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Abstract HIV-associated neurocognitive disorders (HAND)
is a group of syndromes of varying degrees of cognitive
impairment affecting up to 50 % of HIV-infected individuals.
The neuropathogenesis of HAND is thought to be driven by
HIV invasion and productive replication within brain
perivascular macrophages and endogenous microglia, and to
some degree by restricted infection of astrocytes. The persis-
tence of HAND in individuals experiencing suppression of
systemic HIV viral load with antiretroviral therapy (ART) is
incompletely explained, and suggested factors include chronic
inflammation, persistent HIV replication in brain macro-
phages, effects of aging on brain vulnerability, and co-
morbid conditions including hepatitis C (HCV) co-infection,
substance abuse, and CNS toxicity of ART, among other
factors. This review discusses several of these conditions:
chronic inflammation, co-infection with HCV, drugs of abuse,
aging, and antiretroviral drug effects. Effectively managing
these co-morbid conditions in individuals with and without
HAND is critical for improving neurocognitive outcomes and
decreasing HIV-associated morbidity.
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Introduction

Current estimates by the World Health Organization state that
approximately 34 million individuals are currently infected with
human immunodeficiency virus (HIV), which is associated with
a high prevalence of neurocognitive dysfunction even in indi-
viduals receiving combination antiretroviral therapy (cART).
HIV-associated neurocognitive disorders, or HAND, is the term
used to describe a group of syndromes (asymptomatic neuro-
psychological impairment (ANI), HIV-associated mild
neurocogntive disorder (MND), and HIV-associated dementia
(HAD), of varying severity of impairment of cognition and
associated functioning in HIV-infected individuals [1]. The ef-
fectiveness of ART in suppressing HIV replication to levels
below the limit of detection in most infected individuals has
resulted not only in increased longevity but also increased risk
for end-organ dysfunction that can contribute to effects of
HAND in aging individuals [2••]. Among these co-morbid
effects of aging is the dysfunction of extra-neural organ systems,
including heart, liver, and kidney. Other significant co-morbidity
factors that are not necessarily linked to aging are chronic
inflammation, co-infection, particularly with hepatitis C, sub-
stance abuse, and potential central nervous system neurotoxicity
of ART. The persistent HAND risk in ART-treated individuals
with effective suppression of systemic HIV load represents a
major therapeutic challenge that requires targeting of persistent
pathological host inflammatory responses to HIV infection as
well as consideration of morbidity factors not directly resulting
from HIV infection [3].

Chronic Immune Activation, Inflammation and Systemic
HIV Disease Progression

A growing body of evidence has defined chronic inflammation
associated with immune activation as a major contributor to
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systemic and CNS disease progression in HIV-infected individ-
uals despite the life-saving benefits of ART [4••]. AlthoughART
significantly reduces morbidity and mortality in HIV-infected
individuals, lower life expectancy remains, particularly in indi-
viduals beginning ART after becoming immunosuppressed
(CD4 T-lymphocyte counts<200 cells/μl) [5, 6]. Such chronic
immune activation is thought to result from increased microbial
translocation across the damaged gastrointestinal tract, which
might harbor more pathogenic bacterial populations than in non-
infected individuals [7••, 8••]. In HIV-infected humans and
simian immunodeficiency virus (SIV)-infected macaques gut
microbial translocation results from depletion of mucosal
CD4+ T lymphocytes, mucosal immune activation and inflam-
mation, damage to mucosal epithelium, and transmigration of
microbial products into the mesenteric lymph nodes and distal
sites through the portal and systemic circulation [7••]. The
translocated microbial products include lipopolysaccharide
(LPS) [7••, 9, 10], which associates with LPS-binding protein
(LBP) in a complex that binds to monocyte CD14 and toll-like
receptor 4 (TLR4). The resulting immune activation is associat-
ed with induction of NF-κB activation and cytokine production
and associated events [11].

Sustained immune activation and associated inflammation
are thought to drive HIV pathogenesis despite effective suppres-
sion of systemic HIV replication [9, 10, 12]. Elevated plasma
levels of the associated biomarkers IL-6, D-dimer, C-reactive
protein (CRP), and fibrinogen correlate strongly with HIV mor-
tality in such individuals [13]. Monocyte activation is associated
with elevated blood levels of LPS, soluble CD14 (sCD14), and
monocyte-associated CD14 and CD16 [14]. The CD16+ mono-
cyte subset is more permissive for HIV infection than the CD16-
subset [15], and the level of circulating CD14+/CD16+ mono-
cytes correlates with an increased risk of disease progression
[14]. Interactions of LPS derived from gut microbial transloca-
tion with LBP and monocyte CD14 can activate monocytes and
LBP/TLR interactions can activate T-lymphocytes and induce
effector T-lymphocyte sequestration in lymphoid tissues and T-
lymphocyte turnover. The associated T-lymphocyte turnover
could generate new memory CD4+ T lymphocytes, thus pro-
viding additional targets for HIV replication [7••, 16]. Depletion
of both CD4+ and CD8+ T-lymphocyte populations, which is
strongly associated with disease progression, occurs in late
stages of disease and is associated with and proposed to be
caused by immune activation [7••].

Because systemic immune activation is driven by HIV
replication, suppression of HIV replication with ART sup-
presses such immune activation; however this suppression is
often incomplete [7••, 9, 17, 18]. The presence of viral ‘blips’,
defined as periodic detection of viral RNA in plasma which
spontaneously returns to undetectable levels in chronically
‘suppressed’ ART-treated individuals has been associated
with increased expression of immune activation markers and
accelerated disease progression [19•]. The significance of

these ‘blips’ remains undetermined, although their association
with immune activation in the systemic and CNS compart-
ments is receiving intense scrutiny [19•, 20••, 21].
Nonetheless, the persistence of immune activation despite
suppression of HIV replication with our without viral ‘blip-
ping’ remains a major obstacle to preventing further disease
progression in ART-treated individuals. Successful therapeu-
tic targeting of persistent immune activation has now been
proposed as a critical goal for further improving long-term
survival, lowering risk of associated end-organ diseases, and
improving quality of life in HIV-infected cART-treated indi-
viduals [7••, 16].

Chronic Immune Activation, Inflammation and CNS HIV
Disease Progression

Chronic systemic immune activation likely reflects combined
effects of translocated microbial products in the circulation
and by HIV replication in CD4+ T-lymphocytes (when ART
suppression is incomplete), while CNS effects of infection are
predominantly driven by HIV replication in macrophages/
microglia, and possibly astrocytes. Productive HIV replication
in the brain occurs primarily within perivascular monocyte-
derived macrophages (MDM) and microglia, while restricted,
non-productive replication occurs in astrocytes (reviewed in
[22]). Persistent CNS HIV infection drives immune activation
of resident macrophages/microglia, pervasive reactive
astrocytosis, perivascular inflammation and infiltration of
monocytic cells, which can result in HIV-encephalitis
(HIVE), particularly in individuals not receiving ART. The
introduction of ART has decreased morbidity/mortality of
HIV infection, the severity of neurocognitive impairment
and associated neuroinflammation in HAND, and the preva-
lence of encephalitis [22]. Despite these beneficial effects of
ART, neuroinflammation and neuropathological damage per-
sists [23, 24], and persistent systemic and CNS markers of
monocyte/macrophage activation predict neurocognitive im-
pairment [25–27], even in individuals with excellent virolog-
ical suppression [28, 29, 30•, 31].

In summary, current research highlights the central role of
macrophages/microglia and persistent neuroinflammation in
HAND in individuals receiving ART. Although ART has
decreased the prevalence of the severest form of HAND,
HIV-associated dementia (HAD), a significant and perhaps
increasing proportion of patients on ART (30-50 %) suffer
from HAND, despite reduced plasma viremia, improved im-
munological parameters, and decreased progression to AIDS
[32–34, 35••]. The high prevalence of HAND and other
neurologic manifestations of HIV-infection despite the intro-
duction of ART indicates a critical need for adjunctive thera-
pies that target the persistent inflammation within the CNS
compartment.
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ART CNS Neurotoxicity

Whether CNS-targeted therapy based upon putative level of
CNS ART-penetrance (CNS penetration-effectiveness/CPE),
antiviral activity, or even neurotoxicity of a particular drug class
will prove effective in limiting HAND is unclear. Early studies
of ART effects on neurocognitive test performance suggested
that ART regimens containing drugs with relatively higher CPE
could have increased benefit in protection against
neurocognitive impairment [36]. Other studies have either no
benefit to selected ‘neuroactive’ ART regimens or even neuro-
toxic effects. Two multi-center clinical trials (ACTG 5170,
ACTG 736) have suggested possible neurotoxicity of ART, as
reflected in improvement in neuropsychological test perfor-
mance after ART interruption (ACTG 5170 [37]) and poorer
performance in patients on ART regimens with a higher CPE
(ACTG 736) [38]. A recent study showed that virologically
suppressed patients (>one year on a stable regimen, undetect-
able viral loads) receiving protease-inhibitors (PIs) as ‘boosted
monotherapy’ or as triple therapy with two nucleoside reverse
transcriptase inhibitors showed similar patterns of neuropsy-
chological test performance in 14 measures [39•]. These results
were interpreted as evidence against the number of neuroactive
drugs used in a regimen, rather than effective systemic viral
load suppression, as an indicator or predictor of neuroprotec-
tion. Nonetheless, the issue of chronic ART neurotoxicity as a
co-factor for exacerbating HAND remains as a critical and
unsettled question in long-term management of HIV infection.

Hepatitis C Co-infection as a Risk for Worsening HAND

Detection of hepatitis C virus (HCV) genomes and active
HCV replication within the CNS has prompted great interest
in HCV infection as a contributor to neurocognitive impair-
ment in HIV-infected individuals [40, 41••, 42]. One recent
estimate of the prevalence of HCV infection across all popu-
lations within the US at 2 % [43] and other studies estimate
that 20-30 % of HIV+ individuals worldwide are co-infected
with HCV [44, 45]. These high rates of co-infection empha-
size the potentially high risk of HCV increasing the morbidity
associated with HAND when both viruses infect the brain.
Indeed, replicating HCV has been detected in autopsied brain
tissue predominantly in CD68+ macrophages/microglia, and
to a lesser degree in astrocytes, which suggests a shared HCV/
HIV reservoir within the brain [46] (Fig. 1). Furthermore,
brain macrophage HCV infection is associated with increased
macrophage expression of pro-inflammatory cytokines [47],
which is also a feature shared with HIV infection of macro-
phages that can contribute to neurodegeneration.

The prevalence of neurocognitive dysfunction attributable to
HCV infection alone is difficult to determine and probably
highly variable, with estimates ranging from ~10-49 % [43,

44], while the prevalence of neurocognitive dysfunction in
HIV/HCV co-infection has been estimated as high as ~63 %
[48]. Individuals seropositive for HCV are twice as likely to
have global neuropsychological impairment than seronegative
individuals, independent of HIV infection [45]. Such impair-
ment is commonly associated with metabolic and structural
brain abnormalities, as detected in magnetic resonance spec-
troscopy (MRS) and magnetic resonance imaging (MRI) stud-
ies. Several MRS studies have found metabolic alterations
consistent with neuronal injury and gliosis (decreased N-ace-
tyl-aspartate/creatine and increased choline/creatine ratios) in
the brains of HCV+/HIV- individuals with cognitive impair-
ment but without hepatic failure [42, 49]. Furthermore, hyper-
perfusion in the basal ganglia, suggestive of neuroinflamma-
tion, has been detected in HCV+ individuals by brain
perfusion-weighted neuroimaging [49]. An MRS study of 15
HCV+/HIV- individuals treated with pegylated interferon/
ribavirin demonstrated decreased brain choline/creatine and
myoinositol/creatine ratios in individuals with sustained HCV
suppression, suggesting a potential brain neuroprotective/
antiinflammatory response with anti-HCV treatment [41••].
One structural brain MRI analysis of 251 HIV+ individuals
without significant co-moribidities for cognitive impairment
other than HIV infection demonstrated a greater loss of white
matter volume in HCV+/HIV+ individuals in comparison with
HCV-/HIV+ individuals [50]. Notably, a significant correlation
between plasma lipopolysaccharide levels and HAND was
demonstrated in an HIV/HCV co-infected cohort, despite no
significant correlation in HIV- or HCV- monoinfected sub-
cohorts [51]. These studies clearly demonstrate that HCV in-
fection is associated with functionally significant injury to the
brain that can potentially exacerbate the injurious effects of
HIV infection, and they further suggest that induced neuroin-
flammation is a shared major contributor.

Although the association between HIV and HCV co-
infection and worsened neurocognitive functioning has been
observed in numerous studies, the relationship between active
HCV replication (as indicated by detectable plasma HCV
RNA) and worsening neurocognitive function has been
questioned. A study of 24 HCV+ individuals with newly
detectable plasma HCV RNA within 12 months of study
showed worse neurocognitive performance in comparison with
57 individuals with HIV monoinfection [52]. This was associ-
ated with MRS evidence of glial activation/inflammation in the
basal ganglia. Contrasting results were seen when The AIDS
Clinical Trials Group (ACTG) Longtidunal Linked
Randomized Trials (ALLRT) study examined the relationship
between HCV replication and neurocognitive performance in
517 HIV-infected individuals, of which 172 demonstrated de-
tectable plasma HCV RNA (345 individuals had no detectable
plasma HCV RNA). Although both groups performed below
norms, there was no discordance in neurocognitive function
between the two groups [53, 54], suggesting that active HCV
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replication, at least that outside of the CNS, does not drive
neurocogntive dysfunction. Nonetheless, consistent with other
studies of HCV seropositive (HCV+) patients, an earlier ACTG
study confirmed that HCV infection, as indicated by HCV
antibody detection (HCV seropositive) in HIV+ individuals is
correlated with worse neurocognitive performance than that in
HIV+ individuals not co-infected with HCV [55].

Thus, considerable evidence supports a significant negative
impact of HCV infection on HAND and the high prevalence
of HAND and HIV/HCV co-infection requires that effective
suppression of both HIV and HCV be a high priority. The
recent FDA approval (December 16, 2013) of the anti-HCV
drug, Sofosbuvir, a nucleotide polymerase inhibitor, for HCV
monoinfection and HCV/HIV co-infection represents a major
step in the struggle to cure HCV infection [56••]. This approv-
al could potentially represent a highly effective means of
preventing neurocognitive deterioration in HIV+ patients
newly infected with HCV and it also raises the question of
the possibility of improving cognitive performance in HAND
individuals with co-infection. A therapeutic trial of Sofosbuvir
as treatment for or prevention of neurocognitive impairment in
HIV+/HCV+ individuals is clearly indicated.

Drug Abuse and HAND

Substance abuse often represents a co-morbid condition with
HIV infection, and evidence supports additive or synergistic

effects of substance abuse on the persistence and severity of
neurocognitive dysfunction in patients with HAND [57].
Under strict diagnostic criteria, a diagnosis of HAND requires
the exclusion of other co-morbid conditions that may contrib-
ute to neurocognitive impairment, including drug abuse [1].
However, drug abuse is common in HIV infected populations
and is a major co-morbidity risk for neurocognitive impair-
ment in HIV+ individuals [58, 59]. In the United States
approximately one in four HIV+ individuals studied from
2005 to 2009 required treatment for alcohol or drug abuse
[60]. Thus, studying the interactions between drug abuse, HIV
infection, and neurocognitive function is of high clinical im-
portance. Although, the potential direct neurotoxic effects of
drugs of abuse are not the focus of this review, drug effects
that may synergize with HIV-mediated neurocognitive impair-
ment are discussed (Table 1).

Numerous studies have implicated cocaine, methamphet-
amine (meth), and opioid use in exacerbating the risk for
neuronal injury and neurocognitive impairment in HIV+ pa-
tients [57, 61, 62••, 63]. However, a recent large cohort study
found that participants with histories of substance use (alcohol,
cocaine, cannabis, opiates, methamphetamine) did not have
higher rates of neurocognitive impairment or functional impair-
ment in everyday life [62••]. Most of these participants were not
current users and less than a third reported using illicit sub-
stances within the last year. The authors propose that sustained
periods of drug abstinence may be sufficient for full or partial
reversal of substance use effects on neurocognition. These

Fig. 1 CNS inflammatory effects of HIV and HCV infection of mono-
cytes, macrophages, and microglia. CD14+/CD16+ monocytes can be
infected by HCVand HIVand migrate across the endothelial barrier into
the brain. Macrophages and microglia within the brain can support
productive infection with HIV and HCV, resulting in the production of
pro-inflammatory cytokines and neurotoxins (glutamate, Ntox, quinolinic

acid). Those associated with HCV infection are depicted in the left-most
macrophage image, and those associated with HIV infection are depicted
in the right-most macrophage image. Such pro-inflammatory cytokines
and neurotoxins have been shown to induce neuronal injury through
direct and indirect (astrocyte-mediated) mechanisms
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findings are consistent with another longitudinal study demon-
strating improvement in neurocognitive function in long-term
abstinent meth users (average of 13 months) compared to non-
abstinent meth users [64]. These results suggest that drugs of
abuse may have a limited legacy effect on neurocognitive
impairment in HIV+ individuals and that current and recent
substance use may be more relevant to modulating HIV
neuropathogenesis.

Cocaine, meth, and opioids have been shown to increase
HIV infection/replication in primary human macrophages
in vitro [65–67]. Cocaine and opioids also increase HIV
infection and replication in T-lymphocytes in vitro [68, 69].
The effects of meth on T-lymphocyte HIV replication remain
controversial due to variations in models, viral strains, expo-
sure time, and drug concentrations used [70•]. Some studies
suggest that dopamine, which is elevated within the CNS in
response to these drugs of abuse, can enhance macrophage
HIV infection and replication as well as alter macrophage
cytokine production [71, 72]. These findings are consistent
with studies demonstrating that treatment of SIV-infected
rhesus macaques with selegiline, an inhibitor of dopamine
catabolism through inhibition of MAO activity, or L-DOPA,
the precursor of dopamine, resulted in elevated brain viral
loads [73, 74]. In the SIV-macaque model, methamphetamine
and opioid exposure increased both CSF/brain viral loads and
macrophage influx into the CNS [75, 76]. In contrast, cocaine
exposed SIV-infected macaques did not show elevated CNS
viral replication or alterations in inflammatory markers; nota-
bly, the low dose cocaine-treated animals had significantly
lower CSF viral RNA [77]. The relative contribution of the
direct drug effects or indirect dopamine effects on CNS viral
loads and macrophage influx is not known. Taken together
these data suggest that some drugs of abuse may increase HIV
replication within CNS macrophage/microglia, which likely
results in enhanced neuroinflammation, HIV-infected

macrophage/microglia neurotoxin production, and associated
neuronal dysfunction.

Further supporting a role for drugs of abuse increasing neu-
roinflammation and associated neurodegeneration, the patholog-
ical diagnosis of HIV-encephalitis is more common in HIV+
individuals who abuse drugs compared to HIV+ controls [78,
79]. The relative additive and synergistic effects of drugs of
abuse on neuroinflammation in HIV+ individuals is not known.
Both in vitro and in vivo data suggest that cocaine, meth, and
opioids promote increased proinflammatory cytokine release
and activation of microglia, perivascular macrophages, and as-
trocytes [78, 79]. Increased activation of these glial cells within
the CNS drives oxidative stress, excitotoxicity, and inflammato-
ry neuronal injury. Furthermore, distinct mechanisms have been
identified for augmenting neurotoxin production by astrocytes.
Exposure to opioids (morphine) or meth has been shown to
inhibit astrocyte regulation of extracellular glutamate, an
excitotoxin strongly implicated in HAND [80]. Cocaine may
potentiate astrocyte toxicity through apoptotic pathways involv-
ing reactive oxygen species generation, mitochondrial mem-
brane potential loss, and activation of the inflammatory NF-κB
pathway [81]. In conclusion, drugs of abuse may induce neuro-
nal injury through potentiation of glia pro-inflammatory signal-
ing and through perturbation of astrocyte homeostatic function-
ing; additionally, these insults may be further promoted through
drug-induced increases in CNS HIV replication.

During HIV infection, both viral and host factors alter the
stability and function of the blood brain barrier (BBB) and this
is believed to be a critical driver of HIV neuroinflammation
and neuropathogenesis [82•]. Drugs of abuse have been pro-
posed to exacerbate neurocognitive impairment in HIV-
infection through further disruption of the BBB, resulting in
enhanced immune cell infiltration, elevated CNS inflamma-
tion, and alteration in cellular homeostasis. In rodent models,
cocaine and meth exposure increase BBB breakdown [83].

Table 1 Effects of cocaine, methamphetamine, opioids, and dopamine on HIV, SIV, and neuroinflammation

Cocaine Meth Opioids Dopamine

Risk of neurocognitive impairment in HIV+ individuals with current or recent use of selected drug ↑ ↑ ↑ N/A

HIV replication in human macrophages ↑/- ↑ ↑ ↑

Monocyte/macrophage CCR5 expression ↑ ↑ ↑ ?

Monocyte/macrophages CXCR4 expression ↑ ↑ ↑/- ?

HIV replication in human T-lymphocytes ↑↑ ↑/- ↑ ↑

CSF/brain SIV viral load in macaque model ↓/- ↑ ↑ ↑

Proinflammatory cytokine release from macrophages/microglia/astrocytes ↑ ↑ ↑ some ↑
some ↓

Anti-inflammatory cytokine release from macrophages/microglia/ astrocytes ↑/- ? ↓/- ↓

Blood brain Barrier breakdown following exposure in rodent models ↑ ↑ ↑ during withdrawal ?

Symbols used: ↑ increased; ↓ decreased; ↑/- increase reported in some studies, but not others; ↓/- decrease reported in some studies, but not others; ? no
current data; N/A not applicable
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Cocaine and meth also alter tight junction and cell adhesion
molecule expression, permeability, and immune cell migration
across brain microvascular endothelia [84, 85]. In contrast,
chronic opioid (morphine) exposure did not significantly alter
BBB integrity in rats [86]; however, spontaneous morphine
withdrawal in rats results in significant BBB breakdown in
multiple brain regions, including the cerebral cortex, hypo-
thalamus, hippocampus, and cerebellum [85]. The HIV and
drug-mediated BBB dysfunction promotes immune cell infil-
tration (HIV-infected and non-infected) into the CNS and
promotes neuroinflammation, which in turn may drive further
loss of BBB integrity.

Lastly, the treatment of drug abuse is likely to improve drug
adherence to ART treatment, which remains the best currently
available intervention for limiting the severity of
neurocognitive impairment and associated neuroinflammation
in HAND. Current drug use and alcohol abuse are associated
with poorer adherence to ART regimens as well as a decreased
or absent access and/or use of HIV care [87]. These obstacles
are an important barrier to appropriate treatment of HIV-
infection and associated comorbidities, including
neurocognitive impairment, in HIV+ drug users. Treating
opioid addiction with methadone maintenance or
buprenorphine has been shown to increase adherence to
ART therapy and improve patient outcomes in HIV+ individ-
uals with opioid abuse history [88]. A review of 20 studies
examining the effect of substance use on HIV disease pro-
gression found that drug use associated with more rapid HIV
disease progression, even after controlling for ART adherence
[89]. Thus beyond the effects of drug abuse on ART adher-
ence, drug abuse may affect HIV systemic and CNS disease
progression, in part through the mechanisms outlined above.

Thus, drugs of abuse are strongly associated with worsen-
ing neuronal injury and neurocognitive impairment in HIV+
individuals. These drugs of abuse likely act through multiple
mechanisms to promote neuronal dysfunction including i)
increasing HIV infection and replication, ii) reducing BBB
integrity, iii) stimulating neuroinflammation, iv) augmenting
neurotoxin production and handling by astrocytes and macro-
phages, and v) decreasing ART regimen adherence. Effective
treatment of neurological complications in the HIV+ popula-
tion will require special clinical attention to drug use and
abuse.

Aging and HAND

By 2015more than 50% of the HIV+ population in the United
States will be older than 50 years of age and therefore at
increased risk for neurocognitive dysfunction when compared
with age-matched seronegative populations [2••]. As ART-
treated patients age, they are at risk for associated CNS
diseases and systemic diseases that can contribute to

cognitive dysfunction, including renal failure and
cardiovascular/atherosclerotic disease. Among the CNS
diseases prevalent in aging, Alzheimer’s disease (AD)
and Parkinson’s disease express some pathological fea-
tures that have been seen in HIV+ brain tissue [90, 91].
Thus, the brain in aging HIV+ individuals might be
particularly vulnerable because of the combined effects
of age-associated systemic diseases that indirectly affect
the brain, and/or direct brain effects of HIV infection
and aging (reviewed in [4••]).

Neuropathological and Biochemical Changes in the Aging
HIV-Infected Brain

The neuropathological changes in the aging HIV+ brain and
the relationship to neurocognitive dysfunction have received
considerable attention but a consistent picture has not
emerged. Demonstrations of AD- and PD-like brain neuropa-
thology in ART-treated individuals include elevated levels of
hyperphosphorylated Tau (p-Tau), intra- and extracellular β-
amyloid (Aβ), and alpha-synuclein [91–93]. An association
between the apolipoprotein E (APOE) e4 allele and increased
diffuse β-amyloid plaques in HIV-infected brain was recently
demonstrated in a study of 160 brains from HIV+ individuals
(age range 27-67 years) [94]. This study further demonstrated
that age increased age also independently increased the like-
lihood of plaque deposition. A recent and much smaller brain
autopsy study of ten ART-treated individuals (and ten sero-
negative controls; all patients between 28-58 years of age)
showed that brain β-amyloid deposition was increased in
HIV+ intravenous drug users, but this did not correlate with
brain viral load [95]. Correlations among lower expression of
markers of autophagy, increased expression of markers of
brain inflammation, reduction of the Beclin 1 protein that
forms a critical core for the autophagosome, and older age in
individuals with HIVE was demonstrated in a recent neuro-
pathological study [96]. Although β-amyloid deposition was
not studied in those cases, the known association between
Beclin 1 deficiency, low expression of autophagy markers,
and increased risk for β-amyloid deposition in AD brain
[97••] suggests the possibility of similar associations in
HIVE brain, but whether such associations exist in non-
encephalitic HAND cases is not yet reported. Thus, the issue
of aberrant processing of amyloid, synuclein, and tau proteins
in the HIV-infected brain and the relationship to aging in ART-
treated individuals remains unresolved and additional studies
are needed to address the potential roles for such aberrant
protein processing in HIV neuropathogenesis.

Neurocognitive Performance in Aging HIV+ Cohorts

Determining whether effects of HIV and aging on
neurocognitive functioning are truly independent or additive
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has been a priority of recent longitudinal neuropsychological
and neuroimaging studies. A study of 54 HIV+ and 30 HIV-
individuals (40–74 years of age) assessed longitudinally over
one year for performance on tests of verbal and visuopatial
learning and memory [98]. There were significant effect of
age group and HIV x age group interactions on learning and
memory performance between baseline and one year-follow
up examination. The investigators concluded that a decline in
performance in HIV+ individuals when compared with HIV-
controls was enhanced through an additive age effect.
Recently summarized data from the HIV Neurobehavioral
Research Center in San Diego showed that global
neurocognitive performance declined more rapidly with age
in HIV+ individuals than in HIV- matched controls [2••]. The
difference in rate of decline of performance vs. age (slope of
regression line) indicated that the effects of aging on
neurocognitive performance are amplified by HIV infection.
The domains of performance that are particularly vulnerable
include the speed of information processing and executive
functioning.

Application of Neuroimaging to Brain Effects of HIV
and Aging

Neuroimaging studies, including MRI, fMRI, MRS, and dif-
fusion tensor imaging (DTI), have provided additional defin-
itive evidence of enhanced vulnerability of the brain in HIV-
infected individuals as they age (reviewed in [99]). The dis-
tinct advantages of applied neuroimaging are that individuals
can be examined repeatedly under different conditions and
compared in cross-sectional cohorts or in longitudinally-
followed cohorts with complementary neuropsychological
and biomarker testing.

Numerous neuroimaging studies of HIV+ individuals have
demonstrated regional and global brain atrophy injury (gray
and white matter), altered expression of cellular markers of
neuronal integrity (N-acetyl aspartate) and glial activation
(myoinositol), altered cerebral blood flow and physiological
activation states, and microstructural white matter changes
that can be attributed to HIV infection as well as aging.
Furthermore, a recent CSF metabolomics analysis demon-
strated elevated levels of products of metabolic waste
(phenyacetylglutamine, lactate, 3-hydroxybutyrate), gluta-
mate, glial activation markers, and mitochondrial metabolites
in HAND patients on ART, which suggests similar biochem-
ical brain disturbances in both aging and HAND [100].
Therefore, one can evaluate the natural history of HIV CNS
infection, correlations between structural and functional brain
disturbances and clinical performance, responses to therapy,
and validity of biomarkers with neuroimaging techniques
applied cross-sectionally and longitudinally in selected co-
horts. Such studies can effectively complement neuropatho-
logical analyses to identify critical pathways of cellular injury

and response that could potentially be targeted for
therapeutics.

The effects of brain aging on functional physiological
responses in HIV-infected brain have been recently explored
with functional MRI (fMRI) techniques. Impairment of nor-
mal recruitment of brain regions for functional responses that
can compensate for local brain dysfunction has been demon-
strated in HIV infected individuals. Functional MRI was used
in a study of 122 individuals (59 seronegative, 29 HIV+/
HAND, 37 HIV+/neurocognitive normal) to determine
whether subject age affected brain activation during
attention-requiring tasks independently from HIV infection
[101•]. Strict HAND diagnostic criteria were used, and nor-
malized NP data derived from a seronegative cohort of 342
individuals were adjusted for age and education. The study
demonstrated that HAND patients demonstrate an age-
dependent decline in functional brain activation in response
to certain neuropsychological test demands, which indicates
an inability to compensate for declining brain functioning.
Another recent study of 52 HIV+ and 52 HIV- individuals
using resting-state functional connectivity MRI showed that
deficits in functional connectivity between different brain
regions in HIV+ individuals resemble those affected in normal
aging [102]. These HIV and age effects were independent,
which was interpreted as consistent with a premature brain
aging effect of HIV.

These and other studies utilizing neuropsychological per-
formance testing, neuroimaging, and neuropathological anal-
yses strongly support a strong correlation between accelerated
neurocognitive decline driven by HIV infection in aging indi-
viduals, even those with what is considered ‘effective’ sup-
pression of systemic HIV replication. These studies also fur-
ther emphasize the need for developing new strategies, in-
volving current ART and possibly adjunctive therapies, for
protecting the brain against injury in the aging HIV+
population.

Conclusions

HIV associated neurocognitive disorders remain enigmatic
despite intensive research aimed at understanding the factors
and processes that contribute to their persistence in ART-
treated individuals. Among the more significant discoveries
in the last several years are the correlations between chronic,
persistent inflammation, systemic disease progression, and
HAND. These associations of inflammation and immune
activation with disease progression in different body compart-
ments suggests that shared, inflammation- and immune-
modulating processes should be therapeutically targeted to
fully protect the individual from disease progression.
Identifying such targets and testing currently available drugs,
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as well as continuing to develop new drugs, are worthy goals.
However, full protection against neurocognitive decline in
HIV+ ART-treated patients will also require effective
targeting of the common co-morbid conditions that also affect
such patients: co-infection with HCV, substance abuse, poten-
tial ART toxicity, and aging. Among these, the problem of
HCV co-infection is currently addressable and we should be
prepared to implement neuroprotection studies of new anti-
HCV drugs for individuals with HIV/HCV co-infection. The
likelihood of benefit to the CNS seems high. Effectively
addressing the other HAND co-morbidities will continue to
present major challenges in the foreseeable future, but unques-
tionable progress is being realized.
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