
REVIEW ARTICLE

Pharmacokinetics and Pharmacodynamics of Antiretrovirals
in the Central Nervous System

Andrea Calcagno • Giovanni Di Perri •

Stefano Bonora

Published online: 9 September 2014

� Springer International Publishing Switzerland 2014

Abstract HIV-positive patients may be effectively trea-

ted with highly active antiretroviral therapy and such a

strategy is associated with striking immune recovery and

viral load reduction to very low levels. Despite undeniable

results, the central nervous system (CNS) is commonly

affected during the course of HIV infection, with neuro-

cognitive disorders being as prevalent as 20–50 % of

treated subjects. This review discusses the pathophysiology

of CNS infection by HIV and the barriers to efficacious

control of such a mechanism, including the available data

on compartmental drug penetration and on pharmacoki-

netic/pharmacodynamic relationships. In the reviewed

articles, a high variability in drug transfer to the CNS is

highlighted with several mechanisms as well as methodo-

logical issues potentially influencing the observed results.

Nevirapine and zidovudine showed the highest cerebro-

spinal fluid (CSF) to plasma ratios, although target con-

centrations are currently unknown for the CNS. The use of

the composite CSF concentration effectiveness score has

been associated with better virological outcomes (lower

HIV RNA) but has been inconsistently associated with

neurocognitive outcomes. These findings support the CNS

effectiveness of commonly used highly antiretroviral

therapies. The use of antiretroviral drugs with increased

CSF penetration and/or effectiveness in treating or pre-

venting neurocognitive disorders however needs to be

assessed in well-designed prospective studies.

1 Introduction

HIV enters the central nervous system (CNS) early in the

natural history of the disease with cerebrospinal fluid (CSF)

HIV RNA recovered as early as 8 days after infection [1].

The presence of viral replication (in perivascular macro-

phages and microglia and, although restricted, in astro-

cytes) is eventually associated with neuronal damage due

to persistent immune activation and cytokines production:

the clinical endpoint of untreated CNS HIV infection is the

appearance of HIV-associated dementia (HAD) [2, 3].

With the introduction of highly active antiretroviral therapy

(HAART), the incidence of dementia significantly

declined; nevertheless, cognitive impairment [asymptom-

atic and moderate according to the impact on everyday life

and globally defined as HIV-associated neurocognitive

disorders (HAND)] remains highly prevalent [4]. Although

several authors highlight the impact of traditional risk

factors (age, drug and alcohol abuse, previous head inju-

ries, cardiovascular risk abnormalities, opportunistic

infections) [5] on neurocognitive impairment in HIV-

positive subjects, the role of neuro-effective HAART is

crucial: it is significantly associated with CSF viral control

but inconsistently with the prevention and treatment of

HAND.

This review analyses the pharmacokinetics and phar-

macodynamics of antiretroviral drugs in the CNS, consid-

ering the effect on both compartmental viral replication and

neurocognitive impairment.

2 Search Strategy

After including studies and reviews on pathogenesis,

diagnosis and treatment of neurocognitive disorders in
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HIV-positive patients, we focused on pharmacokinetic and

pharmacodynamic data. The aim was to include all studies

containing pharmacokinetic data pertaining to and using

the following search terms: [(HIV AND (central nervous

system OR cerebrospinal fluid) AND (pharmacokinetics

OR pharmacokinetic OR pharmacodynamic OR passage)].

For the pharmacodynamic chapter the following search

terms were used: [(HIV AND (CPE OR central nervous

system concentration effectiveness score OR HIV RNA)].

Review articles were included for finding references and

unpublished conference abstracts. Articles were not

restricted based on year of publication or language. Articles

identified by the PubMed search were further screened

manually by review of the full article text.

3 Pathophysiology of Central Nervous System (CNS)

Injury by HIV

The neuropathogenesis of CNS damage is generally con-

sidered to be initiated and driven by HIV invasion and rep-

lication within the brain parenchyma; productive infection of

brain perivascular macrophages and endogenous microglia

and restricted infection of astrocytes have been demonstrated

[6, 7]. Consequently, neuroinflammation and immune acti-

vation of resident glia (macrophages, microglia, astrocytes)

have been associated with indirect neuronal injury [2]. With

no antiretroviral treatment, activated microglia, infiltrating

macrophages, reduced synaptic and dendritic density and

neuronal loss are the neuropathological correlates of HAD

[8, 9]. With the introduction of HAART, lymphocytes

infiltration was markedly reduced (and limited to immune-

reconstitution inflammatory syndrome cases) while neuro-

inflammation was observed in different anatomical sites:

while basal ganglia were involved in pre-HAART speci-

mens, in post-HAART samples hippocampus and adjacent

parts of entorhinal and temporal cortex were frequently

involved [10, 11]. Inflammatory cytokines and chemokines

[tumour necrosis factor (TNF)-a, interleukin (IL)-6, IL-10,

chemokine C-C motif ligand 2 (CCL-2), C-X-C motif che-

mokine 10 (CXCL-10)] have been found to be abnormally

elevated in HIV-positive patients and have been linked to the

alteration of the blood–brain barrier (BBB): viral factors

(TAT, gp120) and lipopolysaccharide have been also

implicated [3]. The impairment in BBB function has a cru-

cial impact on the pathogenesis of HAD since it facilitates

the penetration of HIV-infected monocytes, thus increasing

the viral biomass in the CNS [12, 13]. BBB damage may

persist despite effective antiretroviral treatment and a low

nadir CD4? T lymphocyte cell count has recently been

identified as a predictor of such an event [14–16].

The immune cell trafficking from and toward the CNS

has the potential to sustain the persistence of residual

viraemia; although the exact origin of the latter is still

debated [17], it has been proven that drugs with lower

diffusion into tissues [such as protease inhibitors (PIs)]

have been associated with either higher residual viraemia

or replication in sanctuary sites (such as lymph nodes) [18].

Furthermore, the CNS has been recognised as a site of

compartmentalised viral replication, with the possible

divergent evolution of HIV quasispecies [19, 20].

Approximately 10 % of patients have detectable HIV RNA

in the CSF despite plasma viral control; this ‘CSF escape’

is usually transient and is not associated with neurological

sequelae [21]. However, different resistance-associated

mutations may be selected in the CSF and cases of

symptomatic (and severe) CSF escape have been con-

stantly reported in recent years [22, 23].

The compartmental pharmacokinetic and pharmacody-

namic profile of antiretrovirals may be of relevant impor-

tance both for HIV control in the CNS and for the reduction

of viral biomass in reservoir sites in sight of seeking a

functional cure.

4 HIV-Associated Neurocognitive Disorders (HAND)

A consensus research definition of HAND includes the sub-

classifications asymptomatic neurocognitive impairment

(ANI), mild neurocognitive disorder (MND) and HAD [24].

This categorization relies upon the execution of a full battery

of neurocognitive tests (assessing at least five domains,

including attention–information processing, language,

abstraction–executive, complex perceptual motor skills,

memory, simple motor skills or sensory perceptual skills)

and upon the determination of functional status (usually self-

reported). Patients presenting abnormalities in two cognitive

domains [age-adjusted scores 1 standard deviation (SD)

lower than the average] are diagnosed with ANI or MND

(with no or mild impairment in daily living, respectively);

significant deficit in two cognitive domains (with scores

lower than 2 SD) and impairment in everyday living are the

diagnostic criteria for HAD. Considerable uncertainty is still

undeniable in the diagnosis, determinants, prognostic fac-

tors and treatment of HAND, although HAART has been

associated with significant improvement in symptoms and

CSF markers of immune activation and neuronal damage in

patients with HAD [4]. One of the key questions is whether

the diagnosis of ANI has any relevance in the course of HIV

infection: recent data suggest that patients with ANI may

progress to MND and that they have a significant impair-

ment in performance-based tests (potentially affecting

adherence to medications) [25, 26]. The uncertainty in this

area is enhanced by the diagnostic criteria that, to some

extent, may overestimate the prevalence of asymptomatic

and mild forms of neurocognitive impairment.
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Furthermore, several authors highlight the high preva-

lence of other risk factors for neurocognitive decline such

as increasing age, high cardio- and cerebrovascular risk,

the often under-diagnosed presence of psychiatric illnesses,

the use of psychotropic substances and the prevalence of

chronic hepatitis [and specifically hepatitis C virus (HCV)]

[5, 27]. The challenge of studying HAND is having an

adequate well-matched control group in which all of these

confounding factors may be accounted for [28]. Never-

theless, some HIV-associated (CD4 cell count at nadir

below 200/mm3, plasmatic or CSF HIV replication, cell-

associated HIV DNA) and some other risk factors (age

above 50 years, HCV infection, metabolic and glucose

abnormalities, cardiovascular risk) have been identified and

they may help in selecting patients for accurate neuro-

cognitive screening and follow-up. Finally, a therapeutic

approach is not clearly defined since controlling HIV rep-

lication may be necessary but not sufficient: neither higher

CNS-penetrating combined antiretroviral therapy nor

adjuvant treatments have so far proven to be effective in

preventing and reversing HAND [29].

5 Mechanisms of Drug Passage to the CNS

To be efficacious, drugs must reach adequate concentra-

tions at the site of action: in the case of CNS infection by

HIV, the targets are macrophages, microglia and astrocytes

within the brain parenchyma. After intestinal absorption,

orally administered antiretrovirals (the vast majority of

available drugs, with the exception of intravenous zido-

vudine and subcutaneous enfuvirtide) are transported by

plasma proteins in the bloodstream and distributed to

organs and tissues. The CNS is reached by a considerable

blood flow (approximately 14 % of cardiac output) but two

anatomical barriers can be found that prevent the free

passage of drugs into the brain: the BBB and the blood–

CSF barrier (BCB). The first one is characterised by

endothelial cells connected by tight junctions and by the

presence of astrocytic end feet: several substances are

restricted from crossing the BBB [30]. Nevertheless, tight

junctions are absent in some areas of the brain (hypothal-

amus, area postrema, subfornical organ) and direct diffu-

sion is possible. Several mechanisms have been identified

for crossing the BBB and they affect each compound’s

ability to reach the brain tissue: paracellular aqueous

pathway, transcellular lipophilic pathway, transport pro-

teins, receptor-mediated transcytosis and adsorptive trans-

cytosis. Therefore, both patients’ and drugs’ characteristics

influence antiretrovirals’ passage into the CNS.

The study of the pharmacokinetics of antiretrovirals in

the CNS has two key obstacles: the scarce data on tissue

concentrations and the intracellular target of action.

Obtaining brain tissue concentrations is limited in healthy

patients (for obvious ethical reasons) and is associated with

potential bias in sick individuals (brain biopsies are usually

performed in patients with severe CNS diseases and this

may impact the results of measured concentrations): data

on autoptic measurements are limited and they may be

influenced by the time elapsed from death to the procedure.

Furthermore, brain parenchyma concentrations derive from

different compartments (averaged as a single measurement

per gram of tissue) and they may be influenced by prepa-

ration and analysis procedures [31]. Microdyalisis is

another option for directly measuring brain extracellular

concentrations (through the use of intracranial catheters):

however, it is an invasive technique and the results may

depend upon the characteristics of the compounds [32, 33].

CSF concentrations are easier to obtain but their reliability

as markers of CNS exposure is still debated. CSF is

believed to be produced by filtration from blood plasma

(two-thirds) and from brain extracellular fluid (one-third),

from which it is separated by one layer of ependymal cells;

nevertheless, a difference in drug concentrations may be

observed if CSF is withdrawn from cisterna magna or from

lumbar space [34]. Several animal studies have suggested

that CSF is a reliable surrogate marker for most of the

studied drugs; although the variability in predicting tissue

concentrations was high, it was considerably lower than

plasma unbound concentrations and comparable with

microdyalisis [33, 35, 36]. As an example, animal data

(non-human primates) confirmed the good correlation

between zidovudine CSF and brain parenchyma concen-

trations; [32] data for other antiretrovirals are more vari-

able and have recently been reviewed by Eisfeld et al. [37].

Additionally, drug concentrations in brain tissue are not

uniform; they may vary with the distance from the CSF,

with the vascularity of brain regions, and between white

and grey matter [38]. Since the perivascular areas are

probably the main objective of antiretroviral therapy, this

may not be relevant in the delivery of drugs to target cells

[39].

The second pitfall in the evaluation of CNS exposure is

the site of action: with the exception of enfuvirtide and

maraviroc, all antiretrovirals have intracellular targets.

While non-nucleoside reverse transcriptase inhibitors

(NNRTIs), PIs and integrase strand transfer inhibitors

(ISTIs) once inside the cells are ready for exerting their

activity, nucleoside reverse transcriptase inhibitors

(NRTIs) need to be phosphorylated (thrice or twice) to

become active and compete with endogenous nucleosides.

The direct relationship between plasma and intracellular

concentrations support the measurement of the former;

however, no data are currently available on the concen-

trations reached inside CNS macrophages, microglia or

astrocytes.
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5.1 Patients’ Characteristics and Blood–Brain Barrier

Damage

Older age may affect the passage of several drugs into the

CNS: reduced blood efflux, permissive BBB and altered

CSF flow are some of the potential mechanisms [40]. Being

atherosclerosis and cerebrovascular disease common in

older HIV-positive patients this may be relevant [41, 42].

Furthermore, as a consequence of declining renal function,

plasma concentrations of several antiretrovirals have been

shown to increase with increasing age. The only available

data suggest that while plasma concentrations of efavirenz

and tenofovir are increased in older subjects, efavirenz CSF

concentration have a steep increase after 60 years of age

[43].

Meningeal inflammation (usually observed in acute

infection, rebound encephalitis, CSF escape or with

opportunistic infections) has the potential to modulate the

penetration of antiretrovirals: this is mediated by blood

flow, BBB impairment and pH modifications. The latter

mechanism has been identified in bacterial meningitis but

may be relevant for drugs very sensitive to pH, such as

raltegravir [44].

Finally, BBB impairment has been considered as a key

event in the pathogenesis of AIDS dementia complex and

other HIV-related neurological complications. BBB alter-

ations were found in 2–22 % of HIV-positive asymptom-

atic individuals, in about 50 % of patients with AIDS and

in 100 % of patients with HAD [45–47]. Furthermore,

altered permeability may persist in a subset of patients

(mostly those with a low CD4? T lymphocytes nadir)

despite antiretroviral treatment and it has been associated

with a higher prevalence of HAND [14–16]. Theoretically,

a permissive barrier may allow the passage of both drugs

and plasma proteins, thus increasing CSF total concentra-

tions but reducing free drug concentrations: the net effect

on antiviral efficacy is currently not known [48]. Tenofo-

vir, emtricitabine and raltegravir CSF concentrations have

been shown to be higher in the presence of altered BBB

and to be directly proportional to CSF to plasma albumin

ratios (CSARs) [49–51].

5.2 Drug Characteristics

Four chemical characteristics that affect drug passage have

been identified: molecular weight (the smaller the higher),

lipophilicity (the higher the higher, measured as octanol

water distribution coefficient, LogP), ionization (the higher

the lower) and plasma protein binding (the lower the

higher). Table 1 shows the molecular size, LogP and

unbound plasma fractions for available antiretrovirals.

NRTIs are small, poorly bound molecules with a generally

high CSF to plasma ratio; tenofovir is an exception to this

example since it is positively charged and thus requires

active transport to cross the BBB. Molecular size and

lipophilicity can be graphically plotted and an area of

optimal characteristics can be drawn, as in a recent paper by

Marzolini et al. [52]: drugs with a distribution coefficient

(LogD, a measure of pH-dependant lipophilicity) between

-1 and ?5 and with a cross-sectional area between 20 and

70 (Å2) showed the highest penetration into the CSF.

Protein binding has been classically identified as one of

the key characteristics affecting drug distribution into

organs and tissues; highly protein bound molecules have

less unbound (or free) drug available for exerting the effect

or being transported outside the blood stream. The effect of

proteins on antiviral effect has been studied in vitro: at

higher levels intracellular antiretroviral concentrations are

reduced as well as their antiviral effect [53]. This seems to

be confirmed in the CSF since a direct relationship between

plasma unbound fraction and CSF to plasma ratios has

been shown for some antiretrovirals [54–56]. Measuring

unbound CSF concentrations has proven to be more chal-

lenging due to low drug and protein concentrations: CSF

albumin is usually 7.8–40 mg/L in CSF and 35–55 g/L in

plasma, with normal CSAR ranging from 6 to 9.5

according to age [57]. Data are available for few com-

pounds: CSF drug concentrations were shown to be very

close to plasma unbound ones [56, 58, 59]. Etravirine

passage is unexpectedly peculiar: despite very low

unbound plasma concentrations (approximately 0.1 %), the

total etravirine CSF to plasma ratio was around 4 % [60].

However, etravirine was found to be highly protein bound

in the CSF, although the authors were not able to under-

stand the target proteins. This unexpected finding may be

explained by specific binding to other plasma/CSF proteins

or to the effect of concomitantly administered drugs (since

etravirine is often administered with boosted PIs).

5.3 Transporters and Pharmacogenetics

Several transporting proteins have been found to be

expressed at the BBB and at the BCB: p-glycoprotein (P-

gp), organic anion transporter (OAT) 1, 2 and 3, breast

cancer resistance protein (BCRP) and others. P-gp has been

extensively studied as it mediates adenosine triphosphate

(ATP)-dependant efflux of several drugs towards the

bloodstream, thus potentially reducing the amount avail-

able for reaching the brain parenchyma; it has also been

implicated in refractory epilepsy [61]. Positron emission

tomography (PET) techniques were used to quantify (both

in animal and in humans) the effect of functionally or

pharmacologically inhibited P-gp: several substrates

showed a huge increase in brain parenchyma diffusion

[62]. Other transporters have been less extensively studied

but they are expressed at the brain barriers and, for
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instance, PIs have been shown to be substrate of OAT1A2

[63, 64].

The importance of understanding drug passage across

BBB and BCB lies in the modulatory effects on trans-

porters and on the possible influence of genetic polymor-

phisms affecting enzyme activity or expression. In

non-human primates (using nelfinavir and zosiquidar, a

P-gp inhibitor) P-gp blocking was associated with modest

increases in CSF concentrations but extensive increments

in brain concentrations [65]. Large lipophilic drugs such as

PIs have strong binding affinities to drug efflux transporters

expressed at the BBB and thus are prevented from entering

the brain [52]. When combined, ritonavir (having the

highest affinity) will occupy a large proportion of the

transporter binding sites and thus slow down the efflux rate

of the coadministered PI, thereby facilitating its brain

entry. This was confirmed in a study comparing once-daily

(800 mg with ritonavir 100 mg) with twice-daily darunavir

(600 mg with ritonavir 100 mg twice daily): CSF con-

centrations (as expected given the lower dose) but also CSF

to plasma ratios were lower, possibly because of a reduced

ritonavir effect along the dosing interval [66]. Several other

drugs are inhibitors or inducers of P-gp and the new

pharmacoenhancer cobicistat has the same interacting

potential on transporters (P-gp and BCRP) as ritonavir [67,

68].

Table 1 Antiretroviral characteristics and published cerebrospinal fluid exposure

Drug Molecular

weight (Da)

LogP Protein

binding (%)

Protein-

free IC50

(ng/mL)

Protein-

free IC95

(ng/mL)

CSF concentration

(ng/mL)

CPR

(%)

Correl

CSF/P

References

Median Max Min

NRTIs

Abacavir 286 1.20 50 457.6 NA 128 384 37 36 NA [73, 84–87, 101]

Didanosine 236 -1.24 \5 1,180.0 NA 0 NA 0 Negligible NA [88, 89]

Emtricitabine 247 -1.40 \4 70 NA 109 386 39 43 No [50, 90]

Lamivudine 229 -1.40 16–36 549.6 NA 95–134 300 12 12–22 NA [91, 92, 101]

Stavudine 224 -0.72 Negligible 112.0 NA 51.6 110 0 27 NA [91, 93–95, 101]

Tenofovir 287 1.25 \7 201.6 NA 5 32 \0.9 4 No [50, 96–98]

Zidovudine 267 0.05 30–38 5.3 NA 45–50 283 0 2–674 NA [78–85, 89, 91, 101]

NNRTIs

Efavirenz 315 4.60 99.5–99.7 1.3 4.7 11.1–13.9 51.8 0.2 0.5 NA [58, 90, 100]

Etravirine 435 3.67–5.54 99.9 0.9 3.5 9.5 38.9 2 1–4.3 Yes [60]

Nevirapine 266 2.50 60 32 253 932 1,837 219 62.6 NA [87, 101, 102]

Rilpivirine 366 3.80–5.47 [99 0.27 0.7–1.3a 0.8 1.6 0.5 1.4 No [103]

PIs

Amprenavir 505 1.85 90 5.3 31 NA 123 \10 1.6 NA [105, 106]

Atazanavir 704 4.50 86 1.7 6.5 7.9–10.3 40 \5 0.9 Yes [59, 72]

Darunavir 547 1.80 95 0.4 1.9 30–55.8 212 \0.4 0.6–1.4 Yes [56, 59, 66, 108]

Fosamprenavir 585 0.84–1.92 90 5.3 31 26.1–23.4 [200 \0.4 1.2 Yes [107]

Indinavir 613 2.90 60 4.3 21 174 693 94 9.9 Yes [120, 121]

Lopinavir 628 3.91–4.69 98–99 3.1 17 11.2–26.4 74 \5 0.2–0.5 Yes [54, 109–112]

Saquinavir 670 3.8 98 3.6 14 \1.4 6.7 \1.4 Negligible NA [104, 113–115]

Tipranavir 602 6.9 [99.9 53 261 NA NA NA NA NA

EI and CCR5I

Enfuvirtide 4,491 NA 92 18–1,260 NA \25 \25 \25 Negligible No [118, 119]

Maraviroc 513 3.6–4.3 76 0.05–2.3b 10.7a 2.6–35 173 \0.5 2.2–29 No [55, 74–76]

ISTI

Elvitegravir 448 4.5 98–99 3.9 54a NA NA NA NA NA

Dolutegravir 419 0.98–1.10 [98.9 0.2 NA 18.2 23.2 3.7 0.4 Yes [122]

Raltegravir 444 -0.39 83 3.6 44 14.5–31 187 \2 3–20 Yes/no [49, 51, 123]

CCR5I C-C chemokine receptor type 5 inhibitors, Correl CSF/P correlation between CSF and plasma levels, CPR CSF to plasma ratio, CSF cerebrospinal fluid,

EC50 concentration of drug producing 50 % of maximum effect, EI entry inhibitors, EC90 concentration of drug producing 90 % of maximum effect, IC50 50 %

inhibitory concentration, IC95 95 % inhibitory concentration, ISTIs integrase strand transfer inhibitors, Max maximum, Min minimum, NA not available, NRTIs

nucleoside reverse transcriptase inhibitors, NNRTIs non-nucleoside reverse transcriptase inhibitors, PIs protease inhibitors
a EC90 value
b EC50 value
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Several genetic polymorphisms may affect the function

or expression of metabolising or transporting enzymes,

thus affecting drug exposure. While pharmacogenetic

studies have extensively studied plasma pharmacokinetics

of antiretrovirals, limited data are available on their effect

on CNS exposure. Single nucleotide polymorphisms

(SNPs) in cytochrome P450 (CYP) 2B6 have been associ-

ated with plasma efavirenz concentrations as well as the

occurrence of neuropsychiatric symptoms and withdrawal

from treatment [69, 70]. In a limited sample size study,

CYP2B6 slow-metabolising children had higher CSF ne-

virapine concentrations than fast metabolizers [71]. In the

aforementioned study on darunavir CSF concentrations, a

borderline association was found between polymorphisms

in the SLCO1A2 gene (encoding for OAT1A2) and CSF

concentrations [66]. Finally, SNPs in the Hepatic Nuclear

Factor 4 alpha (HNFalpha4, a nuclear factor implicated in

the regulation of OATs) might explain some of the extreme

variability observed in raltegravir CSF penetration [51].

5.4 Plasma Concentrations

A direct correlation between plasma and CSF concentrations

has been demonstrated for the majority of antiretrovirals

(Table 1). Therefore, factors affecting plasma concentra-

tions may potentially influence CNS exposure; for instance,

unboosted atazanavir (400 mg without ritonavir) is associ-

ated with very low and often undetectable CSF concentra-

tions, as expected from the low plasma exposure observed

with such a dosage [72]. Once-daily administered drugs may

therefore reach lower concentrations as has been shown for

darunavir/ritonavir (800/100 mg): even if no data are

available, it may also be relevant for abacavir (for which all

data have been derived from the twice-daily dosage) and for

maraviroc (studied at 150 mg once daily with boosted PIs)

[55, 73–76]. Furthermore, drug-to-drug interactions reduc-

ing the plasma exposure of one antiretroviral may signifi-

cantly affect CNS exposure and efficacy.

6 CNS Penetration of Antiretrovirals

CSF concentrations and pharmacokinetic parameters of

antiretrovirals are summarised in Table 1. Here, we briefly

describe some of the key pharmacological features of those

compounds, according to drug class.

6.1 Nucleoside Reverse Transcriptase Inhibitors

NRTIs are small, hydrophilic molecules, which are poorly

bound to plasma proteins and reach very variable CSF

exposures. NRTIs are transported by OATs that have been

shown to be present at the choroid plexus (OAT1 and

OAT3); the modulation of their activity (either by other

drugs such as probenecid or by genetic polymorphisms in

the encoding genes) may be relevant for zidovudine,

stavudine, lamivudine and tenofovir passage [97]. With the

exception of didanosine (whose CSF exposure has been

found to be undetectable or very low), the other NRTIs

have been associated with therapeutic CSF concentrations.

Tenofovir is ionised at physiological pH and this limits its

uptake by membrane transporters [50, 73, 77–96]. CSF

tenofovir concentrations have been described as very low

[and with no sample above a concentration of drug pro-

ducing 50 % inhibition (IC50) of 201 ng/mL]; previous

animal data suggested a good CSF passage (through the

BCB and OATs independent) but poor penetration into

deep brain tissue [98].

6.2 Non-Nucleoside Reverse Transcriptase Inhibitors

NNRTIs show different properties but are small, lipophilic,

highly protein bound (with the exception of nevirapine)

compounds [51, 58, 60, 71, 87, 99–103]. The neuropsy-

chiatric effects in efavirenz recipients account for its pas-

sage into the CNS: nevertheless, as the IC50 is very low

(0.5–1.3 ng/mL) and close to the limit of detection of the

instruments, a few studies reported poor passage into the

CSF. While the data on rilpivirine (one single study) and

etravirine (two reports) are still limited, high nevirapine

CSF to plasma ratios have been constantly confirmed: the

compound properties as well as the in vivo data suggest

that nevirapine is one of the antiretrovirals with the highest

CSF penetration.

6.3 Protease Inhibitors

PIs are large (with molecular weights above 500 Da),

lipophilic, highly protein bound (with the exception of

indinavir) compounds with CSF concentrations approxi-

mately 1 % of plasma concentrations [54, 56, 59, 72, 104–

121]; they have been recognised as substrates of P-gp as

well as OAT1A2 and this may limit the drug accumulation

into the CNS (as well as into other key tissues such as

lymph nodes) [64, 116]. While tipranavir has not been

studied, data from first-generation PIs were disappointing,

with nelfinavir, saquinavir and amprenavir being unde-

tectable or below the IC50 in most patients. Indinavir CSF

exposure was somehow higher, probably due to lower

binding to plasma proteins: CSF concentrations were above

the concentration of drug producing 95 % inhibition (IC95)

and it was mostly unbound (98.6 %). Comparison of the

three commonly prescribed PIs (atazanavir, lopinavir and

darunavir) favours lopinavir and darunavir since most of

atazanavir concentrations were very low or undetectable

[117].
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6.4 Entry Inhibitors (Fusion Inhibitors and CCR5

Antagonists)

Enfuvirtide is a synthetic 36 amino acid oligopeptide

(interacting with viral gp41) with a very large molecular

weight: a single study confirmed that CSF concentrations

were below the limit of quantification (25 ng/mL), while a

case report of emerging enfuvirtide-resistant CSF (and then

plasma) viruses reported a CSF concentration of 55 ng/mL

[118, 119].

Maraviroc is a small, lipophilic, intermediately protein-

bound compound that targets the human co-receptor C-C

chemokine receptor type 5 (CCR5) and that is effective in

preventing entry of R5-tropic HIV viruses into target cells.

It is a substrate of both CYP3A4 and P-gp and drug–drug

interactions, potentially affecting CSF penetration, have

been reported. The available data have been obtained with

twice-daily dosages (150 mg with PIs, 300 mg with NRTIs

and nevirapine, and 600 mg with efavirenz or etravirine):

CSF concentrations were detectable, 2–3 % of plasma

concentrations and in the range of concentrations produc-

ing 90 % of maximum effect (EC90) (0.06–10.7 ng/mL)

[55, 74–76].

6.5 Integrase Strand Transfer Inhibitors

Integrase inhibitors are the latest antiretroviral drug class

and are somehow heterogeneous: while they are small,

highly protein-bound molecules, their lipophilicity varies

considerably (raltegravir is hydrophilic while elvitegravir

is lipophilic). So far no data have been released on elvi-

tegravir CSF exposure, while a single unpublished study

reported low CSF to plasma ratios (0.4 %) for dolutegravir

but CSF concentrations above IC50 in all samples [122].

Raltegravir pharmacokinetics have peculiar characteristics:

very wide inter- and intra-individual variability and an

unclear pharmacokinetic/pharmacodynamic relationship

[49, 51, 123]. Even if pH-dependant absorption may

explain much plasma variability, raltegravir CSF to plasma

ratios have been described as varying from 3 to 20 %.

7 Pharmacokinetics/Pharmacodynamics

7.1 Target Concentrations

The study of the pharmacodynamic effect of antiretrovirals

in the CNS is complicated by the absence of a clear target.

The optimal marker would be the inhibition of HIV tissue

replication in the whole brain parenchyma: such a marker

is currently not feasible.

The use of CSF HIV RNA as a marker of antiviral

activity is the most commonly used one since it decreases

with the introduction of HAART and it parallels cognitive

improvement in patients with HAD [124–127]. Neverthe-

less, commercial kits for measuring HIV RNA have not

been validated in the CSF and the optimal threshold is

currently unknown. Second-generation methods can quan-

tify as low as 20 copies/mL; very sensitive experimental

techniques (quantifying 2 copies/mL) have been assessed

and residual viraemia (between 2 and 50 copies/mL) was

associated with worse cognitive function [128, 129]. The

measurement of other CSF markers (such as neopterine or

CCL2) may be useful for understanding the pathogenesis of

neuronal damage and, potentially, for monitoring changes

in immune activation or neuronal function, but it is still not

used except for research purposes [3, 130].

The use of magnetic resonance spectroscopy (MRS) and

PET has the potential to describe neuronal integrity in

different areas of the CNS and have successfully been used

to describe antiretroviral effect: nevertheless, these tech-

niques are expensive, time-consuming and not standardised

[131]. A recent study using a selective ligand for the

translocator protein expressed by activated microglial cells

([11C]-PK11195) showed that HIV-infected patients with

long-standing virological suppression on combination

antiretroviral therapy and without co-morbidities or drug

and alcohol misuse had focal areas of activated microglial

cells, indicative of neuroinflammation, in several cortical

regions [132].

Finally, one possibility would be to monitor cognitive

function after the introduction of antiretrovirals: most

studies reported an improvement after antiretroviral treat-

ment initiation or modification [133]. Nevertheless, com-

plete neurocognitive testing is time-consuming and may be

influenced by the choice of the control group and by

learning effect (patients repeating slightly modified tests

may perform better) [28, 134].

Given the inaccessibility of in vivo brain tissue, CSF

inhibitory concentrations (IC50, IC90 and IC95) have been

used to compare the adequacy of antiretrovirals exposure:

these concentrations represents the level at which 50, 90 or

95 % of in vitro viral replication is inhibited (using wild-

type viruses). However, these in vitro protein-free con-

centrations have significantly variable values and the same

drug has been judged to reach optimal or insufficient

concentrations in different studies when compared with

different thresholds [49, 51, 123]. A recent study has

quantified both protein-free and protein-corrected inhibi-

tory concentrations of several antiretrovirals using a

standardised methodology; [135] our group recently

reported better CSF viral control (as CSF HIV RNA below

50 copies/mL and a lower prevalence of CSF escape) when

drugs showed higher 95 % inhibitory quotients (as CSF

exposure divided by IC95, derived by the aforementioned

study) [136].
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7.2 Cerebrospinal Fluid Escape

In the majority of patients, CSF HIV RNA is lower than

plasma HIV RNA (approximately 1 Log10): higher CSF

viral loads have been associated with active neurological

symptoms and with a shorter time to develop HAND [137].

In some patients, despite plasma viral control CSF HIV

RNA may be detectable or 1 Log10 higher: this condition

has been defined as ‘CSF escape’. The exact clinical rel-

evance of CSF escape is currently unknown since it may

occur in approximately 10 % of patients on HAART and

no neurological impairment was observed in a longitudinal

study after 5 years of follow-up: this event may therefore

be similar to the emergence of plasma ‘blips’ [21, 138].

However, two case series and several case reports have

clearly documented the concrete, though uncommon, pos-

sibility of symptomatic CSF escape: severe neurological

syndromes and neuroradiological findings have been doc-

umented [22, 23, 139–142]. In most of the subjects dif-

ferential viral evolution (with resistance-associated

mutation selected in the CSF compartment) was shown and

it was explained by asymmetrical penetration of antiret-

rovirals (with some CSF concentrations below the limit of

detection), but this was not confirmed by other reports

[143]. In a large longitudinal study factors associated with

CSF escape were the presence of CSF pleocytosis, the use

of a PI-containing HAART and an ultrasensitive plasma

HIV RNA level: [144] the poor CSF to plasma ratios

observed with PIs (0–1.4 % with currently used PIs) may

possibly explain these results as well as persistent intra-

thecal immune activation and plasma residual viraemia. In

symptomatic patients, switching HAART to more neuro-

effective drugs has been shown to improve symptoms and

to reduce CSF viral load, and it appears advisable.

7.3 Efficacy of Monotherapy Versus Combination

Antiretroviral Treatment

Pharmacodynamic data are available for a few compounds:

patients received monotherapy and CSF HIV RNA decay

was monitored. While lopinavir/ritonavir and zidovudine

had a significant effect on CSF replication, didanosine and

Table 2 Studies investigating the relationship between Central nervous system Penetration-Effectiveness (CPE) score and cerebrospinal fluid

HIV RNA and/or neurocognitive performance

Reference n Design CPE

versiona
Higher

CPE ? CSF

VL

Higher CPE ? NC

testing

Areas of NC

testing

CPE cut-off

Cysique et al. [158] 37 Prospective single

arm

2008 Lower CSF VL Better NC tests 6 C2

Tozzi et al. [159] 185 Prospective single

arm

2008 Not done Better NC tests 4 and 8 No

Marra et al. [160] 26 Prospective single

arm

2008 Lower CSF VL Worse NC tests 8 C2

Winston et al. [161] 30 Prospective

randomised

2008 Not done Better NC tests Cogstate No

Smurzynski et al. [162] 2,636 Prospective single

arm

2008 Not done Better NC tests with

[3 drugs

3 No

Arendt et al. [163] 3,883 Prospective single

arm

2010 Lower CSF VL

n = 68

Better NC tests 2 No

Garvey et al. [164] 101 Retrospective single

arm

2008 and

2010

Not done No effect Cogstate No

Rourke et al. [165] 545 Prospective single

arm

2008 and

2010

Not done Better NC tests 4 C1.5 (2008)

Robertson et al. [166] 860 Prospective

randomized

2010 Not done No effect 4 No

Ciccarelli et al. [167] 101 Prospective single

arm

2010 Not done Better NC tests 8 C6

Kahouadji et al. [168] 54 Prospective single

arm

2008 Not done Worse NC tests 2 No

Ellis et al. [169] 49 Prospective

randomized

2008 No effect No effect 8 No

(2.5 vs. 1)

Vassallo et al. [170] 246 Prospective

controlled

2010 Not done Stable or better

NC tests

8 No

(8.1 vs. 6.9)

CPE Central nervous system Penetration-Effectiveness, CSF cerebrospinal fluid, VL viral load, NC neurocognitive
a CPE 2008 [153] and 2010 [154] version
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saquinavir showed no relevant effect [112, 145]. Abacavir

was tested as an adjunctive therapy in patients with HAD:

neurocognitive performance and CSF HIV RNA showed

no significant change [86]. PI monotherapies have been

tested given the need for reducing long-term toxicities and

drug expenditure: this strategy is less effective than triple

therapy but it is efficacious in the majority of patients.

Concerns have been raised on the compartmental activity

of low penetrating drugs such as PIs: data on several

neurocognitive tests and a review of available data were

reassuring on the effect of such strategies [146–149].

Nevertheless, a few patients on darunavir/ritonavir (two

from the MONOI study) or lopinavir/ritonavir and several

subjects on atazanavir/ritonavir as single agents presented

neurological symptoms and elevated CSF HIV RNA

despite plasma viral control [three of 20 in the ATAR-

ITMO (Atazanavir-Ritonavir Monomaintenance) study

with atazanavir] [150, 151]. Furthermore, even in patients

with controlled CSF HIV RNA, S100beta (a marker of

astrocyte damage) rapidly increased after the interruption

of NRTIs [152].

Combination antiretroviral treatment is usually effective

in the CNS compartment and a rapid decay in CSF HIV

RNA is observed; however, in some cases viral decay in

the CSF and blood may differ. Slower decay of CSF HIV

RNA has been noted in subjects with HAD and lower CD4

cell counts [125, 126, 153]. Ninety percent of patients with

undetectable plasma HIV RNA presented CSF HIV RNA

below 50 copies/mL: nevertheless, a compartmental

residual viraemia was measurable through sensitive meth-

ods. CSF low-level viraemia was associated with neuro-

cognitive impairment and increased immune activation and

was unresponsive to intensification strategies (with ma-

raviroc, enfuvirtide or raltegravir) [128, 129, 154, 155].

7.4 The CNS Penetration-Effectiveness Score

The CNS Penetration-Effectiveness (CPE) score has been

proposed by a large collaborative study group in the USA

(the CHARTER group): [156] in the revised 2010 version

antiretrovirals were scored 1–4 (where 4 is the most neuro-

effective drug) according to drug characteristics, pharma-

cokinetic and pharmacodynamic properties [157]. The

composite CPE (obtained by adding single drug scores to

obtain a treatment score) has been used in several studies,

leading to conflicting results. Most of the studies found a

lower CSF HIV RNA with a higher CPE score, while the

effect on immune activation, magnetic resonance imaging

cerebral metabolite concentrations and neurocognitive

testing were less concordant among studies: the results are

summarised in Table 2 [158–170]. Furthermore, while

several retrospective studies found an association between

higher CPE scores and lower CSF viral loads [125, 152,

171–173], only one study (of three) found a correlation

with CSF escape [21, 143, 174]. Some reports tried to

define a CPE cut-off: a value of 6 or 7 was found to be

associated with heterogeneous CSF outcomes [143, 144,

171, 175].

Some limitations of the CPE score must be highlighted:

the limited amount of evidence regarding pharmacody-

namic data and standard dosages of drugs, the absence of a

clear cut-off, and its validation only in patients receiving

triple therapies and with fully sensitive viruses. As an

example, a CPE corrected for plasma resistance-associated

mutations was a better predictor (compared with standard

CPE) of HAND in a cross-sectional study [176]. For these

reasons, some authors (and the Italian guidelines) prefer

not to use the aggregate CPE, but they suggest that treat-

ment optimisation in patients with CNS diseases may

include drugs with an individual elevated neuro-effective

score [172, 177].

The CPE score is therefore a valuable and easy to use

tool to implement the use of neuro-active drugs, although

with some limitations. Nevertheless, a recent review using

rigorous methods found that neuroHAART was effective in

improving neurocognitive function and decreasing CSF

viral load (although only two of those studies were ade-

quately statistically powered): this confirms the possible

optimisation of CNS treatment and calls for prospective,

randomised, adequately powered studies [178]. A very

interesting study (randomised and controlled) was con-

ducted by Ellis et al. [169] but unfortunately it was pre-

maturely interrupted for slow accrual (326 patients

screened and 59 enrolled): CNS-targeted HAART was

associated with neither virological nor neurocognitive

improvements, although in patients with baseline sup-

pressed viral load a trend for improved cognitive perfor-

mances over time was observed.

7.5 Efficacy in Monocytes, Macrophages

and Astrocytes

Given the peculiarity of infected cells in the CNS and

several in vitro data, an increasing interest has arisen in

antiretroviral activity on monocytes, macrophages and

astrocytes. In vitro data suggest that the endogenous

nucleoside pool in resting macrophages is smaller than that

in activated lymphocytes and therefore that the effective

phosphorylated NRTI concentrations required to inhibit

HIV replication may be lower [179]. Shikuma et al. [180]

used the in vitro effective concentration in acutely infected

macrophages (EC50) to calculate a ‘monocyte efficacy

score’ (1/EC50 9 1,000): surprising results were observed,

with tenofovir being 17 times more efficacious than

abacavir (50 vs. 3). In 139 patients the composite score was

nicely associated with neurocognitive performance and
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with the presence of HAND or a minor motor cognitive

disorder.

Recent data challenging infected astrocytes with several

NRTIs, NNRTIs and raltegravir reported that some drugs

(zidovudine, lamivudine and stavudine) may have inade-

quate inhibitory activity in astrocytes, with the EC90 values

exceeding those achievable in the CSF [181].

These preliminary observations warrant further studies on

the differential efficacy of antiretrovirals according to target

cells: the repeated association between HIV reservoir size

(measured as peripheral blood mononuclear cell- or mono-

cyte-associated quantitative HIV DNA) and HAND support

the implementation of specific drug strategies in selected

patients (for instance, those with low CD4? cells nadir, high

HIV RNA zenith and high cumulative viraemia) [182, 183].

7.6 Potential Adjunctive Effect of Maraviroc

in the CNS

Maraviroc is a CCR5 antagonist that binds to the human

co-receptor, thus preventing the stable interaction between

R5-tropic HIV and target cells: the mechanism of action is

therefore peculiar since it blocks an endogenous receptor

and has an extracellular target. The compound has been

associated with some immunological benefits such as a

higher CD4 increase and, although less than expected,

reduced immune activation in patients with poor immu-

nological recovery [184]. The drug, used in combination

with other antiretrovirals, has been proven to be effective

in blocking HIV entry both in naı̈ve and experienced

patients. CNS target cells usually express CCR5 and most

of the viruses are R5 tropic in the CSF (even if patients

harbour X4-tropic viruses); discordant tropism (X4 in CSF

samples and R5 in plasma) has been rarely reported, thus

suggesting that maraviroc may be effective in treating CNS

HIV infection in most patients [185].

While being CNS protective as monotherapy in a

macaques model and suppressing CSF HIV RNA in

patients with neurological symptoms, three studies evalu-

ated the effects of maraviroc intensification. In one, it was

not associated with the control of CSF residual viraemia

despite good compartmental penetration [154]. After

14 days of treatment intensification small increases in

cerebral metabolite markers of neuronal integrity (N-acet-

ylaspartate/creatine ratios) were observed and they were

associated with maraviroc plasma exposure; concomitantly

higher plasma concentrations were associated with lower

CSF CXCL10 (IP-10), an inflammatory chemokine, con-

centrations [186, 187]. Both for its activity in CNS target

cells and for its non-antiviral properties, maraviroc treat-

ment (either as switch or as intensification) may be an

option in neurologically impaired HIV-positive patients

with suppressed plasma viral load.

8 Antiretrovial Toxicity in the CNS

It must be highlighted that most antiretrovirals have a well-

described toxicity in the peripheral nervous system while

little is known on their toxicity profile in CNS neurons.

Some in vitro data (immortalised cell lines and peripheral

dorsal root ganglia neurons) showed the potential for

antiretrovirals to produce neuronal damage: using primary

cultures of rat forebrain, Robertson et al. [188–190]

showed that several antiretrovirals achieved toxic concen-

trations in the CSF without any additive effect. Recent data

further explored this hypothesis and the production of

reactive oxygen species was confirmed in pigtail macaques

and rats in vivo (with the exposure to zidovudine, saquin-

avir and ritonavir) [191].

PIs and efavirenz have been associated with glucose and

metabolic disturbances eventually leading to dyslipida-

emia, glucose intolerance and abnormal fat distribution

(lipodystrophy); the cumulative exposure to PIs has further

being implicated in the increasing cardiovascular events

observed in HIV-positive patients [192]. Previous studies

suggest that HIV-infected patients are at increased risk of

ischaemic cerebrovascular disease, potentially caused by

infective vasculitis, brain opportunistic diseases, cardiac

embolism, hypercoagulopathy or HIV infection itself [193,

194]. Among a variety of brain vessel diseases, cerebral

small vessel disease (CVSD) has been associated with

ischaemic stroke during life and cerebral infarction at

autopsy. Recently, it was demonstrated that mild and

moderate/severe small vessel diseases were associated with

PI-based HAART exposure and that HAND was associated

with mild CSVD (after adjusting for vessel mineralisation,

HIV encephalitis, microglial nodular lesions, white matter

lesions or older age) [195]. Further to this potentially rel-

evant effect on cerebrovascular disease, PI-based combi-

nation treatment has been associated with reduced amyloid

phagocytosis and increased neuronal accumulation, justi-

fying some of the shared clinical features with Alzheimer’s

dementia [196, 197].

Efavirenz effects in the CNS are well-characterised

(abnormal dreams, dizziness) and associated with higher

plasma concentrations and to SNPs in genes encoding for

proteins involved in the drug metabolism or transport.

Furthermore, being on efavirenz treatment was indepen-

dently associated with the diagnosis of HAND in a cohort

of stable HIV-positive patients [198]. One recent study

reported that cognition improved for up to 96 weeks in a

group of immunologically and virologically stable patients

who elected to come off treatment; the improvement was

significant in all participants but greater in efavirenz

recipients [133].

These results raise the possibility that antiretroviral

concentrations may to some extent have detrimental
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effects: this may be particularly relevant for individuals

with specific genetic profiles but it must be compared with

the clear beneficial effect of HAART on compartmenta-

lised viral control.

9 Conclusions

HAART is very effective in controlling HIV replication

and in increasing patients’ immune systems, thus pre-

venting opportunistic diseases. In the CNS the same rule

applies, although persistent immune activation have been

demonstrated despite antiviral efficacy. Antiretroviral

penetration into the CNS may depend on several drug and

patient characteristics: the use of more neuro-effective

drugs (high penetration and compartmental activity) has

been associated with better CSF viral control and in some,

but not all, studies with better neurocognitive perfor-

mances. Antiretroviral regimens based on neuro-effective

drugs may be suggested in patients with increased phar-

macological needs (CSF escape, CNS compartmentalised

viruses, high intrathecal immune activation) and neuro-

cognitive disorders. The use of antiretroviral drugs with

increased CSF penetration and/or effectiveness in treating

or preventing neurocognitive disorders however needs to

be assessed in well-designed prospective studies addressing

antiretroviral neurotoxicity.
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function in HIV infected patients on antiretroviral therapy. PLoS

One. 2013;8(4):e61949.

29. Spudich S. HIV and neurocognitive dysfunction. Curr HIV/

AIDS Rep. 2013;10(3):235–43. doi:10.1007/s11904-013-0171-

y.

30. Varatharajan L, Thomas SA. The transport of anti-HIV drugs

across blood–CNS interfaces: summary of current knowledge

and recommendations for further research. Antiviral Res.

2009;82(2):A99–109.

31. Kumar AM, Borodowsky I, Fernandez B, Gonzalez L, Kumar

M. Human immunodeficiency virus type 1 RNA Levels in dif-

ferent regions of human brain: quantification using real-time

reverse transcriptase-polymerase chain reaction. J Neurovirol.

2007;13(3):210–24.

32. Fox E, Bungay PM, Bacher J, et al. Zidovudine concentration in

brain extracellular fluid measured by microdialysis: steady-state

and transient results in rhesus monkey. J Pharmacol Exp Ther.

2002;301(3):1003–11.

33. Liu X, Van Natta K, Yeo H, et al. Unbound drug concentration

in brain homogenate and cerebral spinal fluid at steady state as a

surrogate for unbound concentration in brain interstitial fluid.

Drug Metab Dispos. 2009;37(4):787–93.

34. Blaney SM, Daniel MJ, Harker AJ, Godwin K, Balis FM.

Pharmacokinetics of lamivudine and BCH-189 in plasma and

cerebrospinal fluid of nonhuman primates. Antimicrob Agents

Chemother. 1995;39(12):2779–82.

35. Caruso A, Alvarez-Sánchez R, Hillebrecht A, et al. PK/PD

assessment in CNS drug discovery: prediction of CSF concen-

tration in rodents for P-glycoprotein substrates and application

to in vivo potency estimation. Biochem Pharmacol. 2013;85(11):

1684–99.

36. de Lange EC. Utility of CSF in translational neuroscience.

J Pharmacokinet Pharmacodyn. 2013;40(3):315–26.

37. Eisfeld C, Reichelt D, Evers S, Husstedt I. CSF penetration by

antiretroviral drugs. CNS Drugs. 2013;27(1):31–55.

38. Enting RH, Hoetelmans RM, Lange JM, et al. Antiretroviral

drugs and the central nervous system. AIDS. 1998;12:1941–55.

39. Soulas C, Conerly C, Kim WK, et al. Recently infiltrating

MAC387(?) monocytes/macrophages a third macrophage pop-

ulation involved in SIV and HIV encephalitic lesion formation.

Am J Pathol. 2011;178:2121–35.

40. Minogue AM, Jones RS, Kelly RJ, McDonald CL, Connor TJ,

Lynch MA. Age-associated dysregulation of microglial activa-

tion is coupled with enhanced blood-brain barrier permeability

and pathology in APP/PS1 mice. Neurobiol Aging.

2014;35(6):1442–52.

41. Vinikoor MJ, Napravnik S, Floris-Moore M, Wilson S, Huang

DY, Eron JJ. Incidence and clinical features of cerebrovascular

disease among HIV-infected adults in the Southeastern United

States. AIDS Res Hum Retroviruses. 2013;29(7):1068–74.

42. Singer EJ, Valdes-Sueiras M, Commins DL, Yong W, Carlson

M. HIV stroke risk: evidence and implications. Ther Adv

Chronic Dis. 2013;4(2):61–70.

43. Croteau D, Best B, Clifford D, et al. Older age is associated with

higher ARV concentrations in CSF in HIV? individuals

[abstract]. 19th Conference on Retroviruses and Opportunistic

Infections (CROI); 5–8 Mar 2012; Seattle.

44. Moss DM, Siccardi M, Back DJ, Owen A. Predicting intestinal

absorption of raltegravir using a population-based ADME sim-

ulation. J Antimicrob Chemother. 2013;68(7):1627–34.

45. Marshall DW, Brey RL, Butzin CA, et al. Spectrum of cere-

brospinal fluid findings in various stages of human immunode-

ficiency virus infection. Arch Neurol. 1988;45:954–8.

46. Petito CK, Cash KS. Blood–brain barrier abnormalities in the

acquired immunodeficiency syndrome: immunohistochemical

localization of serum proteins in postmortem brain. Ann Neurol.

1992;32:658–66.

47. Andersson LM, Hagbwerg L, Fuchs D, Svennerholm B, Gisslen

M. Increased blood brain-barrier permeability in neuroasymp-

tomatic HIV-1-infected individuals-correlation with cerebro-

spinal fluid HIV-1 RNA and neopterin levels. J Neurovirol.

2001;7:542–7.

48. Marchi N, Betto G, Fazio V, et al. Blood–brain barrier damage

and brain penetration of antiepileptic drugs: role of serum pro-

teins and brain edema. Epilepsia. 2009;50(4):664–77.

49. Yilmaz A, Gisslén M, Spudich S, et al. Raltegravir cerebrospinal

fluid concentrations in HIV-1 infection. PLoS One. 2009;4(9):

e6877.

50. Calcagno A, Bonora S, Simiele M, et al. Tenofovir and emtri-

citabine cerebrospinal fluid-to-plasma ratios correlate to the

extent of blood–brain barrier damage. AIDS. 2011;25(11):

1437–9.

51. Calcagno A, Cusato J, Simiele M, et al. High interpatient vari-

ability of raltegravir cerebrospinal fluid concentrations in HIV-

positive patients: a pharmacogenetic analysis. J Antimicrob

Chemother. 2014;69(1):241–5.

52. Marzolini C, Mueller R, Li-Blatter X, Battegay M, Seelig A.

The brain entry of HIV-1 protease inhibitors is facilitated when

used in combination. Mol Pharm. 2013;10(6):2340–9.

53. Avery LB, Zarr MA, Bakshi RP, Siliciano RF, Hendrix CW.

Increasing extracellular protein concentration reduces intracel-

lular antiretroviral drug concentration and antiviral effect. AIDS

Res Hum Retroviruses. 2013;29(11):1434–42.
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