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Abstract

Memory impairment following West Nile virus neuroinvasive disease (WNND) is associated with 

loss of hippocampal synapses with lack of recovery. Adult neurogenesis and synaptogenesis are 

fundamental features of hippocampal repair, suggesting viruses impact these processes. Here, 

using an established model of WNND-induced cognitive dysfunction, transcriptional profiling 

revealed alterations in gene expression that limit adult neurogenesis, including interleukin (IL)-1. 

WNND-recovered animals exhibit decreased neuroblasts and increased astrogenesis, without 

recovery of hippocampal neurogenesis at thirty days. Analysis of cytokine production in ex vivo 
isolated microglia and astrocytes revealed the latter to be the predominant source of IL-1. IL-1R1-

deficient, WNND-recovered mice exhibit normal neurogenesis, recovery of presynaptic termini, 

and resistance to spatial learning defects, the latter of which likewise occurred after treatment with 

IL-1R1 antagonist. Thus, preferential generation of proinflammatory astrocytes impairs neuronal 

progenitor cell homeostasis via expression of IL-1, which may underlie long-term cognitive 

consequences of WNND, but provides a therapeutic target.

Introduction

Members of the Flavivirus genus, which include West Nile (WNV), Japanese encephalitis 

(JEV), and Zika (ZIKV) viruses, are the most important arthropod-borne viruses causing 

encephalitis in humans1. Acutely, patients suffering from WNV neuroinvasive disease 
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(WNND) can experience confusion, fatigue, loss of motor control, memory loss, coma, and 

a mortality rate of 5–10%1. WNV is a (+)-sense single-stranded RNA virus that targets fully 

differentiated neurons, but may be cleared by immune-mediated processes, even after 

infection of the central nervous system (CNS)2. However, approximately half of survivors 

experience debilitating, long-term cognitive sequelae, including defects in verbal and 

visuospatial learning, for months to years beyond the acute infectious event3,4. Animal 

studies have identified multiple cytokines that play critical roles in cell-mediated antiviral 

immunity, including tumor necrosis factor (TNF)5, type I, II and III interferons (IFNs)6–9, 

and interleukin (IL)-110,11, which improve survival. Prior studies have determined that 

human and murine neurons are the target of WNV in vivo12–14. Importantly, studies in 

which critical cytokines have been deleted via genetic approaches have not led to expanded 

tropism of WNV to nonneuronal cells within the CNS10,15. While neuronal death is 

associated with high mortality in human and murine cases of WNV encephalitis16, survivors 

may exhibit limited neuronal loss14,17, suggesting inflammatory processes triggered acutely 

contribute to long-term memory dysfunction. That many patients recovering from WNND 

experience memory impairments for months to years beyond viral clearance indeed suggests 

a chronic condition with either sustained damage or limited repair.

In a murine model of recovery from WNND, in which intracranial inoculation of a mutant 

WNV (WNV-NS5-E218A) leads to high survival rates with visuospatial learning defects, 

hippocampi exhibit up-regulation of genes involved in microglial-mediated synaptic 

remodeling, including drivers of phagocytosis and the classical complement pathway, and 

decreased expression of synaptic scaffolding proteins and glutamate receptors14. 

Complement-mediated synapse elimination has been reported to occur in numerous 

neuroinflammatory diseases, including multiple sclerosis18, Alzheimer’s disease19, and 

schizophrenia20, suggesting this may be a general mechanism underlying inflammation-

associated disruption of neural circuitry. The hippocampus, essential for spatial and 

contextual memory formation, receives input from the entorhinal cortex, which relays 

through the dentate gyrus, CA3, and CA121. WNV-NS5-E218A-recovered mice with poor 

spatial learning show persistence of phagocytic microglia engulfing presynaptic terminals 

within the hippocampal CA3 acutely, and during recovery14. While this provides molecular 

explanations for poor spatial learning in WNV-recovered animals, it does not explain why 

other hippocampal correlates of learning, such as adult neurogenesis, are not able to restore 

spatial learning.

Adult neurogenesis occurs within the hippocampal dentate gyrus (DG) and the 

subventricular zone (SVZ)22. Within the DG, adult neural stem cells (NSCs) give rise to 

astrocytes and intermediate neuronal progenitors, the latter of which proliferate and 

differentiate into neuroblasts that mature into granule cell neurons and integrate into the 

hippocampal circuit over the course of a few weeks23. This process is regulated by intrinsic 

and extrinsic factors, including local signaling molecules, exercise, aging and 

inflammation24. A variety of endogenous factors play critical roles in the generation and 

integration of newly generated neurons in the adult hippocampus. These include 

morphogens, such as neurogenic locus notch homolog (Notch) proteins, sonic hedgehog 

(Shh), wingless integrated signals (Wnts), and bone morphogenic proteins (BMPs), and 

neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), ciliary neurotrophic 
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factor (CNTF), insulin-like growth factor-1 (IGF-1), and vascular endothelium growth factor 

(VEGF)25. Recently, proinflammatory pathways, including those triggered by systemic 

accumulations of TNF, interleukin (IL)-1β, and IL-6, and microglial activation have been 

implicated in the regulation of neural correlates of memory including adult neurogenesis, 

synaptic plasticity and modulation of long-term potentiation14,26–29.

IL-1, in particular, has gained attention for its impact on cognitive function in the context of 

neuroinflammation. IL-1 signaling is mediated by a family of proteins comprised of IL-1α, 

IL-1β, and IL-1 receptor antagonist (IL-1ra) primarily through type I IL-1 receptor 

(IL-1R1). IL-1β is generated via proteolytic cleavage of pro-IL-1β by Caspase 1 during 

inflammasome activation30. IL-1 is highly expressed in vivo by infiltrating myeloid cells 

during WNV encephalitis, where it critically regulates antiviral effector T cell 

responses10,11. While IL-1 is a key player in orchestrating CNS immune responses, 

including onset of fever27, it also plays a role in spatial learning and memory-related 

behavior28. Indeed, injection of IL-1β into the brain impairs spatial learning, contextual fear 

memory, and adult neurogenesis29–31. Although several studies have investigated impacts of 

IL-1 on hippocampal-based learning and behavior in neurologic diseases31–35, none have 

done so in a setting of IL-1 induction during CNS viral infection.

Here, using an established model of post-infectious cognitive dysfunction from WNND in 

which animals display defects in spatial learning, we investigated the regulation of 

neurogenesis during repair and recovery. We identified a novel feed forward mechanism in 

which IL-1 contributes to spatial learning defects via derailment of hippocampal 

neurogenesis to generate proinflammatory astrocytes, which exhibit a previously 

unidentified role in IL-1-mediated cognitive dysfunction, and that this pathway may be 

successfully targeted for the prevention of learning defects during recovery from viral 

encephalitis.

Results

WNND-recovered mice exhibit genetic signatures of derailed neurogenesis

Our previous microarray study of hippocampal gene expression in WNV-NS5-E218A-

recovered mice identified several significantly altered pathways in mice with impaired 

spatial memory including axon guidance, Wnt signaling, and p53 signaling14, which point to 

potential effects on adult neurogenesis. To further examine these pathways, we grouped the 

genes altered between Mock and WNV-NS5-E218A-recovered animals into those that 

promote or inhibit neurogenesis, here shown as gene expression heatmaps (Fig. 1a, b). 

Expression of genes associated with inflammation and/or prohibition of neurogenesis 

(Casp1, Il1a, Tnf, Tnfrsf1a) was higher in WNV-NS5-E218A-recovered (Fig. 1a) compared 

with mock-infected mice, which exhibited higher expression of genes that promote 

proliferation and differentiation of neuroblasts (Epha5, Wnt2, Nrg3) and axon guidance 

(Robo2, Sema3) (Fig. 1b). Markers for recently identified subgroups of reactive astrocytes36 

deemed A2 and A1, the latter of which are proposed to be induced by activated microglia 

and lose the ability to promote neuronal survival, outgrowth, were also significantly elevated 

(Fig. 1c, d). Alterations in genes that impact neurogenesis after infection with WNV-NS5-

E218A and markers of reactive astrocytes, including additional panreactive astrocyte 
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markers36 were validated in an independent set of hippocampal samples by qPCR (Fig. 1e–

h). These data suggest that WNND might limit adult neurogenesis in favor of astrogenesis.

WNND induces acute loss of adult neurogenesis in the hippocampus

Given that genetic signatures in the hippocampi of WNV-recovered mice are consistent with 

pathways that negatively impact adult neurogenesis, we evaluated the generation of new 

neurons during WNV encephalitis. We administered BrdU during the peak of WNV 

encephalitis for a period of 4 days (days 3–7), allowed mice to recover for 45 days and then 

evaluated numbers of newly generated neurons (Fig. 2a–d). WNV-recovered mice exhibited 

fewer BrdU-labeled neurons within the DG granule cell layer than mock-infected controls 

(Fig. 2a, c, d). To determine whether reduction in newly generated neurons in WNV-

recovered mice is due to alteration in the rate of neuronal progenitor cell proliferation, 

mock-infected versus WNV-NY99-infected or WNV-NS5-E218A-infected mice were 

administered BrdU during the peak of encephalitis, followed by either immunohistochemical 

(Fig. 3a, b) or flow cytometric (Supplementary Fig. 1) evaluation of neuronal progenitors, 

which express doublecortin (DCX+), in the SVZ or hippocampi, as described previously37. 

Infections with wild-type WNV (NY-99) via either the peripheral footpad or intracranial 

route, or attenuated WNV-NS5-E218A all led to fewer BrdU-labeled neuroblasts at 6–8 days 

post-infection (Fig. 3c). This reduction in generation of neuroblasts was assessed over the 

course of recovery from WNND, at days 6, 15, and 30 post-infection (d.p.i.) as compared to 

age-matched mock-infected controls. This analysis revealed that significant deficits persist 

until day 30 in the hippocampus, with a trend towards recovery observed in the SVZ (Fig. 

3d). Taken together, these data indicate that hippocampal neuronal repair is defective after 

WNND.

WNV does not target NSCs or neuronal progenitors

One possible explanation of fewer new neurons after the recovery period of WNV 

encephalitis is that neuroblasts are dying before reaching maturity. In agreement with 

previous studies, we confirmed that neural stem cells and intermediate neuronal progenitors 

were not permissive to WNV infection36, and observed that less than 1% of DCX+ 

neuroblasts were infected in vivo in both the SVZ and DG (Supplementary Fig. 2a). 

Furthermore rates of neuroblast apoptosis during acute WNND were equivalent to mock-

infected controls (data not shown). The few infected neuroblasts that were observed within 

the DG were located within the granule cell layer, suggesting that these may be late-stage 

DCX+ cells during their transition into immature neurons. Late-stage neuroblasts exhibit 

many of the same properties as neurons including, receptors, filament proteins, and cellular 

processes (e.g. axon and dendrite formation), thus potentially explaining the ability of WNV 

to infect them. Alterations in the proliferation rates of neural progenitors could result in 

changes to the overall pool of stem cells over time. Using mice expressing GFP under the 

Nestin promoter, we counted the numbers of Nestin and GFAP-double positive neural stem 

cells remaining within the hippocampal DG at 45 days post-infection, but found no 

differences in the numbers of these cells present in mock and WNV-NS5-E218A recovered 

mice (Supplementary Fig. 2b). Thus, WNV does not target or alter the numbers of NSCs, 

nor does it infection neuroblasts.
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Astrocytes are the primary source of IL-1β in the recovering CNS

To further investigate the potential for an alteration in cell fate of early stage progenitors, we 

determined whether fewer neuronal progenitors were produced in favor of more glial 

progenitors within the hippocampus of WNV-infected mice. To test this, mock- versus 

WNV-NY- or WNV-NS5-E218A-infected mice were administered BrdU during the peak of 

encephalitis followed by flow cytometric evaluation of hippocampal neuronal progenitors 

and astrocytes 48 hours later (Fig. 4a, b). Infections with either wild type WNV (NY-99) or 

WNV-NS5-E218A led to more BrdU-labeled GFAP-expressing astrocytes in the 

hippocampus at 7 days post infection than mock-infected controls (Fig. 4b). Although GFAP 

expression varies among astrocyte subpopulations, recent work has demonstrated that GFAP 

is the most highly expressed transcript and protein in astrocytes isolated from the 

hippocampus38. Next, we determined whether an increase in astrocyte genesis during acute 

infection significantly contributes to alterations in the CNS immune profile after viral 

clearance. Analysis of ex vivo-isolated astrocytes at 25 d.p.i. demonstrated an increase in 

markers of A1, but not A2, reactive astrocyte markers, (Fig. 4c, c′). Thus, the slight 

increases in neuroprotective markers previously detected in whole hippocampal samples at 

the same time point (Fig. 1c–e) are likely contributed by other cell types. Analysis of 

panreactive markers36 also detected increased expression of GFAP (Fig. 4c′). Identification 

of cellular sources of anti-neurogenic and proinflammatory cytokines in the CNS via 

transcriptional analysis of ex vivo-isolated astrocytes and microglia at 25 d.p.i. revealed 

astrocytes as the primary source of IL-1β, Caspase-1, and TNF (Fig. 4d). The purity of those 

cellular sources was confirmed by transcriptional analysis of cell type-specific markers, as 

previously reported39. Isolated astrocytes demonstrated significant enrichment of the 

astrocyte Gfap gene expression while isolated microglia show significant enrichment of 

microglial Cx3cr1 and Trem2 expression. Both ASCA-2 positive astrocytes and CD11b 

positive microglia had negligible expression of the neuronal gene Rbfox3 (Supplementary 

Fig. 3). Kinetic analysis of Il1b expression within hippocampi of WNV-NS5-E218A-

infected mice showed persistent elevation of this anti-neurogenic cytokine at 25 d.p.i. (Fig. 

4e). Immunohistochemical analysis of mock- and WNV-NS5-E218A-infected tissue at 25 

d.p.i. (Fig. 4f) confirmed increases in numbers of activated, GFAP+ astrocytes (Fig. 4g) that 

are the primary cellular source of IL-1β protein expression in the recovering hippocampus 

(Fig. 4h, i). Taken altogether, these data indicate that WNND promotes the generation of A1 

reactive astrocytes that express anti-neurogenic cytokines.

Il1r1−/− mice resist alterations in cell fate of early progenitors

To determine whether WNV-mediated reduction in neuroblast proliferation requires IL-1R1 

signaling, mock- and WNV-NS5-E218A-infected Il1r1−/− mice were administered BrdU 

during the peak of encephalitis, followed by flow cytometric evaluation of hippocampal 

neuronal progenitors. In contrast to the reduction in neuroblast proliferation observed in 

neurogenic zones of wild type animals, Il1r1−/− mice exhibited normal neurogenesis in both 

the hippocampus (Fig. 5a) and SVZ (Fig. 5b). In addition, Il1r1−/− mice did not undergo the 

substantial increase in proliferating astrocytes observed in wild-type animals (Fig. 5c). 

Immunohistochemical identification of Ki67+ proliferating neural progenitor cells in 

conjunction with Mash1, which identifies early neural progenitor cells with neurogenic 

potential40, within the DG revealed acute WNV-mediated decreases in wild-type animals, 
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but not in animals deficient in IL-1R1 or Caspase 1 (Casp1−/−), which cleaves pro-IL-1β to 

produce mature IL-1β (Fig. 5d). Acute viral loads did not differ between wild-type and 

Il1r1−/− animals at 6 d.p.i. in various brain regions (Supplementary Fig. 4a–c), and there was 

no difference in persistent viral RNA at 25 d.p.i. in the hippocampus (Supplementary Fig. 

4d), confirming that virologic control of WNV-NS5-E218A was intact in Il1r1−/− animals. In 

addition, flow cytometric analysis of cells isolated from the hippocampus demonstrated 

similar numbers of various subpopulations of resident and infiltrating CD45+ cells in WNV-

NS5-E218A infected wildtype and Il1r1−/− animals (Supplementary Fig. 4e–l). These data 

support the notion that IL-1R1 signaling underlies derailment of neurogenesis during 

WNND.

Il1r1−/− mice exhibit synapse recovery and normal spatial learning

Given that Il1r1−/− mice are protected from derailed neurogenesis following WNV infection, 

we hypothesized that IL-1R1-deficient animals would exhibit improved synapse recovery 

following infection with WNV-NS5-E218A. Both WNV-NS5-E218A-infected wild-type and 

Il1r1−/− mice exhibit acute loss of presynaptic terminals at 7 d.p.i. (Fig. 5e), and wild-type 

animals continued to show decreased numbers of presynaptic terminals at 25 d.p.i. In 

contrast, Il1r1−/− animals displayed recovery of synapses at this time point (Fig. 5f). Given 

that adult neurogenesis and synaptic plasticity are critical for spatial learning, we allowed 

WNV-NS5-E218A-infected, Il1r1−/− mice to recover for a month beyond viral clearance (46 

d.p.i.) and tested their ability to spatially locate and remember the location of a target hole in 

a Barnes maze over the course of 10 trials held twice daily for 5 days (Fig. 6a). While WNV-

recovered, wild-type mice display significant deficits in spatial learning14 (Fig. 6b), the 

performance of WNV-recovered Il1r1−/− mice was indistinguishable from mock-infected 

animals (Fig 6c). Area under the curve (AUC) analysis for each animal, which allows a 

comprehensive view of how individuals within the group performed across all 5 days of 

testing on the Barnes Maze, demonstrated that wild-type animals recovering from WNND 

had more severe memory impairments than mock-infected wild-type controls and WNND 

recovered Il1r1−/− animals (Fig 6d). To assess differences in exploratory behavior that may 

affect performance on the Barnes Maze spatial learning task, we performed Open Field 

testing (OFT) at 45 d.p.i., 1 day prior to the Barnes Maze (Fig. 6a). While the number of 

lines crossed during OFT were similar for mock- and WNV-infected mice of both 

genotypes, mock-infected Il1r1−/− animals crossed fewer lines than mock-infected wild-type 

controls (Fig. 6e). No differences in the number of center crosses were observed between all 

groups (Fig. 6f). These studies demonstrate a critical role for IL-1R1 in limiting synapse and 

cognitive recovery.

IL-1R antagonism prevents WNV-induced spatial learning deficits

In order to explore the potential for therapeutic intervention, we opted to test cognitive 

recovery in wild-type animals treated during acute infection with either vehicle or the IL-1R 

antagonist, Anakinra. As synapse elimination14 and loss of neurogenesis occurs during acute 

infection, which is also when IL-1 expression was highest, we began treatment at 10 d.p.i., a 

time point during viral clearance14 when the blood brain barrier was still permeable 

(Supplementary Fig. 7). Mock- or WNV-NS5-E218A-infected animals received 5 daily 

intra-peritoneal doses of vehicle or Anakinra, and then recovered for 30 days prior to Barnes 
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Maze testing at 46 d.p.i. (Fig. 7a). As expected, vehicle treated WNND recovered animals 

were significantly impaired in their ability to identify the location of the target hole during 

Barnes Maze testing (Fig. 7b). In contrast, animals treated with Anakinra were protected 

from WNV-induced spatial learning impairment (Fig. 7c). AUC analysis confirmed that 

WNND-recovered animals treated with Anakinra had improved performance on the Barnes 

Maze compared with vehicle treated animals (Fig. 7d). Finally, OFT at 45 d.p.i. 

demonstrated that there were no differences between any of the groups in exploratory 

behavior, locomotion, or number of center crosses (Fig. 7f). These studies identify a 

potential therapeutic target for the prevention of spatial learning defects that occur during 

recovery from WNND.

Discussion

The original designation of cytokines as immune modulators has expanded to include a 

variety of functions in nonlymphoid tissues, especially the CNS, where they play critical 

roles in neurodevelopment. Regulation of signaling by the gp130 family of cytokines 

through Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) 

pathways maintains the pool of neural stem and progenitor cells (NPCs), promoting 

neurogenesis of the latter41. During development, IL-1R1 is also expressed on proliferating 

NPCs and IL-1β exerts an anti-proliferative, anti-neurogenic and pro-gliogenic effect on 

embryonic hippocampal NPCs in vitro42,43. Studies of viral encephalitis have demonstrated 

critical roles for innate cytokines expressed by infiltrating immune cells in T cell-mediated 

clearance of pathogen. However, their impact on CNS recovery and repair after viral 

clearance via actions on NPCs has not been elucidated. Our findings suggest that during the 

acute phase of viral infection, myeloid cell-derived IL-1 (ref.10) alters the proliferation and 

differentiation fates of neural progenitor cells, leading to a shift from neurogenesis to 

astrogenesis. Proinflammatory astrocytes then become the predominant source of the 

cytokine, which continues to inhibit neurogenesis, after myeloid cells retreat from the 

CNS14. Accordingly, mice deficient in IL-1R signaling are resistant to both derailment of 

neurogenesis as well as spatial memory impairments, which are observed in wild-type 

WNV-recovered mice. Because loss of neurogenesis is detected early in the course of 

infection, administration of IL-1R antagonist at 10 d.p.i., a time-point when the BBB is still 

permeable, was able to reverse the effects of IL-1 and improve spatial learning. Our data 

indicate that the combinatorial effect of synapse loss14 and reduced neurogenesis can 

negatively impact hippocampal spatial learning and memory long beyond the initial episode 

of infection via a shift in sources of cytokines to neural cells.

Other neurotropic flaviviruses, including Japanese Encephalitis and Zika Virus, have been 

shown to directly infect neural progenitors, causing apoptosis of progenitors and 

progeny44,45. In agreement with previous studies46, we found very few neural progenitor 

cells infected with WNV. However, transcriptional profiling detected altered expression of 

genes implicated in hippocampal neurogenesis during WNND recovery. These included 

increased expression of genes that encode CDKN1a, CDCA4, and CCND1, cell cycle 

progression inhibitors, and decreased expression of genes that encode Epha5 and Sema6B, 

which regulate hippocampal axon pathfinding during neural development47,48, were detected 

during WNND recovery. We also detected alterations to the Wnt signaling pathway, which 
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can impact neural progenitor cell proliferation and motility, but also regulates synapse 

formation49 and plasticity50, potentially contributing to the failure of mice to recover from 

both neurogenesis derailment as well as WNV-mediated synapse loss14. The genetic 

signatures present during WNV recovery describes an environment which both impedes 

neural progenitor cell proliferation and the ability of immature and mature neurons to form 

new synapses.

While previous studies have detected IL-1R1 within the hippocampus51, recent research 

highlighting astrocyte heterogeneity has not identified these cells as a first target of IL-152. 

In contrast, numerous studies have implicated neural progenitor cells as a significant target 

of IL-1. IL-1α and IL-1β have both been shown to induce neural stem and progenitor cells 

to favor the astrocyte rather than neuronal lineage in vitro42. TNF, which is highly expressed 

in WNV-infected brains5 in an IL-1R-dependent manner10, has been shown in other contexts 

to direct neuronal progenitors towards an astrocyte fate via downstream STAT3 induction53, 

suggesting that these may be part of the same anti-neurogenic pathway. In vivo studies using 

overexpression and stress models have shown that IL-1β decreases neurogenesis43,54,55, and 

influences synaptic plasticity56,57, processes that are vital for the development and retention 

of spatial memory. We found that abundance of IL-1β during acute infection altered lineage 

fate of neural stem cells within neurogenic zones of the CNS favoring astrocyte genesis. 

This led to a feed-forward cycle of inflammation, as astrocytes became the primary source of 

IL-1β in the recovering hippocampus. IL-1R1-deficient mice were protected from decreased 

neurogenesis following WNV infection, and retained the ability to learn a spatial memory 

task. Importantly, we demonstrated that the effect was specific to inflammasome-activated 

IL-1β by confirming that Casp1−/− animals were also protected from decreased 

neurogenesis. In studies using cultured NPCs, IL-1β and TNF are both capable of altering 

lineage-fate to favor greater numbers of astrocytes and both of these pathways are dependent 

on downstream STAT3 activation58. While we focused on the role and necessity of IL-1R 

signaling, TNF, which was also upregulated by astrocytes at 25 d.p.i., may also contribute to 

the observed lineage fate-altering phenotype.

While multiple studies have described effects of cytokines released from astrocytes59 and 

microglia60 on memory and hippocampal neurogenesis, the precise contributions of each 

cell type in vivo remain ill-defined. In the current study, we found that astrocytes within 

WNV-recovered CNS express increased expression of Il1b, Casp1 and Tnf, whereas 

microglia increased expression of Ccl2. Astrocytes display a regional heterogeneity38,52, 

which can also reflect differences in homeostatic function, such as synaptogenesis52, and 

response to infection, where cerebellar astrocytes are poised to quickly mount antiviral 

programs61. In addition to developmentally determined sub-populations62,63, astrocytes 

display a remarkable plasticity and molecular identity determined in part by neuronal cues64. 

In response to different types of injury, reactive astrocytes can develop a recently described 

polarized phenotype termed A1 (infection induced, pro-inflammatory astrocytes) or A2 

(ischemia induced, promoting tissue repair) that are distinguished by distinct genetic 

signatures36. In this study, A1 astrocytes were induced in vivo by lipopolysaccharide 

injection and the combination of IL-1α, TNF, and C1q was observed to promote A1 

polarization in vitro. Our model of viral infection also exhibits elevated production of IL-1, 

TNF, and C1q14. Consistent with this, we also observed the in vivo development and 
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persistence of astrocytes with panreactive and A1 markers. As proinflammatory astrocytes 

lose the ability to phagocytose due to a decrease in mRNA expression of the phagocytic 

receptors Mertk and Megf10, and fail to support synaptogenesis in vitro due to decreases in 

expression of Gpc6 and Sparcl1, factors that normally promote excitatory synapse 

formation36. Thus, the lack of recovery of synapses in our model could be explained by the 

generation of this subset of reactive astrocytes. Alternatively, lack of recovery could also be 

due to the loss of a specific astrocyte population that normally promotes synaptogenesis52. 

Although expansion of a synapse-promoting astrocyte population leads to seizures in the 

context of a reactive glioma52, this population may be crucial for CNS repair in the setting 

of the diverse array of diseases recently associated with loss of synapses in addition to WNV 

encephalitis, including Alzheimer’s disease19, schizophrenia20, and lupus65. Further studies 

are needed to more fully understand how homeostatic astrocyte populations respond to CNS 

injury, and whether this correlates with regional or functional identity. The discovery that 

newly derived, reactive astrocytes of a recently identified proinflammatory subset36 are 

responsible for persistently decreased adult neurogenesis during WNV recovery also 

suggests cell-type specific studies will be required to elucidate these pathways in disease 

models.

There is a growing body of experimental evidence demonstrating the importance of 

homeostatic neuroimmune interactions for normal cognitive function (recently reviewed 

by66,67). However, the effects of immune mediators on brain function depend on their levels 

and locations; this phenomenon was classically demonstrated as a U-shaped curve relating 

the effect of IL-1 signaling on cognitive function in which either overexpression or complete 

blockade of IL-1 signaling both negatively impacted spatial learning68. Thus, in the context 

of neuroinflammation, increased expression of immune molecules may similarly lead to 

altered cognitive performance. Of note, we observed a trend towards recovery of 

neurogenesis in the SVZ that was absent in the hippocampus, an effect that has been 

reported previously in response to ionizing radiation69, suggesting a differential responses to 

injury in these neurogenic niches. Interestingly, in a study of hypoxia driven 

neuroinflammation, hippocampal neurogenesis decreased, while SVZ neurogenesis 

increased, an effect that was linked to IL-6 signaling70. Further work addressing the 

mechanism underlying differential responsiveness to cytokine signaling in neurogenic niches 

could shed light on basic aspects of neural precursor cell biology.

Materials and methods

Animals

5–8 week-old male mice were used at the outset of all experiments. C57BL/6J mice were 

obtained from Jackson Laboratories. Il1r1−/− mice (> 10 generations backcrossed to 

C57BL/6) were obtained from Jackson Laboratories. Nestin-GFP mice (> 10 generations 

backcrossed to C57BL/6) were obtained from G. Enikolopov (Cold Spring Harbor 

Laboratories). All experimental protocols were performed in compliance with the 

Washington University School of Medicine Animal Safety Committee (protocol# 

20140122).
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Mouse models of WNV infection

Footpad—(WNV-NY99) The WNV strain 3000.0259 was isolated in New York in 2000 

(Ebel et al., 2001) and passaged once in C6/36 Aedes albopictus cells to generate an insect 

cell–derived stock. 100 plaque-forming units (pfu) of WNV-NY99 were delivered in 50 μl to 

the footpad of anaesthetized mice.

Intracranial—“WNV-NS5-E218A,” which harbors a single point mutation in the 2′O-

methyl-transferase gene, was obtained from M. Diamond (Washington University) and 

passaged in Vero cells as described previously41. Deeply anaesthetized mice were 

administered 104 pfu of WNV-NS5-E218A or 10 pfu of WNV-NY99 in 10 μl of 0.5% FBS 

in HBSS into the brain’s third ventricle via a guided 29-gauge needle. “Mock” infected 

animals were deeply anesthetized and administered 10 μl of 0.5% FBS in HBSS into the 

brain’s third ventricle via a guided 29-gauge needle.

Stock titers of all viruses were determined by using BHK21 cells for viral plaque assay as 

previously described42.

Microarray analysis

Further analysis was performed on previously published hippocampal microarray gene 

expression data14 (Gene Expression Omnibus #GSE72139) from Mock-infected and WNV-

NS5-E218A animals at 25 days post infection. Expression data from selected genes (P < 

0.05 or P < 0.1 for italicized genes, Two-tailed Students t-test) were converted to Z-scores 

for each individual gene and animal and are displayed as colorimetric heatmaps.

In vivo bromodeoxyuridine (BrdU) labeling

BrdU (Sigma Aldrich) in sterile PBS was injected intraperitoneally (IP) for all experiments. 

For acute Immunohistochemical studies (harvests day 7–8 post-infection) mice were given 

150 mg/kg of BrdU at 48 h prior to tissue harvest. For flow cytometric analyses, mice were 

given 100 mg/kg of BrdU at 48 h and again at 24 h prior to tissue harvest. For neuronal 

BrdU labeling, mice were given 75 mg/kg every 12 h beginning at 3 days post-infection and 

ending at 7 days post-infection for a total of 7 doses.

Antibodies

WNV (1:100 described previously8), NeuN (1:100, Cell Signaling, Cat 12943S, Clone 

D3S3I), BrdU (1:200, Abcam, Cat ab1893, polyclonal), CD45 (Biolegend, Cat 103114, 

Clone 30-F11), Doublecortin (1:150, Cell Signaling, Cat 4604S, polyclonal), GFAP (1:50 

for flow cytometry; 1: 200 for IHC, BD, Cat 561483, Clone 1B4), IL-1β (R&D, Cat 

AF-401, polyclonal), Mash1 (BD, Cat 556604, Clone 24B72D11.1), Ki67 (Abcam, Cat 

AB15580, polyclonal), Synaptophysin (1:250, Synaptic Systems, Cat 101004, polyclonal). 

Secondary antibodies conjugated to Alexa-488, Alexa-555, or Alexa-647 (Invitrogen) were 

used at a1:400 dilution.
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Immunohistochemistry

Following perfusion with ice-cold PBS and 4% paraformaldehyde (PFA), brains were 

immersion-fixed overnight in 4% PFA, followed by cryoprotection in 2 exchanges of 30% 

sucrose for 72 h, then frozen in OCT (Fisher). 9 μm-thick fixed-frozen coronal brain sections 

were washed with PBS and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich), and 

nonspecific Ab was blocked with 5–10% normal goat serum (Santa Cruz Biotechnology) for 

1 h at 23°C. Mouse on Mouse kit (MOM basic kit, Vector) was used per manufacturers 

protocol when detecting synaptophysin (mouse, DAKO) to reduce endogenous mouse Ab 

staining. After block, slides were exposed to primary Ab or isotype matched IgG overnight 

at 4°C, washed with 0.2% FSG in PBS and incubated with secondary Abs for 1 h at 23°C. 

Nuclei were counterstained with DAPI (Invitrogen) and coverslips were applied with 

vectashield (Vector). Immunofluorescence was analyzed using a Zeiss LSM 510 laser-

scanning confocal microscope and accompanying software (Zeiss). For each animal, 6–8 

images were taken from 2–3 different coronal sections spaced at least 50 μm apart. Positive 

immunofluorescent signals were quantified using the public domain NIH Image analysis 

software, ImageJ.

Flow cytometry

Cells were isolated from brains of WT mice at day 6, 15, or 30 days post-infection and 

stained with fluorescently conjugated antibodies to CD45, BrdU, and Doublecortin as 

previously described37. Briefly, animals were deeply anesthetized with a ketamine/xylazine 

mixture and perfused intracardially with ice cold dPBS (Gibco). Brains were aseptically 

removed, minced and enzymatic digested in HBSS (Gibco) containing collagenase D 

(Sigma, 50mg/ml), TLCK trypsin inhibitor (Sigma, 100 μg/ml), DNase I (Sigma, 100U/μl), 

HEPES ph 7.2 (Gibco, 1M), for 1hr at 23°C while shaking. The tissue was pushed through a 

70 μm strainer and spun down at 500g for 10min. The cell pellet was resuspended in a 37% 

percoll solution and spun at 1200g for 30min to remove myelin debris. Cells were washed in 

PBS, then resuspended in FACS buffer. Cells were blocked with TruStain fcX anti-mouse 

CD16/32 (Biolegend) for 5 min on ice, followed by incubation with fluorescently 

conjugated antibodies for 30 min on ice. Cells were then washed 2 times in PBS, fixed with 

4% PFA for 10 min at 23°C and resuspended in FACS buffer. Data collection was performed 

with LSR-II (BD Biosciences) and analyzed with Flowjo software.

Ex vivo isolation of microglia and astrocytes with microbeads

Animals were deeply anesthetized with a ketamine/xylazine mixture and perfused 

intracardially with ice cold dPBS (Gibco). Brains were aseptically removed, minced and 

enzymatic digested in HBSS (Gibco) containing collagenase D (Sigma, 50mg/ml), TLCK 

trypsin inhibitor (Sigma, 100 μg/ml), DNase I (Sigma, 100 U/μl), HEPES 7.2 (Gibco, 1M), 

for 1hr at 23°C while shaking. The tissue was pushed through a 70 μm strainer and spun 

down at 500g for 10min. The cell pellet was resuspended in a 37% percoll solution and spun 

at 1200g for 30 min to remove myelin debris. Cells were washed in PBS then resuspended in 

MACS buffer. CD11b+ Microglia and ACSA-2+ astrocytes were isolated using manual 

MACS sorting according to the manufacturer’s instructions (Miltenyi Biotec). Non-specific 

labeling of CD11b+ microglia was prevented by incubating the cells with FcR blocking 
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reagent prior to labeling the cells with ACSA-2 antibodies for magnetic isolation. The 

purified microglia and astrocytes were processed for real-time quantitative RT-PCR as 

described below.

Real-time quantitative RT-PCR

cDNA was synthesized using random hexamers, oligodT15, and MultiScribe reverse 

transcriptase (Applied Biosystems). A single reverse transcription master mix was used to 

reverse transcribe all samples in order to minimize differences in reverse transcription 

efficiency. The following conditions were used for reverse transcription: 25°C for 10 min, 

48°C for 30 min, and 95°C for 5 min. Real-time quantitative RT-PCR was performed as 

previously described14.

Behavioral Testing

Open field and Barnes Maze testing was performed as previously describe14. Briefly, mice 

were tested on the Barnes Maze over the course of 5 consecutive days, receiving two trials 

per day, spaced 30 minutes apart. For each trial, the mouse was given 3 minutes to explore 

the maze and find the target hole. Mice that did not enter the target hole within 3 minutes 

were gently guided into the hole. After each trial, the mouse remained in the target hole for 

exactly 1 minute, and then was returned to its home cage. The maze was decontaminated 

with 70% ethanol between each trial. The numbers of errors (nose pokes over non-target 

holes) were measured. One day prior to Barnes Maze testing, mice were tested via open field 

testing to monitor differences in exploratory behavior. Each animal was given 5 minutes to 

explore an open field arena before returning to its home cage. Behavior was recorded using a 

camera (Canon Powershot SD1100IS), and a blinded experimenter scored the trials.

Anakinra Treatment

Anakinra (Kineret®, Sobi) was diluted in PBS to 10 mg/mL and animals were treated with 

100 mg/kg/day of Anakinra or Vehicle (PBS) for 5 consecutive days by intraperitoneal (ip) 

injection. Animals were weighed daily to monitor for weight loss or adverse events, none of 

which were observed during the course of treatment.

Statistical Analysis

Statistical analyses were performed using Prism 7.0 (GraphPad Software). All data were 

analyzed using an unpaired student’s t-test, one-way or two-way ANOVA with Bonferroni 

post-test to correct for multiple comparisons as indicated in the corresponding figure 

legends. A P value of ≤ 0.05 was considered significant.

Data Availability

Data supporting the findings in this study are available upon request from the corresponding 

author. The accession code is GSE72139.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Gene transcripts that impact neurogenesis and markers of proinflammatory astrocytes 
are altered in WNV-recovered mice
(a–d) Heat maps show relative expression by z-score of altered genes generated by 

microarray analysis of hippocampal RNA collected at 25 days post infection (d.p.i.) from 

Mock, and WNV-NS5-E218A infected, recovering mice. All genes listed in black font show 

significant fold change (P < 0.05 by two-tailed Student’s t-test) while those in green are 

trending toward significance (0.05 < P < 0.1 by two-tailed Student’s t-Test). (e–h) Validation 

of microarray hits by QPCR in an independent sample of hippocampal RNA collected at 25 

d.p.i. from mock and WNV-NS5-E218A infected, recovering mice. *, P < 0.05; ** P < 0.01, 

*** P < 0.001, by two-tailed Student’s t-test. Each symbol represents an individual mouse; 

data are mean ± s.e.m. Data are pooled from 2 independent experiments with 4–10 mice per 

condition in each. Panels of gene-expression markers include genes that are pro and anti-

neurogenic (e), A1 & A2 astrocyte markers (f–g) and panreactive astrocyte markers (h).
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Fig 2. Fewer new neurons are born within the dentate gyrus during WNV-NS5-E218A recovery
(a) Representative image of the dentate gyrus of Mock and WNV-NS5-E218A infected 

animals at 45 d.p.i., following in vivo BrdU labeling during acute infection. BrdU (red), 

NeuN (green), and DAPI (blue). (b) Experimental design. Mice were given BrdU by 

intraperitoneal injection every 12 hours for 3.5 days (7 injections) beginning at 4 d.p.i., then 

animals were sacrificed at 45 d.p.i. for immunohistochemical analysis. (c, d) Quantification 

of BrdU+NeuN+ cells per section of dentate gyrus depicted in panel a (c), and normalized to 

the number of BrdU+ cells. *, P < 0.05 by two-tailed, Student’s t-test. ***, P < 0.001. Each 

symbol represents an individual mouse; small horizontal lines indicate the mean (± s.e.m). 

Data are representative of one experiment.
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Fig 3. Deficits in adult neurogenesis during WNV infection
(a) Experimental design. Mock, WNV-NY99 or WNV-NS5-E218A mice were given an i.p. 

BrdU injection (100 mg/kg) at 24 and 48 hours prior to harvest at 6, 15, or 30 d.p.i. (b) Cells 

were isolated from subventricular zone (SVZ) or hippocampus (HP) and proliferation rates 

of neuroblasts (% BrdU incorporation) was measured by flow cytometry. Representative 

plots showing BrdU+ cells after gating on doublecortin+ (DCX) cells (see Supplementary 

Fig. 1) in mock, WNV-NY-99 and WNV-NS5-E218A intracranially infected animals. (c) 

Quantification of proliferating neuroblasts (%DCX+ cells labeled with BrdU) in the 

hippocampus and subventricular zone at 6, 15, and 30 d.p.i. following in vivo BrdU labeling 

as shown in a. (d) Representative images and quantification of immunostaining for 

proliferating neuroblasts in the SVZ and HP following footpad infection with WNV-NY99. 

*, P < 0.05, **, P < 0.005, ***, P < 0.001 by two-tailed student’s t-test. Quantification in c 
and d was normalized to age-matched mock-infected controls to compensate for age-related 

alterations in neurogenesis. Each symbol represents an individual mouse; small horizontal 

lines indicate the mean (± s.e.m.). Data are pooled from 2 independent experiments with 3–5 

mice per condition per time point (c) or representative of one experiment with 5 mice (d).
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Fig 4. Greater numbers of astrocytes are born within the hippocampus during acute WNV 
encephalitis which adopt a proinflammatory phenotype and express IL-1β
(a,b) Mock, WNV-NY99 and WNV-NS5-E218A infected mice were given an i.p. BrdU 

injection at 24 and 48 hours prior to harvest at 6 d.p.i. Cells were isolated from dissected 

hippocampi and stained for flow cytometry. Quantification of neurogenesis (BrdU+DCX+) 

and astrogenesis (BrdU+GFAP+) was normalized to mock. Gene expression analysis of (c) 

A1, and (c′) A2 and panreactive astrocyte markers in ex vivo isolated astrocytes from mock 

and WNV-NS5-E218A whole brains by qPCR. (d) Gene expression analysis of cytokines in 

ex vivo isolated microglia and astrocytes from WNV-NS5-E218A whole brains by qPCR, 

normalized to mock-infected samples of the respective cell types. (e) Gene expression of 

Il1b by qPCR of RNA isolated from hippocampal tissue collected at 7, 25, and 52 d.p.i. from 

mock and WNV-NS5-E218A infected animals. (f–i) Immunostaining for IL-1β in 

hippocampus of mock and WNV-NS5-E218A infected animals collected at 25 d.p.i. 

Representative images are shown in f, percent area of GFAP in g, percent area of IL-1β in h, 

and percent area of Il-1b +GFAP+ normalized to total IL-1β+ area in i. *, P < 0.05, **, P < 

0.005, ***, P < 0.001 by two-tailed student’s t-test. Each symbol represents an individual 

mouse; small horizontal lines or bar height represent the mean (± s.e.m.). Data are 

representative of one experiment (a,b,e–i), or pooled from three independent experiments 

with at least 3 mice per group (c, c′, d).
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Fig 5. IL-1R1−/− mice resist WNV-mediated alterations in neuroblast proliferation and recover 
synapses earlier than wildtype controls
(a,b) Mock and WNV-NS5-E218A infected wild-type (WT) and Il1r1−/− animals were 

assessed for alterations in neurogenesis at 6 d.p.i. following in vivo BrdU labeling at 24 and 

48 hours prior to harvest. Quantification of BrdU+DCX+ cells by flow cytometry are shown 

for the hippocampus (HP) in a and the subventricular zone (SVZ) in b, normalized to age-

matched mock infected controls. (c) Mock and WNV-NS5-E218A infected Il1r1−/− animals 

were assessed for alterations in astrogenesis at 6 d.p.i. following in vivo BrdU labeling at 24 

and 48 hours prior to harvest. Quantification of BrdU+GFAP+ cells by flow cytometry are 

shown for the hippocampus, normalized to age-matched mock infected controls. (d) 
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Hippocampal neurogenesis in Mock and WNV-NS5-E218A infected WT, Il1r1−/−, and 

Caspase-1−/− (Casp1−/−) was analyzed by immunohistochemistry (IHC) at 6 d.p.i. 

Quantification of the number of Mash1+Ki67+ cells per mm of dentate gyrus analyzed. (e–f) 
Immunostaining of synapses in mock and WNV-NS5-E218A infected WT at Il1r1−/− 

animals at 7 d.p.i. in e and 25 d.p.i. in f. Quantification shows percent area of synaptophysin 

in the CA3 of the hippocampus. Synaptophysin (red) and DAPI (blue). *, P < 0.05, **, P < 

0.005, ***, P < 0.001 by two-tailed student’s t-test. Each symbol represents an individual 

mouse; height of bar indicates the mean (± s.e.m.). Data are pooled from 2 independent 

experiments (a,b) or representative of one experiment (e–f) with 4–5 mice/group.
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Fig 6. Il1r1−/− WNV-NS5-E218A-infected mice are protected from virus-induced spatial learning 
deficits on the Barnes Maze behavior task
(a) Experimental design. Mock or WNV-NS5-E218A infected wild-type (WT) and Il1r1−/− 

underwent behavioral testing beginning at 45 d.p.i. Open field testing was performed at 45 

d.p.i., followed by 5 consecutive days of Barnes Maze testing. (b) Barnes maze performance 

of WT mice, showing average errors per trial of each group for each day of testing. (c) 

Barnes maze performance of Il1r1−/− mice. (d) Barnes Maze performance of mock and 

WNV-NS5-E218A infected mice, quantified as area under the curve for each individual 

animal within each group. (e) Open Field testing showing the number of lines crossed in 5 

minutes of testing for each animal. (f) Open Field testing showing the number of times an 

animal crossed the center of the arena in 5 minutes of testing for each animal. For Barnes 

Maze, ns = not significant (P > 0.05), *, P < 0.05 by two-way ANOVA for effect of WNV. ns 

= not significant (P > 0.05), *, P < 0.05, **, P < 0.005 by one-way ANOVA with 

Bonferroni’s multiple comparisons test to compare groups. Each symbol represents an 

individual mouse; small horizontal lines or height of bars represents the mean (± s.e.m.). 

Data are pooled composite experiments with at least 4 animals per group.
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Fig 7. WNV-NS5-E218A-infected mice treated with Anakinra are protected from virus-induced 
spatial learning deficits on the Barnes Maze behavior task
(a) Experimental design. Mock or WNV-NS5-E218A infected wild-type (WT) mice were 

treated with 5 consecutive doses of 100mg/kg/day of Anakinra or vehicle by intraperitoneal 

(ip) injection beginning at 10d.p.i. Animals were allowed to recover for an additional 30 

days post treatment, followed by behavior testing at 45 d.p.i. Open Field testing was 

performed at 45 d.p.i., followed by 5 consecutive days of Barnes Maze testing. (b) Barnes 

maze performance of vehicle treated WT mice, showing average errors per trial of each 

group for each day of testing. (c) Barnes maze performance of Anakinra treated wildtype 

mice. (d) Barnes Maze performance of mock and WNV-NS5-E218A infected mice, 

quantified as area under the curve for each individual animal within each group. (e) Open 

Field testing showing the number of lines crossed in 5 minutes of testing for each animal. (f) 
Open Field testing showing the number of times an animal crossed the center of the arena in 

5 minutes of testing for each animal. For Barnes Maze, ns = not significant (P > 0.05), *, P < 

0.05 by two-way ANOVA for effect of WNV. ns = not significant (P > 0.05), *, P < 0.05, **, 

P < 0.005 by one-way ANOVA with Bonferroni’s multiple comparisons test to compare 

groups. Each symbol represents an individual mouse; small horizontal lines or height of bars 

represents the mean (± s.e.m.). Data are pooled composites of 3 independent experiments, 

with at least 3 animals per group.
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