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Abstract

Rabies is a rapidly progressive lyssavirus encephalitis that is statistically 100% fatal. There are no 

clinically effective antiviral drugs for rabies. An immunologically naïve teenager survived rabies 

in 2004 through improvised supportive care; since then, 5 additional survivors have been 

associated with use of the so-called Milwaukee Protocol (MP). The MP applies critical care 

focused on the altered metabolic and physiologic states associated with rabies. The aim of this 

study was to examine the metabolic profile of cerebrospinal fluid (CSF) from rabies patients 

during clinical progression of rabies encephalitis in survivors and nonsurvivors and to compare 

these samples with control CSF samples. Unsupervised clustering algorithms distinguished three 
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stages of rabies disease and identified several metabolites that differentiated rabies survivors from 

those who subsequently died, in particular, metabolites related to energy metabolism and cell 

volume control. Moreover, for those patients who survived, the trajectory of their metabolic profile 

tracked toward the control profile and away from the rabies profile. NMR metabolomics of human 

rabies CSF provide new insights into the mechanisms of rabies pathogenesis, which may guide 

future therapy of this disease.
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INTRODUCTION

Rabies is a rapidly progressive encephalomyelitis caused by RNA viruses in the family 

Rhabdoviridae, genus Lyssavirus, with a very high fatality rate.1 While preventable by 

vaccine, more than 55000 cases occur annually worldwide, mostly in children and resource-

limited settings.2 Rabies virus infection is notable for being minimally cytolytic and poorly 

inflammatory.3 For this reason, experts have long postulated that rabies is a disorder of 

neurotransmission; however, a clear candidate neurotransmitter or signaling pathway has not 

been identified. Since the advent of critical care in the 1970s, five rare survivors were 

reported among persons developing rabies; all had received rabies vaccine prior to 

development of rabies symptoms.4–8 The first vaccine-naïve survivor was treated in 2004 

using an approach later named the Milwaukee Protocol (MP).9 The protocol was improvised 

around ketamine, a neuroprotective anesthetic with putative activity against the rabies virus 

in vivo.10,11 Treatment requires sedating the patient for prevention of dysautonomia until the 

patient generates a natural immune response to the rabies virus. The MP has been applied 43 

times, with five additional young survivors and a significant increase in survival times.12
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Extended survival times have permitted systematic observations in the clinic and laboratory 

of patients treated with the MP.9,13–17 It has been shown that rabies infection results in 

disordered metabolism, including a reproducible and reversible deficiency of 

tetrahydrobiopterin (BH4) and monoamine neurotransmitters, and an increase in lactic acid 

in cerebrospinal fluid (CSF).17,18 Vasospasm has been noted in some reports but not in 

others.16,19–22 CSF lactic acidosis >4 mM has been incorporated in the MP as a component 

of the ad hoc criteria for medical futility in rabies.12

There are no antiviral drugs that show clinical benefit in rabies. Improved survival in human 

rabies remains dependent on critical care and anticipation of complications. Given that 

rabies includes several acquired disorders of metabolism, metabolomics is a promising 

approach to confirm and expand our understanding of the natural history of rabies during 

critical care. Metabolomics measures a range of small molecules present in a biological 

system, usually by mass spectrometry or nuclear magnetic resonance. When combined with 

multivariate statistical analysis, metabolomics characterizes the physiologic state of different 

biofluids.23–25 Metabolomics has contributed greatly to our understanding of the metabolic 

actions of pharmaceutical agents26 and the diagnosis of chronic and infectious diseases.27,28 

Recently, metabolomic technologies have been applied to the analysis of CSF from normal 

and diseased cohorts.24,29 CSF is partially derived from interstitial fluid in the central 

nervous system (CNS); therefore, the composition of the CSF can be expected to reflect the 

biological processes of the brain. Indeed, metabolomic investigations have described 

metabolite profiles characteristic of CNS diseases including meningitis,30 multiple 

sclerosis,29 and amyotrophic lateral sclerosis.31

The present study set out to test whether metabolomics could track the progression of 

metabolic changes over time in survivors and nonsurvivors. The application of 

metabolomics in this case may contribute to a deeper understanding of rabies pathogenesis 

and may thereby help to refine future rabies therapy. We anticipate that proton nuclear 

magnetic resonance (1H NMR) based metabolomics may be useful for guiding appropriate 

treatment.

MATERIALS AND METHODS

Sample Collection

For this study, rabies CSF was acquired either from residual material collected during 

treatment, or additional volumes (1 mL) collected during standard care and obtained with 

informed consent. In total, 44 CSF samples were collected from 11 patients with laboratory 

confirmed rabies. Control CSF volumes were collected from the Clinical Chemistry 

laboratory at Children’s Hospital of Wisconsin from 25 patients aged 5–25 years without 

corresponding microbiological assessment. All samples were deidentified and analyzed in 

this state. For rabies samples, select information restricted to a unique anonymous identifier 

(for time-series analysis), age (years), gender, country and source of rabies were retained for 

rabies subjects to properly interpret the data. Clinical information on rabies patients in this 

study was abstracted from detailed correspondence during the medical care of each patient, 

but formal charts were not available. The study was approved by the Institutional Review 

Boards at the Children’s Hospital of Wisconsin, and UC Davis. Once collected, CSF was 
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centrifuged to discard cellular elements and refrigerated or frozen (−20 °C) until the time 

that they were transferred to the coordinating research center where they were stored at 

−80 °C until analysis. Control samples retained from residual CSF samples at the Children’s 

Hospital of Wisconsin were collected, centrifuged and stored at −80 °C until analysis.

1H NMR Spectroscopy

Sample Preparation—CSF samples were removed from −80 °C storage and allowed to 

thaw. Once defrosted, samples were centrifuged using a filter with a cutoff of 3000 MW 

(Pall, Ann Arbor, MI) to remove lipids and proteins. The filtrate volume was adjusted to 585 

µL with Type I ultrapure water from Millipore Synergy UV system (Millipore, Billerica, 

MI). Samples were prepared for analysis by the addition of 65 µL of internal standard 

containing approximately 5 mmol/L of DSS-d6 [3-(trimethylsilyl)-1-propanesulfonic acid-

d6], 0.2% NaN3, in 99.8% D2O to 585 µL of CSF. The pH of each sample was adjusted to 

6.8 ± 0.1 by adding small amounts of NaOH or HCl. A 600 µL aliquot was subsequently 

transferred to 5 mm Bruker NMR tubes and stored at 4 °C until NMR acquisition (within 24 

h of sample preparation).

Data Acquisition and Metabolite Quantification—NMR spectra were acquired as 

previously described23 on a Bruker Avance 600-MHz NMR equipped with a SampleJet 

autosampler using a NOESY-presaturation pulse sequence (noesypr) at 25 °C. Spectra were 

acquired with 8 dummy scans and 32 transients over a spectral width of 12 ppm with a total 

acquisition time of 2.5 s. Water saturation was achieved during the prescan delay (2.5 s) and 

mixing time (100 ms). Once acquired, all spectra were zero-filled to 128k data points and 

Fourier transformed with a 0.5-Hz line broadening applied. Spectra were manually phased 

and baseline corrected using NMR Suite v6.1 Processor (Chenomx Inc., Edmonton, 

Canada). Metabolite quantification was achieved using the 600-MHz library from Chenomx 

NMR Suite v6.1 Profiler (Chenomx Inc., Edmonton, Canada), which uses the concentration 

of a known reference signal (in this case DSS) to determine the concentration of individual 

compounds as previously described.32 Identification and quantitation of compounds using 

Chenomx software has previously been validated and shown to be both accurate and 

precise.23 Metabolites were quantified in micromolar (µM) units and exported from 

Chenomx. The drug vehicle propylene glycol was removed from the list of metabolites prior 

to analysis to eliminate impact on metabolic interpretations.

Data Analysis and Visualization—Metabolite concentrations were log10-transformed 

and imported into SIMCA-P software (version 11.0; Umetrics, Umeå, Sweden) for analysis. 

Data were mean centered and unit variance scaled. Unsupervised principal component 

analysis (PCA) was applied to all CSF samples and scores plots were visually inspected for 

trends or outliers in the data. Partial least-squares discriminant analysis (PLS-DA) was then 

used to explore variations in metabolite concentrations between different classes within the 

data, e.g. control samples versus rabies samples, stages of rabies disease and survivors 

versus nonsurvivors of rabies. A scores plot was created to visualize the PLS-DA model, and 

the corresponding loadings provided information on the contribution of metabolites to the 

separation of classes. The variable importance in the projection (VIP) value of each 

metabolite in the model was calculated to indicate its contribution to the classification of 
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samples. The VIP is a weighted sum of squares of the PLS weights with the weights 

calculated from the amount of dependent variable variance of each PLS component. Since 

the average of squared VIP values equals 1, we chose a cut off of >1.5 to identify 

metabolites that were important in discriminating between groups. The quality of all models 

was judged by the goodness-of-fit parameter (R2) and the predictive ability parameter (Q2), 

which is calculated by an internal cross-validation of the data and the predictability 

calculated on a leave-out basis. In addition, all PLS-DA models were validated externally by 

randomly selecting three-quarters of the samples to be used as a training data set with the 

remaining samples acting as a test data set. The class of each sample in the test data set was 

predicted on the basis of the model built from the training set. This was repeated until all 

samples were predicted. Differences in metabolite concentrations between groups were 

validated in PASW Statistics version 18.0 for Windows (IBM SPSS Inc. Chicago, IL) using 

independent t tests. P-values were adjusted for multiple testing using the false discovery rate 

(FDR) correction method.33 Significance was assumed at p < 0.05.

Identification of Stages of Rabies Disease—Unsupervised cluster analysis was 

performed using the k-means cluster algorithm in PASW Statistics version 18.0 for Windows 

(IBM SPSS Inc., Chicago, IL) to identify different stages of rabies disease from CSF 

metabolite data. Before clustering, all metabolite concentrations were log10-transformed. 

The k-means method assumes a certain number of clusters, k, fixed a priori, and produces a 

separation of the objects into nonoverlapping groups coming from Euclidean distances. 

Cluster membership is exclusive and dependent on minimizing the Euclidean distance within 

each cluster and maximizing differences between clusters at each step of an iterative 

procedure. Thus, a cluster represents a group of individuals with similar metabolic 

characteristics. We examined a split according to three clusters and a maximum of ten 

iterations were used. Differences in the metabolite concentrations across clusters were 

evaluated using ANOVA. Where statistically different effects were identified (p < 0.05), 

comparisons were made between clusters using the Bonferroni post hoc multiple comparison 

test. k-means cluster determined stages of rabies disease were visualized using PLS-DA 

scores plots as described in the previous section.

RESULTS

Twenty-five control CSF samples and 44 CSF samples from 11 patients with laboratory 

confirmed rabies were analyzed using 1H NMR spectroscopy. A total of 56 metabolites were 

identified in the CSF profiles from patients and controls with complete overlap. Initial data 

inspection identified extreme outlying samples from two rabid patients. Nine samples from 

one patient included extreme concentrations of ethylene glycol suggesting intoxication from 

local remedies or counterfeit medications. This patient’s clinical course was atypical, with 

early seizures and cardiopulmonary arrests. One more sample from a different patient was 

also associated with a cardiopulmonary arrest hours earlier. These extreme outliers were 

removed and the remaining 34 samples from nine rabies patients formed the basis of the 

primary analysis.

CSF samples from rabies patients were collected at time points determined by medical 

treatment, ranging from hospital day (HD) 1 to 59; the number of samples collected ranged 
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from 2 to 8 samples per patient. Six of the patients were children aged between 4 and 11, 5 

males and 1 female; and three were adults aged 37–42, 2 males and 1 female. Three patients 

contracted rabies from a bat while six contracted rabies from a dog. Countries of origin 

included Colombia, Dominican Republic, Equatorial Guinea, Ireland (ex-South Africa), 

Peru, and cases imported into the United States from India and the Philippines. Clinical 

characteristics for the rabies patients included in this analysis are listed in Table 1. The 25 

control samples were single sample collections from anonymous patients ranging in age 

from 5 to 25 years.

Discrimination of Rabies from Controls

Typical 1H NMR spectra obtained for CSF samples from rabies patients and controls are 

shown in Figure 1. A principal component analysis (PCA) scores plot of all 1H NMR CSF 

data was created; the first three components accounted for 43% of the variation in the data. 

PCA illustrated a clear separation between rabies patients and control samples. To 

investigate this further, PLS-DA was applied resulting in a 2 component model (R2X = 0.34, 

R2Y = 0.87, Q2 = 0.81). External validation of the model, as described in the Materials and 

Methods section, indicated a robust model. Analysis of variable importance in the projection 

(VIP) values identified metabolites responsible for the separation of patients and controls 

(Table 2). Independent t tests confirmed that the concentrations of the metabolites identified 

from multivariate analysis were significantly different between control and rabies samples. 

The most significant discriminating metabolites (VIP >1.5) included quinolinate, malate, 

lactate, glycerol, and isobutyrate.

Identification of Three Stages of Rabies Pathogenesis

k-means cluster analysis was employed to probe inherent patterns in human rabies CSF. This 

unsupervised approach identified 3 distinct groups of samples. These clusters of metabolites 

were found to segregate temporally, as early stage disease (HD 0–7), mid stage disease (HD 

8–12) and late stage disease (HD 12+). Partitioning between mid stage and late stage disease 

was imperfect because samples collected from two rabies survivors did not progress through 

the three stages of disease. A survivor was defined a priori as a patient with compatible 

illness and laboratory-confirmed rabies, who was discharged from an intensive care unit to a 

rehabilitation unit, further documented to lack detectable rabies virus in skin or saliva in the 

presence of neutralizing antibody (>0.5 IU/mL) to the rabies virus. CSF samples from 

survivors, collected at HD 19, 39, 48, and 59 and expected to cluster with the late stage 

group, were instead clustered with midstage samples. For this reason, the mid stage rabies 

group will be referred to as mid/survivor in future analyses and discussion.

Metabolites that differentiated the three disease stage groups defined by cluster analysis are 

highlighted in Table 3 and Supporting Information Figure S1. Each stage of rabies is 

characterized by a unique metabolite profile. Early stage samples have significantly higher 

concentrations of 3-hydroxybutyrate, acetoacetate and acetone. Mid/survivor samples were 

characterized by lower concentrations of isopropanol and pyruvate, and higher 

concentrations of formate, acetate, propionate and glycolate. Late stage samples, associated 

with nonsurvivors, had significantly higher concentrations of many metabolites. Certain 

metabolites appear to follow a specific trend over time. For example, lactate, quinolinate, 
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glutamate, malate, 2-oxoglutarate (alpha-ketoglutarate), ornithine, as well as many amino 

acids and lipid metabolites show an increasing trend across stages (Table 3).

To visualize these phenotypic disease stage profiles, cluster membership information was 

used to classify samples by PLS-DA. This supervised analysis resulted in a 2 component 

model describing the metabolomic data (Figure 2: R2X = 0.30, R2Y = 0.77, Q2 = 0.64). 

PLS-DA also allowed the predictability of the model to be determined; external validation 

indicated a robust model. To further probe the metabolic differences between cluster groups 

and to determine the most influential metabolites driving the separation between groups, 

pairwise comparisons were performed using PLS-DA. Three robust models were created 

comparing early and mid/survivor samples (R2X = 0.21, R2Y = 0.85, Q2 = 0.68), mid/

survivor and late stage samples (R2X = 0.16, R2Y = 0.74, Q2 = 0.56) and early and late stage 

samples (R2X = 0.26, R2Y = 0.89, Q2 = 0.82). In order to determine the metabolites that 

were most influential in differentiating rabies stages, a conservative cut off was applied (VIP 

≥ 1.5). Increased acetoacetate, 3-hydroxybutyrate, acetone, isopropanol and 2-

hydroxybutyrate and lower alanine, lactate and quinolinate separated early samples from 

mid/survivor samples. Lower concentrations of isopropanol, pyruvate, lactate, creatine and 

proline and higher concentrations of acetate, propionate and glycolate in mid/survivor 

samples separated these from late stage rabies samples. As expected, these findings by PLS-

DA identified the same metabolites that defined cluster analysis-determined disease stages 

presented in Table 3.

Rabies Survivors

It was evident from cluster analysis that the metabolomic profiles of CSF samples collected 

from the two rabies survivors differed from those for whom rabies was fatal. PLS-DA scores 

plots illustrate how survivor profiles return toward controls, while nonsurvivors diverge 

incrementally (Figure 3). To determine which metabolites discriminate survivors from 

persons ultimately dying of rabies, the metabolomic profiles of samples collected on HD 19, 

39, 48, and 59 from the two surviving patients were compared to four randomly selected late 

stage CSF samples taken from patients who died. PLS-DA resulted in a 2-component model 

(R2X = 0.48, R2Y = 0.99, Q2 = 0.82). Concentrations of ascorbate, isopropanol, 2-

hydroxyisovalerate, lactate, 3-hydroxyisovalerate, N-acetylaspartate, 2-oxoglutarate, 

isobutyrate and pyruvate were higher in non-survivors (Table 4).

DISCUSSION

Despite the heterogeneity of patients, samples, treatment conditions, and sources of rabies 

virus, 1H NMR spectroscopy combined with multivariate statistical procedures clearly 

distinguished rabies cases from controls and also distinguished three stages of rabies in 

patients treated with the Milwaukee Protocol. Fifty-six metabolites were identified and 

quantified using 1H NMR based metabolomics techniques. This is in accordance with a 

previous study employing NMR methods that identified fifty one metabolites in CSF of 

normal samples taken from patients receiving spinal anesthesia before non-neurological 

surgery.24 The majority of metabolites detected in the present study were identified in all 

CSF samples, except for quinolinate and malate which did not reach the levels of detection 
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in some control samples. The biological variation (calculated as relative standard deviation) 

ranged from 14 to 286% depending on the metabolite in question and the sample group 

(rabies patients versus controls). As expected, variation in metabolite concentrations across 

samples was generally lower in the control group 14–128% (except for phenylalanine 

249%). Stoop and colleagues (2010) reported similar ranges in normal samples (12–

143%).24 Moreover, almost identical variation in glucose concentrations was reported in 

both studies highlighting the analytical reproducibility of NMR measurements. The tight 

clustering of the anonymized CSFs and the low variation in their metabolite concentrations 

which closely reflect published normal data,34 supports their use as normal controls in this 

study.

Unsupervised clustering techniques using solely metabolite concentrations clustered rabies 

CSF samples into 3 groups that corresponded closely with times of sampling after 

hospitalization. Rabies was associated with metabolite markers for inflammation, 

excitotoxicity, increased mitochondrial flux, lactic acidosis and increased cerebral volume. 

One striking observation was that rabies patients presented with ketoacidosis on time of 

admission. Mild ketoacidosis is frequently encountered among febrile, anorectic patients 

when first arriving for medical care. In the case of rabies, it is assumed to be related to 

hydrophobia and reduced food and water intake. Another key feature of rabies disease was 

elevated concentrations of quinolinate from the day of admission and throughout. Increased 

concentrations of quinolinate reflect activation of the tryptophan–kynurenine pathway in 

invading macrophages and activated microglia.35 Concentrations of quinolinate in human 

rabies CSF exceeded those measured in most cases of meningitis,36 cerebral malaria37,38 or 

pediatric HIV encephalopathy.39 Quinolinate is a potent agonist of the of N-methyl-D-

aspartate (NMDA) receptor, and is capable of promoting excitotoxic damage of the brain.40 

Ketamine, one of the drugs used in the MP, inhibits quinolinate mediated agonism of the 

NMDA receptor.41 Quinolinate concentrations in one survivor decreased as their 

metabolomic profile approached the controls. We cannot comment on quinolinate 

concentrations from our second survivor at early time points because no sample was 

collected before HD 20 (quinolinate 28 µM); however, later quinolinate concentrations 

decreased with time. In contrast, quinolinate concentrations increased exponentially in CSF 

samples collected from patients who later die from rabies infection.

Malate, 2-oxoglutarate and N-acetylaspartate (NAA), three metabolites associated with 

maintenance of cell volume and the aspartate-malate shuttle were also elevated in rabies 

compared to controls.42 NAA is a specialized amino acid almost exclusively synthesized by 

neurons, where it may serve as a molecular water pump.43 Elevated concentrations of NAA 

are also seen in patients with Canavan disease44 which is caused by inactive aspartyl acylase 

and is characterized by enlarged head, radiologically subtle cerebral edema, developmental 

delay, and vacuolization of the white matter.45 NAA synthesis in neuronal mitochondria is 

tied to neuronal energy metabolism.46 In particular, experimental data suggest that as 

concentrations of pyruvate increase, the rate of NAA efflux from mitochondria also 

increases.47 Elevated NAA, 2-oxoglutarate, and malate in rabies CSF treated with the MP 

may suggest increased mitochondrial flux and export of NAA, but it is unclear whether this 

is causal of or responsive to changes in cerebral volume. When we compare late stage 

samples from rabies survivors to nonsurvivors, pyruvate and NAA are higher in individuals 
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that die, suggesting deregulated cerebral volume control and an increased energy demand, 

progressing over time.

CSF lactate concentrations were higher in rabies patients compared to controls and increased 

over time. Increased concentrations of lactate have been shown previously in patients with 

bacterial meningitis, severe encephalitis, and other metabolic disorders.48–51 Lactate is 

typically interpreted as a marker of anaerobic metabolism, but this may not be true in rabies. 

Asphyxia was not encountered clinically except in two patients with arrests who were 

excluded from the final analyses. We consider mitochondrial dysfunction unlikely. In human 

CSF, ratios of lactate to pyruvate greater than 2552 and 4053 have been used to diagnose 

hypoxic-ischemia or mitochondrial disorders. In this study, lactate to pyruvate ratios greater 

than 40 were rarely observed, and without any clear trend (data not shown). The CSF 

metabolic profile for human rabies differed from that of myotubes intoxicated by 

mitochondrial complex I or III inhibitors. Glucose (increased), formate (increased) and 

serine (decreased) in rabies CSF moved inversely to the same metabolites measured in 

media from myotubes intoxicated with rotenone or antimycin A.54 ATP deficiency from 

mitochondrial dysfunction can be partially offset by increased glycolysis. Cerebral 

hyperglycolysis, believed to be the result of ionic imbalances and neurochemical-induced 

excitotoxicity, has been characterized in patients with traumatic brain injury,55,56 but CSF 

glucose concentrations were normal in our series. Alternatively, increased lactate may reflect 

decreased neuronal metabolism of lactate as a consequence of rabies infection or the deep 

sedation used in the MP.

In this study, metabolomics was able to detect adverse effects of medical therapy. From our 

data, it appears that alcohol dehydrogenase activity of the patient may contribute to adverse 

outcomes during rabies treatment. This highly complex enzyme system varies genetically, 

with high multiplicity and variability in both structure and function.57 Propylene glycol was 

detected in CSF samples in our series. This was expected because it is a commonly used 

solvent for intravenous benzodiazepines used in the MP. However, propylene glycol is 

metabolized by hepatic alcohol dehydrogenase to form lactate. This might suggest that the 

progressive CSF lactic acidosis we measured in rabies is related to treatment rather than 

rabies virus infection itself, particularly given the lack of correlation with CSF pyruvate and 

glucose levels.58 Furthermore, high concentrations of isopropanol were a strong predictor of 

demise from rabies in our series. Acetone is metabolized to isopropanol by alcohol 

dehydrogenase.59,60 This suggests that late ketogenesis or other elaboration of acetone 

during rabies may be detrimental. Thus, interindividual and inter-racial differences in 

alcohol dehydrogenase could impact response to rabies infection and protocolized treatment; 

pharmacogenomic studies of rabies patients are planned. One clear therapeutic intervention 

is to minimize sedation during treatment of rabies – this is already recommended after the 

first week of treatment when the risk of fatal dysautonomia abates. Alternate sedatives might 

be considered. Perfusion studies in animal livers show that the addition of insulin prevents 

the increase in lactate associated with propylene glycol administration.61 Insulin also 

prevents ketogenesis. Low dose insulin combined with adequate nutrition during rabies 

treatment could therefore attenuate sedation-related toxicity as well as modulate protein and 

lipid catabolism62 characteristic of late stage (unsurvivable) rabies.

O’Sullivan et al. Page 9

J Proteome Res. Author manuscript; available in PMC 2016 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metabolomics of CSF was able to perfectly differentiate patients with rabies from controls, 

and define biochemical stages of rabies that closely corresponded to the temporal 

progression of disease. Metabolomic studies comparing rabies with other CNS diseases are 

underway and will help to clarify the metabolic abnormalities that are unique to rabies or 

shared with other CNS infections or intoxications. Indeed, this study did not examine CSF 

from other brain disorders, so no comment can be made on the specificity of the 

metabolomics findings for rabies. Our analysis of survivors might be confounded by the fact 

that both survivors had rabies of bat phylogeny. Sample collections in newly diagnosed 

rabies patients are ongoing and future studies will likely include survivors of cosmopolitan 

dog phylogeny.

Survival from rabies was previously extremely rare. For the two survivors in our series, 

trajectory plots reverted toward the control region suggestive of a return to metabolic 

homeostasis. Results from this study therefore suggest a role for metabolomics in real time 

monitoring during metabolically targeted therapy. Moreover, since current ante-mortem 

diagnosis of rabies uses a composite of laboratory tests that require up to several days to 

complete at highly skilled reference laboratories, metabolomics should be further 

investigated for its potential to improve the rapidity and accuracy of the diagnosis of human 

rabies. Currently, the MP targets excitotoxicity, altered neurotransmission, and cerebral 

perfusion. Novel target metabolic pathways were identified in this study that may prove 

useful in guiding future experimental therapy, while identifying interventions as simple as 

changes in sedation and incorporation of low dose insulin with adequate nutrition to mitigate 

adverse effects of alcohol dehydrogenase metabolism during use of the MP. The ultimate 

goal is to develop the MP as a metabolically targeted supportive therapy of rabies, 

previously considered incurable. Similar approaches may serve as a basic platform for 

treatment of other untreatable neurotropic infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

HD hospital day

MP Milwaukee Protocol

PCA principal components analysis

PLS-DA partial least-squares–discriminant analysis
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CSF cerebrospinal fluid

CNS central nervous system

DSS-d6 3-(trimethylsilyl)-1-propanesulfonic acid-d6

VIP variable importance in the projection

FDR false discovery rate

NAA N-acetyl aspartate

NMDA N-methyl-D-aspartate
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Figure 1. 
1H NMR spectra obtained for CSF samples from controls, early stage rabies patients, and 

late stage (hospital day 19 and 20) rabies patients (survivor vs nonsurvivor).
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Figure 2. 
Identification of three stages of Rabies pathogenesis. Partial least-squares discriminant 

analysis (PLS-DA) of 1H NMR CSF metabolomic data comparing three stages of rabies 

(R2X = 0.30, R2Y = 0.77, Q2 = 0.64). Disease stage groups were determined from 

metabolomic data using k-means cluster analysis. Open circles represent early stage disease, 

gray filled circles represent mid stage disease, and black filled circles represent late stage 

disease. Hotelling’s T2 95% confidence ellipse is indicated on the plot.
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Figure 3. 
Tracking metabolic profiles of survivors and nonsurvivors. Partial least-squares discriminant 

analysis (PLS-DA) of 1H NMR CSF metabolomic data comparing samples collected from 

rabies patients and controls (R2X = 0.34, R2Y = 0.87, Q2 = 0.81). Open circles represent 

control samples; black filled circles represent rabies patient samples. Red filled circles track 

a nonsurviving (NS) patient from hospital day 10 to day 18, as disease progresses this 

patient diverges further from control samples. The green filled circles track a survivor (S) 

who changes from a diseased metabolic profile to reflect a normal metabolic profile as the 
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patient recovers from rabies disease. Hotelling’s T2 95% confidence ellipse is indicated on 

the plot.
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