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Abstract Cognitive disturbances, mood disorders and fatigue are common in SLE patients with substantial adverse effects
on function and quality of life. Attribution of these clinical findings to immune-mediated disturbances associated with SLE
remains difficult and has compromised research efforts in these areas. Improved understanding of the role of the immune
system in neurologic processes essential for cognition including synaptic plasticity, long term potentiation and adult
neurogenesis suggests multiple potential mechanisms for altered central nervous system function associated with a chronic
inflammatory illness such as SLE. This review will focus on the biology of cognition and neuroinflammation in normal
circumstances and potential biologic mechanisms for cognitive impairment, depression and fatigue attributable to SLE.

Introduction

Neuropsychiatric illness has been associated with systemic
lupus erythematosus (SLE) since the systemic manifesta-
tions of this disease were first described by Kaposi in 1872;
yet, neuropsychiatric SLE (NPSLE) remains an enigma
both clinically and biologically. NPSLE has been classified
into 19 syndromes that encompass a wide spectrum of
neurologic and psychiatric illness in the peripheral, central,
and autonomic nervous systems (Table 1). Attribution of
each of these syndromes to an immunologic process
directly associated with immune dysregulation in SLE has
been extremely difficult as neurologic effects from medi-
cations, hormonal and metabolic disturbances, comorbid
disease, and infections can be clinically indistinguishable
from each other and from SLE. Given the difficulties
inherent in proposed attribution models where expert
opinion remains the gold standard [1, 2], consideration of
pathogenic mechanisms contributing to specific syndromes
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encompassed by NPSLE is critically important to identify
unbiased biomarkers for attribution and the development of
diagnostic and therapeutic approaches. This is particularly
important for diffuse central nervous system (CNS) NPSLE
syndromes where tissue biopsies are not an option, and
biologic mechanisms are poorly understood as they are
generally not the result of classic inflammatory processes
characteristically found in other organs readily accessible
to circulating immune components.

“Lupus brain fog” is an extremely common patient
complaint that refers to periods of forgetfulness and con-
fusion that are related to impaired cognition. Cognitive
impairment is one of the central NPSLE syndromes and its
prevalence, with associated deleterious effects on quality of
life and individual productivity, ranges from 21 to 80 %
[3-7]. This broad range is likely due to differences in
assessment and attribution given the current inability of
assessments to reliably distinguish causality of cognitive
impairment. Debilitating depression and fatigue with sub-
stantial impact on cognition and quality of life are also very
common in SLE with prevalences estimated between 17
and 75 % and 80 %, respectively [8—10]. Similar to cog-
nitive impairment, attribution of depression and fatigue in
SLE is notoriously difficult. To date, no biomarkers have
been identified that provide sensitive and specific measures
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Table 1 Revised classification scheme for neuropsychiatric systemic
lupus erythematosus (NPSLE) consists of 19 syndromes involving the
central, peripheral, and autonomic nervous systems

Neuropsychiatric syndrome in SLE: NPSLE 1999

Polyradiculopathy Cranial neuropathy
Aseptic meningitis Plexopathy
Autonomic disorder Polyneuropathy
Cerebrovascular disease Seizures

Demyelinating syndrome Acute confusional state
Headache

Mononeuropathy

Ancxiety disorder
Cognitive dysfunction
Mood disorder
Psychosis

Movement disorder
Myasthenia gravis
Myelopathy

Each syndrome has an associated case definition that includes criteria
for diagnosis, exclusionary criteria, ascertainment, and attribution.
Standards and recommendations are also included for essential lab-
oratory evaluations and imaging techniques

for cognitive and behavioral change attributable to SLE;
yet, this remains essential for attribution, appropriate
treatment, and for clinical trials of neuroprotection. This
review will focus on the biology of cognition and potential
biologic mechanisms for cognitive impairment, depression,
and fatigue attributable to SLE.

Learning, memory consolidation, and synaptic
plasticity

Cognition is the functional result of a process whereby
learning and memory result from communication between
neurons, astrocytes, glial cells, and immune cells through a
variety of neurotransmitters, transcription factors, cytoki-
nes, and chemokines. The hippocampus is the primary
brain structure involved in memory and cognition and is
also one of two sites where adult neurogenesis occurs.
Thus, the biologic basis for cognition relies on intact neural
circuitry and adult neurogenesis within the hippocampus
and neuroimmune signaling mechanisms.

Extensive research in brain biology has provided robust
evidence for the role of the immune system in neurologic
processes essential for cognition including synaptic plas-
ticity, long-term potentiation (LTP), and adult neurogene-
sis (reviewed in [11-13]). The interplay between immune
system and brain is comprised of several levels of com-
munication: (1.) within the CNS between neurons and
between neurons and microglia; (2.) within the vasculature
in the meninges and choroid plexus between circulating T
cells, endothelial cells, perivascular macrophages, and
microglia; and (3.) within neuroendocrine pathways such
as the hypothalamus—pituitary—adrenal pathway (HPA).

Microglia are resident macrophage-like cells that, in
addition to surveillance and phagocytic activity, are
important mediators of synaptic pruning and directly
influence neuron synaptic activity through their immune
properties [14]. Cytokines, chemokines and their receptors,
complement receptors, Fc receptors, and MHC class I and
class II molecules are expressed in microglia rendering
them capable of interactions with immune cells and pro-
moting damage in pathological states through the release of
inflammatory cytokines and reactive oxygen and nitrogen
species (reviewed in [15]). Neural circuitry is comprised of
neurons, synapses, and a microglial support system. Neural
circuits undergo modification throughout life through pro-
cesses known as neural plasticity that include neuronal and
glial cell death, removal of debris, and selective pruning of
dendrites, axons, or terminals. Synaptic plasticity refers to
the ability of a neural synapse to strengthen or weaken in
response to increased or decreased signaling activity.
Long-term potentiation (LTP) is a form of synaptic plas-
ticity that is the physiologic process essential for laying
down memory. It represents increased synaptic efficacy
following high-frequency stimulation from afferent neu-
rons [16], thereby resulting in increased sensitivity of
neurons to repeat stimulation. Physiologically, the ampli-
tude of the excitatory postsynaptic potential (EPSP) is
greatly increased as a result of LTP. In response to the
EPSP, glutamate is released into the synapse and binds to
postsynaptic neuronal AMPA receptors. Glutamate binding
to AMPA receptors permits influx of sodium ions resulting
in depolarization of the postsynaptic neuron and activation
of N-methyl-p-aspartate receptors (NMDAR) that allows
calcium influx into the cell. Animal models measuring
response to psychological stressors and learning paradigms
have been used extensively to investigate the role of
immune processes on neural plasticity, learning, memory,
and LTP.

Peripheral immune cells and cognition

Several murine studies have demonstrated the importance
of CNS-reactive CD4+4 T cells in normal cognition through
their effects on neural plasticity [17, 18]. T cells have been
shown to accumulate in cerebrospinal fluid (CSF) in
specific areas in response to trauma or CNS signaling and
analysis of the T cell repertoire has demonstrated enrich-
ment for CNS-specific CD4+ T cells [19]. As direct
interactions between T cells and brain parenchyma do not
occur normally, the choroid plexus has been proposed as a
potential site for indirect T cell communication [19].
Normal mice participating in learning tasks demonstrate
adhesion molecule-mediated recruitment of CD4+ T cells
to the meningeal space in the choroid plexus where they are
activated and acquire a Th2 phenotype with high IL-4
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expression [20]. Depletion of these T cells using SCID (no
mature T or B cells), nude (no mature T cells), irradiated or
IL-4-deficient mice resulted in impaired learning and
memory [17, 18, 21], and repletion of normal T cells
reversed the cognitive impairments [20]. Similarly, T cell
trafficking to the choroid plexus is associated with episodes
of stress in murine models [22, 23]. In humans, CNS-re-
active T cells improve outcome in spinal cord trauma
through recruitment of anti-inflammatory macrophages
[24, 25]. Collectively, these data support a role for adaptive
immunity in normal brain function, and disruption of CD4
T cell communication or choroid plexus signaling has
potentially significant consequences on cognition as evi-
denced in studies of immune senescence and cognitive
decline associated with aging [19]. Evidence for brain-re-
active T cells has not been reported in SLE; however, the
lupus-prone MRL/Ipr mouse strain has been widely used as
a model for NPSLE as these mice develop deficits in
learning and memory and emotional reactivity coincident
with the development of autoantibodies, circulating
inflammatory mediators, and inflammation in peripheral
organs. Histopathology reveals infiltration of mononuclear
cells, predominantly T cells, into the choroid plexus and
brain parenchyma that increases significantly with age and
peripheral disease activity and is associated with the
functional CNS disturbances [26].

Choroid plexus

The choroid plexus is a specialized interface between the
brain and peripheral circulation that regulates the compo-
sition of CSF and allows neuroimmune communication
[27]. It is comprised of a single epithelial layer surrounding
an inner stroma that is vascularized with fenestrated blood
vessels. The choroid plexus receives signals from both the
brain parenchyma and peripheral circulation via chemoki-
nes, cytokines, and neurotropic factors. Toll-like receptors
(TLR) are also found on the choroid plexus epithelium and
mediate danger signals from the brain [28]. The choroid
plexus up-regulates adhesion molecules in response to CNS
injury allowing CD4+4 memory T cells to transmigrate from
the blood vessels to the stroma where they are activated if
they encounter brain antigen presented in the context of
resident antigen-presenting cells [29]. Activated CD4+ T
cells produce IL-4 that modulates release of neurotropic
factors that migrate to the brain parenchyma where they
influence adult neurogenesis and microglial activation.
Thus, the choroid plexus acts as a mediator for neuroim-
mune interactions allowing the brain and peripheral organs
to communicate with each other and react appropriately to
ongoing events. As evidenced in the MRL/Ipr lupus model,
an abundance of T cells in this area is associated with
worsening CNS and peripheral disease manifestations [26].
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Peripheral cytokine effects

Inflammatory cytokines (IL-1, IL-6, TNFo) and their
receptors are expressed by microglia, astroglia, neurons,
and brain endothelial cells [30, 31]. Increased levels of
peripherally circulating inflammatory cytokines, as a result
of administration or acute or chronic illness, have been
associated with impaired cognitive performance in human
subjects [32-36]. Peripherally circulating cytokines are
thought to mediate changes in central cytokine expression
by transport across the blood—brain barrier [37], microglia
activation via the circumventricular organs [38], activated
vascular endothelium via a prostaglandin-mediated mech-
anism [39], and peripheral vagal nerve stimulation result-
ing in central increase in IL-1 [40]. Murine studies suggest
that microglia respond to increases in circulating inflam-
matory cytokines by switching to an inflammatory pheno-
type with intracerebral amplification of the peripheral
inflammatory milieu and resultant impairments in memory
function [41, 42]. In humans, elevated serum IL-6 levels in
non-autoimmune community volunteers have been shown
to inversely correlate with cognitive performance and
hippocampal gray matter volumes [32, 43].

The demonstration that acute increases in serum levels
of IL-6, IL-1, and TNFa in response to typhoid vaccination
in healthy volunteers prompted selective decreases in
spatial memory and parahippocampal glucose metabolism
on PET scan within 4 hours [44] suggests a possible
mechanism for transient alterations in cognitive processes.
This may be applicable to chronic inflammatory states such
as SLE where end organ damage related to immune dys-
regulation is mediated in part by peripherally circulating
inflammatory cytokines including IFNo, TNFo, IL-1, IL-6,
IL-10, BAFF/APRIL, IFNY, IL-17, and IL-21 (reviewed in
[45, 46]). These cytokines are produced by activated T
helper cells, macrophages, and plasmacytoid dendritic cells
at different points in disease progression, and levels may
reflect disease activity. Some, such as IL-1 and IL-6 are
also secreted by other cell types including neutrophils,
epithelial cells, endothelial cells, and resident cells in
specific tissues. They activate autoreactive lymphocytes in
peripheral organ tissue to produce more inflammatory
cytokines and chemokines, thus driving a local tissue
inflammatory response. A relationship between systemic
inflammation and cognitive impairment has been demon-
strated in SLE where circulating IL-6 levels correlated
inversely with performance on memory testing [47]. Sim-
ilar cognitive deficits have been reported in SLE patients
with high C-reactive protein levels indicative of circulating
inflammatory molecules [48].

The IFNo amplification loop has been ascribed a central
role in SLE pathogenesis, implicated in disease flares, and
peripheral circulation of this cytokine is associated with
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numerous neuropsychiatric symptoms [49-51]. Treatment
for Hepatitis C liver disease or malignancy with IFNa has
given us a human model for neuropsychological effects of
IFNo. Dose-dependent treatment effects include fatigue
(80-90 %), seizures (1-4 %), depressive symptoms
(30-50 %), and occasionally psychosis, confusion, and
mania [52-54]. As IFNa does not easily cross the BBB, its
central effects may be mediated by induction of other
potent inflammatory cytokines such as IL-6, IL-1, and
TNFo and decreased CNS neurotransmitter biosynthesis
(serotonin, dopamine) [55-58]. Of note, idiopathic major
depression is also associated with increased circulating
levels of IFNo, IL-1, IL-6, and TNFa [59], and both major
depression and brain responses to IFNo share common
peripheral blood gene signatures of neuron survival and
plasticity [60]. Functionally, IFNa therapy is associated
with decreased glucose metabolism on PET imaging in the
prefrontal cortex that correlates with depression scores [61]
and hypermetabolism in the basal ganglia that correlates
with fatigue [62]. Although peripherally circulating IFNa
levels are difficult to assess in SLE patients, IFN-inducible
genes in the peripheral blood have been identified in vir-
tually all SLE patients, and the intensity of expression is
related to disease activity [49]. Of note, increased SLE
disease activity has been linked to increased vulnerability
to depression in several studies [63—65]. IFNa has also
been identified in NPSLE CSF and associated with diffuse
central neurologic syndromes including psychosis, severe
depression, seizures, and acute confusional state [66—68].
Similar to the decreased glucose metabolism reported in
the prefrontal cortex of patients with IFNa treatment-as-
sociated depression, elevated CSF IFNa titers have also
been associated with decreased glucose metabolism in the
frontal lobes in 50 % of NPSLE subjects in one study [69].
Furthermore, immune complexes formed by CSF from
NPSLE patients with diffuse syndromes (mood and anxiety
disorders, seizures, psychosis, acute confusional states)
combined with antigen stimulate expression of multiple
cytokines in plasmacytoid dendritic cells including IFNao,
IFNY, IL-8, and MCP-1 [66]. These data implicate IFNa in
the pathogenesis of depression and fatigue related to SLE
as has been shown in idiopathic major depressive disorders
and consequent to IFNa therapy. IFNa-mediated increases
in microglial expression of TNFa, IL-1, and IL-6 may also
impact hippocampal synaptic plasticity and cognition.
Numerous studies have focused on the association
between chronic peripheral inflammatory processes, irre-
spective of etiology, and incapacitating fatigue (reviewed in
[70]). As described previously, circulating inflammatory
molecules gain access to the CNS where their pro-inflam-
matory effects are amplified by resident microglial cells,
astrocytes, and neurons resulting in neuroinflammation
[13]. It is therefore not surprising that extreme fatigue is

highly prevalent in chronic neurodegenerative diseases
characterized by neuroinflammation such as Parkinson’s
disease and multiple sclerosis. Biologically, it has been
proposed that chronic inflammatory states mediate a Toll-
like receptor (TLR) radical cycle whereby peripherally
circulating pro-inflammatory cytokines induce up-regula-
tion of additional cytokines and reactive oxygen and
nitrogen species via NF-kappaB signaling with resultant
oxidative and nitrosative stress [71]. Oxidative and nitro-
sative stress mitigates damage to lipids, proteins, and DNA
resulting in the formation of damage-associated molecular
pattern molecules (DAMPS) that engage with pro-inflam-
matory TLRs and amplify the cycle [72]. Impaired clear-
ance of nucleic acid-containing debris is one of the
characteristic immune abnormalities identified in SLE [73];
this may contribute to increased availability of autoantigen
for this TLR radical cycle, and excessive TLR activation is
recognized as a potential target for therapy in SLE [74].
Pro-inflammatory cytokines implicated in chronic fatigue
include IL-1, IL-6, and TNFa [75], all of which are present
in the chronic inflammatory state found in SLE. Addition-
ally, elevated levels of markers of oxidative stress associ-
ated with pro-inflammatory cytokines and reduced levels of
omeg-3 fatty acids have been reported in SLE [76]. Of note,
a recent placebo-controlled clinical trial of fish oil supple-
mentation targeting oxidative stress in SLE demonstrated
significant improvement in fatigue scores and some circu-
lating inflammatory markers (ESR, IL-12) [77].

Central mechanisms

Physiologic learning and memory: cytokines, chemokines,
and neurotransmitters

Although pro-inflammatory cytokines IL-1B, TNFa, and
IL-6 are most often associated with brain-destructive pro-
cesses, murine studies support their critical importance in
normal synaptic function and hippocampal memory con-
solidation [13, 78, 79]. Activated microglial cells express
pro-inflammatory cytokines IL-1f, TNFa, IL-6; these have
wide ranging effects including increased MHC class I
expression on brain endothelial cells [80] and effects on
hippocampal LTP [81]. Hippocampal microglial cell IL-1
mRNA expression increases following fear conditioning
[82] or participation in a spatial recognition task [83].
Additionally, intracerebroventricular injection of low doses
of IL-1 has been shown to facilitate spatial and contextual
fear memories and memories of passive avoidance training
[82, 84, 85]. Impaired learning in spatial memory and fear
conditioning paradigms following treatment with IL-1
receptor antagonist and in mice with genetically altered IL-
I signaling supports the role of IL-1 in normal, physiologic
learning processes [82, 86]. However, high levels of IL-1§,
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administered centrally or peripherally, have detrimental
effects on hippocampal-dependent learning tasks that
included spatial learning, and long-term memory induced
by fear conditioning paradigms through effects on LTP and
reduced neurogenesis (reviewed in [13, 87]).

IL-6 and TNFo have variable effects on normal learning
and memory that are dependent on timing and conditions
including magnitude and duration of cytokine exposure
(reviewed in [13]). TNFa has been shown to influence the
expression of AMPA receptors on postsynaptic neurons,
thereby impacting synaptic strength [88]. Synaptic scaling,
a homeostatic plasticity mechanism that allows neurons to
regulate their firing rate and provide stability to circuitry
output, has also been shown to be mediated by glial cell
TNFa [89, 90]. Neurons express IL-6 receptors, and in a
physiologic state, low basal levels of IL-6 are increased
during induction of hippocampal LTP [91, 92]. Studies
with transgenic models suggest that high levels of both IL-
6 and TNFa have detrimental effects on hippocampal-de-
pendent learning in the context of inflammatory challenges
through effects on synaptic transmission, LTP, and neu-
rogenesis [93-96].

Fraktalkine, a chemokine secreted by neurons with
cognate receptors on microglia, is also involved in the
regulation of neuron development, neuronal plasticity
including synaptic pruning by microglia, synaptic trans-
mission, LTP, and adult neurogenesis [97]. Low levels of
stress or certain types of emotional stimuli facilitate the
formation of long-term memory and neural plasticity via
input from the hypothalamic—pituitary axis (releasing
endogenous glucocorticoids) and sympathetic nervous
system (releasing norepinephrine, dopamine, serotonin).
Hippocampal LTP is strengthened by low levels of these
compounds, whereas high levels can be disruptive [98, 99].

Physiologic learning and memory: adult neurogenesis

Adult neurogenesis occurs in the dentate gyrus of the
hippocampus (reviewed in [100, 101]). New neurons
develop from progenitor stem cells in the subgranular zone
in a process that takes approximately 7 weeks and is reg-
ulated by the local “neurogenic niche” comprised of glial
cells, endothelial cells, microglial cells, macrophages,
ependymal cells, and neurons [102]. These new neurons
reside in the dentate gyrus, receive input from the
entorhinal cortex and project axons to the pyramidal cells
in the CA 3 region of the hippocampus where they form
glutamatergic synapses. While the presence of these cells is
not mandatory for basic function, they have been shown to
contribute significantly to higher hippocampal function
[100, 103], with considerable impact on learning, memory,
anxiety, and mood states [104—106]. Approximately 9000
new progenitor cells are generated daily in the rodent
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hippocampus, and 80-90 % of these differentiate into
neurons compared to approximately 700 new neurons
generated daily in humans [107].

In addition to input from cell-to-cell contact, distant
brain regions via neurotransmitters [dopamine, Y-
aminobutyric acid (GABA), and serotonin], and signaling
from transcription factors (reviewed in [11]), maintenance
of adult neurogenesis is also dependent on the presence of
an adaptive immune system as evidenced by reports that
SCID and nude mice display impaired neurogenesis that is
repaired by T cell replenishment [108]. Regulation of adult
neurogenesis is known to be affected by environmental
influences such as stress, inflammation, and physical
activity with resulting effects on hippocampal function and
behavior (reviewed in [11, 109]). Studies in murine models
suggest that stressful experiences negatively impact adult
neurogenesis through effects on progenitor cell prolifera-
tion, neuronal differentiation, and survival and microglial
cells [11]. The functional impact is impaired performance
on hippocampal cognitive tasks such as spatial navigation
[110, 111]. Importantly, similar effects on adult neuroge-
nesis have been reported following administration of
exogenous glucocorticoids [112, 113]. Several neurode-
generative disease processes have been associated with
impaired adult neurogenesis including Alzheimer’s dis-
ease, Parkinson’s disease, Huntinton’s disease, and HIV
infection [114]. Conversely, numerous animal studies have
demonstrated positive effects of physical exercise on adult
neurogenesis including enhanced progenitor cell prolifer-
ation and differentiation [115-117]. While these results are
understandably difficult to reproduce in humans, several
studies have suggested the benefits of physical exercise on
memory, attention, executive function, and the prevention
of age-related cognitive decline, dementia, and neurode-
generative diseases [118, 119]. Exposure to an enriched
environment and learning has also been shown to promote
increased new neuron survival and incorporation into
neural circuits, whereas inhibition of hippocampal adult
neurogenesis results in impaired learning and memory
responses [106, 120-123].

In summary, neuroimmune interactions and adult neu-
rogenesis are critical for the biologic interactions respon-
sible for learning and memory. These interactions are
complex, and disruption of the balance has potent impact on
function and is implicated in several neurodegenerative and
psychiatric illnesses. Impaired neurogenesis in the dentate
gyrus has been demonstrated in the MRL/lpr murine model
[124], and hippocampal atrophy has been associated with
cognitive deficits in lupus patients [125, 126]. It is therefore
not unreasonable to consider that decreased adult neuro-
genesis may be partially responsible for the impaired cog-
nition and regional brain atrophy associated with SLE,
although direct evidence for this has not been reported.
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Central mechanisms in SLE

Vascular mechanisms, related to thrombosis from anti-
phospholipid antibodies (APL) with resulting cerebrovas-
cular disease and cognitive impairment [127, 128], have
been recognized for some time; however, many lupus
patients with cognitive dysfunction do not have APL, and
others have APL but no evidence of impaired cognition
[129, 130]. The most common postmortem findings in
patients with active CNS disease are widespread small
vessel vasculopathy, brain infarction, hemorrhage or nor-
mal brain tissue [131-134]. Nonetheless, cerebrospinal
fluid (CSF) from lupus patients with diffuse CNS disease
(acute confusional state, psychosis, mood disorders, severe
cognitive impairment, seizures) has been informative, and
murine models provide additional mechanistic information.
In the context of immune modulation of neural plasticity
and adult neurogenesis, the chronic inflammatory state in
SLE suggests possible mechanisms for altered neuropsy-
chological conditions such as cognitive impairment,
depression, and fatigue.

CSF cytokines and chemokines in SLE

High titers of a number of pro-inflammatory cytokines and
chemokines have been identified in the CSF of NPSLE
patients including IL-1, IL-6, IL-10, IFNo, IFNy, TNFo,
BAFF, APRIL, fraktalkine [135], IL-8/CXCLS, MCP-1/
CCL2, IP-10/CXCL10, RANTES/CCL5, MIG/CXCL9)
[135-141], and follow-up CSF assessment after resolution
of NPSLE symptoms has demonstrated significant
decreases in all pro-inflammatory molecules back to levels
similar to the non-NPSLE lupus controls [141]. Of note, all
of these clinical studies of CSF and NPSLE have included
SLE subjects severely ill with multiple CNS manifesta-
tions; none have focused exclusively on cognitive impair-
ment, depression, or fatigue. CSF levels of IL-6 and IL-8
have been shown to correlate with intrathecal levels of
neurofilament triplet protein (NFL) and glial fibrillary
acidic protein (GFAP), proteins indicative of neuronal
damage and repair, in SLE subjects with NPSLE compared
to SLE subjects without CNS involvement and healthy
controls [142]. Of note, NFL and GFAP levels were also
significantly elevated in the SLE subjects with no overt
CNS manifestations compared to healthy controls sug-
gesting both sub-clinical and clinically evident cytokine-
mediated CNS damage. Elevated CSF metalloproteinase-9
(MMP-9) levels correlate with CSF IL-6, IL-8, NFL, and
GFAP levels in NPSLE CSF compared to SLE patients
without CNS involvement and healthy controls [143]. This
association suggests MMP-9-mediated brain parenchymal
toxicity that is induced by inflammatory cytokines; this is
corroborated by a study demonstrating that systemic

treatment of NZB/W lupus mice with a MMP blocker,
cystamine, results in decreased neuronal apoptosis [144].
Evidence of an association between CSF IL-6 and the IgG
index [139] suggests the possibility that increased
intrathecal IL-6 may increase B cell activation in the CNS.
Recently, CSF levels of BAFF and APRIL were demon-
strated to be significantly increased in patients with diffuse
NPSLE syndromes compared to SLE patients without CNS
symptoms [140]. BAFF and APRIL are known to promote
B cell survival, isotype-switching, and CD-40L-indepen-
dent antibody production. Significantly elevated intrathecal
titers of IL-1, IL-6, and IL-10 have also been demonstrated
in older MRL/lpr mice, correlating with onset of impaired
cognitive processes [ 145]. In the context of cytokine effects
on physiologic learning and memory, the elevated titers of
intrathecal pro-inflammatory cytokines and chemokines
demonstrated in human SLE and murine models are likely
to disrupt physiologic synaptic plasticity in the hip-
pocampus in addition to effects on MMP-9 expression and
neural toxicity.

Autoantibodies and cognition, mood disturbances

SLE is an autoimmune disease set apart from others by the
plethora of autoantibodies; it is therefore not surprising that
autoantibodies are implicated in NPSLE. The conundrum is
that autoantibodies do not cross an intact BBB, and serum
levels of brain-reactive antibodies in SLE have not corre-
lated consistently with neuropsychiatric symptoms. How-
ever, CSF autoantibody levels have been shown to
correlate significantly with neuropsychiatric manifesta-
tions, and evidence for BBB disruption in SLE is supported
by reports of an elevated albumin concentration gradient
between CSF and plasma [146-148], an elevated IgG index
[149] and elevated serum levels of proteins whose origins
are exclusive to the brain parenchyma such as S100B
[150]. Of note, an elevated IgG index may also reflect
intrathecal production of autoantibody. Evidence for this
has been reported in one study of human NPSLE [151], and
MRL/lpr lupus-prone mice exhibit increased brain atrophy
that correlates with increased cellular infiltrate including
CD19+ B cells and CD138+ plasma cells, suggesting the
ability for intrathecal antibody production following BBB
disruption [26, 152]. Proposed mechanisms for BBB dis-
ruption in SLE mediated by inflammatory cytokines,
chemokines, complement C5a, anti-endothelial cell anti-
bodies, anti-NMDAR antibodies and TWEAK (TNF-like
weak inducer of apoptosis) are reviewed elsewhere [153—
155]. Brain-reactive autoantibodies implicated in SLE
include antibodies to N-methyl p-aspartate receptors (anti-
NMDAR), ribosomal P (anti-P), MAP-2 (microtubule-as-
sociated protein 2), MMP-9, Ro, RNP, and phospholipid
(APL) (reviewed in [156-158]). Although antibody-
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mediated toxicity can involve direct binding effects, com-
plement activation leading to an inflammatory cascade, or
antibody-dependent cellular cytotoxicity, paucity of brain
inflammation reported in NPSLE neuropathology suggests
that neurotoxic effects or alterations of neuroinflammatory
pathways by autoantibodies or other soluble substances
penetrating the BBB may be more important. The follow-
ing are descriptions of two brain-reactive autoantibodies
that have been identified in CSF from NPSLE patients and
proven to have functional consequences.

Anti-NMDAR antibodies comprise a subset of anti-
dsDNA antibodies that cross react with a peptide sequence
found on the NR2A and NR2B subunits of NMDAR on
neurons [159]. These antibodies preferentially bind acti-
vated NMDAR to amplify calcium influx, and effects on
cell function are dependent on antibody concentration; low
antibody levels increase NMDAR-mediated synaptic
responses, affecting synaptic plasticity, whereas high levels
result in excitotoxic cell death [160]. These experimental
observations may provide a basis for understanding both
transient and long-lasting cognitive and behavioral changes
observed in SLE patients. Non-autoimmune mice immu-
nized to generate anti-NMDAR antibodies demonstrate
impaired memory and responses to behavioral training that
correlate pathologically with neuronal damage in the CA1l
region of the hippocampus and the amygdala, respectively
[161, 162]. Phenotypical changes attributable to antibody-
mediated neuronal dysfunction requires breach of the BBB,
and the regional location of damage is a consequence of
methods used to breach the BBB such that administration
of epinephrine results in anti-NMDAR antibodies targeting
the amygdala and administration of LPS results in hip-
pocampal damage [161, 162]. More specifically, anti-
NMDAR antibodies target place cells in the CAl hip-
pocampal region with resulting impaired spatial memory
[163]. Accordingly, serum anti-NMDAR antibody levels
have not reliably correlated with traditional neuropsycho-
logical testing, but they have been shown to correlate with
spatial memory [163] and mood disturbances [164]. Anti-
NMDAR antibodies have been eluted from SLE brain tis-
sue postmortem, and elevated levels in CSF have been
shown to correlate with severe manifestations of NPSLE
including seizures, acute confusional state, mood and
anxiety disorders, psychosis, and cognitive impairment
[165-168]. Imaging studies have demonstrated correlations
between serum anti-NMDAR ab levels and reduced hip-
pocampal volume [125, 126] and between cognitive per-
formance, serum antibody level, and increased
hippocampal glucose metabolism on PET studies [169]. To
date, these studies demonstrate anti-NMDAR antibody-
mediated damage that involves synaptic plasticity and
neuronal excitotoxic apoptosis associated with functional
consequences in mice and human subjects.
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Anti-P ab were first described in SLE 30 years ago
[170]. They have been identified in serum and CSF of SLE
patients with lupus psychosis, depression and cognitive
disturbance, and their prevalence is estimated between 15
and 21 % [168, 171-175]. These antibodies were originally
described as recognizing a P epitope in the highly con-
served C-terminal regions of three ribosomal P proteins,
but the functional consequences of antibody binding
remained elusive [170]. It was subsequently determined
that anti-P antibodies cross react with neuronal surface P
antigen (NSPA) resulting in induction of calcium influx
and neuronal apoptosis [176]. More recent studies
demonstrate that NSPA is expressed in postsynaptic
regions on neurons in the CA1 and ventral CA3 regions of
the hippocampus, and the dentate gyrus and access of
circulating anti-P antibodies to brain following BBB dis-
ruption impair memory in the absence of cell death [177,
178]. Anti-P binding to NSPA enhances postsynaptic
transmission in CAl neurons, thereby abrogating LTP
mediated by increased AMPAR and NMDAR activity
[177, 178].

Interestingly, functional consequences of both the anti-
NMDAR and anti-P antibodies depend on location and
antibody concentration. Both antibodies are neurotoxic at
high concentrations and adversely impact synaptic plas-
ticity at low concentrations. Both anti-NMDAR and anti-P
antibodies mediate cognitive disturbances in the hip-
pocampus. Anti-NMDAR antibodies also mediate behav-
ioral disturbances in the amygdala, and anti-P antibodies
are reported to affect depression and hyposmia through
effects in the cingulated and olfactory piriform cortices
[179]. Given their separate mechanisms and effects on
NMDAR, AMPAR activity, and LTP, it has been suggested
that anti-P antibodies may also potentiate the effects of
anti-NMDAR antibodies [177].

Conclusion

Neuroinflammation is the proverbial double-edged sword
as it is clear that immune cells and inflammatory molecules
are integral components of physiologic processes that
regulate learning and memory, but unrestrained acute and
chronic inflammation has broad deleterious effects on
cognition, mood, and fatigue. The chronic inflammatory
state in SLE with recurrent episodes of acute escalation
provides the necessary ingredients for altered CNS pro-
cesses that govern cognition and mood. We have reviewed
known mechanisms for neuroimmune communication
governing cognitive processes and cited evidence for
abnormal neuroimmune communication in animal models
and human SLE studies. Clinically, central NPSLE syn-
dromes such as cognitive impairment, mood disturbances,
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and fatigue are both transient and chronic, and neuronal
loss alone from direct antibody or MMP-mediated toxicity
or ischemia related to thrombosis, embolic events, or
atherosclerotic disease would not account for transient
phenomena. However, aberrant cytokine- and chemokine-
mediated signaling via peripheral or central mechanisms
may temporarily impact synaptic plasticity and LTP, thus
providing a mechanism for transient cognitive impairment.
Both anti-NMDAR and anti-P antibodies have been shown
to mediate hippocampal neuron synaptic plasticity in
addition to their neurotoxic effects, providing additional
mechanisms for transient cognitive or mood disturbances.
Through different metabolic pathways, the same pro-in-
flammatory cytokines have been shown to promote
oxidative and nitrosative stress with resulting production of
DAMPS and TLR engagement leading to symptoms of
extreme fatigue. IFNa deserves particular attention because
of its importance in disease pathogenesis and dose-depen-
dent associations of therapeutic IFNo with neuropsycho-
logical symptoms of fatigue, depression, and seizures.
Cognitive impairment, fatigue, and depression are
among the most commonly patient-reported symptoms in
SLE with debilitating effects on quality of life, and the
ultimate goal is to develop appropriate therapeutic strate-
gies. Consideration of known and emerging mechanisms of
the biologic processes underlying these syndromes, if
attributable to SLE, points to therapeutic targets and
potential biomarkers, although much additional research
needs to be done to substantiate the role of neuroinflam-
mation in NPSLE. Interestingly, not all therapies need be
immunosuppressive as evidenced by the success of fish oil
for antioxidant properties in fatigue [77]. Conversely, anti-
cytokine therapies, such as those that target IFNo and its
receptors, may provide benefit through centrally mediated
processes that are unrelated to effects on peripheral organs.
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