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physiology36 or cause their death directly.37
Astrocytes primarily regulate the ionic and sol-
ute concentrations of the extracellular space,
including the levels of neurotransmitters, the
alteration of which will disrupt neuronal
function.44 Indeed, exposure of astrocytes to
gp 120 stimulates Na+/H+ antiport, K+ conduct-
ance, and glutamate efflux.38 Astrocytic Na+/H+
exchange leads to intracellular alkalisation
which activates the glutamate efflux and K+
channel activity in excess of the Na+,K+-
ATPase that reabsorbs extracellular K+. Exces-
sive K+ in the extracellular space surrounding
neurons activates their voltage dependent Ca2
channels and the increased glutamate levels
activate NMDA channels.38 42 The resulting
elevation in neuronal Ca21 leads to depolarisa-
tion that, if prolonged, causes cellular dysfunc-
tion and death in a manner similar to the direct
action of gpl 20 on neurons.
The viral transactivator protein, Tat, is toxic

to neurons in vitro and intracerebral injection
of Tat is lethal to mice.45 The protein, like
gp 120, is secreted from expressing cells46 and
acts on neurons directly, causing their depolari-
sation and death.45 47 In the case of Tat, the
activation of both NMDA and non-NMDA
excitatory amino acid receptors is implicated in
neuronal toxicity.47 Two other virion proteins,
the envelope transmembrane protein, gp4 1,
and the gag gene product, matrix, may be a
further cause of CNS injury due to antibody
cross-reactivity with surface epitopes on
astrocytes.48"50 The immunodominant epitope
of gp41 is shared by astrocytes and astrocyte
reactive antibodies are present in some patients
with neurological complications.49

THE HIV-1 INFECTED, ACTIVATED MACROPHAGE
The productive infection of macrophages with
HIV-1 primes the cell for immunological
activation probably though an IFNy-like path-
way even though there are relatively low num-
bers of IFNy secreting lymphocytes within the
CNS.'4 The viral matrix protein has structural
similarities with IFNy5' and HIV may have
developed mechanisms to mimic the action of
the cytokine. Subsequent immunological acti-
vation of the primed, infected macrophage
then occurs via direct interactions with
astrocytes52 (facilitated by the ability of
gp 120 to induce adhesion molecule expression
on the surface of the astrocyte),54 exposure to
endogenous brain chemicals, such as
endorphins,55 or interaction with opportunistic
infections already present in the CNS.'4 Once
activated, HIV-1 infected macrophages pro-
duce significant amounts of the cytokines,
TNFa and IL-1,B, and the bioactive metabo-
lites, eicosanoids, quinolinic acid, platelet acti-
vating factor (PAF), and nitric oxide, which are
directly or indirectly neurotoxic.' 53 56-62 The
levels of most of these potential neurotoxins
(TNFa, IL-1,B, quinolinic acid, PAF, eicosa-
noids and the inducible form of nitric oxide
synthetase) are known to be elevated in the
CSF or brain tissue of patients with
neurological disease."4 56 63 64
Of the cytokines, TNFa mediates neuronal

damage and dysfunction at several levels. It is

known to upregulate HIV-1 replication and
may act on infected macrophages in an
autocrine manner" to increase the production
of neurotoxic viral proteins, while at the same
time it is cytotoxic to both oligodendrocytes
and neurons by an apoptotic mechanism.60 61
At subcytotoxic doses, but in the presence of a
glutamate receptor agonist, it exerts neurotox-
icity by activation of the neuronal a-amino-3-
hydroxy-5-methylisoxazole-4-proprionic acid
(AMPA) subtype of glutamate receptor
channels,53 and it has been noted that there is a
loss of AMPA receptor protein in the brains of
AIDS patients.66 TNFa stimulates Na+/H+
exchange in the membranes of astrocytes, in a
manner similar to gp 120, with identical neuro-
toxic potential57 but, furthermore, it inhibits
astrocytic glutamate reuptake, compounding
the processes leading to unregulated Ca21
influx and neuronal damage via voltage de-
pendent Ca21 channels and NMDA operated
receptor channels.62 IL-11 can also contribute
to the degeneration of oligodendrocytes in
conjunction with TNFa67 and alone it pro-
motes Na+/H+ exchange in astrocytes.57 In
addition, IL- 1 3 is the cause of astrocyte
proliferation.68 Quinolinic acid exerts direct
neuronal toxicity via stimulation of the NMDA
receptor channels and the subsequent increase
in intracellular Ca"+.69 Nitric oxide similarly
produces neurotoxicity via NMDA receptors,
although in itself it does not appear to do so
directly, it first combines with the superoxide
anion to form a toxic intermediate.'4 PAF is a
lipid mediator that is also a potent neurotoxin
which again acts via NMDA receptors58
causing glutamate mediated excitotoxicity and
inducing a rise in neuronal intracellular Ca2 .70
PAF could further potentiate neurotoxicity
indirectly as it is a potent inducer ofTNFa and
IL- 1 P production from macrophages.7" Of the
eicosanoids, prostaglandins E2, F2a, and
thromboxane B2 are elevated in the CNS of
demented patients and are potent neuromodu-
lators that promote cell injury.63 Finally,
arachidonic acid can also inhibit astrocyte
reuptake of glutamate, promoting the potential
for neuronal excitotoxicity via NMDA
receptors."

Conclusions
Current research has identified the infected
macrophage or microglial cell as the initiator of
neuronal dysfunction and death in ADC
through the production of viral gene products,
notably gp120, and diffusable, cellular neuro-
toxins, the synthesis of which becomes en-
hanced after interaction with resident astro-
cytic cells. Astrocytes serve a dual role in ADC,
initially preventing neuronal damage by main-
taining the extracellular microenvironment
but, increasingly, as the numbers of infected
macrophages rises amplifying the excitotoxic
mechanism of neuron damage. The majority of
viral or macrophage produced neurotoxins act
directly or indirectly via voltage dependent
Ca"+ channels and NMDA receptor operated
channels, a mechanism that is not unique to
ADC, but also is believed to occur in other
neurodegenerative diseases, such as Hunting-

74

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 



Pathogenic mechanisms of neuronal damage in ADC

ton's disease, Parkinson's disease and amyo-
trophic lateral sclerosis.43 Clinically tolerated
antagonists of these pathways, such as meman-

tine, are undergoing trials as potential therapies
for ADC.'7 " In addition, drugs that limit the
synthesis of specific macrophage derived in-
flammatory products, PAF and eicasonoids,
are also being developedi4 in the hope that they
will ameliorate the symptoms of ADC more

effectively than antiretroviral drugs alone.

I am grateful to Dr Alan Morris for helpful discussions and
critical reading of a draft of this paper.
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