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Abstract: A unique feature of N-methyl-D-aspartate receptors (NMDARs) that distinguishes them from other ionic 
receptors is that their activation requires more than one agonist to bind simultaneously to distinct binding sites on 
the receptor. D-serine, a co-agonist binding to the glycine site of NMDARs, has been implicated in several NMDAR-
dependent physiological processes, and altered D-serine levels under certain pathophysiological conditions contrib-
ute to neural dysfunction via NMDARs in the central nervous system. Entry of HIV-1 in the brain causes neuronal 
injury leading to cognitive, behavioral and motor impairments known as HIV-associated neurocognitive disorders 
(HAND). As HIV-1 does not infect neurons, neuronal injury is believed to be primarily mediated by an indirect mecha-
nism, that is, HIV-1-infected and/or immune-activated macrophages and microglial cells release soluble molecules 
leading to neuronal injury or death. Among the soluble factors is D-serine. In this article we try to address recent 
progresses on the role D-serine might play in the pathogenesis of neurodegenerative disorders with a particular 
emphasis of the involvement of D-serine in HIV-1-associated neurotoxicity.
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An emerging role of D-serine in neurodegen-
erative disorders

From an evolutionary perspective, amino acids 
existing in L-form have been assumed to be 
naturally selected to participate in formation of 
polypeptides and proteins, and contribute to 
stabilization of polypeptides by neutral current 
interactions, whereas D-amino acids are bio-
logically irrelevant [1]. Early in the twentieth 
century, D-amino acids were considered to be 
present only in certain bacteria and insects [2, 
3]. With the development of chromatographic 
and in vivo microdialysis techniques together 
with immunohistochemical experiments using 
stereospecific antibodies, accumulating evi-
dence has unraveled the occurrence of D-amino 
acids in mammals [4, 5]. Among the D-amino 
acids isolated (e.g., D-serine, D-alanine, 
D-glutamate, etc.), D-serine has gained much 
attention due to its specific physiological func-
tions in CNS development and learning and 
memory, as well as its pathological roles in 
excitotoxicity, Alzheimer’s disease, schizophre-
nia and other neurological disorders [3, 6, 7].

Considering D-serine activation of N-methyl-D-
aspartate (NMDA) receptor (NMDAR) via gly-
cine-binding site and involvement of excessive 
activation of NMDAR in a variety of neurodegen-
erative diseases, such as stroke, amyotrophic 
lateral sclerosis (ALS), Parkinson’s disease 
(PD), Alzheimer’s disease (AD), and Huntington’s 
disease (HD) [8], it is plausible that elevated 
levels of D-serine in diseased brain may con-
tribute to the pathogeneses of many neurode-
generative disorders [9]. It has been shown in 
animal models of stroke that D-serine levels 
were elevated together with glycine and 
L-glutamate [10], and that reperfusion damage 
following ischemia was attenuated by applica-
tion of NMDAR glycine site antagonists [11, 12]. 
Thus, elevated levels of D-serine in stroke might 
cause neuronal damage via NMDAR-mediated 
excitotoxicity [13].

In a study for screening ALS therapy using pre-
clinical transgenic mouse model, serine race-
mase (SR) and D-serine concentrations were 
gradually elevated when disease progressed 
[14]. Moreover, primary spinal cord neurons 
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from these mice were more vulnerable to NMDA 
toxicity than those from control mice in a 
D-serine-dependent manner as shown by aug-
mented lactate dehydrogenase (LDH) release, 
and removal of endogenous D-serine by inhibit-
ing SR alleviated NMDAR-mediated cell death 
in motor neurons [14]. In patients with family 
and sporadic forms of ALS, the levels of SR and 
D-serine were found to be greatly increased in 
spinal cord tissue [14]. Thus, enhanced gluta-
mate toxicity, by increased D-serine concentra-
tions in the spinal cord through alterations in 
D-serine biosynthesis and metabolism, might 
represent an underlying mechanism for ALS 
motor neuronal death [3].

In individuals affected by AD, an increased 
NMDAR activity has been detected in the brain 
and memantine, a low-affinity, uncompetitive 
NMDAR antagonist, was found to be neuropro-
tective in AD [15]. Along with the finding of 
increased SR activity in the hippocampus of AD 
patients, Aβ, a known pathogen of AD that trig-
gers excitotoxic neuronal death, and amyloid 
precursor protein (APP) have been shown to 
stimulate release of excitotoxic levels of 
D-serine from microglia [16, 17] and glutamate 
from hippocampal neurons in vitro [16-18]. 
Although D-serine levels were not significantly 
altered in the frontal, prefrontal, parietal and 
temporal cortex [19-21] in PD and AD patients, 
it was speculated that modulation of the 
NMDAR glycine site may influence the severity 
of neurological disorders.

In addition to its pathogenic role in several 
aforementioned neurodegenerative disorders, 
D-serine may also be involved in the pathogen-
esis of HIV-associated neurocognitive disor-
ders (HAND) via neuroinflammation [22-24], a 
pathological feature of HAND and other neuro-
degenerative disorders. The induction of serine 
racemase expression and D-serine production 
from glial cells could be triggered by HIV-1 infec-
tion, HIV-1 envelope protein gp120 stimulation 
and/or after proinflammatory activation [22]. 
So far, few studies have been focused on the 
role D-serine may play in HAND pathogenesis 
and studies from our laboratory revealed that 
D-serine is involved in HIV-1-associated neuro-
pathology. Our laboratory has detected a sig-
nificant elevation of D-serine levels in HIV-1 
envelope protein gp120-treated human astro-
cyte culture media. Co-culture of rat hippocam-
pal neurons with gp120-treated human astro-

cyte culture media induced neuronal injury that 
was blocked by either NMDA receptor antago-
nists or a selective NMDAR antagonist acting 
on the glycine site on the NMDAR complex 
(5,7-dichlorokynurenic acid), suggesting neuro-
nal injury induced by gp120-treated human 
astrocyte culture media was mediated by 
D-serine via action on the glycine-binding site 
of NMDA receptors [22] (Xia and Xiong, unpub-
lished data). In this review, we are trying to dis-
cuss the role D-serine may play in HAND neuro-
pathogenesis based on current available 
information.

Neuropathogenesis and neuropathology of 
HAND

The world has observed the development of 
HIV-related diseases across countries as a 
severe global health problem, with the number 
of people living with HIV infection reaching an 
estimated 34.0 million (31.4 million–35.9 mil-
lion) and an estimated 2.5 million (2.2 mil-
lion–2.8 million) new HIV infections occurring in 
2011 (UNAIDS 2012).

It is generally assumed that in HIV-1-infected 
patients, the virus not only destroy the immune 
system and leads to acquired immunodeficien-
cy syndrome (AIDS), but also penetrates the 
central nervous system soon after it infects tar-
get peripheral immune cells, presumably via 
infiltration of HIV-1-infected macrophages and 
lymphocytes, leading to several neurological 
disorders, collectively known as HAND. At a late 
stage of the disease, 15-20% of the patients 
develop HIV-associated dementia (HAD) [25-
27], which involves a variety of neuropathologi-
cal complications directly triggered by HIV-1, 
including peripheral neuropathies, vacuolar 
myelopathy, and a syndrome of cognitive and 
motor dysfunction [28, 29]. Hence, HAD is also 
known as AIDS dementia complex (ADC) [30, 
31]. The development of HAD is one of the most 
devastating consequences of HIV-1 infection in 
CNS. HAD is characterized by neurocognitive 
impairment (forgetfulness, slowing of thought 
and poor concentration), emotional distur-
bance (apathy and social withdrawal), and 
motor abnormalities (weakness, ataxia, clumsy 
gait, and tremor) [25, 26, 30, 32-34]. Our cur-
rent understanding of the clinical features and 
pathophysiological mechanisms that underlie 
HAND comes mainly from the study of the clade 
B subtype of HIV-1, which is most prevalent in 
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North America and Western Europe. However, 
there are also other clades that have been 
identified, and to date, the most common HIV-1 
clade worldwide is clade C [35].

The introduction of highly active antiretroviral 
therapy (HAART) has successfully increased life 
expectancies by reducing morbidity and mortal-
ity of patients infected with HIV-1 and has dra-
matically decreased incidence of HAD to as low 
as 10.5%. In addition, improved control of 
peripheral viral load and the treatment of 
opportunistic infections continue to prolong 
survival time. Nonetheless, HAART is insuffi-
cient to provide protection from MCMD or HAD, 
or to reverse the disease in most cases, 
because it is unable to prevent the entry of 
HIV-1 into the central nervous system [31, 32, 
36]. Consequently, as the incidence of demen-
tia (estimated in the early 1990s as high as 
20-30%) has declined to a current 10% in indi-
viduals with low cluster of differentiation 4 
(CD4) T cell counts and advanced HIV disease 
[28, 30, 32, 37], as many as 40% of HIV-positive 
patients still suffer from HAND [27]. Indeed, 
with the longer lifespan of patients with HIV-1 
infection and AIDS in recent years, the preva-
lence of HAND is on the rise even in patients 
with well-controlled symptoms [27, 30, 32, 38].

In terms of this complexity, the American 
Academy of Neurology (AAN) modified the 
research diagnostic criteria of HAND in 2007 by 
recognizing three major categories: asymptom-
atic neurocognitive impairment (ANI), HIV-
associated mild neurocognitive disorder (MND), 
and HIV-associated dementia (HAD) as the 
most severe form of neurocognitive impairment 
[39].

It is noteworthy that unlike other encephalopa-
thies, HAND occurs without direct viral infec-
tion of neurons. It is generally assumed that 
HIV enters the CNS within 1-2 weeks after sys-
temic infection via infiltration of infected CD4+ 
monocytes and perivascular macrophages 
(Trojan horse hypothesis), because CD4 is a pri-
mary receptor for HIV-1 infection and is com-
monly present on T-cells, monocytes, and mac-
rophages [30]. Productive HIV infection has 
been observed in microglia, macrophages, and 
multinucleated giant cells in the CNS but not in 
neurons, oligodendrocytes and astrocytes. Des- 
pite expression of chemokine receptors on neu-

rons, expression of CD4+ receptors is absent 
on neurons [26], which might account for the 
invalidity of HIV-1 infection of neurons, as HIV-1 
infection of aforementioned cells only occurs 
upon binding of the viral envelope protein 
gp120 to one of several possible chemokine 
receptors in conjunction with CD4 [30]. 
Macrophages and microglia can be infected by 
HIV-1, but they can also be directly activated by 
factors released from infected cells. These fac-
tors include cytokines and shed viral proteins 
such as gp120 etc. So far, there are several 
HIV-1 proteins that have been identified to be 
released from HIV-1-infected cells and/or to be 
present in the extracellular environment in the 
HIV-1-infected brain, including the structural 
proteins gp120 and gp41, and the nonstruc-
tural proteins Vpr, Tat, Rev, Vpu and Nef within 
neurons. Moreover, these proteins have been 
shown to possess neurotoxic and/or neuro-
modulatory features in vitro [25, 35]. Accor- 
dingly, these findings have led to at least two 
different hypotheses on how HIV-1 initiates 
neuronal damage in the brain, which can be 
described as the “direct injury” hypothesis and 
the “indirect” or “bystander effect” hypothesis 
as primary [28, 32].

Neurotoxic factors released from activated 
(infected/uninfected) cells (macrophages, mic- 
roglia, astrocytes) include excitatory amino 
acids (EAAs) such as glutamate and related 
substances (quinolinate, cysteine) and TNF-α, 
platlet activating factor (PAF), prostaglandin E2 
(PGE2), nitric oxide (NO) [30]. EAAs can trigger 
neuronal apoptosis through excitotoxicity, 
which involves excessive Ca2+ influx and free 
radical (nitric oxide and superoxide anion) pro-
duction by overstimulation of glutamate recep-
tors. Certain HIV proteins, such as gp120, Tat, 
and Vpr, have also been reported to be directly 
neurotoxic. The toxic viral proteins and factors 
released from macrophages and microglia may 
act in concert with astrocyte-secreted gluta-
mate to promote neurodegeneration, even in 
the absence of extensive viral invasion of the 
CNS [28, 29, 32]. Furthermore, HAND might 
share the common features of neuroinflamma-
tion and microglial activation with several other 
neurodegenerative diseases, such as Alzhei- 
mer’s disease, Multiple Sclerosis, Parkinson’s 
disease and Frontotemporal Lobe Dementia 
[40].
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HIV-associated neuropathology is generally 
characterized by the infiltration of macrophages 
into the CNS, widespread reactive astrocytosis, 
myelin pallor, the formation of microglial nod-
ules, activated resident microglia, and multinu-
cleated giant cells, which possibly result from 
virus-induced fusion of microglia and/or macro-
phages in central white and deep gray matter. 
Selective neuronal loss especially in hippocam-
pus, basal ganglia and caudate nucleus, is also 
demonstrated by autopsy examination, indicat-
ing impaired cognitive and motor functions [30, 
41]. In particular, increased numbers of microg-
lia, an elevated TNF-α mRNA in microglia and 
astrocytes, production of excitotoxins, decrea- 
sed synaptic and dendritic density, and selec-
tive neuronal loss constitute the pathological 
features most closely associated with the clini-
cal signs of HAND. Furthermore, signs of neuro-
nal apoptosis have also been linked to HAND 
[29, 32].

Overstimulation of NMDA receptor is involved 
in neuronal injury of HAND

Activation of ionotropic glutamate receptors, 
including AMPA receptors (AMPARs) and 
NMDARs in neurons, induces a transient depo-
larization of cell membrane potential leading to 
excitation of neurons under physiological con-
ditions. The AMPARs mediate a fast component 
of excitatory postsynaptic transmission, while 
NMDARs are responsible for a component char-
acterized by relatively slower onset and decay 
time. A typical glutamatergic neurotransmis-
sion starts with a fast response generated by 
activation of AMPARs by presynaptically-
released glutamate; and the resultant postsyn-
aptic membrane depolarization relieves the 
Mg2+ blockade to NMDAR under resting condi-
tions and allows limited sodium and mostly cal-
cium ions influx through the NMDAR-coupled 
ion channel (NMDA channels) to initiate intra-
cellular signaling cascades. This voltage-
dependent regulation of NMDAR function 
results in activity-driven synaptic modulation 
[42, 43]. Accordingly, NMDARs play critical 
roles in excitatory neurotransmission and are 
involved in learning and memory, behavior, and 
synaptic plasticity [44].

However, extended and/or excessive NMDAR 
activation can cause excitotoxicity, which is 
triggered by sustained elevation of the intracel-
lular Ca2+ concentration, compromised mito-

chondrial function and cellular energy metabo-
lism, and resultant free radical formation [15, 
43, 45]. Excessive stimulation of NMDARs 
induces several detrimental intracellular signal-
ing pathways that contribute to neuronal cell 
death by apoptosis or necrosis, depending on 
the intensity of the initial insult. If the initial 
excitotoxic insult is severe, the cells die early 
due to loss of ionic homeostasis, resulting in 
acute swelling and lysis (necrosis). If the insult 
is relatively mild, neurons enter a delayed death 
pathway knows as apoptosis [28, 46].

Excitotoxic substances secreted by infected or 
immune-activated macrophage/microglia and/
or astrocytes as well as viral proteins such as 
gp120, Vpr, and Tat damage neurons by pro-
ducing excessive activation of the NMDA sub-
type glutamate receptors [26, 28, 29, 32, 34, 
35, 41]. Indeed, HIV-1-infected or gp120-stimu-
lated mononuclear phagocytes release neuro-
toxins that stimulate the NMDARs. NMDAR 
antagonists could block this effect [26, 29, 32, 
35]. Besides chemokines and EAAs, HIV-
infected or gp120-activated microglia also 
release inflammatory cytokines, such as TNF-α 
and IL-1β, which stimulate release of L-cysteine 
from macrophages. Under either physiological 
or pathophysiological conditions, L-cysteine 
can stimulate NMDARs and lead to neuronal 
apoptosis [47].

Composition and distribution of NMDA recep-
tors within central nervous system

NMDARs are composed of different subunits of 
the NR1, NR2 (NR2A-D) [48, 49] and NR3 fami-
lies (NR3A-B) [7, 50-54]. It is generally consid-
ered that NMDARs are composed of heterotet-
rameric complexes of glycine-binding NR1 sub-
units combined with glutamate-binding NR2 
subunits and glycine-binding NR3 subunits [9, 
55, 56]. Different combinations of these sub-
units confer distinct pharmacological features, 
gating properties and Mg2+ sensitivity to the 
NMDAR complex [7, 57].

Functional NMDARs are widely expressed in 
neurons and glial cells throughout the brain 
and spinal cord [54, 58-60]. NR2A and NR2B 
are the most common NR2 subunits in the 
adult forebrain. NR2B is most common also in 
the early postnatal forebrain and is replaced 
somewhat by NR2A during development. NR2C 
is abundant in adult cerebellar granule cells. 
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NR2D is most common in early postnatal devel-
opment in the diencephalon and brainstem. 
Within neurons, NMDAR complexes are found 
primarily at the synaptic sites in addition to the 
extrasynaptic locations, with the latter com-
posed mainly of NR1/NR2B and NR1/NR2D 
subtypes [61]. NMDARs that include NR3 sub-
units are poorly understood, which are most 
common in the early postnatal brain and are 
rare in the adult [62, 63].

Different kinds of NMDARs show diverse distri-
bution in the nervous system during develop-
ment. During early postnatal development, 
NR2B-, NR2D-, and NR3A-containing NMDARs 
are abundant and decrease gradually with mat-
uration, whereas NR2A- and NR2C-containing 
NMDARs become increasingly expressed dur-
ing maturation process. The typical mature syn-
apse has mainly NR2A-containing NMDARs. 
NR2B-containing NMDARs reside predominant-
ly in the extrasynaptic membrane [64-66]. The 
composition of synaptic NMDARs varies thro- 
ughout the brain. Accordingly, in adults, this 
separation of NMDARs into synaptic NR2A-
containing and extrasynaptic NR2B-containing 
receptors associates various NMDAR-mediated 
functions within different brain areas and has 
significant implications in certain neurological 
disorders. Synaptic receptors would be activat-
ed by glutamate precisely released into the syn-
aptic cleft, whereas extrasynaptic receptors 
would be activated by extensive release of glu-
tamate followed by spillover into the extrasyn-
aptic spaces. Synaptic NMDAR activation has 
been suggested to be neuroprotective by initi-
ating the pro-survival signaling pathway, involv-
ing induced activity of cAMP response element 
binding protein (CREB) and gene expression of 
brain-derived neurotrophic factor (BDNF). 
Extrasynaptic NMDAR stimulation leads to cell 
death via the pro-death pathway, by the trigger-
ing CREB shut-off pathway and blocking induc-
tion of BDNF expression [67, 68].

The ability to specifically modulate synaptic and 
extrasynaptic NMDARs is of great clinical sig-
nificance. Application of nonselective NMDA 
antagonists cannot be efficiently neuroprotec-
tive due to their inhibition of both the neurotox-
ic and neuroprotective pathways of NMDA 
transmission, thereby disturbing regular neuro-
nal functions. In recent years, search for spe-
cific blockers of nonsynaptic NMDARs and 
selective NR2B antagonists (memantine, ifen-

prodil and fluoxetine) has become a primary 
interest for drug development. Specifically, 
NR2B-containing NMDARs have been validated 
as target in the area of research of excitotoxic-
ity prevention [68].

Binding of D-serine as a co-agonist to NR1 
subunit is required for regulation of NMDA 
receptor function

A unique property that distinguishes NMDAR 
from other transmitter receptors is that its acti-
vation requires co-binding of more than one 
agonist to their respective binding sites. 
Glutamate, the main NMDAR agonist, does not 
activate the receptors unless a co-agonist bind-
ing site located at the NR1 subunit, generally 
referred to as the strychnine-insensitive “gly-
cine site”, is occupied. In addition to being 
essential for NMDAR activity, the co-agonist 
site exerts a neuromodulatory role. Thus, co-
agonist binding increases the receptor’s affinity 
for glutamate, decreases it desensitization and 
promotes NMDAR turnover by internalization 
[44, 69].

D-serine, an unusual D-amino acid form pres-
ent in mammalian brain, is recognized as a 
physiological ligand of the NMDAR co-agonist 
site. It mediates several NMDAR-dependent 
physiological and pathological processes, 
including NMDA receptor transmission, synap-
tic plasticity, cell migration and neurotoxicity 
[44, 69]. Like glycine, D-serine has high affinity 
to the co-agonist site, which is up to threefold 
more potent than glycine [44]. D-serine is pres-
ent at very high levels in the mammalian brain 
and at a much lower concentration in the 
peripheral tissues. Brain D-serine accounts for 
one-third of the L-serine and its levels are high-
er than most essential amino acids [70, 71]. 
Experiments of brain microdialysis revealed 
that the extracellular concentration of endoge-
nous D-serine is twice that of glycine in the 
striatum and comparable to the concentration 
of glycine in the cerebral cortex [72]. Utilizing 
chromatographic techniques, a significant 
amount of D-serine has been identified in 
rodent and human forebrain, with highest con-
centration in the cerebral cortex, hippocampus, 
and striatum, followed by limbic forebrain, dien-
cephalon, and midbrain and low levels in the 
pons, medulla, cerebellum, and spinal cord [6]. 
The possibility that D-serine is an endogenous 
co-agonist of NMDA receptors was demonstrat-
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ed by a study showing that D-serine is enriched 
in areas containing the highest levels of NMDA 
receptors, including the cerebral cortex and the 
hippocampus [73].

Main reservoirs of D-serine in brain

Endogenous D-serine is synthesized from 
L-serine by serine racemase (SR), which 
requires pyridoxal 5’-phosphate as a cofactor. 
In addition to racemization, SR deaminates 
L-serine into pyruvate and ammonia, and the 
regional localization of SR matches those of 
endogenous D-serine, suggesting it play a phys-
iological role in D-serine synthesis [44].

Astrocytic origin of D-serine

D-serine is enriched in protoplasmic astro-
cytes, which are a type of glia that ensheath the 
synapse and the densities of astrocytes-secret-
ed D-serine are intimately close to neurons 
containing NMDA receptors [44, 69]. It has also 
been suggested that D-serine is released from 
astrocytes by stimulation of the kinate subtype 
glutamate receptor [74]. All these findings led 
to the proposal that D-serine is released from 
glia to activate neuronal NMDA receptors. This 
proposal suggests a unidirectional flow of 
D-serine from astrocytes to neurons (termed 
“unidirectional model”) [69].

Neuronal origin of D-serine

Although D-serine was originally thought to be 
specifically produced and released from astro-
cytes as a glial-transmitter; subsequent investi-
gations had also shown its presence in neu-
rons, where the D-serine biosynthetic enzyme 
SR is robustly expressed. D-serine is also syn-
thesized in neurons both in vitro and in vivo, 
indicating that D-serine also has a neuronal 
origin [44]. This suggested another model in 
which a bidirectional flux of D-serine exists 
between neurons and astrocytes, and accounts 
for the activation of NMDA receptors [69].

Microglial origin of D-serine

Apart from the known astrocytic and neuronal 
reservoirs, D-serine has been concluded more 
recently to be present in microglial cells; and 
mRNA for SR has been reported in microglial 
cells; the observed elevation of SR mRNA levels 
in microglia in response to APP exposure sug-

gested that D-serine may be involved in the 
pathogenesis of diseases such as Alzheimer’s, 
acting via an excitotoxic mechanism [75, 76].

All these aforementioned findings raised a 
question: is D-serine able to be secreted from 
HIV-infected microglial cells, astrocytes, as well 
as from non-infected neurons in HAND?

Impaired astrocyte function may contribute to 
D-serine neurotoxicity in HAND

The role of astrocytes in HAND is thought to 
contribute to the production or maintenance of 
excitotoxins like glutamate in several ways. The 
normal re-uptake of glutamate by astrocytes is 
impaired in HAND and release of astrocytic glu-
tamate is induced by several factors derived 
from activated macrophages/microglia, includ-
ing arachidonic acid and TNF-α [28]. In a patho-
logical context including HIV infection, the 
inflammatory mediator prostaglandin E2, which 
is released from astrocytes, and TNF-α were 
found to evoke astrocytic glutamate release 
[77, 78]. Consequently, it is reasonable to pro-
pose that the extracellular glutamate is elevat-
ed to a level high enough to trigger a Ca2+ rise in 
astrocytes., In turn, astrocytes release further 
glutamate when their Ca2+ is elevated, thereby 
forming a “vicious cycle”, aggravating the exci-
totoxicity of glutamate as its accumulates as a 
neurotoxin. 

Increase of the intracellular Ca2+ concentration 
in astrocytes caused by activation of glutama-
tergic receptors has been suggested to trigger 
exocytotic release of glutamate, ATP and 
D-serine. These are believed to modulate neu-
ronal excitability and transmitter release and to 
be involved in diseases as stroke, epilepsy, 
schizophrenia, Alzheimer’s disease and HIV 
infection [79]. These findings strongly suggest-
ed that, in some regions of the brain, glutamate 
released from nerve terminals might trigger 
D-serine release from glial cells, which in turn, 
could modulate NMDARs localized on adjacent 
neurons [80]. 

In addition, AMPA and kainite ionotropic gluta-
mate receptor activation promotes the release 
of D-serine from neurons in a Ca2+ and Na+-
dependent manner [81]. Furthermore, activa-
tion of microglia by inflammatory stimuli induc-
es overexpression of SR, an effect mediated by 
the c-Jun terminal kinase [14, 16].



D-serine and HIV-1-associated neuropathology

143	 Int J Physiol Pathophysiol Pharmacol 2013;5(3):137-147

Upon release into the synaptic cleft, D-serine 
binds to the NMDAR co-agonist site on post-
synaptic neuron to promote NMDAR activation, 
and conversely, NMDAR activation inhibits the 
production of D-serine [82-85]. This NMDAR-
mediated feedback regulation of D-serine syn-
thesis thus provides a pathway to prevent the 
over-activation of NMDAR and reveals the phys-
iological importance of finely-tuned D-serine 
concentrations [86]. Nonetheless, as evi-
denced by Takahashi et al., D-serine is more 
prone to accumulate in CNS upon excessive 
production or reduced metabolism compared 
to glycine [87]. This imbalance provides a novel 
notion that D-serine diffuses more easily to dis-
tant extrasynaptic locations from the release 
sites and over-activates NMDARs in the proxim-
ity, which may play an essential role in the 
extensive deleterious NMDAR activation result-
ing in excitotoxicity [3].

Taken together, the discoveries discussed 
herein lead to a hypothesis that D-serine, an 
endogenous co-agonist of NMDAR receptor, 
could be released from astrocytes, neurons, as 

well as microglial cells during HIV-1 infection 
and play an important role in the pathogenesis 
of HAND. It preferentially binds to the extrasyn-
aptic NR2B-containing NMDARs, hence leading 
to cell death via activation of NR2B-mediated 
pro-death pathway (Figure 1). Using high per-
formance liquid chromatography (HPLC) and 
cell viability assay, we have more recently found 
that gp120 treatment induced a significant 
release of D-serine from cultured human astro-
cytes, leading to an enhancement of NMDAR-
mediated excitotoxicity when co-cultured with 
rat hippocampal neurons. Whole-cell patch 
clamp recording revealed that bath application 
of D-serine potentiated NMDAR-mediated 
excitatory postsynaptic currents recorded in 
the CA1 region of rat hippocampal slices, pre-
dominantly via activation of extrasynaptic 
NR2B-containing NMDARs.

Summary

D-serine, as a co-agonist of NMDAR, mediates 
NMDA receptor transmission, synaptic plastici-
ty, cell migration and neurotoxicity by binding to 

Figure 1. D-serine secreted by proinflammatory activation of astrocytes and/or microglial cells preferentially binds 
to extrasynaptic NR2B-containing NMDARs leading to neuronal injury. HIV-1 brain infection and/or proinflammatory 
activation trigger astrocytes and/or microglial cells production of D-serine that preferentially binds to NR2B subtype-
containing NMDARs (NR2BRs) located predominantly at the extrasynaptic membrane and induces neuronal injury.
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the strychnine-insensitive “glycine site” located 
at the NR1 subunit. Endogenous D-serine has 
been suggested to be present in astrocytes, 
neurons, and microglia cells. D-serine could be 
released from glial cells during HIV-1 brain 
infection and/or proinflammatory activation of 
these cells. The released D-serine may play a 
critical role in the pathogenesis of HAND, but 
the mechanisms for regulating D-serine release 
and resultant neurotoxicity remain to be deter-
mined. The involvement of D-serine in the 
pathogenesis of neurodegenerative disorders 
makes it a potential and novel target for the 
development of therapeutic strategies in ame-
liorating NMDAR-mediated neural injuries, 
especially those caused by activation of NMDAR 
via glycine-binding site. Such therapeutic 
potential could be achieved through pharmaco-
logical regulation of D-serine levels within the 
brain, control D-amino acid oxidase (DAAOX) 
degradation of D-serine or blockade of glycine 
site of NMDAR. 
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