 34 100+ 
Sorani et al. (2007) 23.9 12.8 60 60 100+ 
Soustiel et al. (2006) 17.7 16.2 NR NR NR 
Battison et al. (2005) 24 12.5 60 NR 89.5 
Harutjunyan et al. (2005) 23.0 12.0 30 30 60+ 
Ware et al. (2005) 36.5 8.3 NR NR 45.0 
Ware et al. (2005) 38.1 17.6 NR NR 98.6 
Ware et al. (2005) 31.7 18.3 NR NR 42.9 
Schwarz et al. (2002)  26.7 16.8 35 35 240+ 
Schwarz et al. (1998)  26.1 19.7 45 45 240+ 
Biestro et al. (1997) 36.8 18.6 120 120 NR 
Hartl et al. (1997) 23 16 60 60 120+ 
Kirkpatrick et al. (1996)  25.4 20.1 60 NR NR 
Fortune et al. (1995)  24 17 20 NR NR 
Rosner et al. (1995) 27 NR NR NR NR 
Rudehill et al. (1993)  11 4 45 45 NR 
Muizelaar et al. (1984) 16.9 12.3 25 NR NR 
Muizelaar et al. (1984) 16.4 14.1 25 NR NR 
McGraw et al. (1983) NR NR - 1.3 60 NR NR 
James et al. (1980) NR <10% 30 44 196 
James et al. (1980) NR 10%+ in 25% of pts. 30 44 196 
James et al. (1980) NR 10%+ in 78% of pts. 30 44 196 
James et al. (1980) NR 10%+ in 99% of pts. 30 44 196 
James et al. (1980) NR 10%+ 30 44 196 
James et al. (1980) NR 10%+ 30 44 196 
James et al. (1980) NR 10%+ 30 44 196 
Marshall et al. (1978) 41 16 14 14 300+ 
Marshall et al. (1978) 48 17 13 13 300+ 
Marshall et al. (1978) 44 18 17 17 300+ 
McGraw et al. (1978) 29 29 NR 102 204 
McGraw et al. (1978) 29 27 NR 102 204 
McGraw et al. (1978) 29 25 NR 102 204 
McGraw et al. (1978) 29 25 NR 102 204 
McGraw et al. (1978) 29 20 NR 102 204 
McGraw et al. (1978) 29 18 NR 102 204 
McGraw et al. (1978) 29 11 NR 102 204 
James et al. (1977) NR NR - 51.9% 30 88 210 
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Table 4.3. Frequencies of mannitol administration protocols. Protocol categories are 

mutually exclusive. 

 
Protocol Doses Studies 
> 15 mm Hg for > 5 min 1 1 
> 20 mm Hg * 4 4 
> 20 mm Hg for > 3 min 1 1 
> 20 mm Hg for > 5 min 5 3 
> 25 mm Hg * 1 1 
> 25 mm Hg for > 3 min 8 2 
> 25 mm Hg for > 10 min 8 2 
> 30 mm Hg * 3 1 
Other ** 4 3 
Total 35 18 
   
* no duration specified   
** includes mannitol given upon surgery, CPP-based threshold, or unreported protocol 
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We examined several study design and outcome parameters (Table 4.4). The 

protocols for administering mannitol showed minimal variation and were usually based 

on detection of ICP above a pre-determined threshold (ranging from 15 to 30 mm Hg) for 

a certain amount of time (ranging from three to ten minutes). Eight of the 18 studies set a 

threshold of 20 mm Hg. Because we were primarily concerned with dose response, we 

studied the other parameters of interest according to the 26 dose points we found in the 

literature rather than according to the 18 studies. There was significant variability in 

sample sizes. The median number of patients at each dose point was 9.5 while the range 

was from one to 158. Similarly, the median number of doses given at each dose point was 

23 while the range was from one to 1,932. Demographic data were sparse. Mean age was 

reported in nine of the 18 studies and ranged from 27.9 to 60.3 years. Gender mix was 

also reported in nine studies and ranged from 33% to 100% male. Mean GCS score was 

reported in six studies and ranged from 5.1 to 7.7. Outcome data were more consistent. 

Initial ICP was 28.0 + 8.4 mm Hg, reduced ICP was 16.9 + 5.5 mm Hg, time at which 

ICP was measured was 38.5 + 22.5 minutes, time to ICP minimum was 60.9 + 33.1 

minutes, and duration of effect was 180.2 + 72.0 minutes. 
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Table 4.4. Characteristics of studies. "Time" is the duration after mannitol dose when 

reduced ICP was measured; "Duration of effect" is the duration over which ICP remains 

below its initial value. 

 

 Patients Doses 
Initial 
ICP 

Reduced 
ICP Time 

Time to 
minimum 

Duration 
of effect 

  (#) (#) (mm Hg) (mm Hg) (min) (min) (min) 
Mean 20.4 98.4 28.0 16.9 38.5 60.9 180.2 
S.D. 30.3 323.5 8.4 5.5 22.5 33.1 72.0 
Min 1 1 11 4 13 13 42.9 
Median 9.5 23 28 17 30 44.5 196 
Max 158 1932 48 29 120 120 300 

 



 69

Many aspects of patient management reflected the evolution of clinical practice 

over time (Table 4.5). Steroid use was last reported in 1980, and barbiturate use was last 

reported in 1997. On the other hand, surgeries to perform decompression or to evacuate 

lesions have been common since the mid-1990's, and use of pressors and CPP monitoring 

has been consistent since Rosner's 1995 study. Other parameters (e.g., electrolytes, 

hematocrit, temperature, glucose, hemoglobin) and interventions (e.g., head elevation, 

hypothermia, CSF drainage, unspecified medications) are frequently but inconsistently 

reported. Obviously, these are critical parameters that greatly affect ICP. These various 

aspects of treatment indicate the complexity and variability in the clinical management 

protocols and the challenge in comparing dose-response across studies. 
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Table 4.5. Detailed study protocol characteristics. Units for numerical values are mm Hg. 

Dashes indicate unreported parameters.  

 

Study PaO2 PaCO2 Pressors CPP CVP 

Currently used 
sedatives, 

analgesics, 
paralytics 

Other 
drugs 

Soustiel -  - D >70 - PR - 
Battison - - DO, NO >70 - PR, T, M, AL, AT - 
Harutjunyan >112.5 - U >70 - PR, S, R, M - 
Ware >90 35 - 40 U >70 >8 - - 
Schwarz '02 >90 - N, DO >70 12 - 16 U - 
Schwarz '98 >90 - E, DO >70 12 - 16 U - 
Biestro  - - U >80 - I B 
Hartl >100 35 - 40 U - - U B 
Kirkpatrick  - 26.25 - 30 D >55 5 - 10 AT, M, F - 
Fortune >100 - - - - MO, M, V - 
Rosner  - 35 N, P >70 8 - 10 PA -  
Rudehill - 30 - - - T, PA, PH, DR - 
Muizelaar - 34 - - - PA - 
McGraw '83 - - - - - - - 
James '80 - 25 - 35  - - - - B, ST 
Marshall - 25 - - - PA ST 
McGraw '80 - - - - - - ST 
James '77 - - - - - - -  

 
CPP, cerebral perfusion pressure; CVP, central venous pressure. 
 
Drug codes: Pressors - (D)opamine, (DO)butamine, (NO)radrenaline, (U)nspecified, 
(N)orepinephrine, (E)pinephrine, (P)henylephrine; Sedatives, etc. - (PR)opofol, (T)hiopentone, 
(M)idazolam, (AL)fentanil, (AT)racurium, (S)ufentanil, (R)emifentanil, (I)ndomethacin, (F)entanyl, 
(MO)rphine sulfate, (V)ecuronium, (PA)ncuronium bromide, (PH)enoperidine, (DR)operidol; Other 
- (B)arbiturates, (ST)eroids. 
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We found that most studies did not report at least one of the parameters of 

interest; duration of mannitol's effect was most frequently unreported (Table 4.6). There 

were several other reporting ambiguities. In Battison et al., ICP was measured a median 

of 10 minutes before and 1 hour after mannitol doses. In Fortune et al., data were 

interpreted from a figure. In Hartl et al., data were only reported for patients with ICP 

greater than 20.(22) In James et al.,(23) results exclude six doses that had less than 10% 

effect. We retrospectively calculated ICP in Kirkpatrick et al. based on their reported 

percentage decrease. In Marshall et al., which forms the basis of the current guidelines 

for mannitol dose, no patient received the same dose twice, but exact dose distribution is 

not specified. McGraw et al.(24) report data for a total of 150 patients, time intervals are 

reported for the whole sample, and decreases are interpreted from a figure. Muizelaar et 

al. report data separately for patients with intact versus defective autoregulation.(2) Doses 

for Ware et al. were calculated based on their detailed table.(25) 
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Table 4.6. Frequencies of unreported parameters. Parameter categories are not mutually 

exclusive. 

 
Unreported Parameter Doses Studies 
Duration of mannitol's effect 9 14 
Time to ICP minimum 11 8 
Doses * 7 5 
Reduced ICP * 10 4 
Time of final ICP measurement 12 4 
Initial ICP 9 3 
Patients * 13 2 
   
* includes percentages, missing initial values, ranges, and missing data  
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Even with simple, non-parametric analysis, the dose-response data in the literature 

are inconclusive. All 18 studies and 34 of 35 dose amounts show that mannitol reduces 

ICP. However, out of 18 published studies, only four include data on multiple dose 

amounts. Of those four, two (McGraw et al. and James) show that ICP decrease is greater 

for higher doses of mannitol. Marshall’s study has mixed results for different doses of 

mannitol,(26) and our previous study by Ware et al. shows an inverse relationship.(25) 

There are caveats though. The James study only reports percentage decrease, and the 

Ware et al. study was a pilot examining the effect of hypertonic saline (23.4%) and 

included only patients who did not respond to repeated doses of mannitol. Furthermore, 

data for the lowest dose amount in the Ware et al. study all came from one patient. 

Based on our review of the literature and data, we constructed a dose-response 

model. The linear relationship we found (ΔICP = 6.6*Dose - 1.1) (Figure 4.1A) did not 

achieve statistical significance (p=.27). The low R-squared value of 0.05 could reflect the 

variation in protocols among studies or the variation in patients both within and among 

studies. When we separated the data by initial ICP (Figure 4.1B) and repeated the 

regression, we found similar, weak linear relationships, particularly after treating the 

highest dose in Figure 4.1b as an outlier (R-squared values: 0.15 for ICP>30, 0.38 for 

ICP<30, 0.08 for ICP<30 with outlier removed). 
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Figure 4.1. Dose response data. (A) For the 26 dose-response points, ICP decrease shows 

a weak relationship with dose when modeled by linear regression. The dashed lines 

indicate the 95% confidence interval. (B) When the points are examined by initial ICP 

value (black points, initial ICP > 30 mm Hg; white points, initial ICP < 30 mm Hg), ICP 

decrease clearly segregates by initial ICP, but dose effect still appears negligible in both 

subgroups. Linear fits for points with ICP < 30 mm Hg (in white) are calculated with and 

without the high-dose outlier (white triangle). 
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When we analyzed decrease in ICP by initial ICP, we saw that ICP decrease when 

initial ICP was over 30 mm Hg was significantly greater than when initial ICP was under 

30 mm Hg (23.2 + 6.1 mm Hg v. 6.8 + 4.5 mm Hg; p < .001) (Figure 4.2a). This was true 

regardless of dose (Figure 4.2b). We did not see dose-dependent or ICP-dependent 

relationships for duration of effect or time to minimum ICP, though these data were more 

sparsely and ambiguously reported. 

Finally, we analyzed ICP decrease by the time at which ICP was measured and 

found that decrease is greatest shortly after mannitol dose (Figure 4.3). The non-linear 

regression second-order polynomial curve (ΔICP = 47.2 - 2.0*time + 0.02*time2) has an 

R-squared = 0.63. A t-test for ICP decrease before versus after 20 minutes indicates a 

significant difference (p = .01) but includes only three points (all from Marshall et al.) 

before 20 minutes. For observations after 20 minutes, ICP decrease does not depend on 

the time of measurement. In these analyses, a measurement at 120 minutes showing an 

ICP decrease of 18.2 mm Hg (Biestro et al.) is excluded as an outlier. We interpret the 

upward trend (i.e., greater ICP decrease) at the later time points to be a potential artifact 

of the data. 
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Figure 4.2. ICP decrease depends on initial ICP. (A) ICP decrease is significantly greater 

(p < .001) when initial ICP at the time mannitol was given is above 30 mm Hg (n=7) 

versus below 30 mm Hg (n=18). One dose-response point was not included because ICP 

decrease but not initial ICP was reported. (B) ICP decrease by initial ICP and dose. 

Striped bars indicate average decrease for doses below 0.5 g/kg; shaded bars indicate 

decrease for doses greater than or equal to 0.5 g/kg. Bars show standard error of the 

mean. 
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Figure 4.3. ICP decrease by time. Reported ICP decrease was greatest for doses where 

ICP was measured shortly after mannitol administration. The non-linear regression curve 

(ΔICP = 47.2 - 2.0*time + 0.02*time2) has an R-squared = 0.63. A t-test for ICP decrease 

before versus after 20 minutes indicates a significant difference (p = .01) but includes 

only three points before 20 minutes. 
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Of note, several important studies, including the large James and McGraw 

studies,(23,24) are infrequently cited compared with other contemporary studies 

according to the ISI Web of Science database (Table 4.7). On the other hand, the Rosner 

paper is cited frequently, due in part to its influential ideas on the study of CPP-based 

therapy in addition to its mannitol and ICP results.(27) Likewise, the often-cited 

Muizelaar study includes discussion of measurement of cerebral blood flow and testing of 

autoregulation.(28) 
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Table 4.7. Citation frequency of mannitol-ICP dose response studies before 2005. Data 

as of May, 2006. 

 
Study Times cited Citations / yr. 
Rosner et al. (1995) 320 29.1 
Muizelaar et al. (1984) 178 8.1 
Schwarz et al. (1998) 53 6.6 
Schwarz et al. (2002) 19 4.8 
Marshall et al. (1978) 100 3.6 
Fortune et al. (1995) 35 3.2 
Kirkpatrick et al. (1996) 22 2.2 
Rudehill et al. (1993) 26 2.0 
James et al. (1977) 50 1.7 
McGraw et al. (1983) 34 1.5 
Biestro et al. (1997) 11 1.2 
McGraw et al. (1978) 29 1.0 
James et al. (1980) 26 1.0 
Hartl et al. (1997) 5 0.6 
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Discussion 

After decades of work, it is surprising that a dose-response curve for mannitol has 

not been determined, particularly given that it is one of the few agents used to treat 

elevated ICP. While many individual studies have shown that mannitol decreases ICP, 

taken together, the data from our non-parametric analysis of the literature and the wide 

95% confidence interval in the dose-response meta-regression suggest that varying 

dosage has an undefined effect on decrease in ICP. In fact, the literature suggests that ICP 

decrease depends more strongly on mannitol's administration protocol--specifically the 

ICP level at the time the dose is given--than on dose. While contemporary studies may 

demonstrate a more complete understanding of physiology and molecular biology, they 

sometimes lack the large patient sample sizes and quantitative models of earlier studies. 

Moreover, recent studies that compare the effects of other ICP treatments with mannitol 

are doing so without complete knowledge of mannitol's dose- and time-dependent effects. 

More comprehensive studies are needed to definitively address the question of mannitol 

dose-response. These studies could further elucidate the relationships among parameters 

related to ICP management, enable more precise use of mannitol, and improve patient 

outcomes. 

 

A chronological review 

Mannitol dose response studies in the 1970s and 1980s were often large and 

followed mannitol administration protocols requiring ICP of greater than 25 mm Hg. 

These included two studies each by James(23,29) and McGraw(24,30) with 48, 60, 150, 

and 61 patients respectively. James measured a peak ICP reduction at 44 minutes but saw 
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no relationship between dose and rapidity of peak response.(29) James also reported that 

return to baseline ICP was unpredictable but related to the initial ICP and that doses 

below 1 g/kg did not always reduce ICP. McGraw and Howard found that the level of 

ICP and the cumulative amount of preceding doses of mannitol influenced the response 

of ICP more than the dose of mannitol. They concluded that unnecessarily large doses or 

prophylactic doses could lead to more mannitol being required later.(24,30) Marshall et 

al. found that “smaller doses than those previously recommended were effective in 

reducing the ICP acutely”.(26) Several studies have been performed since 1990. These 

studies have lowered the minimum ICP threshold for mannitol administration, perhaps 

reflecting studies showing that even ICP above 15 mm Hg can result in herniation.(31) 

Overall, reporting of relevant dose response parameters has been more complete, with the 

exception of time to achieve minimum ICP. Clearly, the duration of the mannitol effect is 

critical when comparing doses or other ICP treatments. Furthermore, these studies have 

typically included fewer patients, with the exception of Cruz et al., who studied pre-

operative high-dose mannitol but only reported daily average values,(4-6) and Rosner et 

al. which was primarily focused on CPP management.(27) Of note, Hartl et al. found that 

when initial ICP was below 20 mm Hg, ICP did not change significantly during or after 

mannitol infusion, but with a pre-infusion ICP above 20 mm Hg, a decrease was 

seen.(22) 

 

Challenges and next steps 

There are several challenges to constructing an ideal sigmoidal dose response 

curve, as is commonly done in pharmacodynamic studies, from retrospective clinical 
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data. Height measurements needed to calculate ideal body weight are never reported. It is 

also possible that some ICP readings captured particularly volatile periods or were 

incorrectly recorded given the low-resolution data collection tools that exist even today.  

There are specific limitations to this meta-analysis as well. For example, since 

mannitol doses are administered according to patient need, often as gross rather than 

weight-adjusted amounts, doses at the low and high ends of the range may not be 

administered because they are either not efficacious or may have adverse effects. 

Furthermore, high doses of mannitol increase serum osmolality and have been associated 

with risk of renal failure.(32) Therefore, our linear model therefore may not be valid for 

extremely high or low doses. It is also clear that treatment protocols varied significantly 

among centers and over time, particularly since this meta-analysis includes stroke and 

tumor patients as well as heterogeneous TBI patient samples. However, the impacts of 

these differences on the effects of mannitol cannot be determined. 

Well-designed, adequately-funded studies that record and report a broad set of 

data (gross dose amounts; time, sequence, duration and interval of dose administration; 

physiological parameters such as ICP and CPP; metabolic markers such as osmolality and 

creatinine; detailed patient characteristics such as age, race, gender, weight, GCS, etc.) 

will be crucial in defining the mannitol-ICP dose response relationship and could also 

enable better future meta-analysis. For example, the McGraw and Howard model, 

 

(1) ΔICP = 9.7 - 0.03(dose) - 0.40(initial ICP) + 0.02(drug in previous 3 hours), 
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only accounts for 35% of the variation in ICP, but it presents a precise quantitative 

framework for addressing the question. Comprehensive mathematical models based on 

continuously monitored physiological parameters are needed to elucidate the 

relationships among the treatments, vital signs, and outcomes in clinical care. 

 

Conclusions 

Mannitol is the osmotic agent most commonly used to reduce brain mass after 

brain injury and stroke, yet its pharmacodynamics are still not understood. In fact, in 

sharp contrast with most other drugs used to treat common diseases (hypertension, 

diabetes, etc.), protocols such as dosage regimens and thresholds for treatment still vary 

widely. This meta-analysis aggregated data from studies that have quantitatively 

characterized the dose-response relationship for mannitol and ICP. Our non-parametric 

analysis found that, while mannitol is always shown to reduce ICP, the quantitative 

relationship between dose and response is inconsistent. We found a weak linear 

relationship between change in ICP and mannitol dose (ΔICP = 6.6*Dose - 1.1; p=.27; R-

squared 0.05). The lack of statistical significance and low R-squared could reflect the 

variation in protocols among studies or the variation in patients both within and among 

studies. However, we saw a strong relationship between ICP decrease and ICP levels at 

the time mannitol was given. Furthermore, ICP decreases were greatest shortly after 

doses were given, but there are limited data to support this conclusion. We also found 

that recent studies tend to enroll fewer patients and set a lower ICP threshold for mannitol 

administration but are more complete in their reporting of parameters of interest. 
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Surprisingly, after years of use, the nature of the mannitol dose response curve is 

still an open question. Moreover, studies that compare the effects of new ICP treatments 

with mannitol lack complete knowledge of mannitol's effects and therefore risk drawing 

misleading conclusions. It is difficult to imagine reducing the variability in the clinical 

management of elevated intracranial pressure without fully understanding these 

fundamental pharmacodynamic relationships. The meta-analysis presented here 

highlights the need for a consensus of methods and results required to determine this 

relationship. It also underscores the urgent need for large multi-center clinical trials to 

serve as definitive studies. 
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CHAPTER 5 

GENETIC VARIATION IN HUMAN AQUAPORINS AND EFFECTS ON 

PHENOTYPES OF WATER HOMEOSTASIS§ 

 

Introduction 

Aquaporins (AQPs) are a family of highly-conserved membrane proteins 

responsible for the transport of water and small solutes in animals, plants and bacteria. 

Optimized over millennia, their subtle differences result in specific cellular and 

physiological functions. The first characterized water channel, AQP0, was the major 

intrinsic protein of the eye lens.(1) Thirteen human AQPs are now known, and they are 

divided into two subgroups according to their ability to transport only water molecules 

(the “orthodox” aquaporins: AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, and AQP8) (see 

King et al.(2) for review), or also glycerol and other small solutes (the aquaglyceroporins: 

AQP3, AQP7, AQP9, AQP10, AQP11, AQP12A) (3) (see Hara-Chikuma and 

Verkman(4) for review). Among the key features of aquaporin proteins are two almost 

universally conserved Asn-Pro-Ala (NPA) motifs that form the pore, six transmembrane 

domains (TMDs 1 through 6), five loops (A through E), intracellular N- and C-termini, 

and sequence-related halves resulting from ancestral gene duplication.(5) The amino acid 

sequences of human aquaporin paralogs are approximately 30-50% identical. 

 In humans, differences in gene expression and genetic variation in aquaporins – 

particularly point mutations – are responsible for various diseases and other phenotypes 

of abnormal water homeostasis (Table 5.1).(6) Genetic variants may result in disturbance 

of inhibition by mercury chloride, transport rate through the pore, or substrate selectivity; 
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disruption of the formation of tetramers or arrays; and misfolding, faulty sorting, or other 

dysfunction. Cellular and human studies of naturally-occurring and synthetic mutations 

have provided great insight into the biology and phenotypic associations of these 

proteins. In particular, since its characterization,(7) AQP2--with its role in nephrogenic 

diabetes insipidus--has been by far the most frequently studied member of the family. On 

the other hand, the cellular function of the recently identified AQP11 is still unclear 

though a phenotype has already been identified in knock-out mice.(8) 

                                                                                                                                                 
§ Submitted to Human Mutation by Sorani MD, Manley GT, Giacomini KM. 



 91

Table 5.1. Representative aquaporin-related phenotypes of abnormal water homeostasis. 

NR indicates no phenotype reported. 

 
Gene Tissue Human phenotype Knock-out mouse 
AQP0 Ocular lens Cataracts Cataracts 
AQP1 Red blood cells, lung, 

and renal tubule 
Colton blood group Angiogenesis 

AQP2 Renal collecting tubule Nephrogenic diabetes 
insipidus 

Essential water balance 

AQP3 Renal collecting tubule, 
skin, lung, eye 

GIL blood group Polyuria, dry skin, 
reduced skin elasticity, 
impaired epidermal 
biosynthesis 

AQP4 Astrocytic end-feet, 
muscle 

NR Cytotoxic edema, 
astrocyte migration, 
neural signal 
transduction 

AQP5 Corneal epithelium, 
lacrimal cells, lung 

Sjogren syndrome Salivary and submucosal 
secretion 

AQP6 Renal epithelia NR NR 
AQP7 Adipose tissue, kidney, 

testis 
Glycerol deficiency Glycerol level, obesity, 

type 2 diabetes 
AQP8 Testis, kidney, liver, 

pancreas 
NR Mild testicular weight 

increase 
AQP9 Liver, leukocytes, brain NR Glycerol level 
AQP10 Jejunum NR NR 
AQP11 Kidney, brain, liver NR Polycystic kidneys 
AQP12A Pancreas NR NR 
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 More generally, while the first few human aquaporins to be discovered have been 

well-characterized in terms of the effect of genetic variation on protein structure, cellular 

function, and clinical phenotype, most aquaporins--especially aquaglyceroporins--are less 

understood. Here, we discuss the functional features in human aquaporin proteins and 

summarize previous studies of naturally-occurring variants. We focus on coding, non-

synonymous point mutations since they typically have the greatest effect on protein and 

in vivo function, though studies have identified functional promoter variants in 

aquaporins as well.(9,10) We then develop a global map of aquaporin variation and 

functional features and examine uncharacterized human variants by sequence and 

structure analysis. Finally, we propose other possible variant-based phenotypes for 

further research. We find that variation has commonly been studied relative to the 

aquaporin pore (for channel function and selectivity), terminal domains (for routing to the 

membrane), and sites critical to post-translational modifications. We discuss several 

uncharacterized, potentially deleterious variants from sequence and structure 

perspectives. 

 

Characterized functional domains in aquaporins 

Mutagenesis has been extremely useful for probing the function of aquaporins. In 

their hallmark study, Jung et al. constructed a series of AQP1 mutants (Table 1 in their 

paper) to explore the hypothesis that NPA motifs in loops B and E form the water 

channel and to investigate the importance of oligomerization.(11) Their experiments 

indicated that the residues at these positions may be critical to function. To understand 

the potential effects of genetic variation in aquaporins, however, it is necessary to 
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understand the key functional features of the protein family beyond the widely-discussed 

NPA motifs of the pore. These features include domains and sites necessary for sorting to 

the membrane, post-translational modifications, and other behaviors such as folding 

(Figure 5.1). 
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Figure 5.1. Aquaporin functional features, domains, and sites. Aquaporin features 

include domains and sites necessary for forming the pore (orange), sorting to the 

membrane (yellow), post-translational modifications (purple and green), and other 

behaviors (blue). We show secondary structures of three orthodox aquaporins as 

examples. AQP0 features several post-translational modification sites: racemization of 

D243, oxidation at W202 and W205, deamidation at N246 and N259, and 

phosphorylation at S229, S231 and S235. Replacement of H40 by Cys can shift pH 

sensitivity from acid to alkaline. A calmodulin-binding domain, residues 225-241, can 

affect water permeability. In AQP1, sites for N-glycosylation have been suggested at N42 

and N205, and N49 and K51 regulate stop transfer activity in protein biogenesis. In 

AQP4, a membrane targeting motif resides between V276 and I280, and the PDZ binding 

motif resides in the last three Ser-Ser-Val residues. Phosphorylation has been confirmed 

at S276. Figures generated by TOPO2 (http://www.sacs.ucsf.edu/TOPO-run/wtopo.pl). 
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Correct sorting to the membrane is crucial for aquaporin function. In AQP4, 

several groups have identified a membrane targeting motif and showed that residues 

between V276 and I280 play a role in expression in the membrane.(12,13) Others have 

demonstrated the role of the PDZ binding motif in forming membrane-anchored 

complexes.(14) A potential sorting signal in the AQP3 N-terminus consists of tyrosine- 

and dileucine-based motifs. Mutations in this region disrupted basolateral targeting of 

AQP3.(15) On the other hand, AQP11 has positively charged amino acid clusters at the 

C-terminal similar to a di-lysine motif for an endoplasmic reticulum retention signal.(16) 

Aquaporins exhibit various post-translational modifications. Sites in AQP0 

include those related to the racemization/isomerization of D243 and two oxidation sites at 

W202 and W205. Deamidation occurs at N246 and N259, and phosphorylation at S235. 

Truncation may occur on the C-terminal side of Lys and Arg residues.(3) Sites of 

phosphorylation have been found at S231 and S229.(17) A site for N-glycosylation of 

AQP1 has been suggested at N205, and another at N42 in the exofacial location of loop A 

has been confirmed. A phosphorylation site at S276 has been verified in AQP4.(12) 

 Other functional features have been studied as well and can provide further 

insight into the effect of point mutations. For example, it has been shown that the distal 

half of helix 5 is necessary for maximum water channel activity in AQP0, AQP1, and 

AQP4.(18) Modulation of water permeability by calmodulin was lost if the calmodulin-

binding domain, residues 225-241 in the C-terminus of AQP0, was truncated.(17) 

External His residues in loops A and C have been manipulated to mediate pH 

dependence, showing that their position in different members of the aquaporin family can 

tune pH sensitivity. In bovine AQP0, replacement of H40 in loop A by Cys shifted the 
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pH sensitivity from acid to alkaline.(19) It has also been shown that differences in stop 

transfer activity and protein folding were due to two residues that altered both the length 

and hydrophobicity of transmembrane domain 2 (N49 and K51 in AQP1 versus M48 and 

L50 in AQP4). A second peptide region was identified within the TMD3-4 loop that 

enabled AQP4-TMD3 but not AQP1-TMD3 to reinitiate translocation and co-

translationally span the membrane.(20) 

 

Variation in aquaporins 

The level of characterized genetic variation is uneven among aquaporins. In 

addition to published results (Table 5.2), variation has been identified by both large scale 

efforts, such as HapMap (http://www.hapmap.org/) as well as Celera and Perlegen 

sequencing, and by smaller efforts such as those of Genaissance (http://www.clda.com/) 

and the International Medical Center of Japan (IMCJ) (http://www.imcj.go.jp/rese/gene-

e/index.htm). Some variant data include allele frequencies (Table 5.3), while some does 

not include frequencies or verify singletons (Table 5.4). In the latter case, variants may 

therefore be extremely rare or perhaps even sequencing errors. Moreover, reports of 

variants in the literature do not always match information in online databases such as 

OMIM (http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM&itool=toolbar), dbSNP 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=Snp), and Ensembl 

(http://www.ensembl.org/index.html). 
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Table 5.2. Characterized human point mutations. Does not include mutations in AQP2 

(see Table 5.4) or the skipping of an exon in an AQP3 mutation. Proximity to the pore 

(Yes\No) within 5 Angstrom suggests mechanism and severity of effect. "na" indicates 

functional data are not available. SIFT 

(http://blocks.fhcrc.org/sift/SIFT_BLink_submit.html) score less than or equal to 0.05 (in 

bold) predicts deleterious mutation. 

 
  Pore  SIFT  

Gene SNP w\in 5 Å Function score Reference 
AQP0 T138R Y na 0.00 Berry, 2000  
AQP0 E134G Y na 0.00 Berry, 2000  
AQP1 A45V N na 0.32 Smith, 1994 
AQP1 P38L N 0.09 0.16 Preston, 1994  
AQP1 N192K Y na 0.00 Chretien, 1999 
AQP4 M224T N 0.60 0.64 unpublished data 
AQP4 I128T N 0.67 0.13 unpublished data 
AQP4 D184E N 0.63 0.19 unpublished data 
AQP4 I205L N 0.49 0.05 unpublished data 
AQP4 M278T N 1.40 0.59 unpublished data 
AQP7 R12C N 1.18 0.00 Kondo, 2002 
AQP7 V59L N 0.93 0.10 Kondo, 2002 
AQP7 G264V N 0.00 0.00 Kondo, 2002 
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Table 5.3. Uncharacterized human point mutations in aquaporins, not including AQP2. 

Proximity to the pore (Yes\No) within 5 Angstrom suggests mechanism and severity of 

effect. Allele frequency and discovery source reported by online databases. SIFT score 

less than or equal to 0.05 predicts deleterious mutation. 

  
   Pore Allele SIFT  

Gene SNP w\in 5 Å Frequency score Source 
AQP1 G165D N 0.048 0.57 HapMap 
AQP3 V43M N 0.022 0.01 HapMap 
AQP6 V234I N 0.146 1.00 Perlegen 
AQP8 A260P N 0.396 - 0.696 0.21 Perlegen, HapMap
AQP9 A279T N 0.021 - 0.400 0.54 various 
AQP10 R15Q N 0.263 0.70 Applera 
AQP10 H123Y N 0.292 1.00 HapMap 
AQP11 G102S Y 0.100 - 0.240 0.82 HapMap, ABI 
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Table 5.4. Uncharacterized human point mutations in aquaporins, not including AQP2, 

with no reported frequency or reported to be singletons. Proximity to the pore (Yes\No) 

within 5 Angstrom suggests mechanism of effect. Discovery source reported by online 

database. SIFT score less than or equal to 0.05 predicts deleterious mutation. 

 
   Pore   

Gene SNP w\in 5 Å SIFT Source 
AQP1 A45T N 0.57 Celera 
AQP1 V52L N 0.03 Applera 
AQP1 V107I N 0.84 Applera 
AQP3 D132N N 0.54 Genaissance
AQP5 N228K N 0.88 Celera 
AQP6 A3S N 0.54 Applera 
AQP6 S24I N 0.32 Applera 
AQP7 V34A N 0.31 Celera 
AQP7 L38V N 0.24 Celera 
AQP7 E40K Y 0.00 Celera 
AQP7 K63T N 0.62 Celera 
AQP7 A100T Y 0.31 Celera 
AQP7 Y115H N 0.00 Celera 
AQP7 Q145E N 1.00 Celera 
AQP7 V152F N 0.00 Celera 
AQP9 A187V N 1.00 IMCJ 

AQP12A L28R N 0.03 Celera 
AQP12A A158T N 1.00 Celera 
AQP12A R241H N 0.55 Celera 
AQP12A H244R N 0.72 Yusuke 
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In this review, we focus on point mutations and SNPs that occur naturally in healthy 

populations and those that have been associated with disease. 

As mentioned, AQP2 has been by far the most frequently studied member of the 

human aquaporins due to its many variants and their role in nephrogenic diabetes 

insipidus. A number of excellent reviews of AQP2 variation are available. In particular, 

see Deen et al.(21) for a classification of mutant types; Fujiwara and Bichet(22) for their 

Figure 2 map of AQP2's mutations; and Robben et al.(23) for their Table 2 summarizing 

AQP2 mutations. In this context, we only add that while various European and Asian 

nephrogenic diabetes insipidus patient sets have been studied (Table 5.5), genetic 

screenings in African, Latino, and Native American populations are conspicuously absent 

from the vast AQP2 data set and could reveal new mutations. The rest of this review does 

not repeat previous discussions of AQP2. 
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Table 5.5. Naturally-occurring variants in AQP2, including SNPs and deletions, sorted 

by reported (or inferred) nationality of patient(s). 

 
Variants Nationality Reference 
L22V, C181W (American) Canfield, 1997 
G100R, G180S Arab Carroll, 2006 

A147T, T126M, N68S 
Austrian, Sri Lankan, 

Turkish Mulders, 1997 
L28P Bedouin Shalev, 2004 
Q57P, G100V Chinese Lin, 2002 
R187C, S216P Dutch van Lieburg, 1999 
G64R (Dutch) van Lieburg, 1994 
E258K (Dutch) Mulders, 1998 
727delG (Dutch) Marr, 2002a 
A190T, R187C, P262L (Dutch) de Mattia, 2004 
R254L (German) de Mattia, 2005 
A147T German Pasel, 2000 
G100Stop Israeli Hochberg, 1997 
D150E, G215C (Italian) Iolascon, 2007 
T125M, G175R, A190T, 
P262L (Japanese) Kuwahara, 1998 
721 delG, 763–772del, 
812–818del Japanese Kuwahara, 2001 
T125M, G175R Japanese Goji, 1998 
A70D, R187H Korean Cheong, 2005 

V168M, T126M Mexican 
Boccalandro, 

2004 
L28P, A47V, V71M, 
P185A, T125M, G175R, 
652delC, V194I 

Pakistani, German, 
other Marr, 2002b 
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Before 2000, when the first aquaporin structure, human AQP1 (Protein Data 

Bank, http://www.pdb.org, 1FQY), was determined by electron diffraction,(24) several 

studies(25,26) examined sequence alignments to distinguish between protein-level 

functions, that is, orthodox and solute-transporting aquaporins. With the genomic, 

structural, and functional data that have become available since then, sequence analysis 

and the previously described results of functional experiments can help to identify several 

domain-level features of the human aquaporin family, such as functional motifs and sites 

of post-translational modification, relevant to an understanding of genetic variants 

(Figure 5.2). 
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Figure 5.2. Multiple sequence alignment of human aquaporins (Swiss-Prot IDs shown) 

and their variants can be used to infer function. Characterized (red) and uncharacterized 

(blue) variants, as well as selected synthetic mutants (black), standard (yellow) and 

anomalous (pink) AEF and NPA motifs, and Swiss-Prot sequence features (green) 

(http://ca.expasy.org) are highlighted. Alignment generated using ClustalW 

(http://www.ebi.ac.uk/clustalw/). C-terminal tails of AQP4 and AQP7 are truncated. 

 
AQP9_O43315        -----------MQPEGAEKGKSFKQRLV-----------LKSSLAKETLSEFLGTFILIV 38 
AQP10_Q96PS8       -----------MVFTQAP--AEIMGHLR-----------IRSLLARQCLAEFLGVFVLML 36 
AQP3_Q92482        ------------MGRQKELVSRCGEMLH-----------IRYRLLRQALAECLGTLILVM 37 
AQP7_O14520        -----------MVQASGHRRSTRGSKMVSWSVIAKIQEILQRKMVREFLAEFMSTYVMMV 49 
AQP2_P41181        ----------------------MWELRS-------------IAFSRAVFAEFLATLLFVF 25 
AQP5_P55064        ---------------------MKKEVCS-------------VAFLKAVFAEFLATLIFVF 26 
AQP6_Q13520        ---------------------MDAEVPGGRGWASMLACRLWKAISRALFAEFLATGLYVF 39 
AQP0_P30301        ----------------------MWELRS-------------ASFWRAIFAEFFATLFYVF 25 
AQP1_P29972        ---------------------MASEFK-------------KKLFWRAVVAEFLATTLFVF 26 
AQP4_P55087        MSDRPTARRWGKCGPLCTRENIMVAFKG----------VWTQAFWKAVTAEFLAMLIFVL 50 
AQP8_O94778        -----MSGEIAMCEPEFGNDKAREPSVGG-----RWRVSWYERFVQPCLVELLGSALFIF 50 
AQP12a_Q8IXF9      -----------MAGLNVSLSFFFATFAL-------------CEAARRASKALLPVGAYEV 36 
AQP11_Q8NBQ7       -----MSPLLGLRSELQDTCTSLGLMLSVVLLMGLARVVARQQLHRPVAHAFVLEFLATF 55 
                                                                :      .      . 
 
AQP9_O43315        LGCGCVAQAILSR----GRFGGVITINVGFSMAVAMAIYVAGGVSGGHINPAVSLAMCLF 94 
AQP10_Q96PS8       LTQGAVAQAVTSG----ETKGNFFTMFLAGSLAVTIAIYVGGNVSGAHLNPAFSLAMCIV 92 
AQP3_Q92482        FGCGSVAQVVLSR----GTHGGFLTINLAFGFAVTLGILIAGQVSGAHLNPAVTFAMCFL 93 
AQP7_O14520        FGLGSVAHMVLN-----KKYGSYLGVNLGFGFGVTMGVHVAGRISGAHMNAAVTFANCAL 104 
AQP2_P41181        FGLGSALNWP-------QALPSVLQIAMAFGLGIGTLVQALGHISGAHINPAVTVACLVG 78 
AQP5_P55064        FGLGSALKWP-------SALPTILQIALAFGLAIGTLAQALGPVSGGHINPAITLALLVG 79 
AQP6_Q13520        FGVGSVMRWP-------TALPSVLQIAITFNLVTAMAVQVTWKTSGAHANPAVTLAFLVG 92 
AQP0_P30301        FGLGSSLRWA-------PGPLHVLQVAMAFGLALATLVQSVGHISGAHVNPAVTFAFLVG 78 
AQP1_P29972        ISIGSALGFKYPVGNNQTAVQDNVKVSLAFGLSIATLAQSVGHISGAHLNPAVTLGLLLS 86 
AQP4_P55087        LSLGSTINWG---GTEKPLPVDMVLISLCFGLSIATMVQCFGHISGGHINPAVTVAMVCT 107 
AQP8_O94778        IGCLSVIENG--------TDTGLLQPALAHGLALGLVIATLGNISGGHFNPAVSLAAMLI 102 
AQP12a_Q8IXF9      FAREAMRTLVELG-----PWAGDFGPDLLLTLLFLLFLAHGVTLDGASANPTVSLQEFLM 91 
AQP11_Q8NBQ7       QLCCCTHELQLLS------EQHPAHPTWTLTLVYFFSLVHGLTLVGTSSNPCGVMMQMML 109 
                       .                          :             *   *.   .     
 
AQP9_O43315        GRMKWFKLPFYVGAQFLGAFVGAATVFGIYYDGLMSFAGGKLLIVGEN---ATAHIFATY 151 
AQP10_Q96PS8       GRLPWVKLPIYILVQLLSAFCASGATYVLYHDALQNYTGGNLTVTGPK---ETASIFATY 149 
AQP3_Q92482        AREPWIKLPIYTLAQTLGAFLGAGIVFGLYYDAIWHFADNQLFVSGPN---GTAGIFATY 150 
AQP7_O14520        GRVPWRKFPVYVLGQFLGSFLAAATIYSLFYTAILHFSGGQLMVTGPV---ATAGIFATY 161 
AQP2_P41181        CHVSVLRAAFYVAAQLLGAVAGAALLH---------------EITPAD---IRGDLAVNA 120 
AQP5_P55064        NQISLLRAFFYVAAQLVGAIAGAGILY---------------GVAPLN---ARGNLAVNA 121 
AQP6_Q13520        SHISLPRAVAYVAAQLVGATVGAALLY---------------GVMPGD---IRETLGINV 134 
AQP0_P30301        SQMSLLRAFCYMAAQLLGAVAGAAVLY---------------SVTPPA---VRGNLALNT 120 
AQP1_P29972        CQISIFRALMYIIAQCVGAIVATAILS---------------GITSSL---TGNSLGRND 128 
AQP4_P55087        RKISIAKSVFYIAAQCLGAIIGAGILY---------------LVTPPS---VVGGLGVTM 149 
AQP8_O94778        GGLNLVMLLPYWVSQLLGGMLGAALAK---------------AVSPEERFWNASGAAFVT 147 
AQP12a_Q8IXF9      AEQSLPGTLLKLAAQGLGMQAACTLMR----------------LCWAWELSDLHLLQSLM 135 
AQP11_Q8NBQ7       GGMSPETGAVRLLAQLVSALCSRYCTS---------------ALWSLG---LTQYHVSER 151 
                                 * :.   .                     :                
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AQP9_O43315        PAPYLSLANAFADQVVATMILLIIVFAIFDSRNLGAPRGLEPIAIGLLIIVIASSLGLNS 211 
AQP10_Q96PS8       PAPYLSLNNGFLDQVLGTGMLIVGLLAILDRRNKGVPAGLEPVVVGMLILALGLSMGANC 209 
AQP3_Q92482        PSGHLDMINGFFDQFIGTASLIVCVLAIVDPYNNPVPRGLEAFTVGLVVLVIGTSMGFNS 210 
AQP7_O14520        LPDHMTLWRGFLNEAWLTGMLQLCLFAITDQENNPALPGTEALVIGILVVIIGVSLGMNT 221 
AQP2_P41181        LSNSTTAGQAVTVELFLTLQLVLCIFASTDER-RGENPGTPALSIGFSVALGHLLGIHYT 179 
AQP5_P55064        LNNNTTQGQAMVVELILTFQLALCIFASTDSR-RTSPVGSPALSIGLSVTLGHLVGIYFT 180 
AQP6_Q13520        VRNSVSTGQAVAVELLLTLQLVLCVFASTDSR-QTS--GSPATMIGISWALGHLIGILFT 191 
AQP0_P30301        LHPAVSVGQATTVEIFLTLQFVLCIFATYDER-RNGQLGSVALAVGFSLALGHLFGMYYT 179 
AQP1_P29972        LADGVNSGQGLGIEIIGTLQLVLCVLATTDRR-RRDLGGSAPLAIGLSVALGHLLAIDYT 187 
AQP4_P55087        VHGNLTAGHGLLVELIITFQLVFTIFASCDSK-RTDVTGSIALAIGFSVAIGHLFAINYT 208 
AQP8_O94778        VQEQGQVAGALVAEIILTTLLALAVCMGAINEKTKGP--LAPFSIGFAVTVDILAGGPVS 205 
AQP12a_Q8IXF9      AQSCSSALRTSVPHGALVEAACAFCFHLTLLHLRHSPPAYSGPAVALLVTVTAYTAGPFT 195 
AQP11_Q8NBQ7       SFACKNPIRVDLLKAVITEAVCSFLFHSALLHFQEVRTKLRIHLLAALITFLVYAGGSLT 211 
                                .   .                          :.              
 
AQP9_O43315        GCAMNPARDLSPRLFTALAGWGFEVFRAGNNFWWIPVVGPLVGAVIGGLIYVLVIEI--- 268 
AQP10_Q96PS8       GIPLNPARDLGPRLFTYVAGWGPEVFSAGNGWWWVPVVAPLVGATVGTATYQLLVAL--- 266 
AQP3_Q92482        GYAVNPARDFGPRLFTALAGWGSAVFTTGQHWWWVPIVSPLLGSIAGVFVYQLMIGC--- 267 
AQP7_O14520        GYAINPSRDLPPRIFTFIAGWGKQVFSNGENWWWVPVVAPLLGAYLGGIIYLVFIGS--- 278 
AQP2_P41181        GCSMNPARSLAPAVVTGKFD-----------DHWVFWIGPLVGAILGSLLYNYVLFP--- 225 
AQP5_P55064        GCSMNPARSFGPAVVMNRFSP----------AHWVFWVGPIVGAVLAAILYFYLLFP--- 227 
AQP6_Q13520        GCSMNPARSFGPAIIIGKFT-----------VHWVFWVGPLMGALLASLIYNFVLFP--- 237 
AQP0_P30301        GAGMNPARSFAPAILTGNFT-----------NHWVYWVGPIIGGGLGSLLYDFLLFP--- 225 
AQP1_P29972        GCGINPARSFGSAVITHNFS-----------NHWIFWVGPFIGGALAVLIYDFILAP--- 233 
AQP4_P55087        GASMNPARSFGPAVIMGNWE-----------NHWIYWVGPIIGAVLAGGLYEYVFCPDVE 257 
AQP8_O94778        GGCMNPARAFGPAVVANHWN-----------FHWIYWLGPLLAGLLVGLLIRCFIGD--- 251 
AQP12a_Q8IXF9      SAFFNPALAASVTFACSGHT--------LLEYVQVYWLGPLTGMVLAVLLHQGRLPHLFQ 247 
AQP11_Q8NBQ7       GAVFNPALALSLHFMCFDEAFP--------QFFIVYWLAPSLGILLMILMFSFFLPW--- 260 
                   .  .**:      .                    :  :.*  .           .     
 
AQP9_O43315        ---HHPE-PDSVFKAEQSED-------KPEKYELSVIM---------------------- 295 
AQP10_Q96PS8       ---HHPEGPEPAQDLVSAQH-------KASELETPASAQMLECKL--------------- 301 
AQP3_Q92482        ---HLEQ-PPPSNEEENVKL-------AHVKHKEQI------------------------ 292 
AQP7_O14520        ---TIPREPLKLEDSVAYEDHGITVLPKMGSHEPTISPLTPVSVSPANRSSVHPAPPLHE 335 
AQP2_P41181        ---PAKSLSERLAVLKG----------LEPDTDWEEREVRRRQSVELHSPQSLPRGTKA- 271 
AQP5_P55064        ---NSLSLSERVAIIKGT---------YEPDEDWEEQREERKKTMELTTR---------- 265 
AQP6_Q13520        ---DTKTLAQRLAILTGT---------VEVGTGARAGAEPLKKESQPGSGAVEMESV--- 282 
AQP0_P30301        ---RLKSISERLSVLKG----------AKPDVSN-GQPEVTGEPVELNTQAL-------- 263 
AQP1_P29972        ---RSSDLTDRVKVWTSG----------QVEEYDLDAD-------DINSRVEMKPK---- 269 
AQP4_P55087        FKRRFKEAFSKAAQQTKGSYMEVEDNRSQVETDDLILKPGVVHVIDVDRGEEKKGKDQSG 317 
AQP8_O94778        -------GKTRLILKAR------------------------------------------- 261 
AQP12a_Q8IXF9      RN-LFYGQKNKYRAPRGK---------PAPASGDTQTPAKGSSVREPGRSGVEGPHSS-- 295 
AQP11_Q8NBQ7       -------LHNNHTINKKE------------------------------------------ 271 
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More recently, an increasing number of experimentally-determined structures 

have become available, and homology modeling has been useful to study structural 

features in aquaporins.(27-30) For example, one of the water binding sites for AQP1 is 

present at the midpoint of the pore where the N-termini of short pore helices meet to 

induce a positive electric field; using the AQP1 structure as a template, an AQP6 model 

illustrates that the same site may also bind nitrate.(31) For this review, we analyzed 

structures and homology models from ModBase(32) to demonstrate that, for 

characterized variants, structural analysis can help rationalize function, and for 

uncharacterized variants, structural analysis might help predict function. For simplicity, 

we discuss the genes according to their two broad functional groups. 

 

Orthodox aquaporins 

Characterized variation 

Natural human variants have been characterized in three "orthodox" aquaporins, 

AQP0, AQP1, (Figure 5.3a,b) and recently AQP4 by our group, but variants of AQP5, 

AQP6 and AQP8 have not been characterized. AQP0 and AQP1 variants were first 

characterized to understand protein structure and cellular function, and they were later 

associated with cataracts and the Colton blood group, respectively. In AQP0, two 

naturally-occurring mutations, E134G and T138R, have been identified at highly 

conserved amino acid positions in transmembrane helix 4.(33) E134 resides in the core of 

the protein and creates a chain of polar residues that form the water channel. T138 may 

stabilize the channel. These mutations do not substantially alter the hydrophobicity of 

their domain, but constitute changes in hydrostatic charge and size. King et al. expect 
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more subtle polymorphisms exist in people with typical age-onset cataracts. In AQP1, 

A45V was found to be a marker for the Colton blood group, but it probably has no 

functional consequence.(34) Two other missense mutations have been described: 

P38L(35) in a subject who experienced no dysfunction, though red cells exhibited low 

osmotic water permeabilities, and N192K,(36) which disrupts the NPA motif essential for 

channel function.(37) 
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Figure 5.3. The effect of characterized variants. a) In AQP0, two disease-associated 

SNPs (T138R and E134G shown by red spheres) reside next to the pore (yellow spheres). 

b) Of the three phenotyped SNPs in AQP1, one (N192K, red spheres) resides next to the 

pore (yellow spheres), and two others (P38L and A45V, blue spheres) reside near an N-

glycosylation site (green spheres). c) In AQP7, a disease-associated SNP (G264V, red 

spheres) resides next to the pore (yellow and cyan spheres) while a benign SNP (V59L, 

blue spheres) is distal. 

 

 



 109

In work on AQP4 in our lab, we identified four novel non-synonymous SNPs, in 

addition to the previously reported M278T (unpublished data). The new SNPs--I128T, 

D184E, I205L, and M224T--resulted in partial loss-of-function in cellular assays, while 

M278T showed gain-of-function. Since AQP4 knock-out mice demonstrate less 

astrocytic swelling and improved survival after cellular edema,(38) we proposed that 

knock-down human variants could impart related phenotypes. It has been shown that in 

AQP4 reduction of water permeability by phorbol dibutyrate and dopamine was 

abolished by mutation of S180, a consensus site for protein kinase C (PKC) 

phosphorylation, indicating that PKC and dopamine decrease AQP4 water permeability 

via phosphorylation and that the effect is likely mediated by gating of the channel.(39) 

This function may have implications for the D184E SNP. By alignment, I205L resides 

next to the G175 and C181 positions in AQP2 whose mutations are deleterious. I205L 

also aligns near C189 in AQP1 that was mutated to gain insight into the structure and 

function of the channel. C189 plays a role in mercurial-sensitivity, and C189M, C189W, 

and C189Y exhibited negligible water permeability.(40) The mutation of Y212 in AQP3 

aligns near I205L as well. That position corresponds to mercury-sensitive residues in 

AQP1 and AQP2, and mutation to Cys enhanced mercurial inhibition of 

permeability.(41) These pieces of evidence, as well as a deleterious SIFT score,(42) 

predict that I205L will be the most damaging SNP in AQP4. This prediction is confirmed 

by experimental validation. 
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Uncharacterized variation 

As we have discussed, genetic variants in aquaporins may result in disturbance of 

transport or selectivity of the pore, faulty sorting to the membrane, or other dysfunction 

such as disruption of the tetramer or misfolding. Sequence- and structure-based 

understanding of these dysfunctions enables rational prediction of the effect of identified 

but uncharacterized variation. We have demonstrated that for characterized variants, 

structural analysis can help explain function. Here, we examine identified variants in 

public databases for which no functional data have been published to predict whether and 

how they might affect human health. 

In AQP1, there are four uncharacterized variants. We observe that A45V is 

known to have a phenotype while A45T, a more significant chemical change, is currently 

uncharacterized. V107I aligns next to the disease-associated G100V in AQP2. Both 

A45T and V107I would thus appear to potentially affect phenotype. The V52L variant 

resides near the aromatic\Arg (ar\R) constriction located below the channel mouth, which 

is even narrower than the central NPA constriction. It is formed by four amino acid 

residues including F56. When replaced with Ala in rat AQP1,(43) the more hydrophobic 

environment did not affect water permeability but enabled passage of urea, glycerol, and 

ammonia, and removal of the Arg from the ar\R constriction (R195V) yielded what 

appeared to be proton-conducting AQP1 mutants. Their data provide evidence that the 

ar\R constriction constitutes a selectivity filter in orthodox AQPs. Thus, V52L may not 

be deleterious but may alter channel selectivity. G165D resides in an uncharacterized 

region, but its high SIFT score, allele frequency, and distance from the pore suggest it is 

benign (Table 5.3). 
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In AQP6, there are three uncharacterized variants. A3S aligns next to the 

characterized, benign R12C in AQP7. A3S also aligns next to C11 in AQP3. Synthetic 

mutants of Cys residues in AQP3 have been created to identify the mercury-sensitive site. 

C11S and C11A acquired mercury resistance, suggesting that C11 is the mercury-

sensitive residue.(41) Thus, A3S could potentially be deleterious. S24I and V234I reside 

in regions of uncharacterized variants. In rat AQP6, several hydrophilic or charged 

residues in the pore region (Y34, T58, T63, and K72) not found in other aquaporins have 

been studied.(31) An AQP6 model shows Y34 and T63 in the channel opposite two 

highly conserved Asn residues (N79 and N193). T63 may be an important site for ion 

permeability. However, all four synthetic mutants are distant from the two natural 

variants; the naturally-occurring S24 and the synthetic K72 are closest at a distance of 

approximately 12 Å on neighboring helices, making prediction of effect difficult. 

Furthermore, A3S and S24I represent chemical changes, but S24I resides in a typically 

non-polar position next to a strongly basic, polar position so for S24I the chemical 

change might actually be favorable. 

Finally, there are single uncharacterized variants in AQP5 and AQP8. In AQP5, 

N228K also resides in an uncharacterized region distant from the pore. A260P, at the 

penultimate position in AQP8 and near several basic Lys and Arg residues, aligns near 

the uncharacterized A279 in AQP9 and the gain-of-function variant M278T in AQP4. 

Based on its location at the terminal tail and its aligned proximity near M278T, it seems 

possible that A260P could affect function by changing membrane sorting. 
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Thus, based on alignment near other mutations with phenotypes, A45T, V52L and 

V107I in AQP1, A3S in AQP6, and A260P in AQP8 seem to warrant cellular 

characterization. 

 

Aquaglyceroporins 

Characterized variation 

Among aquaglyceroporins, natural human variants have been characterized in 

AQP3 and AQP7 (Figure 5.3c). Variation in AQP9, AQP10, AQP11 and AQP12A has 

not been characterized. In AQP3, a homozygous mutation was found affecting the 5-

prime donor splice site of intron 5 that resulted in skipping of exon 5, frameshift, and 

premature termination of translation.(44) This mutation results in the GIL blood group. 

No naturally-occurring coding non-synonymous point mutations have been reported. In 

AQP7, three natural variants have been characterized: R12C, V59L and G264V.(45) 

Among the 160 subjects they examined, these mutations were found in one subject for 

R12C, 13 for V59L, and six for G264V. Glycerol permeability of R12C and V59L was 

similar to wild-type, but permeability of G264V was lower. Endurance exercise caused 

the plasma glycerol level to increase markedly in control subjects, but the plasma 

glycerol level was not increased in the one subject homozygous for G264V. A conserved 

GxxxG motif in the third and sixth transmembrane domains, the latter including G264 

and G268, has been shown to be important for functional conformation of the 

protein.(24) Functional deficit in the G264V mutant might be caused by the disturbance 

of this motif or by protein destabilization near the pore.(45) 
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Uncharacterized variation 

There is a significant amount of uncharacterized variation in the human 

aquaglyceroporins, AQP3, AQP7, AQP9, AQP10, AQP11, and AQP12A. In AQP3, 

V43M resides in an uncharacterized region and has a low SIFT score, and D132N resides 

in one of two sequence regions unique to the aquaglyceroporins, AQP3, AQP7, AQP9 

and AQP10. We speculate that this region may confer function needed for solute 

transport and that its disruption could affect such function. Synthetic mutants in three 

extracellular loops of AQP3 have been studied in the context of regulation by Ni2+ and 

pH.(46) They mutated His residues, which can interact with Ni2+ and have a pKa in the 

range for pH sensitivity. They also mutated Ser, Asp, Trp, and Tyr residues, since they 

may interact with His. Several of their synthetic mutants reside near the natural variants, 

V43M and D132N. S49A caused the mutated AQP3 to be water-impermeable. In H53A, 

H53F, and H53Y mutants, the maximal water permeability was significantly decreased. 

They studied Y124A and found that the maximal water permeability was significantly 

decreased. Also, W128 is a determinant of Ni2+ sensitivity. H53 participates in the 

regulation of the water permeability by pH. Cells expressing Y124A had significantly 

lower maximal water permeability than wild-type. Thus, both V43M and D132N may 

affect permeability and pH or Ni2+ sensitivity. 
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Figure 5.4. The effect of uncharacterized variants. a) AQP7 variant A100T (white) is 

within 5 Å of the pore (magenta). b) AQP11 variant G102S (white) is immediately 

adjacent to the NPC-NPA pore (magenta). c) The AQP12A variant A158T (white), 

estimated to be 10 Å away from the NPT-NPA pore (magenta), substitutes a hydrophobic 

residue with a hydrophilic residue. 
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In AQP7, five variants (V34A, L38V, E40K, Y115H, V152F) reside in 

uncharacterized regions. K63T aligns with A45V in AQP1 and structurally resides near 

the benign V59L variant found in AQP7.(45) Based on both points, it would appear to be 

benign. A100T (Figure 5.4a) resides near the pore and constitutes a chemical change 

from hydrophobic to hydrophilic. While no allele frequency data have been reported, if 

confirmed, this mutation could be deleterious. Q145E resides in a sequence region unique 

to the aquaglyceroporins and may thus affect substrate specificity. 

In AQP9, A279T resides in an uncharacterized terminal domain while A187V 

aligns with D184E in AQP4 which we found to have reduced function. In AQP10, R15Q 

resides next to a sequence region unique to AQP6, AQP7 and AQP11 in a terminal 

domain and is a significant chemical change against the "positive inside" rule. H123Y 

changes the composition of a loop region unique to aquaglyceroporins and, in AQP3, is 

potentially involved in pH sensitivity.(46) 

Variants in the two most recently identified aquaporins are particularly interesting 

since both the AQP11 variant G102S (Figure 5.4b) and the AQP12A variant A158T 

(Figure 5.4c) are near those proteins' pore regions. In AQP11, G102S resides next to the 

unusual NPC hemi-pore. In AQP12A, A158T resides near the pore and in a TMD 

containing several disease-associated variants, while R241H and H244R reside in an 

uncharacterized region. No phenotypes have been associated with variation in AQP12A, 

but given that a polycystic kidney phenotype has been identified in AQP11-null mice, we 

might expect a similar phenotype in people carrying G102S if, in fact, that variant 

abolishes the pore's function as our analysis suggests. L28R in AQP12A resides in a well-

conserved position of the Ala-Glu-Phe motif located in the N-terminal domain of most 
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family members.(47) While the motif is non-standard in AQP12A, its disruption could be 

deleterious for post-translational modifications. 

We briefly emphasize that previous studies have shown that N-terminal domains 

differentiate aquaporin functions. Several uncharacterized variants (A3S and S24I in 

AQP6; V34A and possibly L38V in AQP7; R15Q in AQP10; and L28R in AQP12A) and 

one characterized mutation (AQP7 R12C) are located in the N-terminal region. We 

observe that N-terminal domains among aquaglyceroporins generally are longer than 

those in aquaporins. AQP6, AQP7, AQP8 and AQP11 also share a unique region of 

predominantly hydrophobic motifs in the N-terminal domain. These proteins include the 

aquaporins known to localize intracellularly. This domain is highly variable with no 

obvious relationship in length or function, but with high basic residue composition 

according to the positive inside rule.(48) Among orthodox aquaporins, AQP4 isoforms, 

shown to have different tissue distribution and ability to form arrays, differ with regard to 

the length of the N-terminal. AQP1 maturation in the ER involves N-terminal 

residues.(49) 

The SNPs in AQP9, AQP10 and, surprisingly, AQP11 occur at relatively high 

allele frequencies, suggesting they may not be deleterious. On the other hand, a number 

of variants (D132N, E40K, K63T, A100T, Y115H, A279T, R15Q, H123Y, and A158T, 

L28R) represent chemical changes. Based on all the evidence, G102S in AQP11 and 

A158T in AQP12A seem to warrant prioritized cellular characterization, though several 

other variants could affect protein function. 
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Areas for further phenotypic study 

Genetic variation in human aquaporins represents fertile ground for future study 

of membrane protein biology and phenotypes of water homeostasis. Broad open 

questions relate to gene regulation and expression, protein interactions, pore selectivity, 

the role of terminal domains in trafficking, the nature of tetramerization and the tetramer's 

central pore, the nature of octamerization,(50) the lifecycle -- from folding to sorting and 

lysosomal or ER degradation -- of mutated proteins, and the discovery of novel aquaporin 

genes and variants as well as their cellular functions and physiological phenotypes. Stress 

phenotypes, such as differences in cerebral edema based on AQP4 variation or glycerol 

release during exercise based on AQP7 variation, are particularly interesting. 

Understanding of the cellular and tissue localization has been critical to understand 

function and physiology--see review by Agre(50). Recent studies have also suggested 

that aquaporin transport is not limited to water and solutes but includes gases,(52,53) 

further expanding the range of possible phenotypes. Undiscovered, variant-related 

phenotypes are likely, such as subtle AQP0 polymorphisms in people with typical age-

onset cataracts and a polycystic kidney phenotype in people carrying the G102S SNP in 

AQP11. 

Increased exploration of these variants could elucidate aspects of cellular 

phenotype and disease. Diagnostic and clinical tools can then be developed. For example, 

the early stop-codon of AQP2 results in complete resistance to vasopressin antidiuretic 

effect.(54) In effect, the same gene (AQP2) and the same disease (nephrogenic diabetes 

insipidus) are caused by different SNPs and different mechanisms so they may require 

different treatments.(22,55) Since the identification of diverse aquaporin substrates, there 
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have been efforts to find or develop analogs that may act as inhibitors. AQP modulators 

for in vivo, potentially therapeutic applications remain to be discovered. Several reviews 

related to the discovery of therapeutics for aquaporin targets have been published 

recently.(56-58) 

 While genetic variation in some human aquaporins is well-characterized, other 

aquaporins are less understood. In this review, we discussed the functional features of the 

human aquaporins and summarized naturally-occurring coding, non-synonymous point 

mutations. We also examined uncharacterized human variants by sequence and structure 

analysis. Significant research opportunities exist relative to the in vitro and in vivo 

function of this growing family of important proteins, as we will discuss in Chapter 6. 

Given the essential role of water transport in physiology, we anticipate that improved 

understanding of the function and variation in these genes will lead to novel insights for 

the diagnosis and treatment of human disease. 
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CHAPTER 6 

NOVEL VARIANTS IN HUMAN AQUAPORIN-4 REDUCE CELLULAR 

WATER PERMEABILITY** 

 

Introduction 

Cerebral edema, the abnormal accumulation of water in the brain parenchyma, 

can be a significant consequence of injury from trauma, stroke, and tumor. Each year, 

approximately 1.4 million people in the United States alone suffer traumatic brain 

injuries (TBI),(1) and another 750,000 people suffer strokes.(2) Cerebral edema is a 

common pathophysiology after a brain injury and can lead to elevated intracranial 

pressure, brain herniation, and death. Phenotypic analysis of AQP4 knock-out mice has 

provided evidence for involvement of AQP4 in cerebral water balance.(3)  AQP4-null 

mice exhibit reduced brain swelling and improved neurological outcome in models of 

cytotoxic cerebral edema, but brain swelling and clinical outcomes are worse in models 

of vasogenic edema. In humans, only one naturally-occurring nsSNP (rs3906956, 

M278T) has previously been reported in AQP4, with no functional characterization.  

Aquaporin-4 (AQP4, OMIM *600308) is a member of a family of bidirectional, 

high-capacity water channels. AQP4 is primarily expressed in the foot processes of 

astrocytes throughout the central nervous system, particularly at the blood-brain and 

brain-cerebrospinal fluid barriers, and is critical for brain water homeostasis. In situ 

hybridization has localized AQP4 mRNA to ependymal cells lining the aqueduct, glial 

cells forming the edge of the cerebral cortex and brainstem, vasopressin-secretory 

                                                 
** Submitted to Human Molecular Genetics by Sorani MD, Zador Z, Hurowitz E, Yan D, Giacomini KM, 
Manley GT. 
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neurons in supraoptic and paraventricular nuclei of hypothalamus, and Purkinje cells of 

the cerebellum.(4) 

Characteristics of the AQP4 gene and protein have been extensively described. 

The human AQP4 gene (18q11.2-q12.1) is highly conserved, demonstrating over 90% 

sequence identity with mouse and rat orthologs. It is composed of five exons encoding 

22, 127, 55, 27, and 92 amino acids and separated by introns of 2.7, 0.8, 0.3, and 5.2 kb 

(Figure 6.1A). The 34 kDa AQP4 protein belongs to the Major Intrinsic Protein 

superfamily, and its central structure consists of a large domain of that same name. 

Because of several solved aquaporin crystal structures including rat AQP4,(5) many 

structural features of the aquaporin family are well documented, including the six alpha-

helical transmembrane domains (Figure 6.1B) that partially surround two shorter helices, 

the two Asn-Pro-Ala (NPA) motifs that form the pore,(6) and the tetramers formed by 

AQP4 monomers.(7) 
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Figure 6.1. A) Characteristics of the AQP4 gene. The long isoform of AQP4 is composed 

of five exons. B) Schematic secondary structure of AQP4, showing the intra-cellular N- 

and C-terminal domains, the six transmembrane domains and five loops, the four novel 

SNPs (squares), and the previously identified M278T (circle). Figure generated by 

TOPO2 (http://www.sacs.ucsf.edu/TOPO-run/wtopo.pl). C,D) Three dimensional crystal 

structure of rat AQP4 (PDB code, 2d57) with 93% identity to human AQP4, showing the 

four novel nsSNPs (green, orange, yellow, yellow-green) we identified distal to the pore 

motifs (yellow and blue), (C) looking through the channel and (D) profile view. Figures 

generated by UCSF Chimera (http://www.rbvi.ucsf.edu/chimera). 
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Previous cellular studies using site-directed mutagenesis to introduce synthetic 

mutations(4,8,9) and naturally-occurring(10,11) protein-altering non-synonymous single 

nucleotide polymorphisms (nsSNPs) in a variety of human aquaporins have shown that 

some variants can disrupt water permeability. For example, synthetic variants in AQP4 

were created to test why the protein is insensitive to the mercurial inhibitor, HgCl2.(12) 

An A188C mutation did not make AQP4 mercurial-sensitive, whereas point mutations at 

other residues proximal to the NPA motifs did impart mercurial-sensitivity, suggesting 

that those residues were near the aqueous pathway. Similarly, permeability measurements 

for the naturally-occurring AQP2 variants associated with nephrogenic diabetes insipidus, 

R254L(13) and L22V(14), showed partial loss of function (28% and 69% of wild-type 

respectively). Such data are significant because they show that even aquaporin variants 

with incomplete reduction of water permeability can be disease-associated.  

In this study, we sequenced AQP4 in an ethnically-diverse cohort of 188 subjects 

and identified 24 variants including four novel non-synonymous SNPs and three novel 

synonymous SNPs. We then performed computational prediction of the functional effects 

of these variants and tested our predictions by using a cell-based water permeability 

assay. We describe four loss-of-function nsSNPs and, interestingly, one gain-of-function 

nsSNP, all with implications for differential human response to cerebral edema and other 

disorders of water homeostasis. 
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Results 

Identification of nsSNPs 

From our sequencing effort of AQP4's five exons, including short flanking 

sequences, we identified 24 variable sites. These variants included seven previously 

unknown coding SNPs, of which four were non-synonymous and three were synonymous 

(Table 6.1). In addition to the previously documented M278T SNP, not found in our 

sample, the four nsSNPs we found were I128T, D184E, I205L, and M224T. The other 

two synonymous SNPs we found were the previously identified P67 and L164. The other 

15 sites were in intronic or untranslated regions of the gene and included six previously 

unknown SNPs. The four nsSNPs we found were rare (~1-2% allele frequency overall 

and in affected ethnic groups) and heterozygous. 
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Table 6.1. Summary of variants in AQP4, from 3' to 5' on the negative strand. 

Identification numbers are dbSNP rs numbers or our own IDs, *=found in HapMap. 

Allele frequency values in bold indicate singletons by ethnicity (AA=African American, 

EA=European American, AS=Asian American, ME=Mexican American; Asian 

Americans are of Chinese ancestry). Up to 47 individuals (94 chromosomes) were 

examined in each ethnic group. 
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The four novel nsSNP were each found in either two or three individuals of two 

different races or ethnicities. Specifically, I128T, D184E, and I205L were found in 

African Americans and Mexican Americans, while M224T was found in Mexican 

Americans and Caucasians, all with 1-2% allele frequencies by ethnicity. We found no 

coding nsSNPs in Chinese Americans. Of the total set of 24 variants, 21 were found in 

African Americans (including six singletons), 14 were found in Mexican Americans 

(including six singletons), 10 were found in European Americans (including two 

singletons), and five were found in Chinese Americans (no singletons). All singletons 

were verified.  

Of the previously identified SNPs, two (rs1839318, a synonymous coding SNP, 

and rs3763043, in the 3' UTR) were found in the HapMap cohort. We compared allele 

frequencies in our European, African American and Chinese American groups with the 

CEU (Utah residents of European ancestry), YRI (Yorubans in Nigeria) and CHB (Han 

Chinese in Beijing) groups from HapMap. We found concordance of frequencies for both 

variants across the three pairs of ethnic groups (rs3763043: 30.8% v. 32.5%, 23.9% v. 

18.3%, 41.5% v. 30.0%; rs1839318: 3.9% v. 2.5%, 4.3% v. 3.3%, 0.0% v. 1.1%). We 

found that five of the 24 variants were out of Hardy-Weinberg equilibrium with minor 

allele frequencies (MAF) ranging from 19% to 36%. Of the five, one was a newly 

identified T>C change at position 22,690,517 with a MAF of 28% (p=0.005). While lack 

of Hardy-Weinberg equilibrium can indicate potential sequencing, in this case four of the 

five variants were previously identified, and cases included either just one minor allele 

homozygote observation or a SNP tightly linked to another SNP in equilibrium. 
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Assessment of haplotypes and linkage 

We used the Haploview software to identify haplotypes, and we numbered them 

(*1, etc.) according to frequency and similarity.(15) The frequencies of major haplotypes 

among ethnic groups reveal substructures in those populations (Figure 6.2). The African 

American group has the most variants but a single haplotype accounting for a large 

portion of the population sample (43.8% of samples in the major haplotype and 11.0% in 

the next most common haplotype). The European American group is similar, with 34.5% 

of the samples having the major haplotype and 17.9% in the next most common 

haplotype. On the other hand, the Chinese American and Mexican American groups both 

have two major haplotypes of nearly equal frequencies (38.8% and 32.8%, 32.6% and 

31.8%). The *1 haplotype is the primary haplotype in the African American, European 

American and Mexican American groups while *2 is the most common haplotype among 

Chinese Americans. 

We next assessed linkage disequilibrium (LD) (Figure 6.3) and reviewed D' 

statistics.(16) Among Chinese Americans, the few variants were all in linkage 

disequilibrium. In the other three ethnicities, LD was less common, but four variant pairs 

had LOD scores greater than 2 and D' greater than 0.7: rs162008 with rs162007, 

rs455671 with rs162007, rs455671 with rs162008, and rs3763043 with the novel 

pmt3145_T>C). We found few cases of LD with the four nsSNPs. In African Americans, 

the D184E SNP was in LD with the L164 SNP, and the I128T SNP was in LD with a 

novel, non-coding singleton. In Mexican Americans, the same linkage was seen for 

I128T. 
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Figure 6.2. Haplotypes by ethnic group. Haplotypes are shown by allele frequency. 

Singleton haplotypes and remaining invariant positions are not shown. Variant alleles are 

highlighted in yellow. 

 

 
 



 136

Figure 6.3. Linkage disequilibrium plots with variant IDs and position in the gene. D' < 1 

and LOD < 2 white, D' < 1 and LOD > 2 shades of pink/red, D' = 1 and LOD > 2 bright 

red. LD is high for the few variants in Chinese Americans but generally low in other 

ethnicities with some relationships consistent across ethnicities. 

 
 



 137

We also assessed variation characteristics of the genomic region. Two of the 

previously identified variants (rs3763043, discussed above, and rs9807747, also in the 3' 

UTR) and three novel variants (pmt3151_G>C, pmt3150_C>T, pmt3148_A>C) reside in 

a genomic region of higher heterozygosity (~0.25/kb), or variant frequency. Two other 

previously identified variants (rs162008 and rs162007, both upstream) and one novel 

variant (pmt3130_T>C) reside in a genomic region of higher recombination rate (5-10 

cM/Mb). Recombination is an important biological determinant of linkage 

disequilibrium. In regions of low recombination, few of the possible haplotypes will 

actually be observed in the population.(17) Linkage information is more useful in 

association studies where a marker variant may be associated with a phenotype and 

linked to a causal variant. It is usually of little practical relevance when linkage is high 

but an allele is rare. 

 

Computational prediction 

Positional evolutionary conservation has been shown to be highly predictive of 

whether SNPs will be deleterious. We used three established methods as well as 

qualitative analysis to predict the effects of the five non-synonymous SNPs. The 

evolutionary matrices, PAM40(18) and Blosum62,(19) indicated that every substitution 

except the Ile to Leu change at position 205 would be deleterious (Table 6.2). On the 

other hand, except in the case of I205L, predictions of the SIFT (Sort Intolerant From 

Tolerant) algorithm(20) did not anticipate deleterious effects, even after modifying 

various SIFT parameters. However, simple inspection of a multiple sequence alignment 

among mammalian orthologs plus chicken (Figure 6.4) shows nearly perfect conservation 
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at the mutated positions with just two conservative changes between human and chicken 

(I128V and M224I), suggesting that changes are selected against and could be 

deleterious. In fact, the chimp and human AQP4 proteins are identical except for a minor 

V304I change.  

Because of the highly conserved nature of AQP4, we next examined structural 

characteristics to predict the effects of the SNPs. Since all five occur far from the NPA 

motifs of the AQP4 channel pore, we would not necessarily expect complete ablation of 

function. The MUpro(21) calculations indicated decreased protein stability for all five 

changes. Qualitatively, the Asp-Glu and Ile-Leu substitutions are minor chemical 

changes, while the Ile-Thr and Met-Thr substitutions result in more significant changes, 

from hydrophobic to hydrophilic residues with smaller volume. Furthermore, Ile-Thr 

eliminates an aliphatic residue while Met-Thr results in the loss of a sulfur atom. Of the 

five nsSNPs, I128T is in a transmembrane domain, D184E and I205L are at helix-loop 

boundaries, and M224T is in a loop. M278T is in the C-terminal domain, suggesting a 

possible role in sorting (Figure 6.1C). 
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Figure 6.4. Multiple sequence alignment of AQP4 orthologs spanning identified SNPs (in 

grey) and showing high evolutionary conservation. ("*", identical; ":", conserved 

physicochemical substitutions; ".", semi-conserved substitutions.) 

 

Human           CTRKISIAKSVFYIAAQCLGAIIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGLLVELI 165 
Chimp           CTRKISIAKSVFYIAAQCLGAIIGAGILYLVTPPSVVGGLGVTMVHGNLTAGHGLLVELI 200 
Mouse           CTRKISIAKSVFYIIAQCLGAIIGAGILYLVTPPSVVGGLGVTTVHGNLTAGHGLLVELI 165 
Rat             CTRKISIAKSVFYITAQCLGAIIGAGILYLVTPPSVVGGLGVTTVHGNLTAGHGLLVELI 150 
Cow             CTRRISIAKSVFYIAAQCLGAIIGAGILYLVTPPSVVGGLGVTTVHGNLSAGHGLLVELI 165 
Sheep           CTRRISIAKAVFYIAAQCLGAIIGAGILYLVTPPSVVGGLGVTTVHRNLSAGHGLLVELI 165 
Dog             CTRKISIAKSVFYVAAQCLGAIIGAGILYLVTPPSVVGGLGVTTVHGNLTAGHGLLVELI 240 
Chicken         CTRKISLAKSVFYILAQCLGAIVGAGILYLITPPSVVGGLGVTAVHGDLSAGHGLLVELI 177 
                ***:**:**:***: *******:*******:************ ** :*:********** 
 
Human           ITFQLVFTIFASCDSKRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMG 225 
Chimp           ITFQLVFTIFASCDSKRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMG 260 
Mouse           ITFQLVFTIFASCDSKRTDVTGSIALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMG 225 
Rat             ITFQLVFTIFASCDSKRTDVTGSVALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMG 210 
Cow             ITFQLVFTIFASCDSKRTDVTGSIALAIGISVAIGHLFAINYTGASMNPARSFGPAVIMG 225 
Sheep           ITFQLVFTIFASCDSKRTDVTGSIALAIGISVAIGHLFAINYTGASMNPARSFGPAVIMG 225 
Dog             ITFQLVFTIFASCDSKRTDVTGSVALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMG 300 
Chicken         ITFQLVFTIFASCDSKRSDVTGSVALAIGFSVAIGHLFAINYTGASMNPARSFGPAVIMG 237 
                *****************:*****:*****:****************************** 
 
Human           NWENHWIYWVGPIIGAVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRS 285 
Chimp           NWENHWIYWVGPIIGAVLAGGLYEYVFCPDVEFKRRFKEAFSKAAQQTKGSYMEVEDNRS 320 
Mouse           NWANHWIYWVGPIMGAVLAGALYEYVFCPDVELKRRLKEAFSKAAQQTKGSYMEVEDNRS 285 
Rat             NWENHWIYWVGPIIGAVLAGALYEYVFCPDVELKRRLKEAFSKAAQQTKGSYMEVEDNRS 270 
Cow             NWENHWIYWVGPIIGAVLAGGLYEYVFCPDVELKRRFKEAFSKAAQQTKGSYMEVEDNRS 285 
Sheep           NWENHWIYWVGPIIGAVLAGGLYEYVFCPDVELKRRFKEAFSKAAQQTKGSYMEVEDNRS 285 
Dog             NWENHWIYWVGPIIGAVLAGGLYEYVFCPDVELKRRLKEAFSKATQQTKRSYMEVEDNRS 360 
Chicken         KWENQWVYWVGPIIGAVLAGALYEYVYCPDVELKRRFKDVFSKATQPSKGKYIEVDDTRS 297 
                :* *:*:******:******.*****:*****:***:*:.****:* :* .*:**:*.** 
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Table 6.2. Computational SNP effect predictions based on evolutionary conservation and 

protein stability from two servers and two substitution matrices. SIFT scores less than or 

equal to 0.05, and MUpro as well as matrix scores less than zero suggest deleterious 

effect, in bold. Taken together, the scores suggest all variants have some functional 

effect. 

 
 

 SIFT MUpro Blosum62 PAM40 
I128T 0.13 -1.89 -1 -3 
D184E 0.19 -1.02 -1 -2 
I205L 0.05 -0.81 2 3 
M224T 0.64 -1.81 -1 -3 
M278T 0.59 -1.33 -1 -3 
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Expression and localization 

We created stably transfected cells expressing wild-type and variant AQP4 for use 

in a water permeability assay. As aquaporins are membrane proteins, their degree of 

expression and localization to the membrane would likely affect water permeability. We 

examined whether the five nsSNPs affected protein expression and localization. By 

immunohistochemistry, we showed that most of the protein for wild-type and all mutant 

proteins localized to the plasma membrane (Figure 6.5A) with some intracellular staining 

suggestive of recycling endosome localization. By Western blot, we confirmed AQP4 

expression by detecting a ~34kDa band corresponding to the protein and faint accessory 

bands representing glycosylated AQP4, as has been observed by other authors.(22,23) 

The total protein expression levels were comparable among wild type and mutant 

proteins (Figure 6.5C). 
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Figure 6.5. A) Fluorescent staining of AQP4 in CHO cells. B) Representative light 

scattering curves for the CHO cell suspensions expressing different AQP4 mutants. C) 

Schematic of the light scattering experiments. D) Western blots showing protein staining 

of AQP4 mutants. E) Relative water permeability calculated from the individual t1/2 and 

normalized AQP4 expression. I128T, D184E, I205L and M224T had lower water 

permeability relative to wild-type, reduced to 67.1% ± 16.1%, 63.4% ± 14.2%, 49.4% ± 

11.3%, and 59.9% ± 10.8% respectively (p<0.001). 
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Water permeability measurements 

We next assessed the effects of the nsSNPs on protein function by measuring 

water permeability using a cell swelling assay.(24) The measurements resulted in 

swelling curves as shown in Figure 6.5B, and the measurement procedure is represented 

in Figure 6.5C. From the curves we identified the t1/2 by fitting the curve to a single 

exponential equation. Permeability was calculated based on t1/2 as described 

previously.(25) Cells transfected with wild-type and all mutant proteins swelled 

significantly faster than untransfected cells, as expected. Previous work has shown that 

AQP protein expression directly correlates with the overall water permeability of the cell 

membrane.(26) To take this into account, we calculated relative water permeability by 

normalizing the permeability against values of AQP4 protein expression quantitated by 

Western blot. We found that the nsSNPs found in our cohort (I128T, D184E, I205L and 

M224T) had lower relative water permeability, reduced to 67.1% ± 16.1%, 63.4% ± 

14.2%, 49.4% ± 11.3%, and 59.9% ± 10.8% of wild type AQP4 respectively (p<0.001 for 

each) (Figure 6.5D). Interestingly, the variant predicted by SIFT to be most deleterious, 

based on evolutionary conservation, was I205L which did in fact reduce permeability 

most. On the other hand, the previously reported M278T variant in the C-terminal 

domain showed similar expression and localization and increased relative water 

permeability (140.4 ± 9.0%, p<0.001) (Figure 6.6). 
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Figure 6.6. For the M278T SNP not found in our sample set, A) fluorescent staining of 

AQP4 in CHO cells. B) Representative light scattering curve for the CHO cell 

suspensions expressing AQP4 M278T. C) Western blots quantitating protein expression 

of AQP4 M278T. D) Relative water permeability calculated from the individual t1/2 and 

normalized AQP4 expression. The M278T variant showed increased relative water 

permeability (140.4 ± 9%, p<0.001). 
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Discussion 

In an ethnically-diverse sample set consisting of DNA from 188 individuals, we 

identified 24 variants in AQP4 including four novel coding non-synonymous SNPs. We 

did not observe the one previously documented nsSNP in AQP4. While previous reports 

have indicated that non-coding variants in aquaporins can have an impact on 

function,(27-30) we did not fully sequence the non-coding regions. We focused on non-

synonymous coding variants because we expected them to result in the most significant 

functional effects. Functional characterization of these five SNPs revealed four with 

reduced function and one with a gain-of-function. All variants were evaluated using 

population analysis and computational effect prediction, and the nsSNPs were further 

characterized using an established experimental method to measure cell swelling and 

water permeability. 

 

Novel, rare variants identified  

Compared with the 61 variants listed in dbSNP, the 17 new variants identified in 

this study after sequencing the exonic and flanking regions represent an increase of 28%. 

The gene is known to be well-conserved, and nsSNPs were generally rare (~1-2% allele 

frequencies). Though the nsSNPs we found are heterozygous, there is evidence that 

aquaporin mutants can act as dominant negatives. In AQP0, E134G and T138R cause 

loss of water channel activity, and when co-expressed with wild-type, the mutant proteins 

exhibit dominant negative behavior.(31) In mice, the mutant AQP2 formed a hetero-

oligomer with wild-type AQP2 and showed a dominant-negative effect on the normal 

apical sorting of wild-type AQP2.(32) When co-expressed, 727deltaG but not R187C 
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formed hetero-oligomers with wild-type AQP2 and reduced water permeability because 

of reduced membrane expression. The data indicate that misrouting is a mechanism for 

loss of function, and wild-type protein can mislocalize to endosomes after 

oligomerization with a mutant protein.(8) 

 

Haplotypes suggest population structure 

The frequencies of the major haplotypes among ethnic groups reveal substructures 

in those populations. The large Wellcome Trust Consortium study showed that genomic 

regions can show strong geographical variation within the same ethnicity, in that case 

Caucasians.(33) Our subjects were all from San Francisco, but variation due to 

admixture, heterogeneous immigration, and other factors appears to exist. The *1 

haplotype is the primary haplotype in the African American, European American and 

Mexican American groups while *2 is the most common haplotype among Chinese 

Americans. 

 

Computational prediction indicates partial deleterious effects 

Due to the cost and variability of experimental characterization, computational 

predictions can help provide insight and prioritize experiments, but several factors 

complicate the prediction of the effects of aquaporin SNPs. While water transport is the 

main function of AQP4, it has recently been shown to be involved in cellular adhesion, 

signal transduction, cell migration, scar formation and glutamate uptake.(34) AQP4 

knock-down in mouse astrocytes also resulted in down-regulation of connexin43 and 

reduction in cell coupling.(35) Variants could potentially disrupt any of these cellular and 
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physiological processes, so even the use of multiple assays could overlook changes in 

these or other unknown or "occult" functions.(36) Since aquaporins demonstrate high 

evolutionary conservation, most residue substitutions would not appear to be tolerated but 

the degree to which this might be true is not obvious. 

The effects of the four loss-of-function SNPs were generally as predicted by 

computational methods. While SIFT predictions based on evolutionary conservation 

generally did not predict deleterious effects, they correctly identified I205L as the SNP 

with the greatest effect and also suggested that, given the low scores for I128T and 

D184E, these variants may also result in partial reduction of permeability. Inspection of a 

multiple sequence alignment of AQP4 orthologs shows nearly perfect conservation at the 

mutated positions (Figure 6.4). The low allele frequencies of the SNPs also suggest 

deleterious effects.(36) Furthermore, the MUpro calculations indicated decreased protein 

stability for all five changes. This finding is consistent with previous reports that variants 

primarily act to destabilize structure.(37) Indeed, none of the variants we studied appear 

to directly alter the conformation or selectivity of the pore, but they appear to destabilize 

the protein structure. Since even partial loss or gain of function in cellular assays has 

previously been associated with disease, all five SNPs may be clinically relevant. 

 

Expression and localization are normal 

The results of Western blot and immunohistochemistry experiments demonstrate 

consistent protein expression and membrane localization. These factors are critical to 

reliable measurement of AQP4 water permeability. Notably, while our cell-based system 

is mammalian and robust, a number of studies show AQP4 to be highly clustered around 
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blood vessels, subpial membranes and perisynaptic areas in vivo.(22,38) This 

arrangement of AQP4 is supported by different members of the dystroglycan complex 

that enable attachment to the extracellular matrix. The cells in our in vitro system are not 

polarized, but we do not expect this to affect our ability to compare the relative function 

of AQP4 mutants versus wild-type in the same system. Furthermore, we show that the 

mutant proteins localize to the membrane, unlike some other previously reported mutants, 

so it is possible that the mechanism of effect of the mutations is related to other factors. 

 

Mutants reduce water permeability 

The four reduced function mutations reduce permeability by similar amounts, to 

between 49% and 67% of wild type. Based on their positions in the protein structure and 

because their effects are not more severe, they most likely do not disrupt the water 

channel pore. Numerous studies have shown that synthetic and natural mutations near the 

pore generally abolish permeability.(39) Rather, the mutations we found may act to alter 

protein stability and thus affect turnover or efficiency of targeting to the membrane. 

Previous studies of mutations that did not reside near the pore show similar results, as 

with R254L and L22V in AQP2 but not with G264V in AQP7 which, though distal, 

completely abolishes function.(40) The precise mechanism of action of the AQP4 SNPs 

we found remains to be defined. 

The prediction that I205L would be most deleterious due to evolutionary 

conservation was confirmed by our functional studies and supports previous findings in 

other aquaporins. By alignment, I205L resides next to the G175 and C181 positions in 

AQP2 whose mutations are deleterious. It is also near C189 in AQP1 which has 
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previously been mutated to gain insight into the structure and function of the channel. 

C189 plays a role in mercurial-sensitivity, and C189M, C189W, and C189Y resulted in 

negligible water permeability.(41) The synthetic mutation of Y212 in AQP3 aligns near 

I205L as well. That position corresponds to mercury-sensitive residues in AQP1 and 

AQP2, and mutation to Cys enhanced mercurial inhibition of permeability.(42)  

Of the other SNPs, I128T and D184E also reside near functionally important sites. 

In a multiple alignment, I128T aligns next to G100, a mutation hot-spot in AQP2, as 

indicated by the association of G100Stop,(43) G100V,(44) and G100R(45) with 

nephrogenic diabetes insipidus. D184 resides near a putative functional site. In a previous 

study, reduction of AQP4 water permeability by phorbol dibutyrate and dopamine was 

abolished by mutation of S180, a consensus site for protein kinase C (PKC) 

phosphorylation, indicating that PKC and dopamine decrease permeability via 

phosphorylation and that the effect is likely mediated by gating of the channel.(46) The 

region around M224T has not, to our knowledge, been functionally characterized in 

aquaporins. 

 

M278T is a gain-of-function mutation 

In our ethnically-diverse population of 188 subjects, we did not observe any 

occurrences of the M278T variant reported by The SNP Consortium for which we 

measured gain-of-function. M278T may be a very rare or "personal" SNP. The M278T 

gain-of-function mutation is of interest given that AQP4 is already a high-capacity 

channel that has been highly conserved and optimized. The result also serves as an 

internal control for our assay, indicating that the reduced function measured for the other 
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variants is not an automatic result. There is precedent for gain-of-function variants in 

aquaporins. The AQP7 variant, R12C, shows 118% permeability compared with wild-

type but was only found in one subject, so association with phenotype was not 

determined. A detrimental gain-of-function mutation in AQP0 is involved in cataract 

phenotypes in mice,(47) resulting in either cytotoxicity or disruption in processing of 

other proteins important for the lens.(48) 

Given its location in a terminal domain, it is unlikely the M278T SNP alters pore 

selectivity or efficiency, but it could be acting in several other ways to result in AQP4 

gain-of-function, including altered sorting, recycling, and complex assembly. Previous 

work has shown that in the C-terminal basolateral targeting motif GSYMEV, the serine is 

phosphorylated by casein kinase II, and the clathrin adaptor proteins AP2 and AP3 

interact with the tyrosine and valine residues.(49) The M278T mutation directly alters 

this motif. Another study also showed that the residues between V276 and I280 play a 

role in the expression of AQP4 in the membrane.(50) Other previous studies have shown 

that mutations to Thr can result in gain-of-function via phosphorylation.(51-53) 

 

Clinical implications 

The AQP4 SNPs we identified are potentially clinically relevant. Just as AQP4 

knock-out mice experience less astrocytic swelling and improved survival after cytotoxic 

edema, knock-down SNPs in humans could have similar protective effects. On the other 

hand, vasogenic edema has a different origin and localization of fluid,(54) and normal 

AQP4 function appears to be beneficial.(55) Given the estimated 1.4 million traumatic 

brain injuries and 750,000 strokes in the United States alone each year, not including 
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edematous tumors and other disorders of water imbalance, the five novel nsSNPs with 

1% frequency could affect outcomes in over 100,000 people. 

AQP4 may affect phenotypes beyond cerebral edema as well. Previous studies 

have shown that AQP4 deficiency slows astrocyte migration in response to chemotactic 

stimulus, and AQP4 deletion impairs glial scar progression following injury.(56) AQP4-

null mice also manifest reduced sound- and light-evoked potentials. Variants in AQP4 

sequence and expression have recently also been associated with increased threshold and 

duration of induced seizure(57) and epilepsy,(58) Duchenne's muscular dystrophy,(59) 

HIV dementia,(60) lupus,(61) neuromyelitis optica and multiple sclerosis,(62) and 

Crohn's disease and infectious colitis.(63) Furthermore, there is evidence that abnormal 

AQP4 levels are associated with degenerative diseases, as shown in a Parkinson's disease 

model in which mice lacking AQP4 were significantly more prone to MPTP-induced 

neurotoxicity than wild-type littermates.(64) AQP4 is also expressed in basolateral 

membranes of epithelia in the kidney collecting duct, airways, stomach, and colon, so it 

may be involved in other phenotypes as well. 

Two isoforms of AQP4 have been identified: a long isoform (323 amino acids) 

and a shorter one (301 amino acids). For the purpose of sequence coverage, we studied 

the longer isoform. Reports indicate that the short form outnumbers the long form by at 

least 3:1.(22,65) While both protein isoforms are expressed in brain, the shorter isoform 

is primarily found in other tissues and may thus be relevant to phenotypes other than 

cerebral edema.(30) The 22-amino acid sequence at the N-terminus does not itself appear 

to influence water permeability but may contribute to the assembly and permeability of 
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arrays(65) which was not relevant to our assays. Thus, we do not expect that SNP effects 

are isoform-specific. 

Functional data on aquaporin variants are incomplete, and our work has 

implications for other genes in the family and their phenotypes. Sequencing only exonic 

regions, we found multiple novel variants, and all five coding variants we assayed had 

functional consequences. Characterization of the effects of these and other still-

unidentified aquaporin variants could have clinical implications since abnormalities 

related to other human aquaporins have been associated with diverse diseases. We expect 

that deeper sequencing, especially of less studied aquaporin family members and in 

ethnically-diverse populations, will identify new variants that may play a role in human 

health. Future human studies of aquaporin variants will benefit from genotypic and also 

detailed phenotypic data to evaluate associations with clinical outcomes after cerebral 

edema and other related conditions. 

 

Materials and Methods 

Subjects 

In previous work, we collected DNA samples from a large, self-identified, 

ethnically-diverse cohort of healthy volunteers from the San Francisco Bay Area called 

SOPHIE (Studies of Pharmacogenetics in Ethnically Diverse Populations).(66) In this 

study, we screened for variants in AQP4 in 188 subjects including 47 African Americans, 

47 European Americans, 47 Chinese Americans, and 47 Mexican Americans from 

SOPHIE. Genomic and cDNA sequences of AQP4 were obtained from GenBank 

(http://www.ncbi.nlm.nih.gov). Primers were designed manually to span the exons and 
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include approximately 50 bp of flanking intronic sequence. To identify variants of AQP4, 

all five exons and flanking sequences were sequenced. Polymerase chain reaction and 

sequencing were carried out as previously described. We previously estimated a 5% false 

positive rate for identifying polymorphisms and a false negative rate of 9.0 x 10-6 SNPs 

missed per bp screened. This study was approved by UCSF's Committee on Human 

Research. We compared the SNPs we found with those in dbSNP 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=snp), Ensembl 

(http://www.ensembl.org), and HapMap (http://www.hapmap.org) to determine which 

were novel. We used Haploview (http://www.broad.mit.edu/mpg/haploview/) to assess 

haplotype and linkage data. 

 

Computational prediction 

We used four software servers or substitution matrices as well as qualitative 

analysis to predict the effects of the four nsSNPs we found and the previously 

documented nsSNP. Of the servers, SIFT (http://blocks.fhcrc.org/sift/SIFT.html) assesses 

sequence conservation, and MUpro (http://www.ics.uci.edu/~baldig/mutation.html) 

assesses protein stability. The substitution matrices, PAM40 and Blosum62, are based on 

evolutionary conservation. We also performed exploratory sequence and structure 

analysis. For example, we queried NCBI's Entrez Gene 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=gene) to identify 

AQP4 orthologs and paralogs and constructed multiple sequence alignments for each set 

using ClustalW (http://www.ebi.ac.uk/clustalw/). We also examined the experimentally-
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determined rat AQP4 structure (code 2d57, Protein Data Bank, www.pdb.org) (Figure 

6.1C) using the UCSF Chimera molecular visualization software.(67) 

 

Mutagenesis and cell culture 

The AQP4 (RefSeq NM_001650.4) coding sequence from IMAGE clone 

4717755 was subcloned into the expression vector pcDNA5/FRT (Invitrogen). Clones for 

all non-synonymous AQP4 variants were constructed by site-directed mutagenesis of the 

reference sequence using the QuikChange mutagenesis protocol (Stratagene). The 

complete coding regions of all variants were sequenced to ensure that the appropriate 

nucleotide change had occurred and to confirm that no other alterations had been 

introduced. Chinese Hamster Ovary (CHO) cell lines stably expressing AQP4 or one of 

its variants were created using the Flp-In system and the corresponding Flp-In-CHO cell 

line as per the manufacturer’s protocol (Invitrogen). Since the Flp-In system utilizes a 

site-specific recombinase, all AQP4 variants are integrated into the genome at the same 

locus, the site of a specific sequence engineered into the Flp-In-CHO cell line. 

 

Western blot 

Although the Flp-In system gives a high probability of a single copy of the 

transfected plasmid, aliquots of the cells were saved to assess AQP4 protein expression. 

Cells were homogenized in buffer containing 250mM sucrose in PBS and 20ug/ul PMSF. 

Homogenate was centrifuged at 15,000 g and after careful assessment of the protein-

signal correlation, 6ug of supernatant was loaded onto 10-12% polyacrylamide gels 

(Invitrogen). Protein was transferred overnight at 15V at 4 °C onto PVDF membranes 
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(Amersham). After 1h blocking with 3% skimmed milk (Biorad), blots were probed with 

primary antibody against AQP4 (Chemicon) for 1h at a dilution of 1:1000 in 1% BSA. 

Following extensive washes in TBST, blots were incubated with horseradish peroxidase 

conjugated secondary antibody (1:5000) and detected with ECL kit (Amersham). Blots 

were stripped according to the manufacturer's instructions and re-probed for the 

housekeeping protein glyceraldehyde-phosphate dehydrogenase (GAPDH) with a 1:2000 

dilution of monoclonal antibody from Chemicon followed by extensive washes and 

detection using anti-mouse peroxidase conjugated antibody. Densitometry of the protein 

bands were assessed with ImageJ, and AQP4 expression was normalized to GAPDH 

expression. 

 

Immunohistochemistry 

Cells were plated and grown to confluency on 18 mm coverslips. Prior to fixation 

with 3% paraformaldehyde, cultures were rinsed with phosphate buffer (PBS, pH 7.4). 

Cell membranes were permeabilized with 0.3% Triton X-100 and subsequently blocked 

with 3% bovine serum albumin in PBS (BSA/PBS). Rabbit polyclonal antibody targeting 

the C-terminus sequence between 249-323 of AQP4 (Chemicon) or our custom made 

AQP4 antibody was applied at a dilution of 1:500 in BSA/PBS for 1 hour followed by 

extensive washes. For fluorescent detection, cells were incubated for 1h with secondary 

anti-rabbit antibody labeled with Rhodamine-Red (Jackson Immunoresearch). Following 

repeated washing, coverslips were mounted in Vectrashield mounting medium with 

DAPI (Vector Laboratories). Imaging was done with an Olympus BX60 microscope and 

Spot camera (Technical Instruments). 
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Water permeability measurements 

We performed permeability measurements using a light scattering assay in cells. 

Cells were exposed to hypo- or hyper-tonic solution, and cell swelling or shrinking was 

measured by a change in diffraction of light. The light scatter method has previously been 

shown to be sensitive.(68) For light scatter measurements, a cell-covered coverslip was 

sealed at the bottom of an aluminum perfusion chamber (volume 80 ml). A plain 

coverslip served as the top cover. The chamber was held in a brass thermostatic collar 

maintained at 37º C and placed on the stage of an inverted microscope (Nikon Diaphot 

200). The solutions were perfused via gravity flow in excess of 4 to 6 chamber 

volumes/min. Light from a halogen lamp (20 W) was filtered (>420 nm) and focused 

onto the cells through an achromatic lens from above the stage at an adjustable angle of 

incidence. In most experiments, the beam subtended at 40º to the plane of the coverslip 

and had a spot size of approximately 1 mm. Light scattered in the forward direction was 

collected by a long-working distance objective (Olympus PL2; 20 ; working distance 1.2 

cm; NA=0.4) with a field of view of approximately 600–800 cells. The scattered light 

intensity was then directed to a photomultiplier tube (HC125-01, Hamamatsu) by a 

dichroic mirror centered at 520 nm. Suspensions of cells in PBS were subjected to a 250-

mM inwardly directed gradient of sucrose. The water permeability kinetics of increasing 

cell volume was assessed from the time course of 90° scattered light intensity at 530 nm 

wavelength. Osmotic water permeability coefficients were calculated from the t1/2 of the 

exponential curve fitted to the time course light scattering as previously described.(69) 

Three different passages of cells were used for water permeability measurements and at 
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least five curves of each cell line were analyzed. Results are reported as mean + S.E.M., 

and significance was assessed by Student's t-test at a level of p=0.05. 
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CHAPTER 7 

SNPS ARE OVER-REPRESENTED NEAR OLIGOMERIC INTERFACES IN 

HUMAN AQUAPORINS 

 

Introduction 

Aquaporins are membrane proteins that function as high-capacity channels for 

water and neutral solutes such as glycerol and urea. In humans, their sequences are 

highly-conserved: they exhibit over 80% identity with mammalian orthologs, they show 

30-50% identity among paralogs, and their two halves are repeats resulting from ancient 

gene duplication. Experimentally-determined atomic structures of aquaporins(1,2) also 

demonstrate a high degree of structural conservation. Aquaporins feature six 

transmembrane helices with intra-cellular N- and C-termini, and they contain an interior 

pore composed of two Asn-Pro-Ala (NPA) motifs that is almost universally conserved 

across species. 

Human aquaporins are involved in multiple levels of protein interactions. AQP4, 

which is located in the foot processes of brain astrocytes, is an example. AQP4 

monomers form homotetramers.(3) The tetramers are arranged as orthogonal arrays.(4) 

AQP4 also interacts inter-cellularly in an adhesion function with neighboring cell 

membranes.(5) Finally, it also interacts with other proteins; for example, anchoring of 

AQP4 to the membrane depends in part on binding with alpha-syntrophin,(6) and 

trafficking depends in part on interaction with clathrin adapter proteins.(7) 

Human aquaporins occur in various tissues, and as we discussed in Chapter Six, 

their genetic variants have been implicated in multiple abnormal phenotypes: AQP0 in 
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cataract formation,(8) AQP1 in impaired urinary concentration and red cell lifespan,(9) 

AQP2 in nephrogenic diabetes insipidus ,(10,11) AQP4 in the progression of cerebral 

edema,(12) and AQP7 in diminished glycerol release during exercise.(13) Single 

nucleotide polymorphisms (SNPs) are the most common type of genetic variation, and 

non-synonymous coding SNPs (nsSNPs) often play a role in disease. Factors that may 

predict whether nsSNPs will have phenotypic effects include their degree of evolutionary 

conservation, as demonstrated by algorithms like SIFT(14) and matrices like Blosum,(15) 

as well as their structural nature, as demonstrated by algorithms like Polyphen(16) and 

matrices like the Grantham(17) values. However, these and other algorithms typically 

analyze mutations in the context of the individual protein. It has been shown that point 

mutations may suffice to disrupt protein interactions.(18) In facts, SNPs may lead to 

disease through disruption of quaternary structure for about 10% of disease-associated 

mutations.(19) The estimate may be higher if we include complex diseases. Sequence- 

and structure-based predictions of surface mutant effects may underestimate deleterious 

effects if interactions are not considered.(20) 

As discussed, aquaporin monomers form tetramers, and the tetramers are arranged 

as orthogonal arrays. In this study, we focused on these oligomeric interactions, and we 

defined interfaces as the amino acid residues involved in these protein-protein or protein-

lipid interactions. 

Given the functional importance of interactions in aquaporins, one might expect 

SNPs to be rare and predominantly deleterious near interface sites. In globular proteins, it 

has repeatedly been observed that mutations buried in a protein’s structure can be 

destabilizing and deleterious.(21) Stitziel observed that the majority of disease-associated 
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nsSNPs were found in voids and pockets, and infrequently in the interior.(22) Similarly, 

Ferrer-Costa showed that exposed SNPs were mostly neutral, while buried SNPs were 

mostly disease-associated.(23) Several studies of G-protein-coupled receptors have found 

high variability and over-representation of disease SNPs in transmembrane helices.(24) 

The distribution and effect of SNPs in other membrane protein families and relative to 

interface residues has not been studied, to our knowledge. 

In this study, we compiled an experimentally-determined data set of structures, 

interfaces, and mutations, many with quantified functional data, for the human aquaporin 

family. We then applied structural modeling techniques to assess the location and effect 

of SNPs. The goals of this study were to (1) assess the performance of existing SNP 

effect prediction methods on a set of membrane proteins known to be involved in 

multiple types of interactions, (2) quantify the presence of SNPs near aquaporin interface 

residues, and (3) describe the nature and possible effects of these SNPs. Contrary to 

expectation, we found that mutations are over-represented near interface residues in 

aquaporins. Deleterious SNPs near interfaces usually consist of a non-conservative 

chemical change. We also observed that mutations near the interior, conserved pore occur 

with frequency similar to background and are often deleterious. 

 

Methods 

We examined the potential effects of nsSNPs on interactions among aquaporin 

monomers and tetramers as well as on the aquaporin pore as defined by the two NPA 

motifs. We compiled data on 21 aquaporin mutations in OMIM(25) from four of the 13 

human aquaporins and their resulting water permeability data from the literature. While 
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cellular water permeability is not a perfect correlate of disease phenotypes, it is the 

standard metric for aquaporin protein function.(26) We then compiled data on 24 

aquaporin mutations in dbSNP and Ensembl for 11 aquaporins. Due to the inconsistent 

validation level of these variants, we view them as additional data rather than as a pure 

control set. Finally, from the literature, we identified 76 specific inter-molecular interface 

residues.(1,2,5,27) 

We performed Fisher's exact tests to compare the observed versus expected 

frequencies of SNP occurrences. We performed unpaired, two-tailed Student's t-test 

calculations to compare the number of interfaces near SNPs, and we calculated 

correlations to assess the relationship between proximity, prediction score, and water 

permeability. We used GraphPad v4.02 (GraphPad Software, Inc., San Diego, California) 

for all statistical analyses and required a p-value of 0.05 for statistical significance. 

 

Performance of matrices. We began by assessing the predictive performance of five 

substitution matrices and two web servers for our data set. Using matrices to compare 

physicochemical properties (Grantham), evolutionary conservation (PAM40 and 

Blosum62), and membrane protein residue propensities (PHAT and SLIM), we calculated 

accuracy of prediction (i.e., deleterious or not) and correlation of prediction (i.e., score) 

with function. We performed similar calculations using the SIFT and Polyphen servers. 

SNPs were predicted to be deleterious for Grantham values greater than or equal to 100, 

other matrix scores less than zero, and SIFT scores less than or equal to 0.05. Polyphen's 

"possibly damaging" and "probably damaging" predictions were grouped together.  
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SNPs near interfaces and the pore. Using ClustalW,(28) we constructed a multiple 

alignment of the 13 human protein sequences to infer from experimentally determined 

interfaces where corresponding interfaces would be in other aquaporins (Figure 7.1). This 

step is a reasonable assumption given the 30-50% sequence identity among human 

aquaporins and their generally conserved structures. We next identified experimentally 

determined aquaporin structures from the PDB(29) (1ymg for AQP0, 2.2 Å; 1h6i for 

AQP1, 3.5 Å; 2d57 for AQP4, 3.2 Å) and computationally determined structures from 

ModBase.(30) Then, we superimposed the SNPs and interface residues onto the 

structures for proximity analysis. 
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Figure 7.1. Portion of the multiple alignment of paralogs used to infer interfaces. 
 
AQP4                                             X       X          X 
AQP0                     X   XX X XX             X  XX   X   X  XX  XX 
AQP9            GCAMNPARDLSPRLFTALAGWGFEVFRAGNNFWWIPVVGPLVGAVIGGLIYVLVIEI--- 268 
AQP10           GIPLNPARDLGPRLFTYVAGWGPEVFSAGNGWWWVPVVAPLVGATVGTATYQLLVAL--- 266 
AQP3            GYAVNPARDFGPRLFTALAGWGSAVFTTGQHWWWVPIVSPLLGSIAGVFVYQLMIGC--- 267 
AQP7            GYAINPSRDLPPRIFTFIAGWGKQVFSNGENWWWVPVVAPLLGAYLGGIIYLVFIGS--- 278 
AQP2            GCSMNPARSLAPAVVTGKFD-----------DHWVFWIGPLVGAILGSLLYNYVLFP--- 225 
AQP5            GCSMNPARSFGPAVVMNRFSP----------AHWVFWVGPIVGAVLAAILYFYLLFP--- 227 
AQP6            GCSMNPARSFGPAIIIGKFT-----------VHWVFWVGPLMGALLASLIYNFVLFP--- 237 
AQP0            GAGMNPARSFAPAILTGNFT-----------NHWVYWVGPIIGGGLGSLLYDFLLFP--- 225 
AQP1            GCGINPARSFGSAVITHNFS-----------NHWIFWVGPFIGGALAVLIYDFILAP--- 233 
AQP4            GASMNPARSFGPAVIMGNWE-----------NHWIYWVGPIIGAVLAGGLYEYVFCPDVE 257 
AQP8            GGCMNPARAFGPAVVANHWN-----------FHWIYWLGPLLAGLLVGLLIRCFIGD--- 251 
AQP12           SAFFNPALAASVTFACSGHT--------LLEYVQVYWLGPLTGMVLAVLLHQGRLPHLFQ 247 
AQP11           GAVFNPALALSLHFMCFDEAFP--------QFFIVYWLAPSLGILLMILMFSFFLPW--- 260 
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We hypothesized that occurrence of a SNP within a 5 Å radius may disturb a 

protein region's conformation and/or electrostatic milieu. We could not reliably define 

proximity with a smaller radius given the resolution of available structures and models. 

We used UCSF Chimera(31) to identify the number of interface residues within 5 Å of a 

SNP. We also identified the number of times the NPA pore motifs were within 5 Å of a 

SNP. The observed and expected frequencies were calculated in the four aquaporins with 

disease SNPs as follows:  

 
(1) Observed frequency = SNPs near pore\interfaces in structures 
    Total residues in structures 
 
(2) Expected frequency = Total residues near pore\interfaces in structures 
    Total residues in structures 
 

We then compared the prevalence of disease-associated SNPs (from OMIM) and 

uncharacterized (putatively "benign") SNPs (in dbSNP or Ensembl but not OMIM) near 

interfaces and the pore. We calculated correlations between aquaporin protein function 

(water permeability) and proximity between the SNP and the protein interfaces. 

 

Detection of bias. We examined three possible factors that may be related to the 

observed frequencies of SNPs: evolutionary conservation, inference of interfaces from 

the multiple alignment, and synonymous versus non-synonymous mutation rates. To test 

conservation, we constructed a multiple alignment and logos(32) of 54 sequences 

representing the 13 aquaporins found in five mammals (human, chimp, dog, rat, mouse) 

(Figure 7.2). We then compared the evolutionary conservation of interface residues 

versus other residues, as determined by positional entropy: 
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Figure 7.2. Multiple alignment and logos near the NPA motif. (a) Portion of the multiple 

alignment used to assess evolutionary conservation. (b) The logos show the high 

conservation near the two NPA motifs that form the pore. 

 
AQP9               VVATMILLIIVFAIFDSRNLGAPRGLEPIAIGLLIIVIASSLGLNSGCAMNPARDLSPRL 
Chimp              VVATMILLIIVFAIFDSRNLGAPRGLEPIAIGLLIIVIASSLGLNSGCAMNPARDLSPRL 
Dog                VVATMFLLMIVFAIFDSRNLGVPRGLEPIAIGLLIIVISSSLGLNSGCAMNPARDLSPRL 
Mouse              VVSTMFLLLIVFAIFDSRNLGVPRGLEPIVIGLLIIVISCSLGLNSGCAMNPARDLSPRL 
Rat                VVSTMFLLLIVFAMFDSRNLGVPRGLEPVVIGLLIIVLSCSLGLNSGCAMNPARDLSPRL 

 

 

  



 175

(3) entropy = - Σ pi*log(pi) , 

 

where pi is the probability of seeing a given residue at a given position in the alignment. 

 We also compared data from experimentally documented interface sites versus 

those we inferred from the alignment, and we examined the occurrence of synonymous 

mutations in the human aquaporins. 

 

Residue changes. We then analyzed the relationship between the type of amino acid 

residue change and the effect on protein function. There are, of course, many ways to 

classify amino acid residues. We assigned classes to the "before" and "after" residues of 

each variant according to the Dayhoff system of physicochemical distinctions: 

{V,I,L,M}, {A,G,S,P,T,C}, {F,W,Y}, {R,K,H}, and {D,E,N,Q}.(33) We then counted 

the number of class changes by type. 

 

Mis-characterized SNPs. Finally, we studied the subset of disease SNPs whose 

predicted and actual effects were different. We formed four categories of SNPs: 

deleterious prediction (defined as Blosum62 values less than zero) and effect (defined as 

water permeability below 60% of normal), benign prediction and effect, deleterious 

prediction but benign effect, and benign prediction but deleterious effect. We then 

investigated discrepancies in the latter two categories by examining their sequence and 

structural features. 
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Results 

We examined the locations of aquaporin SNPs and their potential effects on the 

interactions between monomers and between tetramers as well as on the pore of the 

channel. We found that on this data set substitution matrices and prediction servers 

performed at previously reported levels. Unexpectedly, we also found that nsSNPs were 

much more likely to occur near at least one interface than background. Also, disease 

SNPs often consisted of non-conservative chemical changes. 

 

Performance of matrices: good accuracy but low correlation with function. We 

assessed the predictive performance of five substitution matrices and two algorithms for 

the aquaporins (Table 7.1). Grantham, Blosum62, and SLIM performed best, with 67% 

accuracy, closely followed by PHAT (64%). PAM was 56% accurate. These results are 

comparable to previously reported data. We then calculated the correlation of substitution 

score with function as defined by reported water permeability. SLIM and PHAT, the 

membrane protein-specific matrices, performed best (r=0.42, p=0.08 and r=0.32, p=0.24) 

among the matrices. Grantham (r=-0.23), PAM (r=0.22), and BLOSUM (r=0.18) had low 

correlations. SIFT and Polyphen were both accurate (82% and 78%), and SIFT had the 

best correlation (r=0.47) though it was still low. False positive and false negative rates 

were similar to previous reports. 
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Table 7.1. Performance of five substitution matrices on the 45 human aquaporin SNPs 

from OMIM and dbSNP. Best False Positive and False Negative rates are from Ng & 

Henikoff.(20) 

 

 
 

 accuracy correlation FP FN Best FP Best FN 
SLIM 0.67 0.42 29% 38% - - 
Grantham 0.67 -0.23 4% 67% - - 
BLOSUM 0.67 0.18 33% 33% - - 
PHAT 0.64 0.32 33% 38% - - 
PAM 0.56 0.22 71% 14% - - 
SIFT 0.82 0.47 13% 24% 20% 31% 
Polyphen 0.78 NA 13% 33% 9% 31% 
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SNPs near interfaces: over-represented but not harmful. One would expect SNPs to 

be under-represented and predominantly deleterious near functionally important interface 

sites. Surprisingly, we found that nsSNPs were much more likely to occur within 5 Å of 

at least one interface (16 of 18 OMIM SNPs and 17 of 19 dbSNP SNPs) than background 

(289 of 686 residues, p<0.001) (Table 7.2). Three OMIM and five dbSNP SNPs could 

not be assessed due to lack of coverage of terminal domains in available structures and 

models. Disease and uncharacterized SNPs were near similar numbers of interface 

residues (2.7 v. 2.5, p=0.73). Of the 45 SNPs, 11 occurred exactly at an interface site. Of 

these 11 SNPs, only two were deleterious, versus 19 of 34 SNPs occurring at least one 

residue away (p=0.04). An actual interface residue was mutated by only 2 of 21 OMIM 

SNPs but by 9 of 24 dbSNP SNPs (p=0.01). Protein function as defined by water 

permeability was not strongly correlated with the number of interfaces within 5 Å of a 

disease SNP (r=0.26).  
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Table 7.2. Disease-associated (OMIM) and uncharacterized (dbSNP) SNPs in human 

aquaporins and the number of interface residues that occur within 5 Å of the SNP. "na" 

indicates a SNP in a terminal domain that could not be mapped to a structure. Genes in 

bold are those for which explicit interface data are available. 

 
 

 
 OMIM Interfaces  dbSNP Interfaces

Gene SNP w\in 5 Å Gene SNP w\in 5 Å 
AQP0 T138R 4 AQP1 A45T 3 
AQP0 E134G 4 AQP1 G165D 0 
AQP1 A45V 3 AQP1 V52L 2 
AQP1 P38L 2 AQP1 V107I 6 
AQP2 R187C 1 AQP2 L121F 1 
AQP2 G64R 0 AQP3 D132N 0 
AQP2 G175R 1 AQP3 V43M 2 
AQP2 C181W 0 AQP4 M278T na 
AQP2 S216P 4 AQP6 V234I 4 
AQP2 Q57P 3 AQP6 A3S na 
AQP2 T125M 4 AQP6 S24I 4 
AQP2 A147T 2 AQP7 K63T 5 
AQP2 T126M 4 AQP7 E40K 3 
AQP2 G100V 5 AQP7 L38V 4 
AQP2 N68S 1 AQP7 V34A 3 
AQP2 E258K na AQP8 A260P na 
AQP2 S256A na AQP9 A187V 1 
AQP2 L22V 2 AQP9 A279T na 
AQP7 R12C na AQP10 R15Q na 
AQP7 V59L 3 AQP10 H123Y 1 
AQP7 G264V 5 AQP11 G102S 1 

   AQP12 A158T 1 
   AQP12 R241H 5 
   AQP12 H244R 1 
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SNPs near the pore: expected frequency and harmful. We found that disease SNPs 

were twice as likely to occur near the pore (4 of 18, 22%) than uncharacterized SNPs (2 

of 19, 11%) or background (107 of 942, 11%) (Table 7.3). This would be expected, 

though the difference was not statistically significant (p=0.15). Of the four SNPs near 

pore motifs, the two (R187C and N68S) near the AQP2 pore had water permeability 

values of 0.03 and 0.00.(34) For the two SNPs near the AQP0 pore (T138R and E134G), 

water permeability values were not reported.(8) The degree of evolutionary conservation 

for pore residues versus all other residues, by average positional entropy, was 

significantly different (0.3 versus 2.2 bits, p<0.001). 
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Table 7.3. Disease-associated (OMIM) and uncharacterized (dbSNP) SNPs in human 

aquaporins and whether or not the pore resides within 5 Å of the SNP. "na" indicates a 

SNP in a terminal domain that could not be mapped to a structure. 

 
 OMIM Pore  dbSNP Pore 

Gene SNP w\in 5 Å Gene SNP w\in 5 Å 
AQP0 T138R Y AQP1 A45T N 
AQP0 E134G Y AQP1 G165D N 
AQP1 A45V N AQP1 V52L N 
AQP1 P38L N AQP1 V107I N 
AQP2 R187C Y AQP2 L121F N 
AQP2 G64R N AQP3 D132N N 
AQP2 G175R N AQP3 V43M N 
AQP2 C181W N AQP4 M278T na 
AQP2 S216P N AQP6 V234I N 
AQP2 Q57P N AQP6 A3S na 
AQP2 T125M N AQP6 S24I N 
AQP2 A147T N AQP7 K63T N 
AQP2 T126M N AQP7 E40K Y 
AQP2 G100V N AQP7 L38V N 
AQP2 N68S Y AQP7 V34A N 
AQP2 E258K na AQP8 A260P na 
AQP2 S256A na AQP9 A187V N 
AQP2 L22V N AQP9 A279T na 
AQP7 R12C na AQP10 R15Q na 
AQP7 V59L N AQP10 H123Y N 
AQP7 G264V N AQP11 G102S Y 

   AQP12 A158T N 
   AQP12 R241H N 
   AQP12 H244R N 
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Possible bias: none detected by conservation, interface inference, or selection. We 

tested factors that may be related to the observed frequencies of SNPs. These possible 

biases are related to evolutionarily conserved protein regions, differences between 

documented and inferred interfaces, and synonymous versus non-synonymous mutation 

rates. The degree of evolutionary conservation for interface versus non-interface sites as 

determined by average positional entropy was similar (2.2 in interface residues versus 2.1 

in non-interface residues, excluding the six pore residues, p=0.20) indicating that 

different mutation rates are not the result of different levels of conservation. Average 

positional entropy was significantly lower, indicating more conservation, for disease 

SNPs (p=0.02), as expected. The number of interfaces near SNPs for explicitly 

documented interfaces versus those inferred by sequence alignment was not significantly 

different among OMIM and dbSNP SNPs (OMIM: 3.3 v. 2.5, p=0.43; dbSNP: 2.8 v. 2.4, 

p=0.74) (Table 7.2), indicating that our inference of interfaces based on the multiple 

alignment does not introduce bias. Interestingly, 13 of 15 synonymous SNPs from nine 

aquaporins also occur near interfaces. This frequency is similar to that of non-

synonymous SNPs. 
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Residue changes: disease SNPs are often non-conservative. We applied the Dayhoff 

classification scheme to evaluate the nature of residue changes. We saw that 10 of 24 

changes (42%) among uncharacterized SNPs versus 16 of 21 changes (76%) among 

disease SNPs altered the type of residue (p=0.01). One SNP that did not constitute a class 

change nonetheless involved a proline, previously shown to be involved in interaction 

between tetramers in adjoining membranes and to stabilize junctions.(1) 

 Among disease SNPs, the distinction between SNPs that incorporated a residue 

type change versus those that did not was not related to the number of interfaces nearby, 

the proximity to the pore, average Blosum score, water permeability, or accuracy of 

Blosum prediction. Of the 11 SNPs at an interface site, six involved residue type changes, 

versus 11 of 34 SNPs occurring at least one residue away (p=0.28). 

 

Mis-characterized SNPs. To detect possible SNP effects on protein interaction that are 

not accounted for by simple sequence-based prediction methods, we examined SNPs 

whose predicted and actual effects differed. We assigned aquaporin mutations to four 

categories: we found 10 nsSNPs with deleterious prediction and effect, three with benign 

prediction and effect, one with deleterious prediction but benign effect, and four with 

benign prediction but deleterious effect (Table 7.4). No permeability data were reported 

for three SNPs. 
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Table 7.4. Four categories of SNPs. Deleterious prediction (defined as Blosum62 values 

less than zero) and effect (defined as water permeability below 60% of normal) (- / -), 

benign prediction and effect (+ / +), deleterious prediction but benign effect (- / +), and 

benign prediction but deleterious effect (+ / -). "na" indicates no water permeability data 

were reported. 

 
 
 OMIM Blosum62 Water  

Gene SNP Score Perm. Class 
AQP1 A45V -3 0.09 - / - 
AQP2 R187C -3 0.03 - / - 
AQP2 G64R -2 0.00 - / - 
AQP2 G175R -2 0.06 - / - 
AQP2 C181W -2 0.08 - / - 
AQP2 S216P -1 0.00 - / - 
AQP2 Q57P -1 0.04 - / - 
AQP2 T125M -1 0.09 - / - 
AQP2 A147T -1 0.14 - / - 
AQP2 T126M -1 0.25 - / - 
AQP7 R12C -3 1.18 - / + 
AQP2 G100V 0 0.03 + / - 
AQP2 N68S 1 0.00 + / - 
AQP2 E258K 1 0.13 + / - 
AQP7 G264V 1 0.00 + / - 
AQP2 S256A 1 0.82 + / + 
AQP2 L22V 3 0.69 + / + 
AQP7 V59L 0 0.93 + / + 
AQP0 T138R -2 na na 
AQP0 E134G -1 na na 
AQP1 P38L -2 na na 
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The SNP with deleterious prediction but benign effect was R12C in AQP7. It has 

a deleterious Grantham value of 180, a deleterious Blosum62 score of -3, and a 

deleterious SIFT score of 0.0, but its permeability was 118% of normal.(13) It could not 

be modeled because it resides in an extended N-terminal domain with no structural 

homolog. However, it is well known that variants in aquaporin terminal domains often 

affect membrane trafficking.(7,35,36) The four SNPs with benign predictions but 

deleterious effects were G264V in AQP7 and N68S, G100V and E258K in AQP2(13,37-

39). Of these four, the first two had barely deleterious Grantham values of 109, benign 

Blosum62 scores of 0, yet they obliterated permeability. The next two had benign 

Grantham values of 46 and 56, Blosum62 scores of 1, yet they also nearly obliterated 

permeability. The impact of N68S is immediately apparent: it resides in the highly-

conserved NPA motif of the pore (Figure 7.3). G264V and G100V--two glycine 

substitutions with putative destabilizing effects--superimposed on the structure appear 

close to the outer surface of the monomer and, in prior studies, were shown to map onto 

the extra-cellular side of the interface between neighboring AQP4 tetramers and onto a 

region near a protein-lipid-protein interface between AQP0 monomers. By alignment, 

G264V in AQP7 is one residue away from position 210 in AQP0, reported as an interface 

by Gonen et al., and position 239 in AQP4, reported as an interface by Hiroaki et al. 

G100V in AQP2 falls in the middle of positions 98-103 in AQP0 reported as an interface 

in the Gonen study. E258K resides in the C-terminal domain and does not appear in the 

structure. 
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Figure 7.3. The N68S mutation (red) resides in the pore (green) of AQP2 (blue). 
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Discussion 

In this study, we present an approach based on structural modeling to understand 

the possible effects of protein mutations on oligomeric interactions as well as on the 

channel pore in the human aquaporin family of membrane proteins. Existing methods for 

predicting SNP effects based on sequence and structure discriminated between disease 

and uncharacterized SNPs with accuracies similar to those reported previously, though 

correlation with experimentally-determined function was low. Sequence-based prediction 

presents a challenge because the aquaporins are so highly conserved, resulting in 

insufficient information for predicting the functional impact of a SNP from sequence 

variation. Furthermore, since some phenotypes related to aquaporin mutations are 

displayed only under stress (e.g., edema after brain injury for AQP4 and glycerol 

deficiency after exercise for AQP7), these genes may not be subject to selective pressure 

for those phenotypes. 

It might be expected that SNPs near functional sites such as interfaces would be 

deleterious. Furthermore, we would expect that SNPs would be under-represented near 

interfaces. Instead, we found that 16 of 18 disease-associated (OMIM) and 17 of 19 

uncharacterized (dbSNP) mutations (89%) occur within 5 Å of interfaces compared with 

289 of 686 residues overall (43%) (Table 7.2). Protein function as defined by water 

permeability was not strongly correlated with the number of interfaces within 5 Å of a 

disease SNP (r=0.26). Also, SNPs occurring exactly at interface sites were rarely disease-

associated (2 of 21 OMIM SNPs versus 9 of 24 dbSNP SNPs). 

We tested possible bias in the observed SNP frequencies in three ways: we 

examined differences in evolutionary conservation in the protein, we compared 
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experimentally confirmed versus computationally inferred interface sites, and we 

compared rates of synonymous and non-synonymous variants. We found no conservation 

differences between interface and non-interface sites and no differences in the effect of 

SNPs at experimentally-determined versus inferred interface sites. Synonymous and non-

synonymous mutation rates near interfaces were similar.  

Using a classification scheme to evaluate the nature of residue changes, we saw 

statistically significant differences in the frequency of residue class changes among 

disease and uncharacterized SNPs. We have shown that disease and uncharacterized 

SNPs occur near interfaces and the pore with nearly equal frequency. This suggests that, 

especially near interfaces, the type of change determines the mutation's effect. 

Of the five incorrect effect predictions we investigated in detail, two SNPs reside 

in terminal domains and could not be mapped to available structures (Table 7.4). The 

remaining three SNPs with benign predictions but deleterious effects were G264V in 

AQP7 and N68S and G100V in AQP2(13,37,38). N68S disrupts a highly-conserved NPA 

motif in the pore of the protein (Figure 7.3). G264V and G100V potentially disrupt 

interfaces. These proximities to interfaces are not unusual in our data set, but they do 

provide hypotheses for unexpectedly deleterious SNPs. Another SNP with benign 

predictions but deleterious effect is E258K in AQP2. Although not mapped to a structure, 

this SNP has previously been shown to disrupt tetramerization and subsequent 

localization to the cell membrane.(40) Inference of function by alignment could be useful 

for other SNPs such as the uncharacterized variant A45T in AQP1, which is in the same 

position as the disease-associated A45V mutation. 
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Our results indicate that human aquaporins can be robust to lesions near interfaces 

but also that some dbSNP mutations are probably not benign but simply uncharacterized. 

In globular proteins, the core provides stability while the exterior is involved in functions 

such as binding. In membrane proteins, the core, especially in channels, determines 

function such as transport while the exterior interacts with the cell membrane to provide 

stability. In this study, we confirm previous studies of globular proteins that deleterious 

mutations occur near the protein core while non-deleterious, or at least uncharacterized, 

variants occur on the protein surface. Thus, our conclusions regarding the locations of 

deleterious SNPs are consistent with previous reports, but potentially for different reasons 

as described by the reversed roles of the protein core and surface in stability and function. 

The two-fold enrichment of SNPs near interfaces could have several causes. It is 

possible that especially in small proteins such as aquaporins (~300 amino acids), disease 

SNPs are relatively over-represented on the exterior, and thus near interfaces, simply 

because they are under-represented in the core near the functionally critical pore. The 

finding could be inaccurate due to insufficient sample size and the concentration of SNPs 

in a few proteins. Also, other unidentified interfaces could exist, increasing the expected 

number of overall residues near interfaces. Our study of SNP interactions with interfaces 

was limited by the completeness and accuracy of the structural and interface information 

available. For example, three OMIM and five dbSNP SNPs could not be assessed due to 

lack of coverage in available structures and models. This could affect expected SNP 

frequencies near interfaces. We assumed that functional effects based on proximity to 

interfaces were independent of the specific interfaces involved. These results may also 

reflect the disease bias of the data set. 
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Conclusion 

In this study, we present a structural study of the potential mechanisms of nsSNPs 

in aquaporin proteins and found that they are highly likely to occur near interface 

residues. Deleterious SNPs near interfaces usually introduce a non-conservative chemical 

change. We also observed that mutations near the pore are often deleterious, consistent 

with previous studies of globular proteins. It has been recognized that cellular assays may 

sometimes fail to predict SNP effects because they often measure a protein's function in 

isolation, and even now, most in silico methods perform predictions in isolation. To 

better predict the effect of nsSNPs in the future, we will need to consider both the 

potential effects on the independent protein and on protein interaction as well as other 

functional characteristics. Ultimately, understanding in which cases the characteristics of 

SNPs can disrupt protein interactions should improve the ability to predict SNP effects in 

aquaporins and other protein families and clinical implications in diverse populations as 

we discuss in Chapter Eight. 
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CHAPTER 8 

RACE\ETHNICITY AND OUTCOME AFTER HEAD INJURY AT A SINGLE, 

DIVERSE CENTER 

 

Introduction 

Traumatic brain injury (TBI) is a significant public health problem. Each year in 

the United States, approximately 1.4 million people--often young children, adolescent 

males, and elderly people--experience a traumatic brain injury as a result of falls, 

assaults, motor vehicle accidents, and other mechanisms. These injuries result in about 

50,000 deaths, and TBI survivors often face significant life-long cognitive and physical 

disability.(1) Many factors are thought to be prognostic indicators for mortality and 

disability after TBI, though several are still controversial or not fully understood. These 

factors include age,(2,3) gender,(4,5) Glasgow Coma Scale (GCS) score,(6,7) and the 

results of computed tomography (CT) scans.(8) Studies have also reported outcome 

improvement due to standardized neurointensive care(9,10) and care in large trauma 

centers,(11) as we described in Chapters Two through Four. Finally, there are also many 

confounding factors such as the nature of surgical interventions,(12) transport,(13) field 

intubation,(14,15) and numerous types of patient and injury heterogeneity that can be 

difficult to measure. 

The effect of patient race and ethnicity on outcome has been reported in many 

complex diseases such as cancer,(16) diabetes,(17) and asthma.(18) Previous studies of 

TBI have investigated the impact of patient race and ethnicity on usage of do-not-

resuscitate orders,(19) receiving emergency department care(20) and head CT during 
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injury evaluation,(21) and on community,(22) productivity,(23,24) caregiver,(25) and 

functional(26,27) outcomes. However, the effect of race and ethnicity on important 

medical outcomes such as mortality and degree of disability after TBI has been studied 

only tangentially or in racially homogeneous settings,(28,27) despite initiatives such as 

N.I.H.'s Healthy People 2010(29) to correct disparities. There have also been many 

isolated outcome studies in Europe,(30) Asia,(31) and Africa,(32) but the variations 

among patients and clinical protocols make comparisons difficult. 

Recently, three registry studies found associations between race and medical 

outcomes. The authors of the IMPACT study reported worse outcomes as measured by 

dichotomized Glasgow Outcome Scale (GOS)(33) scores among Blacks (odds ratio, 1.31, 

p=0.03), who made up 8% of their cohort of 5,320 patients.(34) Another study of 56,482 

patients found higher mortality for Blacks (OR 1.19, p=0.026).(35) Another recent study 

of 7,778 pediatric patients reported that Blacks more frequently experienced functional 

deficits (OR 1.29-1.40).(36) The U.S. minority population is growing and in some cases 

experiences higher incidence of TBI, so information on the effect of race on outcomes 

could potentially aid in clinical prognosis and treatment, investigations of socioeconomic 

factors, and even research studies of population genetics. The strengths of these registry 

studies include large cohorts, but potential limitations include inter-center confounders 

and inconsistent follow-up. 

The purpose of this study was to test in an ethnically diverse population at a 

single center whether mortality and disability at discharge and at follow-up were 

associated with race, independent of other known factors. We discuss our findings in the 
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context of the combined effects of demographic, clinical and potential genetic influences-

-such as those discussed in Chapters Five through Seven--on outcome. 

 

Materials and Methods 

San Francisco County is home to a racially and ethnically diverse population, and 

San Francisco General Hospital (SFGH) is the only Level I trauma center to serve this 

area. As such, we conducted a study to assess morbidity and mortality by race and 

ethnicity. According to 2000 Census data, the county is 44% Non-Hispanic White 

(hereafter "White"), 32% Non-Hispanic Asian and Native Hawaiian or Other Pacific 

Islander ("Asian"), 12% Hispanic or Latino of any race ("Hispanic"), and 8% Non-

Hispanic Black ("Black").(37) From 2003 to 2004, the overall racial and ethnic 

distribution of patients at SFGH was 25% White, 20% Asian, 29% Hispanic, 21% Black, 

and 5% other (including American Indian and Alaska Native) or unknown.(38) The 

SFGH trauma registry obtains race and ethnicity data from hospital admitting where they 

are determined either by patient self-identification, through a family member, or by 

hospital staff. Race and ethnicity are assigned according to U.S. Census guidelines.(39) 

This study was approved by UCSF’s Committee on Human Research. 

 

Data collection 

We retrospectively identified all TBI patients with Abbreviated Injury Scale 

(AIS)(40) score greater than 2 (2 = moderate, 3 = serious) for the region of the head who 

were admitted to our intensive care unit from 2001 through 2004. Patients were identified 

from the SFGH trauma registry which collects data from patient charts. The trauma 
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registry provided data collected as standard care such as the date of injury, age, gender, 

intubation status at admission (yes\no), weight, intracranial pressure (ICP) monitoring 

status (yes\no), toxicity screening (yes\no for alcohol plus six types of drugs of abuse), 

description of the injury (E-code),(41) Injury Severity Score (ISS),(42) and International 

Classification of Diseases (ICD-9) diagnosis.(43) We dichotomized arrival GCS (<9 

versus >9) and AIS (3 or 4 versus 5 or 6) values. We grouped ICD-9 codes into four 

major patho-anatomical categories as follows: (1) Subdural Hemorrhage, (2) 

Subarachnoid Hemorrhage, Concussions and Fractures, and Intracranial Injury and 

Laceration, (3) Extradural and Other/Unspecified Hemorrhage, and (4) Contusions. We 

also determined oxygen saturation values in a subset of patients to identify potential 

hypoxia. 

 We defined four primary measures of outcome by dichotomizing discharge GOS 

scores: dead (GOS=1) versus alive (GOS>1) and unfavorable (GOS<3) versus favorable 

(GOS>3) at discharge, unfavorable versus favorable at follow-up, and outcome 

progression from discharge to follow-up. We assigned GOS scores for adults over age 17 

by reviewing patients’ discharge summaries. We determined survival and, when 

applicable, date of death through SFGH’s Invision system (Siemens Medical Solutions 

USA, Malvern, PA) and the Social Security Death Index website 

(http://ssdi.rootsweb.com). We performed long-term follow-up to determine GOS on 

adult patients who left the hospital alive by phone interview at least six months after 

discharge. We then examined follow-up GOS and change between discharge and follow-

up GOS. We used an online directory (http://people.yahoo.com) and a reverse directory 



 201

(http://www.whitepages.com/10001/reverse_address) to locate patients with disconnected 

phone numbers or no contact information. 

 

Data analysis 

 The goal of our statistical analysis was to quantify the association of race, if any, 

with outcomes, controlling for other related factors. We performed the following 

analyses. We first calculated summary statistics. To identify confounders, we examined 

associations between race and outcome, other predictors and outcome, and race and other 

predictors. We performed unpaired, two-tailed Student's t-tests or ANOVA on continuous 

variables, and we used Fisher's exact or Chi squared tests on categorical variables. We 

also performed binomial logistic regression on outcomes. We defined a set of predictors 

based on the independent confounders we identified to determine odds ratios of worse 

outcomes for other races versus Whites. Finally, we performed exploratory analysis to 

uncover other relationships. 

We performed calculations using SPSS v13 (SPSS, Inc., Chicago, Illinois) and 

Stata SE v9.1 (Stata Corp., College Station, Texas). We report mean + s.d. for the whole 

cohort unless noted. We used the standard p-value of 0.05 to identify statistical 

significance. 

 

Results 

Demographic and clinical characteristics 

We identified 478 TBI patients from five racial or ethnic categories, as 

determined by hospital admitting, seen at SFGH between 2001 and 2004 (Table 8.1). Of 
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these, we excluded 35 patients under age 18, 37 patients with penetrating injuries, and 49 

patients transferred to other institutions at the request of their insurance companies. We 

included the remaining 357 patients in our analyses. The cohort included 165 Whites 

(46.2%), 71 Asians (19.9%), 64 Hispanics (17.9%), 39 Blacks (10.9%), and 18 people 

(5.0%) of other or unknown race (Table 8.2). Relative to the overall SFGH population, 

Whites are over-represented while Blacks and Asians are under-represented (p=0.02), but 

the TBI population is not significantly different from the overall population of San 

Francisco County (p=0.33). 
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Table 8.1. Demographic characteristics of the TBI patient sets by race\ethnicity. 

 

Population Race\ethnicity 
Individuals 

(#) 
Males 

(%) 
Average 

age 
Average 

ISS 
Pre-
exclusion White 212 72.6 45.7 + 20.0 29.0 + 11.7 
criteria Black 57 84.2 36.8 + 19.7 28.4 + 14.0 
 Hispanic 81 77.8 40.2 + 20.0 28.1 + 10.7 
 Asian 97 56.7 52.2 + 26.0 30.3 + 13.6 
 Other 31 61.3 42.9 + 24.8 31.2 + 15.3 
  478    
      
Post-
exclusion White 165 71.5 47.1 + 18.2 28.7 + 11.3 
criteria Black 39 79.5 45.0 + 15.4 24.4 + 10.5 
 Hispanic 64 76.6 45.7 + 17.0 28.1 + 10.7 
 Asian 71 52.1 58.8 + 23.0 31.2 + 14.1 
 Other 18 55.6 47.1 + 25.3 32.7 + 14.4 
  357    
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Table 8.2. Comparison of racial and ethnic composition, in percentages, of TBI patients 

in this study seen at SFGH, all patients seen at SFGH, and the populace of San Francisco 

County (top); and other recent TBI outcomes studies (bottom), sorted by the percentage 

of Whites. 

 

 
Cohort n White Black Hispanic Asian Other
Study 357 46 11 18 20 5 
SFGH  25 21 29 20 5 
SF County  44 8 12 32 4 
       
Arango-Lasprilla 3056 90  10   
Moles 1947 89 4  7  
Mushkudiani 5320 83 8  2 6 
Bazarian 878 80 16  2 2 
Selassie 16,625 70 30    
Bowman 54,439 69 13 13 2 3 
Wall 1612 66 8 17 9  
Haider 7778 61 16 13   
Hart 94 59 31    
Livingston  241 49 18 22 10  
Whitman 782 13 87    
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Other demographic traits were consistent with previous studies. Our cohort 

consisted primarily of males (69.0%). Of the patients, 280 (78.4%) were adults between 

the ages of 18 and 65, and 77 (21.6%) were seniors (age > 65). The number of patients 

seen in each of the four years of our sample was consistent: 97 (27.2%), 76 (21.3%), 87 

(24.4%) and 97 (27.2%). Overall, the average patient age was 48.9 + 20.0 years (Table 

8.3). Average ISS for all patients was 28.8 + 12.0, and average arrival GCS was 7.6 + 

3.7. Nine percent of patients were already intubated on arrival. Injuries resulted from a 

wide range of causes but typically could be grouped by E-code into three broad 

categories: falls or jumps (42.9%), motor vehicle accidents (38.4%), and assaults 

(17.1%). The profile of our patient sample is generally consistent with previous studies of 

race and TBI but is more ethnically diverse and somewhat older. We captured initial 

oxygen saturation data on a sample of 27 patients, but none of these patients were 

hypoxic (pO2 < 92%). 
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Table 8.3. Demographic and clinical characteristics for overall cohort, with most 

common values for each predictor in bold. 

 
Predictor Value Count Percentage 
Race White 165 46.2 
 Black 39 10.9 
 Hispanic 64 17.9 
 Asian 71 19.9 
 Other\Unknown 18 5.0 
Gender Males 245 69.0 
 Females 110 31.0 
Glasgow <9 185 51.8 
Coma Scale >=9 172 48.2 
ICD-9 Contusion 53 14.8 
 Subarachnoid Hemorrhage, etc. 91 25.5 

 
Extradural and Other 
Hemorrhage 72 20.2 

 Subdural Hemorrhage 141 39.5 
Toxicology Negative 22 19.6 
 Positive 90 80.4 
Intubated No 326 91.3 
 Yes 31 8.7 
Mechanism Assault 61 17.1 
 Fall 153 42.9 
 Motor vehicle 137 38.4 
Abbreviated 3 45 12.6 
Injury 4 100 28.0 
Severity 5 212 59.4 
ICP 
monitored Yes 137 38.4 
 No 220 61.6 
Glasgow 1 134 37.5 
Outcome 2 14 3.9 
Scale 3 143 40.1 
 4 54 15.1 
 5 12 3.4 
Follow-up 2 1 1.5 
GOS 3 21 31.3 
 4 28 41.8 
 5 17 25.4 
Progression -2 1 1.5 
 -1 3 4.5 
 0 22 32.8 
 1 24 35.8 
 2 16 23.9 
 3 1 1.5 
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Predictors and outcome 

To systematically gauge the effect of possible confounders, we first examined the 

association of all predictors with four primary outcome measures based on dichotomized 

GOS. Five predictors (age, ISS, AIS, GCS, and intubation) showed statistically 

significant associations with both discharge outcomes (Table 8.4). ICD-9 diagnosis and 

monitoring status each showed statistically significant association with one of the two 

outcomes. Associations between race and toxicology, weight, gender, and E-code did not 

achieve statistical significance. No predictors were associated with follow-up GOS. AIS 

and ICP monitoring status were associated with outcome progression. 
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Race and predictors 

We next examined the association of all predictors with race. There were 

significant associations between race and age (p<0.001), gender (p=0.01), weight 

(p=0.02), E-code (p=0.03), and ISS (p=0.04). Specifically, Asians were older than 

average (58.8 years versus 48.9 years overall) while Blacks were younger (45.0 years). 

Asians had the lowest proportion of males (52.1% versus 69.0% overall) while Blacks 

had the highest (79.5%). Asians also had a slight but statistically higher average ISS 

score (31.2 versus 28.8 overall) while Blacks had the lowest (24.4). Asians weighed the 

least (68 kg versus 76 kg overall) on average, although when split by gender, the 

difference was significant among males (p=0.04) but not females (p=0.30). Associations 

between race and AIS, GCS, ICP monitoring status, toxicology screening results, ICD-9 

diagnosis, and intubation status did not achieve statistical significance. 

 

Race and outcome 

Finally, we examined the association of race with the four primary outcome 

measures. By Chi-squared tests, race was significantly associated with dead versus alive 

outcome (p=0.02) but not with unfavorable versus favorable outcome (p=0.27). By 

univariate logistic regression (Table 8.5), against dead versus alive outcome, Asians had 

an odds ratio of 2.25 (p=0.005, 95% CI 1.28-3.96). Against unfavorable versus favorable 

outcome, Asians had an odds ratio of (2.20, p=0.08, 95% CI 0.92-5.25). Specifically, a 

significantly greater portion of Asians die (54.9% versus 41.2% overall, p=0.01) after 

TBI. In fact, Asians were the only group studied in which more patients died than lived. 
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Table 8.4. Statistical associations of predictors with race and outcomes, given as p-values 

and sorted by association with race. Predictors associated with both race and any given 

outcome were selected, along with race, as co-factors in the logistic regression model for 

that outcome. Values in bold are statistically significant. 

 
 
  Alive v. Dead Favorable v. Unfavorable Progression 
Predictor Race Discharge Discharge Follow-up Follow-up 
Age <.001 <.001 <.001 0.08 0.06 
Gender 0.01 0.16 0.56 0.40 0.60 
Weight 0.02 0.45 0.74 0.82 0.91 
Mechanism 0.03 0.19 0.06 0.47 0.09 
ISS 0.04 <.001 <.001 0.68 0.35 
AIS 0.17 <.001 <.001 0.23 0.02 
Arrival GCS 0.30 <.001 <.001 1.00 0.13 
ICP monitored 0.36 0.22 <.001 0.61 0.05 
Months to FU 0.37 na 0.21 0.50 0.18 
Site 0.40 0.44 0.88 0.42 0.76 
Toxicology 0.44 0.40 0.43 0.19 0.56 
ICD-9 0.80 0.01 0.63 0.72 0.89 
Intubated 0.92 <.001 0.03 1.00 1.00 
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Table 8.5. Univariate statistical associations of races with outcomes, given as p-values. 

P-values of Chi-squared tests are given under each outcome category. Results of logistic 

regression are shown in columns. P-value in bold is statistically significant. CI = 

confidence interval. 

 
 
 Race Odds ratio 95% CI p-value 
Alive v. Dead Black 0.82 0.39-1.74 0.61 
Discharge Hispanic 0.78 0.42-1.45 0.43 
0.02 Asian 2.25 1.28-3.96 0.01 
 Other\Unkn. 0.92 0.33-2.59 0.88 
Favorable v. Unfavorable Black 0.80 0.35-1.86 0.61 
Discharge Hispanic 0.79 0.39-1.58 0.50 
0.27 Asian 2.20 0.92-5.25 0.08 
 Other\Unkn. 1.20 0.33-4.41 0.78 
Favorable v. Unfavorable Black 1.57 0.31-7.99 0.59 
Follow-up Hispanic 2.10 0.61-7.20 0.24 
.20* Asian 4.19 0.75-23.44 0.10 
 Other\Unkn. na** na na 
Progression Black 2.51 0.53-12.04 0.25 
Follow-up Hispanic 3.14 0.93-10.66 0.07 
.04* Asian 4.19 0.75-23.44 0.10 
 Other\Unkn. na na na 

 
*W v NW 
**na indicates data could not be calculated 
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Multivariate models of outcomes 

Finally, we ran multivariate logistic regression models for the four primary 

dichotomized GOS outcomes (Table 8.6). We identified age and ISS as clear 

confounders, associated with race and both outcomes. Against the dead versus alive 

outcome, a model with race, age and ISS indicated trends towards worse outcomes 

among Asians (OR 1.38, p= 0.35) and Blacks (OR 1.30, p= 0.55). However, there was a 

trend towards better outcomes among Hispanics. Against the unfavorable versus 

favorable outcome, a model with race, age and ISS again indicated trends towards worse 

outcomes among Asians (OR 1.61 p=0.32) and Blacks (OR 1.38, p= 0.51) but better 

outcomes among Hispanics. 
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Table 8.6. Multivariate logistic regression models. Predictors associated with both race 

and any given outcome were selected, along with race, as co-factors in the logistic 

regression model for that outcome. Odds ratios are relative to Whites. Values in bold are 

statistically significant. CI = confidence interval. 

 

 
 
Outcome Predictor Odds ratio 95% CI p-value
Dead v. Alive Black 1.30 0.55-3.09 0.55 
 Hispanic 0.82 0.40-1.68 0.59 
 Asian 1.38 0.70-2.72 0.35 
 Other 0.56 0.17-1.87 0.35 
 Age 1.05 1.03-1.06 <0.001 
 ISS 1.09 1.06-1.12 <0.001 
     
Unfav. v. Fav. Black 1.37 0.53-3.52 0.51 
 Hispanic 0.82 0.38-1.77 0.62 
 Asian 1.61 0.63-4.13 0.32 
 Other 0.84 0.20-3.55 0.81 
 Age 1.03 1.01-1.05 <0.001 
 ISS 1.13 1.08-1.18 <0.001 
     
Follow-up Black 1.76 0.34-9.20 0.50 
 Hispanic 2.02 0.58-7.07 0.27 
 Asian 3.39 0.55-20.92 0.19 
 Age 1.02 0.99-1.06 0.13 
     
Progression Black 3.07 0.46-20.33 0.24 
 Hispanic 11.78 2.01-68.88 0.01 
 Asian 4.93 0.68-35.45 0.11 
 AIS=4* 0.61 0.10-3.72 0.59 
 AIS=5* 0.11 0.02-0.78 0.03 
 ICP monitored 0.31 0.08-1.28 0.11 

*versus AIS=3 
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We performed long-term follow-up on the patients who left the hospital alive and 

succeeded in evaluating GOS for 67. The racial and ethnic distribution of follow-up 

patients was not statistically different (p=0.13) from the overall TBI patient cohort. In 

terms of follow-up, there is no consensus about what durations after injury represent 

optimal times for follow-up.(44) For some patients, especially those seen several years 

ago, for whom current whereabouts may not be known, or who may face cognitive and 

language barriers to follow-up, long-term outcomes could not be determined. We found 

no association between race and follow-up GOS when comparing Whites with all non-

Whites. However, we noticed that there was an association between race and progression 

measured by the change between discharge and follow-up GOS (p=0.04). Specifically, 

Hispanics experienced worse outcome progression (OR 11, p=0.01), and 22 out of 29 

Whites showed at least a one point improvement in GOS, but among non-Whites the 

number of patients who improved was equal to the number who stayed the same or got 

worse. Interestingly, progression of GOS was positively correlated with months to 

follow-up (r=0.25, p=0.04), but months to follow-up did not differ significantly (p=0.18) 

between unfavorable and favorable progression. 

 

Secondary analysis 

The association between race and mechanism of injury, as determined by E-code, 

achieved marginal significance, so we did not include it in our original models. However, 

mechanism has been shown to be important, and the IMPACT study among others have 

reported higher rates of assault and intentional injury among Blacks, so we expected that 

assaults might differ from falls and motor vehicle accidents. In fact, when we removed 
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the 88 cases of assault and re-tested the models using race and age, we found that dead 

versus alive outcome was significantly worse among Asians (p=0.04) (OR 2.00, 95% CI 

1.03-3.87). 

 

Discussion 

In this study, we confirmed findings of previous reports that age and injury 

severity (as measured by ISS, AIS and GCS) are associated with outcome. We also 

replicated previously reported odds ratios of outcomes by race in a smaller cohort, and 

we conducted follow-up to examine possible associations. 

Interestingly, we found that none of the predictors in our data set were associated 

with outcome at follow-up, suggesting that many confounders may be introduced after 

discharge and that these factors are not regularly tracked, at least at our institution. 

However, we found that ICP monitoring was associated with outcome progression. 

Reassuringly, ICP monitoring and intubation status, two key indicators of care, were not 

associated with race, suggesting that care at our institution is color-blind. We found that 

race was marginally associated with mortality at discharge (particularly for Asians) and 

progression from discharge to follow-up (particularly for Hispanics). 

Previous studies of race and Traumatic Brain Injury have typically examined care 

delivery or community outcomes in a racially homogenous setting. This was the first 

study, to our knowledge, to test whether survival and disability outcomes at discharge 

and follow-up after TBI are associated with race at a single, racially diverse center. We 

defined four primary outcomes based on dichotomized GOS: dead versus alive and 

unfavorable versus favorable at discharge, unfavorable versus favorable at follow-up, and 
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outcome progression from discharge to follow-up. While the overall results paint a 

complicated picture, certain findings stand out. There were significant racial differences, 

especially between Asians and Blacks, in age, gender, weight, and injury severity in our 

cohort, and a significantly greater portion of Asians died. We also noticed a significant 

association between race and outcome progression as measured by the change between 

discharge and follow-up GOS, though GOS was marginally related with months to 

follow-up. Such knowledge could be useful when providing prognostic information to 

families or selecting treatment options. 

We found that demographic factors (age, gender and weight) were significantly 

associated with race, but most clinical factors such as measures of injury severity, 

diagnosis or care were not. Interestingly, injury mechanism as determined by E-code was 

marginally associated, indicating that community-specific prevention initiatives targeting 

handgun violence or driving habits may be helpful. As in previous studies, we found that 

age was a significant predictor of outcome but gender was not. Several direct (ISS, AIS, 

GCS) and indirect (monitoring and intubation status) measures of injury severity proved 

to be significant predictors of outcome. Livingston et al. and others have discussed the 

challenges of assessing intoxicated patients who lose GCS points, and other studies have 

highlighted challenges with assigning GCS.(45) Weight, a significant co-morbidity for 

other diseases, did not affect TBI outcome, confirming a previous report.(46) Toxicology 

was also not associated; previous reports show mixed results.(47) Not surprisingly, ICD-

9 code was associated, underscoring the need to study TBI as a heterogeneous disorder. 

The particular racial and ethnic diversity at SFGH offers a rare opportunity to 

study the effect of these predictive factors on outcomes. Unlike recent registry studies, 



 216

we studied a racially diverse cohort treated at a single center with consistent, guideline-

based protocols. The odds ratios we found for worse outcomes in Blacks and Asians were 

consistent with prior studies, but we observed better outcomes in Hispanics. The recent 

IMPACT study reported worse outcomes as measured by dichotomized GOS scores 

among Blacks (OR 1.31), who made up 8.3% of their cohort. Asians only made up 2.2% 

of their study, and a category for Hispanics was not present. They found worse outcome 

in Blacks and Asians (OR 1.41, p=0.005) and a trend toward significance for Hispanics 

(OR 1.41, p=0.077). Significantly, we were able to confirm and extend those findings in a 

cohort less than 10% as large as the IMPACT and pediatric studies and less than 1% as 

large as the study by Bowman et al., perhaps because the consistency of patient 

management reduced other confounding factors. Our results are generalizable because the 

mechanisms of injury we saw and the transport and care patients receive are reflective of 

a large, urban trauma center. It is well known that there are many types of heterogeneity 

in medical care that can combine to affect outcome after trauma. However, patients in 

this study were seen within a period of four years, indicating minimal effect of changes in 

staff or protocol. 

The question of whether and how race and ethnicity may play a role in disease is 

controversial. Collins argues that race and ethnicity are "poorly defined terms that serve 

as flawed surrogates".(48) For example, a recent census estimated that Asians in San 

Francisco County are comprised of 63% Chinese, 20% Filipino, 6% Japanese, and 11% 

other.(49) We do not have such details on our study. However, Risch et al. argue that the 

existence of functional genetic variants common in some ethnicities and absent in others 

highlights the importance of considering race and ethnicity in human genetics, as 
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different populations may carry a different set of deleterious polymorphisms.(50) These 

authors essentially discuss the challenges and opportunities inherent in post-genomic 

medicine. TBI, which is caused by injury but has disease-like progression, is known to 

involve multiple molecular processes such as apoptosis, inflammation, and 

excitotoxicity.(51) Some patients seem to respond well to medications and treatments, 

while others do not--a hallmark of pharmacogenetic influence. In fact, progression of TBI 

has been shown to have a genetic basis.(52) The role of APOE has been most often 

studied. We would expect race-linked genetic effects, as indicated by differences in allele 

frequencies,(53,Chapter 6) involved in the pathophysiologies described above to affect 

outcome. As a basis to assess genetic effects, epidemiological studies of the role of race 

in outcome could be useful to identify candidate genes for drug development, select 

alleles for pharmacogenetic considerations, and assess the relative effects of demographic 

and other factors versus unexplained, potentially genetic, factors. On the other hand, non-

genetic factors such as environmental exposures and socioeconomic influences must be 

considered as well. 

There are several future directions for the investigation of the role of race in TBI. 

Since race was often inferred in our study, and since race is really a surrogate for 

population localization and is increasingly being blurred by admixture, data on family 

genealogy or genotypic data would be more accurate. Other clinical data would also be 

necessary. For example, injury severity may depend on hypoxic events,(54) which we 

only measured in a subset of patients. We also did not include CT results in our analysis. 

Analysis of outcome progression was limited to Whites versus non-Whites due to sample 

size. Finally, some aspects of disability may not be reflected in GOS,(55) so other 
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outcomes should be examined. Nonetheless, we found that significant unexplained inter-

racial differences in outcome progression remain, even after controlling for a broad set of 

contributing factors. 

This study represents an early effort to describe the role of race in outcome after 

TBI in the context of demographic, clinical and potential genetic effects. Additional, 

large prospective studies are needed to compare detailed genotypic data with quantitative 

measures of physiological progression in ethnically diverse populations after TBI to 

identify candidate genes. Mechanistic experiments will then be necessary to validate 

those findings. 
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CHAPTER 9 

CONCLUSION 

 

 As a response to someone who may complain of various financial, occupational 

or personal woes, it is often said, “At least you have your health!” Patients who suffer 

from serious disease or severe trauma may be faced with death or lifelong disability. In 

the treatment of traumatic brain injury, patients can benefit from optimized use of 

existing osmotic diuretics, and the diagnosis and treatment of patients can, in general, be 

improved through the integration of real-time physiological data in routine care. 

Genotypic information is also increasingly being integrated into clinical care. 

Computational, experimental and clinical investigation of physiological and genetic 

variation will be necessary to improve understanding of disease progression, drug 

response, and therapeutic opportunities. 

 The primary aims of this research were to characterize phenotypes and genotypes 

relevant to Traumatic Brain Injury. The use of multivariate physiological data to define 

TBI phenotypes is in its infancy, but we demonstrated a successful proof of concept in 

this area. The study of dose-response relationships for specific therapeutics--in this case, 

mannitol--is significantly more mature, but using new data collection and analysis 

methods, we brought increased resolution to the question of the relationship between 

mannitol dose and ICP decrease. This field has now reached a point where one or more 

large, well-designed trials could conclusively answer this question. The identification and 

characterization of novel genetic variants in AQP4 is a significant and definitive result of 

this research. An important next step will be the clinical investigation of relationships 
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between these variants and outcomes. We extended these findings to explore the effects 

of genetic variants in other human aquaporins, but these efforts will require validation as 

well as greater fundamental understanding of the underlying biology and physiology. 

Finally, we explored associations between race and TBI outcome as a first step to 

estimate the potential size of genetic effects as well as to suggest candidate genes with 

different allelic frequencies. Possible next steps include genome-wide association studies 

in ethnically diverse populations to identify candidate loci.  

 The ability to record physiological data exceeds our ability to fully integrate it 

into patient care. However, the research described in this dissertation has opened the field 

of neurocritical care to a host of new analytical approaches. Advances in monitoring must 

be accompanied by advances in methods of high-frequency, multi-variate data analysis 

that integrate the multiple processes occurring in critically ill patients. Recording of many 

physiological variables across multiple patients is feasible and can lead to new clinical 

insights. Computational and analytical methods (Markov models, probability models, 

information theory, sliding window regression, etc.) and tools (motif finding like MEME, 

pattern similarity like BLAST, pattern alignment like CLUSTALW, etc.) previously used 

primarily for basic science may have clinical relevance and can potentially be adapted to 

provide physicians with improved ability to integrate complex information for decision-

making in neurocritical care. Cultural barriers to accepting these new technologies must 

also be overcome. 

Our characterization of the dose-response relationship between mannitol and ICP 

was the first to use data from continuous physiological monitoring. While there is still no 

consensus regarding the optimal dosage of mannitol for treatment of cerebral edema, 
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well-designed, prospective studies will now be able to address this question using 

methodologies such as ours. Our meta-analysis also pointed out important criteria for 

future study designs and analyses. Meta-regression can be a useful tool, and lack of 

statistical significance from prior studies could reflect the variation in protocols among 

studies and the variation in patients both within and among studies. Contemporary studies 

must enroll sufficient numbers of patients, manage the heterogeneity inherent in the 

disorder, and report all relevant parameters of interest. 

 Genetic variants in human aquaporins have been associated with a variety of 

diseases. Our research was the first to identify and characterize variation in AQP4 and to 

assess that variation in the context of current understanding of the aquaporin family, their 

functional features, and their oligomeric interactions. In particular, we identified four 

reduced function nsSNPs in AQP4 that we intend to study relative to drug and 

physiological response in clinical populations. Further site-directed mutagenesis 

experiments are necessary to study natural variants found in large, ethnically-diverse 

cohorts. Computational methods can then help to predict the effects of the nsSNPs. Better 

understanding of the mechanisms of aquaporin variants could lead to clinical insights and 

may have therapeutic applications. Factors that predict whether variants will have 

phenotypic effects include evolutionary conservation and their structural nature, but most 

methods analyze mutations in the context of the individual protein. More complete and 

accurate data sets of structures and functional mutations are needed to develop better 

predictive models for the effect of nsSNPs in the future. Most aquaporins--especially 

aquaglyceroporins--have not been well-characterized in terms of the effect of genetic 

variation on protein structure, cellular function, and clinical phenotype. It will be 
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necessary to investigate possible variant-based phenotypes in further research. Other 

open questions relate to the discovery of novel aquaporin genes and their functional 

domains. 

This research also began an inquiry into the potential role of race and ethnicity on 

outcome after TBI. While many factors are thought to be prognostic indicators for 

mortality and disability after TBI, the condition itself is heterogeneous, so further large 

studies will be needed to evaluate various predictors and outcomes in each condition. In 

particular, the effect of race and ethnicity has been studied only tangentially or in racially 

homogeneous settings. The question of whether and how race and ethnicity may play a 

role in disease is controversial. Epidemiological studies of race and outcome could 

eventually be useful to identify candidate genes for drug development and to select 

alleles for pharmacogenetic considerations. 

 At San Francisco General Hospital, we are continuing to collect physiological and 

genetic data from patients to better understand the nature of brain injury and its 

progression, and we plan to analyze whether associations exist between various 

predictors and outcomes. When this foundation is created, prospective studies of 

association and of tailored diagnostic and treatment strategies will be needed. The 

questions before us are daunting, but the infrastructure, methodologies and data are 

beginning to make these challenges approachable. 
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