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Cognitive impairment occurs in 40–90% of patients with systemic lupus erythematosus (SLE), which is characterized by 
autoantibodies to nuclear antigens, especially DNA. We discovered that a subset of anti-DNA antibodies, termed DNRAbs, 
cross reacts with the N-methyl-d-aspartate receptor (NMD​AR) and enhances NMD​AR signaling. In patients, DNRAb presence 
associates with spatial memory impairment. In a mouse model, DNRAb-mediated brain pathology proceeds through an acute 
phase of excitotoxic neuron loss, followed by persistent alteration in neuronal integrity and spatial memory impairment. 
The latter pathology becomes evident only after DNRAbs are no longer detectable in the brain. Here we investigate the 
mechanism of long-term neuronal dysfunction mediated by transient exposure to antibody. We show that activated 
microglia and C1q are critical mediators of neuronal damage. We further show that centrally acting inhibitors of angiotensin-
converting enzyme (ACE) can prevent microglial activation and preserve neuronal function and cognitive performance. Thus, 
ACE inhibition represents a strong candidate for clinical trials aimed at mitigating cognitive dysfunction.
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Introduction
Neuropsychiatric lupus (NPS​LE) is a frequent manifestation of 
systemic lupus erythematosus (SLE). It is most often character-
ized by cognitive impairment, which occurs independently of 
disease activity (Hanly et al., 2004). We have demonstrated that 
a subset of antibodies, termed DNRAbs, binds both DNA and the 
N-methyl-d-aspartate receptor (NMD​AR; DeGiorgio et al., 2001; 
Kowal et al., 2004; Faust et al., 2010; Chang et al., 2015). DNRAbs 
can be found in brain tissue of SLE patients and in cerebrospi-
nal fluid of SLE patients with nonfocal central nervous system 
manifestations (Kowal et al., 2006; Arinuma et al., 2008). We can 
induce DNRAbs in mice by immunization with a peptide that is 
both a consensus sequence present in the GluN2A and GluN2B 
subunits of the NMD​AR and a DNA mimetope. This model has 
allowed us to study the impact of these antibodies on neuronal 
structure and function in the absence of other neurotoxic medi-
ators (Kowal et al., 2004; Huerta et al., 2006). When LPS is given 
to DNRAb-expressing mice to cause a breach in blood–brain bar-
rier (BBB) integrity, the antibodies traverse the BBB, enter the 
hippocampus, and cause immediate excitotoxic neuronal death 
(Kowal et al., 2004; Faust et al., 2010), mimicking what we believe 

occurs in the clinical situation. Patients harboring DNRAbs as a 
manifestation of SLE suffer an insult to the BBB that may be in-
dependent of disease activity; DNRAbs then penetrate brain pa-
renchyma and cause brain pathology and cognitive impairment.

We have focused our mechanistic studies on the CA1 region 
of the hippocampus and have shown that CA1 pyramidal neu-
rons surviving acute excitotoxicity exhibit decreased dendritic 
complexity, a decreased number of dendritic spines (the ana-
tomical location of synapses), and abnormal electrophysiological 
properties (Faust et al., 2010; Chang et al., 2015). Crucially, mice 
experiencing DNRAb-mediated insult exhibit impaired spatial 
memory (Chang et al., 2015). A decrease in dendritic complex-
ity is seen in several pathological conditions. The engulfment of 
dendritic processes by activated microglia (Schafer et al., 2012), 
the macrophages of the central nervous system, represents one 
potential mechanism for this phenomenon. Microglia populate 
the brain during fetal development. They are critical in the re-
sponse to pathogens as they produce inflammatory mediators to 
limit pathogen replication and cytotoxicity (Low and Ginhoux, 
2018). Another function of microglia is to phagocytose neuro-
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nal debris, such as the apoptotic remains of neurons that arise 
with DNRAb-mediated excitotoxicity. In this study, we address 
the mediators of the loss of dendritic arborization. We show that 
both microglia and C1q are necessary and that angiotensin-con-
verting enzyme (ACE) inhibitors are protective.

Results
We induced DNRAb production in BALB/c mice by immuni-
zation with the DWE​YS peptide multimerized on a branched 
polylysine backbone, multi-antigenic peptide (MAP)–DWE​
YS (DNRAb+ group). Control mice were immunized with the 
polylysine backbone alone, MAP-core, which does not induce 
DNRAbs (DNRAb− group; Putterman and Diamond, 1998). 2 wk 
following two booster immunizations, mice were given LPS to 
allow transient access of antibodies to the hippocampus. We 
depleted microglia by administering the CSF 1 receptor (CSF1R) 
inhibitor PLX5622, which has been shown to cross the BBB and 
cause microglia depletion over the course of 1 wk (Elmore et al., 
2014; Acharya et al., 2016; Rice et al., 2017). As controls, we used 
the CSF1R inhibitor PLX73086, which is incapable of crossing the 
BBB, or standard chow, starting at 3 wk after LPS administration, 
when the BBB is fully restored, and continuing for 5 additional 
weeks (Fig. 1 A). Both agents caused a modest (∼25%) loss of pe-
ripheral macrophages.

The experimental protocol began treatment at the time when 
dendritic loss was first seen and continued for several weeks 
thereafter to a time when dendritic complexity was clearly di-
minished in mice with intact microglia (Chang et al., 2015). More 
microglia were detected in the hippocampus of mice that were 
fed standard chow, or chow supplemented with PLX73086, com-
pared with mice fed chow supplemented with PLX5622. Immu-
nohistology demonstrated microglial depletion in both DNRAb+ 
and DNRAb− mice fed PLX5622-treated chow compared with 
mice fed the other two chows (Fig. 1, B and C). We also quantitated 
microglia isolated from the hippocampus by flow cytometry and 
observed a significant decrease in microglia number in brains 
of DNRAb+ PLX5622-treated compared with PLX73086-treated 
or untreated mice (PLX73086, 600,000 ± 125,416 cells; PLX5622, 
262,500 ± 10,206 cells; standard chow, 660,000 ± 82,702 cells; P < 
0.05 PLX73086 vs. PLX5622; P < 0.01 standard chow vs. PLX5622; 
P = not significant, PLX73086 vs. standard chow by Student’s t 
tests). DNRAb+ mice receiving PLX5622 (BBB permeable) exhib-
ited similar dendritic complexity to DNRAb− mice treated with 
PLX5622 (Fig. 1, D and E). In contrast, DNRAb+ mice receiving 
PLX73086 (BBB impermeable) displayed a significant decrease 
in dendritic complexity compared with the PLX73086-treated 
DNRAb− group (Fig.  1, D and F). The fact that a reduction in 
microglia number is associated with maintenance of neuronal 
integrity strongly suggests that microglia are required for the 
structural alterations in neurons in the DNRAb-mediated model 
of cognitive impairment.

Microglia can recognize and engulf synapses adorned by 
complement proteins C1q and C3 (Stevens et al., 2007; Chu et 
al., 2010; Tremblay et al., 2011; Schafer et al., 2012; Stephan et 
al., 2012) to mediate developmental synaptic refinement of the 
visual system (Stevens et al., 2007). An absence of either com-

plement component results in sustained defects in synaptic 
connectivity (Stevens et al., 2007). Recent studies have shown 
microglia-mediated synaptic loss in the hippocampus in a mouse 
model of Alzheimer’s disease (AD) in which amyloid is injected 
into the brain; dendritic loss can be blocked by the administra-
tion of anti-C1q antibody (Hong et al., 2016). To assess the role 
of C1q in the brain pathology in DNRAb+ mice, we studied brain 
sections by immunohistochemistry. At 8 wk after LPS adminis-
tration, we observed a significant C1q increase in DNRAb+ brains 
compared with DNRAb− mice (C1q-labeled puncta quantified 
with super-resolution microscopy of the hippocampus (26 μm2 
sections); DNRAb−, 493 ± 181; DNRAb+, 857 ± 221, P < 0.001, Stu-
dent’s t test). Moreover, C1q colocalized with the postsynaptic 
protein PSD-95 (Fig. 2, A and B) in brains of DNRAb+ mice, as 
well as the presynaptic marker VGlut1/2 (Fig. 2 B), demonstrating 
that C1q binds in the synaptic zones in DNRAb+ mice.

To determine whether C1q was directly involved in DNRAb- 
mediated neuronal damage, we wanted to study genetically en-
gineered C1q-deficient (C1q−/−) C57BL/6 mice. We first needed to 
confirm the DNRAb-mediated model of cognitive impairment in 
the C57BL/6 background using C57BL/6 mice expressing H2d, as 
the antibody response to DWE​YS is Ed restricted (Khalil et al., 
2001). To study the acute stage of neuronal loss in this model, 
stereological techniques were used to assess the number of neu-
rons in the CA1 region of the hippocampus after DNRAb exposure 
(Kowal et al., 2004). These studies revealed a significant decrease 
in neuron number in DNRAb+ mice compared with DNRAb− mice 
(Fig. S1, A and B). Golgi-stained neurons were evaluated to assess 
dendritic complexity. Dendritic loss and reduced spines also oc-
curred in the C57BL/6 strain (Fig. S1, C–E). These data confirmed 
the two-stage model in C57BL/6 mice. Evaluation of the microglia 
by immunohistology revealed an increased number of microglia 
within 2 wk after LPS administration in DNRAb+ mice, as well 
as an increased number of CD68-staining microglia (Fig. S1 F). 
Microglial state was evaluated using a modified scoring process 
that takes several factors into account, including colocalization 
of CD68 with Iba1, cell shape, and number of extended processes 
(Schafer et al., 2012). DNRAb+ mice exhibited a higher score 
compared with DNRAb− mice, which has been associated with 
microglial activation. The microglial alterations were evident 
at 2 wk and persisted to at least 8 wk after LPS administration 
(Fig. S1, F and G).

Because the model could be performed in C57BL/6 mice 
expressing H2d, we conducted studies in C1q−/− H2d mice. A 
significant decrease in neuron number was observed in the hip-
pocampus of C1q−/− DNRAb+ mice compared with C1q−/− DNRAb− 
mice after LPS administration (Fig. 2, C–E), demonstrating that 
C1q does not contribute to acute neuronal death. In contrast, the 
decreases in dendritic complexity and spine density seen in WT 
DNRAb+ mice were dependent on C1q, as there were no differ-
ences in dendritic architecture (Fig. 2, F and G) and spine counts 
(Fig. 2, H and I) between C1q−/− DNRAb+ and DNRAb– mice.

Hippocampal neurons are critical to forming spatial maps 
(O’Keefe, 2007) because they possess ‘place cell’ activity, an in-
herent neuronal firing when a mouse is in a particular location. 
The area in which a specific neuron shows enhanced firing is 
termed the ‘place field’ and enlarged place fields are associated 
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with impaired spatial memory (Chang et al., 2015). Electrophys-
iological studies using electrodes implanted in the CA1 region 
of the hippocampus of DNRAb+ and DNRAb– mice (WT and 
C1q−/− groups that had received LPS) revealed, as expected, that 
WT DNRAb+ mice exhibited significantly larger place field sizes 
compared with WT DNRAb– animals (Fig. 3 A). This was similar 
to previous observations in BALB/c mice (Chang et al., 2015) and 
consistent with impaired spatial memory. When the studies were 
performed in C1q−/− mice, however, we observed no significant 
difference in place field size between DNRAb+ and DNRAb– mice 
8 wk after LPS administration (Fig. 3 B). This suggests that C1q is 
required for the development of enlarged place field size.

We asked whether C1q−/− mice with normal dendritic arbor-
ization and no enlargement of place fields behaved normally in 
an object-place memory (OPM) task that tests spatial memory 
(Fig.  3  C). In this task, mice explore a space that houses two 
objects. The mice are briefly removed from the space, and the 
location of one object is changed. A normal mouse reintroduced 
into the space will spend more time exploring the object in the 
new location compared with the object that was not moved. 
There was no difference in performance between DNRAb+ and 
DNRAb− C1q−/− mice; in contrast, WT DNRAb+ spent less time 
exploring the object in a novel location than WT DNRAb− ani-
mals (Fig. 3 D).

Figure 1. Microglia are critical to dendritic pruning in NPS​LE. (A) Top, schematic representation of the hippocampus, with the transverse section showing 
the CA1 ROI (yellow square) to study microglia depletion. Bottom, immunized mice were treated with CSF1R inhibitors PLX5622 (BBB permeable) or PLX73086 
(BBB impermeable) for 5 wk, after which their brains were analyzed for morphological changes. (B) Representative sections of the CA1 region with DAB staining 
for Iba1 allows visualization of microglia in untreated mice (standard chow), as well as PLX5622- and PLX73086-treated mice. Bar, 50 µm. (C) Decreased number 
of microglia in PLX5622-treated mice (n = 3) compared with PLX73086-treated mice (n = 3) and standard chow-treated mice (**, P < 0.005; ***, P < 0.001; n 
= 3; n = 12 sections per group; Mann-Whitney test). (D) Tracings of CA1 neurons in the DNRAb+ and DNRAb− groups after PLX5622 and PLX73086 treatments. 
(E) Analysis of dendritic complexity shows no difference between PLX5622-treated groups (DNRAb− = 21 neurons; DNRAb+ = 20 neurons; ns, not significant, 
Kolmogorov-Smirnov test). (F) Treatment with PLX73086 reveals significant decrease in dendritic complexity in DNRAb+ mice compared with DNRAb− mice 
(DNRAb− = 21 neurons, DNRAb+ = 23 neurons; **, P < 0.005; Kolmogorov-Smirnov test).
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To study the mechanism that targets C1q to synapses, we con-
sidered that HMGB1 is a nuclear protein that is released by dying 
cells, but can also be actively secreted by stressed or activated 
cells in the immune system (Lotze and Tracey, 2005; Klune et al., 
2008; Lu et al., 2012, 2014; Wang et al., 2012). Stressed cortical 
and sensory neurons secrete HMGB1 through a similar process 
(Kim et al., 2008; Maroso et al., 2010; Crews et al., 2013; Karatas 

et al., 2013). Moreover, HMGB1 secretion can be induced by non-
lethal neuronal activation, including nonlethal activation of 
NMD​ARs (Maroso et al., 2010; Feldman et al., 2012). We reasoned 
that HMGB1 might be the bridge that connects C1q to NMD​ARs, 
as HMGB1 binds NMD​ARs through binding to GluN2B (Pedrazzi 
et al., 2012; Balosso et al., 2014) and also binds C1q (Son et al., 
2016). We incubated neuronal cultures with HMGB1and observed 

Figure 2. C1q is required for dendritic pruning but not acute neuronal loss. (A) Representative sections from the stratum radiatum of the CA1 hippocampal 
sections from DNRAb+ (n = 3) and DNRAb− (n = 3) mice that were stained for C1q (red) and the synaptic protein PSD-95 (green) at 8 wk after LPS administra-
tion. Their merged signals and isolation of colocalized signals are also shown. (B) Quantification of overlapping puncta between C1q and the synaptic markers 
PSD-95 and VGlut1/2 (ROIs =12 per group; *, P < 0.05; Student’s t test). (C–I) C1q−/− mice were immunized with MAP-core and MAP-DWE​YS to study the role 
of C1q in the acute and chronic stages of brain injury. (C) Left, cresyl violet–stained section of the hippocampus from a C1q−/− DNRAb− brain at 2 wk after LPS. 
Right, CA1 ROI as indicated by the black square. (D) Left, hippocampal section from a C1q−/− DNRAb+ brain. Right, CA1 ROI as indicated by the green square. 
(E) Stereological counts of CA1 neurons reveal a significant loss in the DNRAb+ group (n = 24 sections per group; ***, P <0.01; Student’s t test). (F) Tracings 
of CA1 neurons at 8 wk after LPS. (G) Quantification of dendritic trees (Sholl analysis) demonstrates no difference between groups (DNRAb− = 57, DNRAb+ = 
45; Kolmogorov-Smirnov test). (H) Representative examples of dendritic spines derived from Z-stacks in a tiled montage in DNRAb− and DNRAb+ groups. (I) 
Spine density, calculated for traced neurons, shows no difference between groups (DNRAb− = 50, DNRAb+ = 45; Student’s t test). Bars: 5 µm (A and H); 400 
µm (C, left); 20 µm (C, right). 
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that HMGB1 colocalized with GluN1 in neuronal cultures derived 
from E18 mice (Fig. 4 A). Furthermore, stimulation with NMDA 
(to activate NMD​ARs specifically) resulted in increased HMGB1 
secretion in a dose-dependent fashion and the secreted HMGB1 
bound to synapses (Fig. 4 B). Exogenous C1q bound to dendrites 
of neurons preincubated with HMGB1, but not to neurons that 
had not been preincubated with HMGB1 (Fig. 4, C and D). There-
fore, HMGB1 can direct C1q to the synapse and serves as a bridge 
to target C1q to NMD​ARs.

To assess whether neurons in the in vivo model secreted 
HMGB1 after DNRAb exposure, we studied cytosolic HMGB1 

in hippocampal neurons of immunized mice at 4 wk after LPS 
administration. We observed that DNRAb+ mice have cytosolic 
HMGB1 (Fig. 4, E and F), while DNRAb− mice showed only nu-
clear localization.

ACE is produced by neurons, including pyramidal neurons 
in the hippocampus (Savaskan et al., 2001), and converts an-
giotensin I to angiotensin II (Griendling et al., 1993). ACE in-
hibitors, including captopril and perindopril, were shown to 
decrease microglial activation and neuronal damage in a mu-
rine model of Alzheimer’s disease (AD; Dong et al., 2011; Torika 
et al., 2016). Moreover, one small clinical trial and several ob-

Figure 3. DNRAb exposure does not alter place cell properties in C1q−/− mice. (A and B) WT (C1q+/+) and C1q−/− mice were immunized with MAP-core 
(DNRAb−) and MAP-DWE​YS (DNRAb+) and subsequently implanted with tetrodes into the dorsal CA1 region of the hippocampus to measure place cell properties 
of single units while mice explored an empty chamber (40 cm on the side). (A) Comparison of place field sizes in the C1q+/+ mice, shown as histograms (left) and 
boxplots (right), reveals significantly larger areas for the DNRAb+ group (number of place cells, DNRAb− = 30, DNRAb+ = 40; ***, P < 0.01; Mann-Whitney test). 
Inset, top view of the arena with heat maps of representative place fields for each group; PFR, peak in-field firing rate. (B) Similar comparison in C1q−/− mice 
shows no difference between groups (number of place cells, DNRAb− = 43, DNRAb+ = 28; P = not significant; Mann-Whitney test). (C) Scheme of the OPM task 
used to test WT and C1q−/− mice. (D) The discrimination ratio shows preference for exploring the moved object over the stable object in all groups except the 
WT DNRAb+ mice (WT, DNRAb− = 11, DNRAb+ = 8; C1q−/−, DNRAb− = 13, DNRAb+ = 17; **, P < 0.01; Mann-Whitney test).
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servational studies in AD patients also suggest benefit from 
ACE inhibition (Hajjar et al., 2008; Soto et al., 2013; Yasar et 
al., 2013; de Oliveira et al., 2014, 2018; O’Caoimh et al., 2014; 
Zhuang et al., 2016). Interestingly, recent studies have iden-
tified polymorphisms in the ACE gene as SLE risk alleles. One 
of these polymorphisms is also associated with elevated serum 
levels of ACE in SLE patients (Parsa et al., 2002; Abbas et al., 
2012; Lee et al., 2013). Accordingly, we reasoned that ACE in-

hibition might be effective in the DNRAb-mediated model of 
cognitive impairment.

We determined that, after LPS administration, there was in-
creased ACE expression in the hippocampus of DNRAb+ mice 
when compared with DNRAb− mice (Fig. 5, A and B). Because we 
had shown that microglia were critical to neuronal damage and 
cognitive dysfunction in DNRAb+ mice, and ACE inhibition has 
been shown to suppress microglial activation, we asked whether 

Figure 4. HMGB1 from neurons and microglia targets neuron-derived C1q to synapses. (A) Neurons were cultured alone and stained for GluN1 (green), 
labeled HMGB1 (red), MAP2 (cyan), and DAPI (blue). (B) Left, neurons were stimulated with increasing concentrations of NMDA and stained for HMGB1 (red), 
PSD-95 (green), and MAP2 (cyan). Right, colocalization of HMGB1 and PSD-95 shows a significant dose effect (n = 10 quantified neurons; ***, P < 0.001; 
ANO​VA). (C) Neurons were incubated with labeled C1q (green, 60 µg/ml) after incubation with or without labeled HMGB1 (red, 4 µg/ml) and then stained with 
anti-MAP2 (cyan). (D) Colocalization of C1q per dendritic area, with and without incubation with HMGB1, was measured (number of quantified dendrites, C1q 
= 10, C1q+HMGB1 = 21; ***, P < 0.001, Student’s t test). (E) CA1 ROIs, as indicated by the yellow square in the hippocampus scheme (at left), showing nuclear 
staining in DNRAb− samples and cytosolic staining in DNRAb+ samples. (F) Graph showing the intensity level of the HMGB1 signal in dendrites (n = 8 sections 
per group; **, P < 0.005; Mann-Whitney test). The intensity ratio is described in Materials and methods. Bars, 20 µm (A, left; B and C); 5 µm (A, right); 10 µm (E).
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captopril (BBB permeable) acted on microglia. We analyzed mi-
croglial activation in DNRAb+ mice treated with either captopril 
or enalapril (BBB impermeable). DNRAb+ mice given captopril 
exhibited significantly less microglial activation than DNRAb+ 
mice given enalapril (Fig. 5 C). Thus, captopril suppresses mi-
croglial activation.

We next performed structural studies to establish whether 
ACE inhibition preserved the dendritic integrity of pyramidal 
neurons. DNRAb+ and DNRAb− mice received an ACE inhibitor, 

either captopril or enalapril. Analysis of dendrites of CA1 neu-
rons in the hippocampus showed that DNRAb+ mice treated with 
saline had significantly lower dendritic complexity when com-
pared with DNRAb− mice (Fig. 5 D). Captopril-treated DNRAb+ 
mice exhibited preserved dendritic complexity and were similar 
to the DNRAb− cohorts (Fig. 5 E). In contrast, enalapril-treated 
DNRAb+ mice showed a decrease in dendritic complexity com-
pared with captopril-treated DNRAb+ mice, and all DNRAb− co-
horts (Fig.  5  F). Moreover, quantification of dendritic spines 

Figure 5. ACE inhibitors as a potential treatment for NPS​LE. (A and B) Enhanced expression of ACE in DNRAb+ mice. (A) Schematic representation of the 
hippocampus, with the transverse section showing the CA1 ROI (yellow square) to study ACE expression. (B) Left, CA1 sections stained with anti-ACE antibody 
(green-labeled dendrites) and DAPI (blue-labeled cell bodies); the intensity ratio is described in Materials and methods. Right, significantly higher ACE expres-
sion in DNRAb+ mice (n = 3 in each group; n = 9 quantified sections per group; ***, P < 0.001; Student’s t test). (C) Representative sections of microglia (left) 
from DNRAb+ mice treated with saline, captopril, and enalapril (n = 3 in each group) that show increased number of processes (lower score, see Materials and 
methods) and decreased CD68 signal in the captopril-treated mice (n = 9 quantified sections per group; **, P < 0.01; ***, P < 0.001; Mann-Whitney test; a.u., 
arbitrary units). (D–F) Analysis of dendritic complexity in mice (n = 6 per group) treated with saline, captopril, and enalapril for 2 wk starting at 1 wk after LPS. 
The insets (top) show tracings of CA1 neurons, visualized with the Golgi method of silver staining. The graphs (bottom) show the Sholl analysis that measures 
dendritic complexity in the saline (D), captopril (E), and enalapril (F) groups of DNRAb− and DNRAb+ mice (number of quantified neurons; saline, DNRAb− = 
80, DNRAb+ = 118; captopril, DNRAb− = 71, DNRAb+ = 95; enalapril, DNRAb− =36, DNRAb+ = 50; **, P < 0.005; ns, not significant; Kolmogorov-Smirnov test). 
Bars: 10 µm (A); 5 µm (C).
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revealed that saline-treated DNRAb+ mice had a decreased den-
sity of dendritic spines, whereas captopril-treated DNRAb+ mice 
had a normal spine number (Fig. S2).

We also analyzed the effects of ACE inhibition on the place 
cell properties of hippocampal neurons (Fig. 6 A). Measurements 
of place field sizes revealed that captopril-treated DNRAb+ mice 
had significantly smaller place fields when compared with sa-
line-treated DNRAb+ animals (Fig. 6 A), consistent with the pre-
served dendritic complexity.

To confirm that ACE inhibition could preserve cognitive func-
tion, DNRAb+ and DNRAb− mice received captopril or perindopril 
beginning 1 wk after LPS treatment and continuing for 2 wk. Cap-
topril and perindopril penetrate the BBB (Parsa et al., 2002; Ohrui 
et al., 2004; Dong et al., 2011; Abbas et al., 2012; Lee et al., 2013; 
Torika et al., 2016) and were administered to both DNRAb+ and 
DNRAb– mice; saline was used as control treatment. Mice were 
assessed on the OPM task (Fig. 6 B). DNRAb+ mice given captopril 
spent more time exploring the moved object, as did DNRAb− mice 
given saline or either of the ACE inhibitors (Fig. 6 B). Mice given 
perindopril also exhibited preservation of cognitive function 
demonstrating that this was not an off-target effect of captopril. 
This preference for exploring the moved object was not observed 
in the cognitively impaired DNRAb+ mice given saline (Fig. 6 B). 
Thus, ACE inhibition preserved cognitive function.

Discussion
These studies suggest a model for NPS​LE mediated by DNRAb. Ex-
posure to DNRAb mediates immediate excitotoxic death of some 
neurons. Surviving neurons experience strong NMD​AR stimula-

tion that induces HMGB1 secretion. Microglia are activated fol-
lowing penetration of DNRAb into the hippocampus. There are 
at least three possible mechanisms for microglial activation in 
this model: binding of HMGB1 secreted by activated neurons to 
receptor for advanced glycation end products or TLR4; engage-
ment of activating Fc receptors by DNRAb-immune complexes; 
and exposure to damage-associated molecular patterns from 
apoptotic neurons. Activated microglia contribute to the loss of 
dendritic complexity in surviving neurons, as mice depleted of 
microglia exhibit no loss of neuronal integrity. Moreover, C1q is 
also a critical contributor to neuronal damage; in the absence of 
C1q, neurons remain intact. It may be that C1q is not the only 
complement component involved in mediating neuronal damage, 
but it is a necessary component. Both C1q and C3 are involved in 
early dendritic pruning in the visual cortex. Both in vivo and in 
vitro data suggest that an NMD​AR–HMGB1–C1q complex forms 
on neuronal dendrites, targeting them for destruction. The den-
dritic alterations lead to abnormal place cell properties and defi-
cits in spatial memory.

It is clear that ACE inhibition is associated with more quies-
cent microglia and with preservation of neuronal structure of 
structure and function, again implicating microglia in the neu-
ronal pathology. Exactly how ACE inhibition prevents or reverses 
microglial activation requires further study. ACE inhibitors block 
the conversion of angiotensin I to angiotensin II. Some studies 
suggest that angiotensin II directly activates microglia and in-
creases their production of inflammatory mediators (Rodriguez-
Pallares et al., 2008; Saavedra et al., 2011; Sun et al., 2015; Asraf et 
al., 2018). Other studies suggest that ACE inhibition prevents the 
ACE-mediated inactivation of bradykinin. Increases in bradyki-

Figure 6. ACE inhibitors rescue spatial cognition in 
NPS​LE. (A) Left, comparisons of place field size reveal 
enlarged place field size in saline-treated DNRAb+ mice. 
Data are shown as histograms and boxplots (inset), in 
captopril (n = 50) and saline-treated (n = 98) DNRAb+ 
mice (***, P < 0.001; Kolmogorov-Smirnov test). Right, 
the heat map of neuron firing in the arena for the cap-
topril-treated mouse shows normal-sized place fields, 
whereas the saline-treated mouse shows large-sized 
place fields; PFR, peak in-field firing rate for each cell. 
(B) The OPM task was used to test mice treated with 
saline, captopril, or perindopril for 2 wk starting at 1 wk 
after LPS. The discrimination ratio shows preference for 
exploring the moved object over the stable object in all 
groups except the saline-treated DNRAb+ mice (saline, 
DNRAb− = 9, DNRAb+ = 10; captopril, DNRAb− = 10, 
DNRAb+ = 10; perindopril, DNRAb− = 10, DNRAb+ = 14; 
** P < 0.005; Mann-Whitney test).
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nin suppress microglial activation through binding to B1R, one 
of two bradykinin receptors expressed on microglial cells. B2R is 
constitutively expressed, while B1R is up-regulated on activated 
microglia. B1R agonists suppress secretion of pro-inflammatory 
cytokines (Noda et al., 2007; Asraf et al., 2017; Seliga et al., 2018). 
A recent study demonstrated that type 1 IFN leads to synaptic 
pruning and microglial activation and that blocking interferon 
signaling reduces dendritic pruning in a lupus mouse model 
(Bialas et al., 2017). Type 1 IFN is known to cause HMGB1 release 
from myeloid cells (Lu et al., 2014). Bradykinin inhibits release 
of IFN also (Seliga et al., 2018).

Finally, it remains important to understand the role of each 
of the NMD​AR subunits, GluN2A and GluN2B. Our previous 
studies showed that DNRAb-mediated neuronal death is ob-
served only in GluN2A-expressing neurons (Wang et al., 2012); 
thus, GluN2A-containing NMD​ARs may be primarily responsible 
for mediating the neuronal loss seen in the acute stage of brain 
pathology. It will also be important to determine the source of 
C1q. Both neurons and microglia have been shown to secrete C1q 
(Fonseca et al., 2017; Salter and Stevens, 2017), with microglia 
being the major source in pathological conditions.

This study suggests that the persistent pathology seen in 
DNRAb-induced cognitive impairment is characterized by a 
new homeostasis initiated by HMGB1 secretion, microglial ac-
tivation and C1q-dependent dendritic loss. Our studies further 
suggest that ACE inhibitors may be considered a promising class 
of therapeutics in cognitive impairment in SLE. Further stud-
ies will explore the mechanism of action of ACE inhibitors on 
microglia, and will determine whether brain pathology in this 
model might also be reduced by angiotensin II receptor block-
ers, which are also routinely used in the clinic. In summary, ACE 
inhibitors, protective in this model, can easily move to clinical 
trial as a potential treatment for patients.

Materials and methods
Animals
Mice were housed at the Center for Comparative Physiology at 
the Feinstein Institute for Medical Research. All protocols were 
IAC​UC approved. Mice received water and food ad libitum. 
BALB/c female mice were purchased from The Jackson Labo-
ratory aged 6–8 wk. All C57BL/6 mice were bred on an H2d+/+ 
background to allow an antibody response to immunization. 
Immunization with MAP-core and MAP-DWE​YS peptide was 
described previously (Kowal et al., 2004). The first immuniza-
tion was given in Complete Freund’s Adjuvant (263810; Becton, 
Dickinson, and Company), with two boosters at 2 and 4 wk in 
Incomplete Freund’s Adjuvant (263910; Becton, Dickinson, and 
Company). At 2 wk following the final immunization, mice re-
ceived two i.p. injections of LPS (L4524; Sigma-Aldrich) 48 h 
apart administered with a 500-µl i.p. injection of sterile saline. 
Doses of LPS for each strain were empirically established as fol-
lows: BALB/c, 3 mg/kg; C57BL/6, 6 mg/kg; and C1q−/−, 2 mg/kg.

Neuronal staining
Brains were prepared with FD Rapid Golgi Stain kit (FD Neuro 
Technologies), a silver staining method that allows visualization 

of entire neurons, as previously described (Chavan et al., 2012; 
Chang et al., 2015). In brief, brains were extracted and left in 
impregnation solution for 2 wk, with the solution changed once 
after the first 24 h. The brains were then cryoprotected for 48 h 
with the solution changed at 24 h. After 2 wk, the brains were 
sectioned at 100 µm, mounted, dried, washed, and stained in sil-
ver nitrate solution for 10 min. Thick tissue slices were imaged 
on an AxioImagerZ1 microscope (Zeiss, 40×, z = 2.0 µm for Sholl 
dendrite analysis; 100× oil, z = 0.5 µm for spine counting). We 
analyzed at least five different tissue sections, the periodicity 
was one in four 100-μm sections across the dorsal CA1 hippocam-
pus; there were at least three animals in each group and 10–20 
neurons per animal. Images were analyzed on Neurolucida360 
(MBF Bioscience). All raw measurements were compiled for cu-
mulative probability distributions and analyzed by Kolmogor-
ov-Smirnov nonparametric statistics. The mean results for each 
Sholl dimension from the soma were plotted for each group and 
displayed in a standard fashion.

Immunohistochemistry
Mice were anesthetized with 100 µl of Euthasol (Virbac) before 
perfusion with 0.9% sodium chloride, 0.5% sodium nitrite, and 
0.1% heparin, followed by 4% paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (PB). Brains were extracted, fixed in 4% PFA 
for 2 h, and transferred to 30% sucrose. Brains were blocked and 
sliced (40 µm), and all tissue was collected so that mounting oc-
curred with systematic periodicity.

For cresyl violet staining, sections were mounted, dehydrated, 
rehydrated and stained in cresyl violet for 3 min. Sections were 
dried, dehydrated, cleared (Histoclear II), and cover-slipped 
(Permount, Thermo Fisher Scientific) before imaging on an 
AxiophotZ1 microscope (Zeiss). Techniques for unbiased neu-
ron counting of the CA1 pyramidal cells were executed (Kowal 
et al., 2004) on an AxioImager Z1 with Zen-2 software (Zeiss), 
so that image stacks (100× oil, z = 0.5 µm) could be quanti-
fied with the StereoInvestigator programs in Neurolucida360 
(MBF Bioscience).

For immunochemistry, sections were washed (0.1  M PBS), 
permeabilized (0.2% Triton X-100 in 1% BSA in 0.1  M PBS), 
blocked (1% BSA in 0.1 M PBS for 60 min), and stained with pri-
mary antibody overnight at 4°C in 1% BSA. Primary antibodies 
were Iba1 (1:500; 019-1 9741; Wako Chemicals), PSD-95 (1:500; 
mab1596; Millipore), CD68 (1:500; mca1957; Bio-Rad), VGlut1 
(1:500, ab5905; Millipore), VGlut2 (1:1,000; ab2251; Millipore), 
HMGB1 (1:300; from K. Tracey laboratory), ACE (1:200; ab75762; 
Abcam), and C1q (neat; from B. Stevens laboratory). On the fol-
lowing day, samples were washed (0.1 M PBS and 0.1 M PB), incu-
bated with secondary antibody (0.1 M PB for 45 min). Secondary 
antibodies included Alexa Fluor 488 Donkey Anti-Rat (1:400; 
A21208; Life Technologies), Alexa Fluor 594 Chicken Anti-Rab-
bit (1:300, A21442; Life Technologies), Alexa Fluor 488 Chicken 
Anti-Mouse (1:400; A21200; Life Technologies), Alexa Fluor 568 
Chicken Anti-Rabbit (1:400; A10042; Life Technologies), and 
Alexa Fluor 647 Goat Anti-Guinea Pig (1:400; A21450; Life Tech-
nologies). Sections underwent additional washes and incubation 
in DAPI (0.5 µg/ml in 0.1 M PB) and mounted with Cytoseal 60 
(Thermo Fisher Scientific) and cover-slipped.
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For Iba1 DAB staining, tissue sections were washed (0.1  M 
PBS), incubated with biotinylated anti-rabbit antibody (1:200; 
BA-1000; Vector), washed again (0.1 M PBS and 0.1 M PB), and 
incubated with avidin-biotin complex (1:200; PK-6100; Vector). 
Additional washes in 0.1 M PB were performed. Sections were 
developed 3–5 min in DAB solution (3,3′diaminobenzidine; 5 mg/
ml DAB [D-5637; Sigma-Aldrich], 0.1 M PB, 0.000036% H2O2) 
and washed twice in 0.1 M PB before being cover-slipped with 
Permount (Thermo Fisher Scientific). Techniques for unbiased 
cell counting of hippocampal Iba1-DAB stained microglia were 
executed as described (Kowal et al., 2004); image stacks (40×, 
z = 2 µm) were quantified with StereoInvestigator programs in 
Neurolucida360 (MBF Bioscience).

Tissue was imaged on an AxioImager Z1 microscope or LSM 
880 confocal microscope using super resolution Airy scan pa-
rameters (Zeiss). C1q puncta and colocalization with PSD-95, 
VGlut1/2 were quantified using Image J software as previously 
described (Bialas and Stevens, 2013; Stevens et al., 2007; Hong 
et al., 2016). C1q puncta were quantitated per 26 µm2 across 
four regions of interest (ROIs) in the stratum radiatum of CA1, 
using identical Airy scan acquisition parameters (63× oil, Airy 
= 5×, Z-stack = 5). Intensity of ACE and HMGB1 immunoflu-
orescence was imaged under Airy scan parameters (63× oil, 
Airy = 5×, Z-stack = 5) that were identical across all sections. 
Dendrites, just ventral to the CA1 pyramidal layer, in the stra-
tum radiatum were imaged in four regions as previously de-
scribed. We determined the imaging intensity of the ROI (i.e., 
the encircled dendrites [mean individual dendrite = 58.2 ± 9.2 
µm2]) and the intensity of the background region (BR, a region 
encompassing the complete visualized stratum radiatum [4.5 
mm2]) to calculate the intensity ratio (ROI – BR / ROI + BR), 
with ZenBlue 2.0 software. Microglia were imaged with Airy 
scan acquisition parameters (20×, Airy = 3×, Z-stack = 10, or 
for the captopril, enalapril saline results: 63× oil, Airy = 5×, 
Z-stack =10) that captured four ROIs across the stratum radia-
tum in the mid dorsal CA1. Identical parameters were used for 
each animal and scored for activation according to a protocol 
(modified from Schafer et al., 2012) in which microglia were 
scored according to: “0,” <6 thin processes; “0.5,” >6 but <12 
thin processes; “1,” 5–15 thick processes with branches; “2,” 1–5 
thick processes without branches; “3,” no clear processes. CD68 
was graded on the following scale: “0,” no or scarce expression; 
“1,” punctate expression; “2,” aggregate or punctate expression 
all over the cell.

Primary cortical neuronal culture preparation
Cerebral cortex was collected from E18.5 embryonic brains into 
ice-cold HBSS (Gibco) with 25 mM Hepes (Gibco) and 0.5% glu-
cose (Sigma-Aldrich). Samples were transferred to dissociation 
buffer with 0.01% papain (Worthington Biochemical), 0.1% 
dispase II (Roche), and 0.01% DNase I (Worthington Biochemi-
cal), 25 mM Hepes, and 0.5% glucose, at 37°C. After mincing the 
cortexes, cells were incubated for 15 min at 37°C in dissociation 
buffer then mechanically dissociated twice with a glass pipette, 
separated by a 15-min incubation in dissociation buffer. Pellets 
were suspended in Neurobasal medium (Gibco) including 1× B26 
supplement (Gibco), 1× Glutamax (Gibco), 100 U/ml penicillin 

and 100 µg/ml streptomycin (Gibco), and incubated for 13–15 d 
at 37°C with 5% carbon dioxide. For histology, dissociated cells 
were plated on coverslips (Fisher Scientific) coated with 50 µg/
ml poly-d-lysine (Sigma-Aldrich).

Neuronal in vitro experiments
Recombinant HMGB1 (a gift from K. Tracey, Feinstein Insti-
tute, Manhasset, NY) was labeled, using the Alexa Fluor 555 
Antibody Labeling kit (Thermo Fisher Scientific) and purified 
human complement protein C1q (Complement Technology) 
was conjugated with the Alexa Fluor 488 Antibody Labeling kit 
(Thermo Fisher Scientific). Unconjugated dyes were removed in 
Zeba Spin Desalting columns (Thermo Scientific Scientific). For 
HMGB1 binding to neurons, cells were incubated with 4 µg/ml 
labeled HMGB1 for 30 min, before preparation for immunoflu-
orescence staining. For colocalization of HMGB1 and C1q, neu-
rons were incubated with 4 µg/ml labeled HMGB1 for 30 min 
followed by 60 µg/ml labeled C1q for 30 min after washing with 
medium or were incubated with the mixture of labeled HMGB1 
and labeled C1q for 30 min, following incubation with medium 
alone for 30 min. As a control, the neurons were incubated with 
labeled C1q alone. All images were obtained using the LSM 880 
confocal laser microscope (Zeiss) with a 63× objective oil lens. 
Dendritic area was determined based on signals from anti-MAP2 
antibody and the signals of labeled-HMGB1, labeled-C1q, and 
colocalized signal from labeled-HMGB1 and labeled-C1q were 
quantified with Zen Blue software (Zeiss). For NMDA stimu-
lation experiments, NMDA (Sigma-Aldrich) was dissolved in 
25 mM Hepes as a vehicle. Neuronal cultures received NMDA 
at various concentrations for 6 h before preparation of cells for 
mRNA collection.

Immunofluorescence staining of primary neurons
Cultured cells were fixed with 2% PFA (Electron Microscopy Sci-
ences) in PBS (Crystalgen) for 15 min after washing with HBSS 
and quenched with 0.1 M glycine (Sigma-Aldrich) in PBS. For 
intracellular staining, the cells were treated with 0.1% Triton 
X-100 (Fisher Scientific) in 1% BSA (Roche) in PBS for 5 min. 
Cells were blocked with 10% goat serum (Sigma-Aldrich) in PBS 
for 1 h, and then stained for 1 h with primary antibody diluted 
in 3% BSA in PBS. After washing, cells were stained with fluo-
rescent-conjugated secondary antibody for 30 min. Cells were 
washed with PBS, stained with DAPI, and mounted with fluores-
cent mounting medium (Dako). All procedures were performed 
at room temperature. Anti-MAP2 antibody (Sigma-Aldrich), an-
ti-postsynaptic density protein 95 (PSD-95) antibody (Millipore), 
anti-NMD​AR subunit 1 extracellular (GluN1) antibody (Alomone 
Labs), antiHMGB1 antibody (Novus), and anti-C1q antibody 
(Abcam) were used for immunofluorescence staining. Second-
ary antibodies, Alexa Fluor Goat anti-Mouse antibody and Goat 
anti-Rabbit antibody (Life Technologies) were used following 
primary antibody staining.

Microglial depletion
Mice were exposed to a diet of AIN76A chow containing 200 mg/
kg of PLX73086 or PLX5622 (gifts of Plexxikon, Inc.) or normal 
chow. Diets with CSF1R inhibitors were formulated by Research 
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Diets, Inc. Treatment began at 3 wk after LPS administration, and 
lasted for 5 wk.

ACE inhibitor treatment
Immunized mice began ACE inhibitor treatment 1 wk after the 
second dose of LPS. Mice received daily i.p. injections of ACE 
inhibitor captopril (C4042; Sigma-Aldrich) at a dose of 5 mg/kg 
or perindopril at a dose of 0.5 mg/kg (1235300; Sigma-Aldrich). 
Control mice received an equivalent volume of sterile saline 
based on weight. Immunofluorescent intensity ratios were quan-
tified using Zen 2 image analysis (Zeiss).

Behavioral testing
The week following ACE inhibitor or control treatment, mice were 
handled for 15 min per day over a 3-d period. The object OPM task 
was completed as previously described (Chang et al., 2015). Mice 
were first familiarized to the empty chamber (three sessions of 
15 min each). For OPM testing, mice underwent the following se-
quence: empty chamber (10 min), home cage (10 min), sample 
phase in which the chamber had two objects located at the center of 
the northwest and northeast sectors (5 min), home cage (10 min), 
choice phase in which the chamber had the same objects but one of 
them was moved from northeast to the center of the southeast sector 
(5 min). The discrimination ratio was calculated during the choice 
phase by dividing time spent exploring the moved object minus 
the time spent exploring the static object by the time exploring the 
objects combined (Chang et al., 2015). Data were collected and ana-
lyzed using EthoVision XT (Noldus Information Technologies).

In vivo electrophysiological studies
Analysis of place cells in the dorsal CA1 region of the hippocam-
pus was completed as previously described (Faust et al., 2010; 
Chang et al., 2015). A mouse was anesthetized with 0.25% iso-
fluorane and implanted with a 16-channel multi-electrode array 
containing four tetrodes. After recovery, single-unit firing was 
recorded using Cheetah software (Neuralynx) while the animal 
explored a square chamber (40 cm on the side) in a schedule of 
four exploration runs (15 min) separated by three rest sessions (5 
min) in the home cage. Recordings were repeated over two con-
secutive days. Acquired data were analyzed using Spike2 (version 
8, Cambridge Electronic Design), NeuroExplorer (version 5, Nex 
Technologies), and Matlab.

Statistical analysis
We used Origin Pro (version 9, Origin Lab) for all statistical 
comparisons. ANO​VA, Student’s t test, nonparametric tests such 
as Mann-Whitney test, Kruskal-Wallis ANO​VA and Kolmogor-
ov-Smirnov test were used as indicated. P < 0.05 was considered 
statistically significant.

Online supplemental material
Fig. S1 shows that the DNRAb-mediated model of NPS​LE occurs 
in C57BL/6 mice expressing H2d, with DNRAb+ mice displaying 
acute neuronal loss in and long-term alterations in dendritic 
complexity and spine counts in surviving neurons, as well as mi-
croglia activation. Fig. S2 shows that an ACE inhibitor protects 
dendritic spines of pyramidal neurons in NPS​LE.
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