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The blood-brain barrier (BBB) plays an important role in the clinical expression of neuropsychiatric symp-
toms during systemic illness in health and neurological disease. Evidence from in vitro and preclinical
in vivo studies indicate that systemic inflammation impairs blood-brain barrier function. In order to
investigate this hypothesis, we evaluated the association between systemic inflammatory markers (leu-
cocytes, erythrocyte sedimentation rate and C-reactive protein) and BBB function (cerebrospinal fluid/
serum albumin ratio) in 1273 consecutive lumbar punctures. In the absence of cerebrospinal fluid
(CSF) abnormality, systemic inflammation did not affect the CSF/serum albumin ratio. When CSF abnor-
mality was present, systemic inflammation significantly predicted the CSF/serum albumin ratio. Amongst
the systemic inflammatory markers, C-reactive protein was the predominant driver of this effect.
Temporal analysis in this association study suggested causality. In conclusion, the diseased BBB has an
increased susceptibility to systemic inflammation.
� 2016 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The blood-brain barrier (BBB) is a highly regulated interface
between the brain and the rest of the body (Abbott et al., 2010).
BBB permeability is an important aspect of several important neu-
rological conditions such as multiple sclerosis and Alzheimer’s dis-
ease (Varatharaj and Galea, 2016). Recent compelling evidence
suggests that BBB integrity is an important player in the expression
of neuropsychiatric manifestations of circulating anti-NMDA anti-
bodies (Hammer et al., 2014). It is interesting to note that preced-
ing systemic infections are very common in neuronal surface
antibody-mediated encephalitis (Irani et al., 2010); the aetiology
of these prodromal infections are very varied, arguing against
molecular mimicry, and perhaps more supportive of a generic
effect of systemic infection on the BBB.

A number of in vitro and in vivo preclinical studies have shown
that inflammatory challenge results in an increase in BBB perme-
ability. This effect appears to be a feature of the BBB, unrelated
to the type of inflammatory trigger since it has been observed in
a wide variety of experimental settings including lipopolysaccha-
ride, poly I:C, bacteria, viruses, chemically-induced inflammation,
anaphylaxis and cytokines (Varatharaj and Galea, 2016). The main
mechanisms underlying this phenomenon are tight junction
changes and increased vesicular transport, but re-induction of fen-
estrae, endothelial cell damage, denudation of the glycocalyx,
degradation of the glia limitans and astrocyte changes also play a
role (Varatharaj and Galea, 2016).

While the effect of inflammatory challenges on human BBB per-
meability has been demonstrated in vitro using human brain
microvessel endothelial cells (Varatharaj and Galea, 2016), the rel-
evance of this large body of preclinical literature to the in vivo
human situation remains to be shown. In this study, we set out
to study the effect of systemic inflammation on human BBB perme-
ability in vivo by examining the association between a panel of sys-
temic inflammatory markers and the CSF/serum albumin quotient
in 1273 consecutive unselected lumbar punctures. The CSF/serum
albumin ratio (Qalb) is a widely accepted indicator of blood–CSF
barrier function (Thompson, 2005). Since albumin is not synthe-
sised in the brain, the ratio of CSF to serum albumin concentration
is a quotient representing the fraction of serum albumin diffusing
into the CSF, independent of serum concentration. Changes in
serum albumin do not occur rapidly; hence CSF albumin can be
assumed to be in constant equilibrium with serum as a function
of BBB permeability. Immunoglobulins and cytokines are not sui-
ted for this type of study since they may be secreted intrathecally
by blood-derived cells transmigrating into the brain. The effective-
ness of Qalb for measurement of BBB function has been demon-
strated by studies with radiolabelled albumin (Tourtellotte et al.,
1980).
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2. Methods and materials

2.1. Data collection

Data was collected by retrospective review of the medical
records of 1273 individuals having lumbar puncture with Qalb

assessment at Southampton General Hospital, Hampshire, UK in
a three year period (2011–2013), during a service evaluation, with
institutional approval. The white cell count, neutrophil, lympho-
cyte, erythrocyte sedimentation rate (ESR) and C-reactive protein
(CRP) measurements within a five day period centred around the
lumbar puncture were recorded (Fig. 1).

We additionally collected data on: age, CSF total protein, CSF
glucose, CSF red and white blood cells, and oligoclonal bands. Cases
were excluded if <16 years of age and/or had a CSF red blood cell
(RBC) count >127 cells per microlitre. Since CSF total protein con-
centration rises by 1 mg/dl for every 100 red blood cells/lL that
enter the CSF during traumatic lumbar puncture (Blakeley and
Irani, 2009), the CSF RBC count threshold was determined by calcu-
lating the maximum CSF RBC count which did not change any of
the Qalb values in the dataset.

CSF and blood were collected in sterile polypropylene tubes
(Sterilin, Newport, Gwent, UK) and Vacutainers (Becton Dickin-
son, Plymouth, UK) respectively. CSF volume was not available.
Samples were analysed on the same day, except for isoelectric
focussing in which case samples were kept at 4 �C and batch
analysed within one week. Blood counts were performed on a
Sysmex XE-2100 automated hematology system. ESR was per-
formed on a Vitech Starrsed system using the Westergren sedi-
mentation method. CRP, albumin, protein and glucose were
assayed on a Beckman Coulter AU5800 automated system. CSF
cell counts were performed manually using a modified Fuchs-
Rosenthal haemocytometer. Oligoclonal band assessment was
performed manually using isoelectric focussing on CSF/serum
pairs.
Fig. 1. Study design. FBC: full blood count, ESR: erythr
2.2. Data preparation

Data preparation was performed in Excel v14. Cases were iden-
tified as having normal findings if the following conditions were
met: CSF total protein <500 mg/L, CSF glucose >2/3 serum glucose,
white blood cells 65 cells/lL, polymorphs were absent, and there
was no evidence of intrathecal synthesis of oligoclonal
immunoglobulin G. Single systemic inflammatory variables
included total leucocytes, neutrophils, lymphocytes, ESR and CRP;
a composite variable (InfBlood) integrating all these indices was cre-
ated to reflect systemic inflammation. To reflect central nervous
system inflammation, the variable InfCSF was derived from the
CSF white cell count. The derivation of InfBlood and InfCSF is detailed
in Supplementary Methods.

2.3. Statistical analysis

Statistical analysis was performed in SPSS v22. Since data was
non-parametric, Mann-Whitney test was used for group compar-
isons. General linear model was used for analysis of covariance.
Qalb, InfCSF, and systemic inflammatory variables were logarithmi-
cally transformed. Multivariate linear regression was used to
examine the association of systemic inflammatory markers with
Qalb. A significant difference from the null hypothesis was assumed
at p < 0.05.

3. Results

3.1. Characteristics of cases

Out of a total of 1273 lumbar punctures, 829 cases were identi-
fied with a full CSF analysis including Qalb and at least one systemic
inflammatory variable result available within the 5 day period cen-
tred around the lumbar puncture. The characteristics of this study
population are shown in Tables 1 and 2. Median CRP was 4 mg/L,
ocyte sedimentation rate, CRP: C-reactive protein.



Table 1
Demographics.

Characteristic

Number 829
Age (years, ±SD) 49 ± 17
Sex (% male) 41%
Timing of blood sample to lumbar puncture (%)
Before LP 38
At LP 36
After LP 26

Final neurological diagnosis (%)
Inflammatory 31
Idiopathic 12
Degenerative 6
Vascular 6
Infectious 4
Neoplastic 4
Metabolic 1
Miscellaneous 5
Multiple neurological diagnoses 4
No neurological diagnosis 27
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with an interquartile range of 14 mg/L, and mean CRP was 20 mg/L,
with a standard deviation of 43 mg/L, representing predominantly
mild-to-moderate systemic inflammation, rather than septic
conditions.

3.2. Cases with normal CSF

In cases with normal CSF findings (n = 223), age, sex and InfBlood
were entered as predictors in a multiple linear regression model
with Qalb as dependent variable (Table 3, Fig. 2A,B,C). Age was a
significant predictor, sex was a borderline predictor, but none of
the systemic inflammatory variables (composite or single) signifi-
cantly predicted Qalb. Hence in individuals with a quiescent CSF,
systemic inflammation was not associated with blood-CSF barrier
permeability to albumin.

3.3. Cases with abnormal CSF

Qalb was significantly higher in cases with abnormal CSF versus
those with normal CSF (n = 606 and 223, medians of 0.007 and
0.005 respectively, p < 10�25), and this effect was still significant
in an analysis of covariance with age and sex (p < 10�8). This was
expected since several neurological diseases affect BBB permeabil-
ity (Rosenberg, 2012). This finding confirmed the necessity to
include CSF abnormality as a covariate while examining the effect
of systemic inflammation on Qalb in the presence of CSF abnormal-
ity. For this purpose, the CSF cell count was used as an indicator of
CSF abnormality, in the form of the normalized variable InfCSF.

Age, sex, InfBlood and InfCSF were entered as predictors in a
multiple regression model with Qalb as dependent variable. All
four variables were significant predictors of Qalb (Table 3 and
Fig. 2D,E,F).
Table 2
Laboratory parameters.

Laboratory parameter (n with data) % normal

Normal Abnormal N

CSF normality (829) 27 73
Total white cell count (798) 82 14 4
Neutrophil count (797) 80 17 3
Lymphocyte count (797) 70 26 4
Erythrocyte sedimentation rate (297) 24 12 64
C-reactive protein (507) 38 23 39
InfBlood (829) 66 34
InfBlood predicted Qalb in the presence of CSF abnormality, but
not when CSF was normal. Hence the effect of systemic inflamma-
tion on Qalb was different between cases with normal and abnor-
mal CSF; an interaction between InfBlood and CSF normality was
significant (Fig. 3, p = 0.009). In view of the known interplay
between systemic and brain inflammation (Combrinck et al.,
2002; Cunningham et al., 2005), an interaction term between
InfBlood and InfCSF was explored as a second block after age, sex,
InfBlood and InfCSF across all cases; this was significant (p < 0.03).
In cases with abnormal CSF only, an interaction between InfBlood
and InfCSF was examined in the regression analysis as a second
block after age, sex, InfBlood and InfCSF; a trend was observed but
the interaction was not significant (p = 0.08).

When individual systemic inflammatory markers were exam-
ined, high CRP and neutrophils exhibited the same relationship
with InfCSF and Qalb, but CRP exerted the highest influence on
BBB permeability (beta = 0.128 and 0.077, p = 0.01 and 0.04 for
CRP and neutrophils respectively). Hence CRP was the most sensi-
tive systemic inflammatory marker impacting on BBB
permeability.

3.4. Temporal analysis

In order to investigate whether the relationship between sys-
temic inflammation and Qalb was cause or effect, a temporal anal-
ysis was undertaken. The multiple linear regression was re-run in
cases with abnormal systemic inflammatory markers (InfBlood, CRP
or neutrophils) before the LP (n = 59), and in cases with normal
systemic inflammatory markers before the LP but abnormal mark-
ers at or after the LP (n = 29). High systemic inflammatory markers
(InfBlood, CRP or neutrophils) were only predictive of an increased
Qalb when these systemic abnormalities were present before the
LP (beta = 0.366, p = 0.001 for InfBlood; beta = 0.234, p = 0.046 for
CRP; beta = 0.314, p = 0.003 for neutrophils). This result is in keep-
ing with a causative relationship of systemic inflammation on BBB
breakdown, in the presence of intrathecal inflammation.

4. Discussion

This study is the first to explore the association between sys-
temic inflammation and BBB function in humans, demonstrating
a vulnerability of the BBB in the diseased brain to the effect of sys-
temic inflammation. While systemic inflammation did not affect
the blood-CSF barrier in individuals with quiescent CSF, systemic
inflammation significantly influenced blood-CSF barrier perme-
ability in the presence of CSF abnormality. It is possible that the
techniques used in this study were not sufficiently sensitive to
detect an effect of systemic inflammation on BBB function in the
healthy brain. In particular Qalb may underestimate, or fail to
detect, changes in BBB permeability to molecules smaller than
albumin. Despite this limitation, this study has clearly demon-
strated that the BBB in the diseased brain is more susceptible to
systemic inflammation compared to the healthy brain. The BBB
Median (IQR) Mean (SD) Reference range

ot available

7.5 (3.7) 8.3 (4.2) 4–11 � 109/L
4.6 (2.9) 5.5 (3.2) 2–7.5 � 109/L
1.9 (0.9) 2 (1.3) 1.5–4 � 109/L
10 (19) 19 (23) 1–10 mm/h
4 (14) 20 (43) 0–7.5 mg/L



Table 3
Multiple linear regression of age, sex, InfCSF and InfBlood against Qalb.

Variable Unstandardized Coefficient Standardized Coefficient p

B Std. Error Beta

Cases with normal CSF
Age 0.008 0.002 0.324 <0.01⁄

Gender �0.111 0.061 �0.119 0.07
Ln Inf[CSF] 0.009 0.016 0.037 0.57
Ln Inf[Blood] 0.001 0.011 0.003 0.96

Cases with abnormal CSF
Age 0.009 0.002 0.219 <0.01⁄

Gender �0.414 0.054 �0.282 <0.01⁄

Ln Inf[CSF] 0.075 0.011 0.250 <0.01⁄

Ln Inf[Blood] 0.029 0.010 0.107 <0.01⁄

⁄ p < 0.05.

Fig. 2. Relationship between systemic inflammation and blood-brain barrier permeability in the presence of normal (A,B,C) and abnormal (D,E,F) CSF. Regression lines of
InfBlood versus Qalb across sex (A,D) and quantiles of age (B,E) and InfCSF (C,F). To generate this Figure, Qalb was regressed against InfBlood across categories of sex (A,D), age (B,E)
and InfCSF (C,F).
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alterations which occur as a consequence of neuropathology
(Rosenberg, 2012) may be responsible for this phenomenon.

The findings in this study are similar to observations in preclin-
ical studies. In healthy animals, BBB permeability was significantly
affected when septic doses, but not lower doses, of lipopolysaccha-
ride were used (Banks et al., 2015; Jaeger et al., 2009). In contrast, a
more widespread increase in BBB permeability is seen after LPS
challenge in animals with neuropathology such as experimental
autoimmune encephalomyelitis, in brain (Serres et al., 2009) and
spinal cord (Lopez-Ramirez et al., 2014). Increased BBB vulnerabil-
ity to systemic inflammation was seen in an Alzheimer disease
mouse model, compared to wild-type mice (Takeda et al., 2013).
Likewise, the BBB in ischaemic stroke is more susceptible to sys-
temic inflammation (Denes et al., 2011).

Systemic inflammation affects the course of neurological dis-
ease. Systemic infection causes accelerated cognitive decline in
patients with AD (Holmes et al., 2009) and impairs outcome in
stroke patients (Smith et al., 2004). Experimentally-induced sys-
temic inflammation in preclinical models of AD (Cunningham
et al., 2005) and stroke (Denes et al., 2011) has confirmed a causa-
tive association. It is possible that the effect of systemic inflamma-
tion on the BBB may be one of the mechanisms underlying the



Fig. 3. Regression lines of InfBlood versus Qalb showing relationship between
systemic inflammation and blood-brain barrier permeability in cases with normal
and abnormal CSF. To generate this Figure, Qalb was regressed against InfBlood, CSF
normality and an interaction between InfBlood and CSF normality.
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worsening of neurological disease with systemic inflammation. In
support of this, experimental disruption of the BBB results in neu-
rological toxicity (Tomkins et al., 2007) and experimental manoeu-
vres which strengthen the BBB result in improvement of pathology
(Hong et al., 2015; Podjaski et al., 2015). BBB alterations induced
by systemic inflammation in AD favour increased amyloid deposi-
tion in the brain (Jaeger et al., 2009).

Delirium is commonly caused by systemic infection (George
et al., 1997) or critical illness (Ouimet et al., 2007), conditions asso-
ciated with systemic inflammation. Elevated levels of serum
S100B, a potential biomarker of BBB disruption (Blyth et al.,
2009), have been observed during delirium in Alzheimer’s disease
(van Munster et al., 2010) and critical illness (Hughes et al., 2016).
Since systemic inflammation affects the BBB, it is possible that
increased BBB permeability is a mediator of delirium in conditions
such as Alzheimer’s disease and critical illness.

Both systemic infections and BBB permeability have been linked
to clinical outcome. For example in experimental stroke, systemic
IL1b challenge results in matrix metalloproteinase 9-induced BBB
disruption, larger infarct size and poorer neurological outcome
(McColl et al., 2008). In multiple sclerosis, systemic infections occur
in conjunction with gadolinium enhancement and clinical relapses
(Correale et al., 2006). Further work is needed to determine the
importance of the systemic infection ? BBB breakdown ? clinical
outcome mechanistic pathway in neurological patients. Prevention
and/or aggressive treatment of systemic infections, and the use of
agents which protect against or reverse systemic inflammation-
induced increase in BBB permeability (McColl et al., 2008; Yang
et al., 2015) would be potential therapeutic avenues.

Future work is needed to address limitations of this study. Here,
we have not systematically determined the precise reason for sys-
temic raised inflammatory markers or abnormal CSF. Although
preclinical studies have shown that the effect of systemic inflam-
mation on BBB permeability occurs across a broad range of sys-
temic inflammatory stimuli and neuropathologies (Varatharaj
and Galea, 2016), future studies may explore which types of
inflammatory stimuli and neuropathologies are combinatorially
most conducive to an interaction between the periphery and the
brain. Since this was a retrospective study, information on mental
state or illness behaviour was not available. The use of Qalb to eval-
uate BBB function has its own limitations, particularly the possibil-
ity of confounding by CSF bulk flow (Reiber, 1994; Thompson,
2005), which can be influenced by systemic inflammation
(Erickson et al., 2012). Finally since Qalb represents the blood-CSF
barrier, which is only one of the barriers in the central nervous sys-
tem (Abbott et al., 2010), other methods of studying human BBB
function in vivo such as dynamic contrast-enhanced magnetic res-
onance imaging (DCE-MRI) or circulating biomarkers of BBB integ-
rity will be useful. Although this study provided some evidence in
support of causation, prospective and/or experimental human
studies would provide concrete proof that systemic inflammation
affects BBB function.

Conflict of interest statement

All authors declare that there is no conflict of interest.

Acknowledgments

Funding support from the MS Society (Award Reference No:
996) and Medical Research Council (Grant Ref: MR/L01453X/1).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbi.2016.10.020.

References

Abbott, N.J., Patabendige, A.A., Dolman, D.E., Yusof, S.R., Begley, D.J., 2010. Structure
and function of the blood-brain barrier. Neurobiol. Dis. 37, 13–25.

Banks, W.A., Gray, A.M., Erickson, M.A., Salameh, T.S., Damodarasamy, M., Sheibani,
N., Meabon, J.S., Wing, E.E., Morofuji, Y., Cook, D.G., Reed, M.J., 2015.
Lipopolysaccharide-induced blood-brain barrier disruption: roles of
cyclooxygenase, oxidative stress, neuroinflammation, and elements of the
neurovascular unit. J Neuroinflammation 12, 223.

Blakeley, J., Irani, D.N., 2009. Approach to the patient with abnormal cerebrospinal
fluid protein content. In: Irani, D.N. (Ed.), Cerebrospinal Fluid in Clinical
Practice. Saunders, Philadelphia, pp. 287–294.

Blyth, B.J., Farhavar, A., Gee, C., Hawthorn, B., He, H., Nayak, A., Stocklein, V.,
Bazarian, J.J., 2009. Validation of serum markers for blood-brain barrier
disruption in traumatic brain injury. J. Neurotrauma 26, 1497–1507.

Combrinck, M.I., Perry, V.H., Cunningham, C., 2002. Peripheral infection evokes
exaggerated sickness behaviour in pre-clinical murine prion disease.
Neuroscience 112, 7–11.

Correale, J., Fiol, M., Gilmore, W., 2006. The risk of relapses in multiple sclerosis
during systemic infections. Neurology 67, 652–659.

Cunningham, C., Wilcockson, D.C., Campion, S., Lunnon, K., Perry, V.H., 2005. Central
and systemic endotoxin challenges exacerbate the local inflammatory response
and increase neuronal death during chronic neurodegeneration. J. Neurosci. 25,
9275–9284.

Denes, A., Ferenczi, S., Kovacs, K.J., 2011. Systemic inflammatory challenges
compromise survival after experimental stroke via augmenting brain
inflammation, blood-brain barrier damage and brain oedema independently
of infarct size. J. Neuroinflammation 8, 164.

Erickson, M.A., Hartvigson, P.E., Morofuji, Y., Owen, J.B., Butterfield, D.A., Banks, W.
A., 2012. Lipopolysaccharide impairs amyloid beta efflux from brain: altered
vascular sequestration, cerebrospinal fluid reabsorption, peripheral clearance
and transporter function at the blood-brain barrier. J Neuroinflammation 9, 150.

George, J., Bleasdale, S., Singleton, S.J., 1997. Causes and prognosis of delirium in
elderly patients admitted to a district general hospital. Age Ageing 26, 423–427.

Hammer, C., Stepniak, B., Schneider, A., Papiol, S., Tantra, M., Begemann, M., Siren, A.
L., Pardo, L.A., Sperling, S., Mohd Jofrry, S., Gurvich, A., Jensen, N., Ostmeier, K.,
Luhder, F., Probst, C., Martens, H., Gillis, M., Saher, G., Assogna, F., Spalletta, G.,
Stocker, W., Schulz, T.F., Nave, K.A., Ehrenreich, H., 2014. Neuropsychiatric
disease relevance of circulating anti-NMDA receptor autoantibodies depends on
blood-brain barrier integrity. Mol. Psychiatry 19, 1143–1149.

Holmes, C., Cunningham, C., Zotova, E., Woolford, J., Dean, C., Kerr, S., Culliford, D.,
Perry, V.H., 2009. Systemic inflammation and disease progression in Alzheimer
disease. Neurology 73, 768–774.

Hong, S.H., Khoutorova, L., Bazan, N.G., Belayev, L., 2015. Docosahexaenoic acid
improves behavior and attenuates blood-brain barrier injury induced by focal
cerebral ischemia in rats. Exp. Transl. Stroke Med. 7, 3.

http://dx.doi.org/10.1016/j.bbi.2016.10.020
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0005
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0005
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0010
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0010
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0010
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0010
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0010
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0015
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0015
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0015
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0020
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0020
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0020
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0025
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0025
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0025
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0030
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0030
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0035
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0035
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0035
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0035
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0040
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0040
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0040
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0040
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0045
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0045
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0045
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0045
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0050
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0050
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0055
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0055
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0055
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0055
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0055
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0055
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0060
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0060
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0060
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0065
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0065
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0065


40 E. Elwood et al. / Brain, Behavior, and Immunity 62 (2017) 35–40
Hughes, C.G., Pandharipande, P.P., Thompson, J.L., Chandrasekhar, R., Ware, L.B., Ely,
E.W., Girard, T.D., 2016. Endothelial activation and blood-brain barrier injury as
risk factors for delirium in critically ill patients. Crit. Care Med. 44, e809–e817.

Irani, S.R., Bera, K., Waters, P., Zuliani, L., Maxwell, S., Zandi, M.S., Friese, M.A., Galea,
I., Kullmann, D.M., Beeson, D., Lang, B., Bien, C.G., Vincent, A., 2010. N-methyl-D-
aspartate antibody encephalitis: temporal progression of clinical and
paraclinical observations in a predominantly non-paraneoplastic disorder of
both sexes. Brain 133, 1655–1667.

Jaeger, L.B., Dohgu, S., Sultana, R., Lynch, J.L., Owen, J.B., Erickson, M.A., Shah, G.N.,
Price, T.O., Fleegal-Demotta, M.A., Butterfield, D.A., Banks, W.A., 2009.
Lipopolysaccharide alters the blood-brain barrier transport of amyloid beta
protein: a mechanism for inflammation in the progression of Alzheimer’s
disease. Brain Behav. Immun. 23, 507–517.

Lopez-Ramirez, M.A., Wu, D., Pryce, G., Simpson, J.E., Reijerkerk, A., King-Robson, J.,
Kay, O., de Vries, H.E., Hirst, M.C., Sharrack, B., Baker, D., Male, D.K., Michael, G.J.,
Romero, I.A., 2014. MicroRNA-155 negatively affects blood-brain barrier
function during neuroinflammation. FASEB J. 28, 2551–2565.

McColl, B.W., Rothwell, N.J., Allan, S.M., 2008. Systemic inflammation alters the
kinetics of cerebrovascular tight junction disruption after experimental stroke
in mice. J. Neurosci. 28, 9451–9462.

Ouimet, S., Kavanagh, B.P., Gottfried, S.B., Skrobik, Y., 2007. Incidence, risk factors
and consequences of ICU delirium. Intensive Care Med. 33, 66–73.

Podjaski, C., Alvarez, J.I., Bourbonniere, L., Larouche, S., Terouz, S., Bin, J.M., Lecuyer,
M.A., Saint-Laurent, O., Larochelle, C., Darlington, P.J., Arbour, N., Antel, J.P.,
Kennedy, T.E., Prat, A., 2015. Netrin 1 regulates blood-brain barrier function and
neuroinflammation. Brain 138, 1598–1612.

Reiber, H., 1994. Flow rate of cerebrospinal fluid (CSF) – a concept common to
normal blood-CSF barrier function and to dysfunction in neurological diseases.
J. Neurol. Sci. 122, 189–203.

Rosenberg, G.A., 2012. Neurological diseases in relation to the blood-brain barrier. J.
Cereb. Blood Flow Metab. 32, 1139–1151.
Serres, S., Anthony, D.C., Jiang, Y., Broom, K.A., Campbell, S.J., Tyler, D.J., van
Kasteren, S.I., Davis, B.G., Sibson, N.R., 2009. Systemic inflammatory response
reactivates immune-mediated lesions in rat brain. J. Neurosci. 29, 4820–4828.

Smith, C.J., Emsley, H.C., Gavin, C.M., Georgiou, R.F., Vail, A., Barberan, E.M., del
Zoppo, G.J., Hallenbeck, J.M., Rothwell, N.J., Hopkins, S.J., Tyrrell, P.J., 2004. Peak
plasma interleukin-6 and other peripheral markers of inflammation in the first
week of ischaemic stroke correlate with brain infarct volume, stroke severity
and long-term outcome. BMC Neurol. 4, 2.

Takeda, S., Sato, N., Ikimura, K., Nishino, H., Rakugi, H., Morishita, R., 2013. Increased
blood-brain barrier vulnerability to systemic inflammation in an Alzheimer
disease mouse model. Neurobiol. Aging 34, 2064–2070.

Thompson, E.J., 2005. Different blood–CSF barriers. In: Thompson, E.J. (Ed.), Proteins
of the Cerebrospinal Fluid: Analysis & Interpretation in the Diagnosis and
Treatment of Neurological Disease. Elsevier, London.

Tomkins, O., Friedman, O., Ivens, S., Reiffurth, C., Major, S., Dreier, J.P., Heinemann,
U., Friedman, A., 2007. Blood-brain barrier disruption results in delayed
functional and structural alterations in the rat neocortex. Neurobiol. Dis. 25,
367–377.

Tourtellotte, W.W., Potvin, A.R., Fleming, J.O., Murthy, K.N., Levy, J., Syndulko, K.,
Potvin, J.H., 1980. Multiple sclerosis: measurement and validation of central
nervous system IgG synthesis rate. Neurology 30, 240–244.

van Munster, B.C., Korevaar, J.C., Korse, C.M., Bonfrer, J.M., Zwinderman, A.H., de
Rooij, S.E., 2010. Serum S100B in elderly patients with and without delirium.
Int. J. Geriatr. Psychiatry 25, 234–239.

Varatharaj, A., Galea, I., 2016. The blood-brain barrier in systemic inflammation.
Brain Behav. Immun.

Yang, C.H., Kao, M.C., Shih, P.C., Li, K.Y., Tsai, P.S., Huang, C.J., 2015. Simvastatin
attenuates sepsis-induced blood-brain barrier integrity loss. J. Surg. Res. 194,
591–598.

http://refhub.elsevier.com/S0889-1591(16)30488-3/h0070
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0070
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0070
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0075
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0080
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0080
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0080
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0080
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0080
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0085
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0085
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0085
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0085
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0090
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0090
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0090
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0095
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0095
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0100
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0100
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0100
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0100
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0105
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0105
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0105
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0110
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0110
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0115
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0115
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0115
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0120
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0120
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0120
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0120
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0120
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0125
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0125
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0125
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0130
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0130
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0130
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0135
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0135
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0135
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0135
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0140
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0140
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0140
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0145
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0145
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0145
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0150
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0150
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0155
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0155
http://refhub.elsevier.com/S0889-1591(16)30488-3/h0155

	The effect of systemic inflammation on human brain barrier function
	1 Introduction
	2 Methods and materials
	2.1 Data collection
	2.2 Data preparation
	2.3 Statistical analysis

	3 Results
	3.1 Characteristics of cases
	3.2 Cases with normal CSF
	3.3 Cases with abnormal CSF
	3.4 Temporal analysis

	4 Discussion
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary data
	References


