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Abstract

T cells clear virus from the CNS and dynamically regulate brain functions, including spatial 

learning, through cytokine signaling. Here we determined whether hippocampal T cells that persist 

after recovery from infection with West Nile virus (WNV) or Zika virus (ZIKV) impact 

hippocampal-dependent learning and memory. Using newly established models of viral 

encephalitis recovery in adult animals, we show that in mice that have recovered from WNV or 

ZIKV infection, T cell-derived interferon-γ (IFN-γ) signaling in microglia underlies spatial-

learning defects via virus-target-specific mechanisms. Following recovery from WNV infection, 

mice showed presynaptic termini elimination with lack of repair, while for ZIKV, mice showed 

extensive neuronal apoptosis with loss of postsynaptic termini. Accordingly, animals deficient in 

CD8+ T cells or IFN-γ signaling in microglia demonstrated protection against synapse elimination 

following WNV infection and decreased neuronal apoptosis with synapse recovery following 
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ZIKV infection. Thus, T cell signaling to microglia drives post-infectious cognitive sequelae that 

are associated with emerging neurotropic flaviviruses.

Among the most debilitating consequences of arboviral infections of the CNS is impairment 

in cognitive function that occurs despite recovery from acute encephalitis. Mosquito-borne 

infections with flaviviruses, in particular and including WNV and Japanese encephalitis 

virus, are linked to significant long-term cognitive sequelae, including decreases in 

psychomotor speed and in verbal and visuospatial learning, which not only persist but also 

worsen for years after recovery from encephalitis1. In addition, the recently emerged and 

related flavivirus ZIKV may cause a range of neurological complications in adults, including 

encephalopathy, and meningomyelitis or encephalomyelitis, which may be associated with 

defects in memory and cognition with unknown long-term outcomes for survivors2. In the 

adult CNS, WNV targets fully differentiated neurons3, whereas Japanese encephalitis virus 

targets immature neurons4 and ZIKV may additionally target microglia5 and neural 

progenitors6 depending on the strain. That recovery from infection with these viruses may 

all correlate with reduced learning abilities, despite their differential tropism for neural cell 

subtypes, suggests that events triggered acutely may be generalizable for a broader category 

of memory disorders.

The formation and consolidation of memories occur primarily in the hippocampus and 

depends on the integrity of a trisynaptic circuit between the entorhinal cortex, the 

hippocampal dentate gyrus (DG) and the cornu ammonis (CA). In particular, excitatory 

connections between CA3 pyramidal neurons support the formation of spatial memories in 

adult rodents7. Accordingly, memory disorders, including those associated with Alzheimer’s 

disease (AD), Parkinson’s disease, and post-viral encephalitis cognitive sequelae, are all 

associated with disruptions in circuit integrity via synapse elimination or neuronal loss 

within the hippocampus8–10. Microglial function is critical for synaptic plasticity and for 

maintenance of adult neurogenesis within neurogenic niches11,12. While mechanisms 

contributing to hippocampal dysfunction are incompletely understood, recovery from WNV 

infection clearly involves alterations in the homeostatic functions of microglia and 

astrocytes. This is because reactive changes in these cells persist for weeks after clearance of 

the infectious virus, which lead to complement-mediated synapse elimination within the 

CA3 region10 and interleukin-1 (IL-1)-mediated inhibition of synaptic repair13.

Activation of microglia and astrocytes in the acutely infected CNS promotes the 

parenchymal entry of antiviral T cells, which exert virological control via cytokine-

mediated, non-cytolytic mechanisms. T cell cytokines such as IFN-γ may also influence 

microglial biology. In brain tissues of patients with multiple sclerosis, Parkinson’s disease, 

or AD, infiltrating T cells are found in proximity to activated microglia14–16, and transition 

into AD dementia correlates with increased numbers of microglial majorhisto-compatibility 

complex II (MHCII)+ cells17. IFN-γ influences social interactions18, synapse formation19, 

neurogenesis20, and learning and memory21, primarily through regulatory mechanisms. 

Thus, IFN-γ-deficient animals show increased rates of hippocampal neurogenesis and 

synapse formation and hyperconnectivity in the pre-frontal cortex18,19, all of which are 

partially reversed by an injection of recombinant IFN-γ into the cerebrospinal fluid. Such 
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effects suggest that IFN-γ dynamically influences circuit plasticity in adult animals. 

Resident memory T (Trm) cells, which reside in non-lymphoid tissues at sites of prior 

antigen exposure, produce IFN-γ to coordinate rapid recall responses following re-

challenge22. Although there is evidence to indicate that IFN-γ+ T cells may induce 

microglial activation, the functional implications of a parenchymal population of T cells that 

persist in the CNS after clearance of viral infections remain unknown.

In this study, we demonstrate that antiviral T cells that persist within the hippocampus after 

recovery from flaviviral infection are the most proximal trigger of spatial-learning defects. 

Using newly established in vivo models of recovery from flaviviral encephalitis caused by 

either a mutant WNV (WNV-NS5-E218A) or ZIKV (Zika-Dakar virus) infection, we 

determined that CD8+ T cell-derived IFN-γ is required for microglial activation and 

impaired spatial learning in the post-infectious CNS. We show that WNV and ZIKV 

differentially target forebrain regions within adult mice, especially with regard to the 

hippocampus, which exhibited dramatic differences in neuropathology. However, while both 

flaviviruses led to the persistence of IFN-γ+CD8+ T cells and microglial activation in the 

hippocampus following recovery, WNV infection was associated with the elimination of 

presynaptic termini, while ZIKV promoted the loss of neuronal nuclei and postsynaptic 

termini. Subpopulations of these T cells expressed CD 103, a marker associated with the 

formation of brain Trm cells, which suggests that the newly formed Trm cells might 

contribute to these effects. Although IFN-γ receptor (IFNGR)-deficient mice (Ifngr1−/−) 

infected with either WNV or ZIKV exhibited no acute defects in CNS virological control, 

spatial learning was preserved. Ifngr1−/− and Cd8−/− mice exhibited early recovery of 

presynaptic termini expressing synaptophysin during recuperation from WNV infection. For 

ZIKV, Ifngr1−/− and Cd8−/− mice exhibited decreased neuronal apoptosis with recovery of 

postsynaptic termini that was most pronounced in the CA regions following viral clearance. 

Microglial-specific deletion of IFNGR protected mice against spatial-learning deficits and 

blocked alterations in synapses or neuronal numbers induced during recovery from infection 

with either virus. These results indicate that T cell and microglial interactions are critical for 

triggering post-infectious cognitive dysfunction through effects on hippocampal circuitry.

Results

ZIKV preferentially targets the adult hippocampus.

To address the mechanisms of cognitive recovery from neuroinvasive infection with ZIKV, 

we developed a model of ZIKV infection recovery in adult mice. Direct intracranial 

inoculation of 8-week-old C57BL/6J (wild-type (WT)) mice with ZIKV-Dakar (Dakar 

41525, Senegal, 1984), which shows increased pathogenicity, including higher levels of 

inflammatory cytokine induction in mice, compared with Asian strains23, led to weight loss 

but 100% survival (Fig. 1a,b). This was comparable to our established recovery model of 

infection with a mutant WNV10, a strain in which a point mutation in NS5, a nonstructural 

protein that encodes a 2’-O-methyltransferase, prevents viral recognition by tetratricopeptide 

repeats 1 (IFIT1), which normally acts to block translation of virion-delivered virus-specific 

RNAs24. ZIKV replicated to high levels in the hippocampus and cortex, and, to a lesser 

extent, in the cerebellum (Fig. 1c). Quantitative PCR (qPCR) analysis of hippocampal tissue 
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during acute ZIKV infection and recovery demonstrated robust induction of Cxcl10, Tnfa, 

and Il1a (Fig. 1d), which are molecules known to play important roles during WNV 

infection of the CNS25. Detection of ZIKV or WNV envelope protein (E) mRNA via in situ 

hybridization revealed dramatic differences in viral tropism within forebrain regions. Robust 

levels of ZIKV E mRNA were detected within all regions of the hippocampi of all animals 

examined. By comparison, E mRNA in WNV-infected mice was variably detected in 

multiple areas throughout forebrain and hindbrain regions (Fig. 1e; Supplementary Fig. 

1a,b). Immunohistochemical (IHC) detection of viral proteins within cellular targets of both 

viruses revealed that both WNV and ZIKV primarily targeted mature neurons (Fig. 1f; 

Supplementary Fig. 1c,d); however, ZIKV E protein was also detected within NeuN+ cells 

near the neurogenic subgranular zone of the DG, suggesting that there is additional targeting 

of immature neurons (Supplementary Fig. 1e,f). These data suggest that direct intracranial 

infection with ZIKV leads to high viral titers in the hippocampus and induces a 

neuroinflammatory immune response in animals that survive infection, providing a robust 

model for recovery from neurotropic viral infection.

ZIKV infection of the adult CNS is associated with loss of neurons.

Expression of cytokines and chemoattractant molecules within the virally infected CNS 

promotes the recruitment and activation of antiviral T cells, which may persist after viral 

clearance with unknown consequences26. A transcriptional microarray analysis of 

hippocampal gene expression during recovery of WNV (25 days post-infection (d.p.i.)) 

indeed identified pathways associated with adaptive immune responses. Genes involved in 

antigen processing and presentation and in chemokine signaling10 were identified, which 

suggests that cytokines and chemoattractant molecules persist beyond acute infection. 

Indeed, flow cytometry analysis of CD45+ cells in the hippocampus during acute infection 

and after recovery from ZIKV and WNV encephalitis revealed a large population of 

infiltrating lymphocytes (CD45hiCD11b−), which were primarily CD8+ T cells, that 

persisted despite viral clearance (Supplementary Fig. 2). Intraparenchymal T cells and 

activated astrocytes and microglia were detected robustly at all time points within the 

hippocampus during recovery from ZIKV infection (Fig. 2a,c), whereas these cells were at 

the highest levels at 25 d.p.i. with WNV (Fig. 2b,d). Consistent with prior work10, WNV 

infection did not lead to neuronal loss in the hippocampus (Fig. 2b,d), although ZIKV 

infection led to a significant decrease in NeuN+ cells during acute infection that plateaued 

by 25 d.p.i. (Fig. 2a,c). These data suggest these flaviviruses exert distinct 

immunopathological effects during recovery.

Antiviral CD8+IFNγ+ T cells associate with microglia in the post-infected hippocampus.

An analysis of infiltrating CNS T cells in mice at 25 d.p.i. with WNV or ZIKV revealed 

significantly increased percentages of CD8+ T cells expressing the integrin CD103, which 

has been associated with CNS Trm cell formation26 (Fig. 2e,f). Percentages of 

CD45midCD11b+CX3CR1+CCR2− microglia expressing MHCII, a marker associated with 

microglial activation that is induced by the T cell cytokine IFN-γ, were also significantly 

increased (Fig. 2g,h). Consistent with this, the qPCR analysis revealed that hippocampal 

Ifng expression increased following WNV and ZIKV infection, and remained significantly 

elevated during recovery (Fig. 3a,c). An analysis of IFN-γ-YFP (yellow fluorescent protein) 
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reporter mice at 25 d.p.i. demonstrated that CD3+ T cells expressed the bulk of IFN-γ in 

hippocampus at this time point, with IBA1+ microglia representing an additional source 

(Fig. 3b,d). Flow cytometry analysis of CD45+IFN-γ+ cells isolated from the hippocampus 

of IFN-γ-Thy1.1 reporter mice at 25 d.p.i. confirmed that ~15% of the cells were 

CD45midCD11b+ microglia, while ~80% were CD45hiCD11b− lymphocytes, specifically 

CD8+ T cells (Fig. 3e–g). An analysis of CD8+IFN-γ + cells confirmed that a subpopulation 

of these cells expressed CD103, while detection of NS4B, the predominant CD8 epitope in 

WNV-infected mice27, via tetramer staining confirmed virus specificity (Fig. 3f,g; 

Supplementary Fig. 3). In addition, IFN-γ+CD8+ T cells were observed in close proximity 

to CX3CR1+ microglia at 25 d.p.i. (Fig. 3h,i). An additional flow cytometry analysis of mice 

at 52 d.p.i. confirmed that CD8+IFN-γ+ T cells persisted in the hippocampus 1 month after 

viral clearance (Supplementary Fig. 3). These data show that antiviral T cells reside in the 

hippocampus following flavivirus infection, and may influence the reactivity of resident 

neural cell populations through cytokine signaling.

ZIKV-and WNV-infected mice show IFN-γ-mediated deficits in spatial learning post 
recovery.

While IFN-γ is critical for virological control within the CNS, it is also a dynamic regulator 

of circuit plasticity18. Thus, we hypothesized that IFN-γ signaling between T cells and 

resident CNS cells may underlie post-infectious cognitive sequelae. Mock, WNV, or ZIKV 

infection of Ifngr1−/− and WT mice did not reveal significant differences in survival, weight 

loss, or clinical score between these animal models (Supplementary Fig. 4a–f). Consistent 

with the clinical course, the kinetics of infectious viral replication in most brain regions of 

the CNS were similar between WT and Ifngr1−/− mice following WNV and ZIKV infection 

(not shown), with the exception of the cerebella in Ifngr1−/− animals, for which WNV 

clearance was significantly delayed, but cleared in both genotypes by 24 d.p.i. 

(Supplementary Fig. 4g–i). Mock-, WNV-or ZIKV-infected Ifngr1−/− and WT mice 

underwent cognitive behavioral testing 1 month following viral clearance (Fig. 4a). WT 

mice exhibited spatial-learning deficits on the Barnes maze following WNV infection, as 

previously described10,13, as did those recovering from ZIKV infection, while Ifngr1−/− 

mice were protected, showing similar learning curves to mock-infected controls (Fig. 4b,c). 

To control for alterations in anxiety or movement that could impact performance in 

hippocampus-dependent tasks, we also performed open-field tests (OFTs). While WNV 

infection did not alter exploratory or anxiety-like behaviors during the OFT in WT or 

Ifngr1−/− mice (Fig. 4e,g), ZIKV-infected WT and Ifngr1−/− mice crossed more lines during 

the OFT than mock-infected controls (Fig. 4d), but did not show differences in anxiety (Fig. 

4f). As this increase in locomotion was observed in both genotypes, this change in behavior 

is unlikely to explain the difference in the Barnes maze deficits observed between WT and 

Ifngr1−/− mice.

T cell-derived IFN-γ is required to achieve an antiviral state following antigen re-

exposure22, which is an important functional outcome for Trm cell generation. Of interest, 

we found that there was decreased expression of the Trm cell marker CD103 in a 

subpopulation of CD45hiCD11b−CD8+ T cells in the hippocampus of Ifngr1−/− animals post 

recovery from infection compared with WT controls, with minimal CD103 expression in 
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CD4+ T cells (Supplementary Fig. 5a,b). We also found high levels of CCR2 on a 

subpopulation of CD45hiCD11b−CD8+ T cells in the hippocampus of mice that had 

recovered from infection, the expression of which did not change in the absence of IFN-γ 
signaling (Supplementary Fig. 5c,d). Importantly, CCR2 expression by CD3+ T cells has 

been demonstrated in human spinal cord tissue from cases of WNV encephalomyelitis28; 

however, the functional consequence of CCR2 expression by T cells in the CNS remains 

unknown. Together, these data suggest that IFN-γ signaling negatively affects cognitive 

recovery from neurotropic viral infections, which is unlikely to be due to differences in 

clinical disease or virological control.

IFNGR signaling is required for neuronal apoptosis during recovery from ZIKV infection.

Given the dramatic hippocampal targeting and neuronal loss observed following ZIKV 

infection (Figs. 1 and 2), we determined whether the altered survival of neural cells might 

underlie spatial-learning deficits. At 25 d.p.i. with ZIKV, Ifngr1−/− and Cd8−/− mice 

exhibited significantly higher levels of NeuN compared with similarly infected WT animals, 

in which levels were reduced by ~30% of mock-infected controls (Fig. 5a–c). In 

comparison, WT, Ifngr1−/−, and Cd8−/− mice had similar levels of detection of NeuN 

following recovery from WNV infection (Fig. 5e–g). Consistent with prior studies10, we 

observed no ongoing neuronal loss in WT animals post recovery from WNV infection (Fig. 

5e–g). Consistent with the observed loss of NeuN+ cells, TdT-mediated dUTP nick end 

labeled (TUNEL)+ cells in the DG, CA3, and CA1 regions of the hippocampus of ZIKV-

infected WT animals were significantly increased post recovery compared with mock-and 

ZIKV-infected Ifngr1−/− animals post recovery (Fig. 5h). Of note, levels of apoptosis within 

the DG were considerably lower and more variable than that observed in other hippocampal 

regions (Fig. 5a,d,h). Within the CA3, which is a region critical for spatial learning, 

detection of NeuN+TUNEL+ cells was significantly lower in ZIKV-infected Ifngr1−/− and 

Cd8−/− mice compared with similarly infected WT animals after viral clearance (Fig. 5i,j). 

ZIKV did not target GAD67+ GABAergic neuronal populations, which suggests that the 

virus may not target interneurons (Supplementary Fig. 6a). In contrast, there were no 

significant differences in NeuN+TUNEL+ cells in the hippocampus of WT and Ifngr1−/− 

mice post recovery from mock infection or WNV infection (Fig. 5k). ZIKV also did not alter 

the number of new neurons born within the DG during recovery from infection, which 

suggests that impairment in neurogenesis is not a contribution to long-term deficits 

(Supplementary Fig. 6b). However, increased neuronal loss and apoptosis persisted up to 52 

d.p.i. in ZIKV-infected WT mice post recovery compared with mock-and ZIKV-infected 

Ifngr1−/− mice post recovery (Fig. 5l; Supplementary Fig. 6d). These data indicate that 

WNV and ZIKV lead to differential effects on neurons, including pathology, that contribute 

to defects in spatial learning.

IFNGR is required for synapse elimination during recovery from WNV infection via IL-1.

Prior studies have demonstrated that WNV infection leads to acute and chronic loss of 

synaptophysin+ presynaptic terminals, but preservation of Homer1+ postsynaptic terminals, 

which ceased by 52 d.p.i.10. In addition, expression of IL-1β by reactive astrocytes inhibits 

the recovery of presynaptic termini and is associated with spatial-learning deficits during 

recovery from WNV infection13. Given the synapse recovery observed in Ifngr1−/− mice and 
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the demonstration that IFN-γ influences IL-1β expression29, we examined levels of this 

cytokine in WNV-infected Ifngr1−/− mice post recovery. Consistent with prior studies13, we 

detected increased IL-1β expression by GFAP+ astrocytes in the hippocampus of WNV-

infected WT mice post recovery, which was significantly decreased in Ifngr1−/− animals at 

25 d.p.i. (Fig. 6a). As previously reported10, WNV-infected WT animals showed decreased 

synaptophysin+ presynaptic terminals within the CA3 at 7 and 25 d.p.i., while WNV-

infected Ifngr1−/− and Cd8−/− animals demonstrated limited evidence of synapse elimination 

at either time point (Fig. 6b,c; Supplementary Fig. 6e). This result suggests that IFNGR is 

required for synapse elimination during WNV infection. In contrast, and consistent with 

acute and chronic loss of NeuN+ perikarya, ZIKV infection led to loss of Homer1+ post-

synaptic terminals in WT and Ifngr1−/− animals at 7 d.p.i., with preservation of 

synaptophysin + and vGlut+ presynaptic terminals (Supplementary Fig. 6c,f,g). ZIKV-

infected WT animals continued to exhibit decreased numbers of Homer1+ postsynaptic 

terminals within the CA3 at 25 and 52 d.p.i., while ZIKV-infected Ifngr1−/− animals 

exhibited recovery of postsynaptic termini by 52 d.p.i. (Fig. 6d,e). ZIKV-infected WT and 

Ifngr1−/− animals also both displayed significantly increased IL-1β expression by GFAP+ 

astrocytes in the hippocampus compared with mock-infected controls post recovery 

(Supplementary Fig. 7a). Of note, IL-1β expression was not detected within IBA1+ cells at 

25 d.p.i. (not shown). These data suggest that persistent alterations in postsynaptic termini 

contribute to spatial-learning deficits in ZIKV-infected mice independent of IL-1β signaling.

IFNGR signaling potentiates microglial engulfment of postsynaptic termini and perikarya 
in ZIKV-infected animals.

Phagocytic roles for microglia are well established and include removal of both apoptotic 

newborn cells in the neurogenic niche of the hippocampus and non-apoptotic TBR2+ neural 

progenitors in the developing cerebral cortex, in addition to synapse pruning and 

elimination, the latter of which requires the upregulation of markers of microglial 

activation30. We therefore wondered whether T cell-derived IFN-γ signaling is required for 

synapse elimination or neuronal loss following WNV or ZIKV infection, respectively, via 

specific effects on microglia. Indeed, both WNV and ZIKV infection led to increased 

expression of IBA1 at 25 d.p.i. in WT mice, which did not occur in similarly infected 

Ifngr1−/− animals (Fig. 7a,b). Importantly, no differences in numbers of CD45hiCD11b
+CX3CR1+CCR2− microglia cells or expression of TMEM119, a recently described 

homeostatic marker for microglia, were observed in WNV-and ZIKV-infected WT and 

Ifngr1−/− animals post recovery (Supplementary Fig. 7b–e). This result is consistent with 

prior data demonstrating that viral infections do not promote microglial proliferation10. Flow 

cytometry analysis of CD45midCD11b+CX3CR1+CCR2− microglia revealed increased 

expression of MHCII in WNV-and ZIKV-infected WT animals post recovery; this increased 

expression was significantly attenuated in Infgr1−/− animals (Supplementary Fig. 7f,g). This 

finding confirms that IFN-γ contributes to microglial activation in the post-infectious CNS. 

Three-dimensional reconstructions of IBA1+ cells from sections of ZIKV-infected mice at 

25 d.p.i. revealed Homer1+ puncta (Supplementary Video 1) and NeuN+ nuclei 

(Supplementary Video 2) within microglia. Colocalization of Homer1 or NeuN, lysosomal-

associated membrane protein 1 (LAMP1), and IBA1 revealed increased numbers of 

postsynaptic termini within the lysosomes of IBA1+ cells, which were significantly reduced 
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in Ifngr1−/− mice at 25 d.p.i. (Fig. 7c–f). These data suggest that microglia may be critically 

involved in responses to T cell-derived IFN-γ that drive cognitive impairment after infection 

with either WNV or ZIKV.

Microglial-specific deletion of IFNGR protects animals against spatial-learning defects.

Given the shared alteration in microglial activation observed in both WNV-and ZIKV-

infected animals post recovery in the absence of IFN-γ signaling, we utilized a conditional 

deletion paradigm to determine whether IFN-γ signaling within microglia of mice post 

recovery was responsible for the observed spatial-learning deficits. Cx3cr1CreERIfngrfl/fl 

(referred to as Cre+hereafter) animals and Cx3cr1CreERIfngrfl/fl (referred to as Cre− 

hereafter) litter-mate controls were mock-infected or infected with WNV or ZIKV, and then 

treated with tamoxifen 1 week after infectious viral clearance (at 19 and 21 d.p.i.). Animals 

were allowed to recover for 3 weeks to achieve specific deletion of Ifngr in long-lived 

microglia while allowing time for short-lived CX3CR1-expressing myeloid populations to 

turnover31 (Supplementary Fig. 8a–d), at which time cognitive behavior testing was 

performed (Fig. 8a). Similar to WT animals, tamoxifen-treated Cre− animals displayed 

significant spatial-learning deficits on the Barnes maze following WNV and ZIKV infection 

(Fig. 8b,c). In contrast, tamoxifen-treated Cre+ animals performed similarly to mock-

infected controls (Fig. 8b,c). OFTs confirmed no differences in locomotor activity or anxiety 

between experimental groups, with the exception of an increase in activity in ZIKV-infected 

WT animals, as previously shown (Fig. 8d–g). Importantly, microglial-specific deletion of 

Ifngr after viral clearance was sufficient to prevent elimination of synaptophysin+ 

presynaptic termini and neuronal apoptosis in WNV-and ZIKV-infected mice, respectively 

(Fig. 8h,i). A lack of increased microglial MHCII expression was also observed in WNV-and 

ZIKV-infected Cre+ mice post recovery (Supplementary Fig. 8e,f), confirming that IFN-γ 
signaling in microglia during recuperation promotes their continued activation. Together, 

these data suggest that IFN-γ signaling in microglia contributes to microglial activation and 

spatial-learning deficits following clearance of infectious WNV and ZIKV from the CNS.

Discussion

Antiviral T cells persist within the CNS for months to years after neurotropic viral 

infections26. The extent to which these tissue-resident cells impact on normal brain function 

is unclear; however, studies of acutely infected mice suggest that CD8+ T cells may damage 

neuronal structures, such as dendrites, during viral clearance32. Here, we developed a novel 

murine model to evaluate mechanisms of cognitive decline following adult ZIKV infection. 

We found that ZIKV preferentially targets and induces the loss of neurons throughout the 

hippocampus, which was also associated with the loss of postsynaptic Homer1+ termini. In 

contrast, the related WNV, which infects neurons throughout the CNS, led to elimination of 

synpato-physin+ presynaptic termini, which was most pronounced within the CA3 region of 

the hippocampus, as previously described10,13. Survival after infection with either virus was 

associated with the recruitment of antiviral CD4+ and CD8+ T cells, the latter of which 

persisted in the virus-cleared CNS, expressed CD103, and became a predominant source of 

IFN-γ. While IFN-γ+CD4+ T cells also persisted, targeted deletion of IFN-γ signaling or 

CD8 was sufficient for reversing the effects of WNV and ZIKV infection on synapses and 
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apoptosis, respectively. IFN-γ signaling was required for synapse elimination during WNV 

infection and for the loss of neuronal cell bodies and recovery of synapses after ZIKV 

infection. Levels of IFN-γ remained elevated after viral clearance, and IFN-γ signaling was 

required for microglial activation and cognitive dysfunction during recovery from infection 

with either virus. Microglia-specific deletion of Ifngr prevented the development of WNV-or 

ZIKV-induced hippocampal-dependent learning and memory deficits, suggesting that T cell 

signaling to microglia is a pivotal event in the development of post-infectious cognitive 

dysfunction after recovery from flavivirus encephalitis (Supplementary Fig. 9). We used an 

inducible CX3CR1-Cre line (Cx3cr1 -CreERT) and administered tamoxifen 1 week after 

viral clearance (~20 d.p.i.), when macrophages are no longer present in the CNS 

(Supplementary Fig. 2). We therefore designed this experiment to limit the possibility that 

non-microglial myeloid cells were participating in the process. Nevertheless, as CXC3R1 is 

not a specific microglial marker, non-microglial cells could possibly contribute to the results 

obtained.

Infection with ZIKV appears to target the hippocampus in our model. The pathogenesis of 

ZIKV infection is poorly understood, and there is considerable debate regarding the putative 

receptors that enable ZIKV infection of various cell types. Several entry receptors, including 

the innate immune receptor DC-SIGN, the transmembrane protein TIM-1, and TAM 

receptors (Tyro3, Axl, and Mertk), a family of phosphatidylserine receptors, have been 

extensively studied for their potential role as flavivirus entry receptors33. However, a more 

recent study investigating different infection routes of ZIKV, including subcutaneous, 

transplacental, vaginal, and intracranial infections in WT and TAM receptor null mice, 

showed no difference in viral titers34. TAM receptors, at least in mice, are therefore not 

essential for ZIKV infection, but may play roles in viral tropism. Studies examining Tyro3 
expression in the rodent CNS, however, have demonstrated that it is specifically expressed 

within the neocortex, especially within the hippocampus35. Thus, although Tyro3 is not 

required for ZIKV infection, the high level of hippocampal expression of this receptor could 

potentially contribute to ZIKV targeting this CNS region. ZIKV also led to extensive and 

ongoing neuronal apoptosis in the hippocampus, which was attenuated in the absence of 

IFN-γ. This is consistent with studies of mice with CNS autoimmune disease, in which IFN-

γ is observed to directly induce apoptosis of oligodendrocytes36. Alternatively, activated 

microglia can promote apoptosis by inducing phosphatidylserine exposure and subsequent 

phagocytosis of neurons by Mertk37. The differential extent of neuronal apoptosis and 

recovery in ZIKV-infected WT, Ifngr1−/−, and Cd8−/− mice supports reports that a threshold 

number of neurons may be needed to achieve spatial learning38. Resolution of 

neuroinflammation may involve FasL-mediated apoptosis of T cells39, which may explain 

the increased numbers of TUNEL+ cells that are not neurons.

The persistence of presynaptic termini after ZIKV infection suggests that synaptic boutons 

of injured axons of hippocampal neurons may be resistant to the rapid loss incurred by other 

cortical neurons40. This also suggests that microglial activation following viral infection 

does not universally lead to elimination of presynaptic termini, even among closely related 

virus family members, and that mechanisms leading to microglial-mediated phagocytosis of 

synapses or neuronal nuclei may be distinct41. Elimination of presynaptic termini following 

WNV infection requires the complement component C3 and its receptor C3aR10. Astrocytic 
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C3 induces C3aR-mediated phagocytosis in a model of AD, but this is attenuated with 

prolonged exposure to C3 (ref. 42), which may explain the lack of elimination of presynaptic 

termini in the setting of the observed robust and persistent ZIKV-induced astrogliosis.

Loss of IFN-γ signaling also led to attenuation of astrocyte activation during recovery from 

WNV, but not ZIKV, infection. The lack of astrocyte activation in Ifngr1−/− animals 

protected animals against astrocyte IL-1β production13, which limits synapse repair during 

recovery from WNV infection13. This effect could be caused by a direct loss of IFN-γ 
signaling in astrocytes, or it could be secondary to the lack of microglial activation43. In our 

model, the latter explanation is more probable given that specific deletion of Ifngr in 

microglia was sufficient to protect animals against spatial-learning deficits, and prior work 

has demonstrated that in Csflr−/− mice, which lack microglia, lipopolysaccharide injection 

fails to activate astrocytes44. These studies suggest that signaling between microglia and 

astrocytes critically regulates ongoing neuroinflammation following viral clearance. That 

spatial learning is preserved in ZIKV-infected Ifngr1−/− animals post recovery despite 

widespread astrocyte reactivity and IL-1β production, which is pathogenic in WNV-infected 

animals post recovery, adds to the growing body of work demonstrating that heterogeneity in 

astrocyte reactivity can promote or prevent CNS repair in a disease-specific manner44.

Although the full spectrum of clinical complications after infection with ZIKV remains 

unclear, the incidence of neurological manifestations is increasing, including reports of 

cognitive sequelae45,46. Our study also detected increased motor activity in ZIKV-infected 

mice post recovery. Of interest, neuropsychiatric symptoms, including hyperactivity and 

hypomania, have been reported in a young adult presenting with ZIKV encephalitis46. This 

finding suggests that ZIKV targeting of the hippocampus may influence cognitive functions 

beyond spatial learning. Cognitive dysfunction after recovery from WNV infection was first 

reported in the United States approximately 8 years after its emergence in the New York 

area47, and numerous clinical studies since that time have documented persistent 

psychological and cognitive sequelae following WNV infection1. Moreover, the induced 

cognitive sequelae may worsen over time1. In humans, male sex is independently associated 

with developing neuroinvasive disease and death, especially in older individuals48. While no 

studies have addressed sex differences in cognitive outcomes, higher survival rates of female 

patients could impact potential findings. In our study, we used both male and female animals 

in numbers powered to assess cognitive dysfunction but not sex differences. Further studies 

of both humans and rodents are needed to examine sexually dimorphic features of 

neurological sequelae after flavivirus encephalitis.

The differential effect of global versus cell-specific deletion of IFNGR on locomotor activity 

in ZIKV-infected mice suggests that cell-specific roles for this receptor in motor activity 

may occur during recovery. In addition to microglia, IFNGR is also expressed by astrocytes, 

neurons, and brain microvasculature, which may each exhibit regional differences in their 

levels of expression and/or signaling pathways. Given that ZIKV also targets axons in the 

pyramidal tract (Fig. 1e), it is possible that effects on motor activity are mediated by any of 

these cell types within this brain region. As microglial-specific deletion of IFNGR abolished 

hyperactivity, it is possible that IFNGR signaling in microglia specifically limits the effects 

of the virus on motor function. As the effect was not abolished in mice with global IFNGR 
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deletion, it is possible that IFNGR signaling of other cell types might override the effects of 

microglia. Additional studies examining regional and cell-specific differences in IFNGR 

signaling are needed to determine the mechanism of this effect.

In summary, our studies demonstrate that re-establishing circuit integrity through recovery 

of lost synapses or neurons is critical for restoring hippocampal function after injury, and 

identify IFN-γ signaling to microglia as a proximal regulator of this repair in the post-

infectious CNS. Given the recent association of herpesviral infections49 and T cells50 within 

the CNS parenchyma of patients with AD, the mechanisms uncovered in our study could 

have implications for other types of memory disorders.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, 

statements of code and data availability and associated accession codes are available at 

https://doi.org/10.1038/s41593-019-0427-y.

Methods

Animals.

Male and female mice (8–10 weeks old) were used for each experiment. C57BL/6J, 

Ifngr1−/−, Ifngrfl/fl and CX3CR1-CreERT mice were obtained from Jackson Laboratories. 

Transgenic animals were backcrossed more than ten generations to C57BL/6 mice at 

Jackson Laboratories. IFN-γ-YFP (C57BL/6 background) and IFN-γ-Thy1.1 (C57BL/6 

background) were obtained from H. Shin at Washington Univeristy in St. Louis. 

CX3CR1GFPCCR2RFP mice were obtained from R. Ransohoff and the Lerner Research 

Institute and crossed in-house to Ifngr1−/− mice to generate Ifngr1−/−CX3CR1GFPCCR2RFP 

reporter mice. All experiments followed the guidelines approved by the Washington 

University School of Medicine Animals Safety Committee (protocol no. 20170064).

Mouse models of WNV infection.

WNV-NS5-E218A and ZIKV-Dakar strains utilized for intracranial infections were obtained 

from M. Diamond at Washington University in St Louis. WNV-NS5-E218A contains a 

single point mutation in the gene encoding 2’-O-methyltransferase. Mice were deeply 

anesthetized and intracranially administered 1 X 104 plaque-forming units (p.f.u.) of WNV-

NS5-E218A or ZIKV-Dakar. Viruses were diluted in 10 μl of 0.5% fetal bovine serum in 

Hank’s balanced salt solution (HBBS) and injected into the third ventricle of the brain with a 

guided 29-guage needle. Mock-infected mice were intracranially injected with 10 μl of 0.5% 

in HBSS into the third ventricle of the brain with a guided 29-guage needle. BHK21 cells 

were used for viral plaque assays to determine stock titers of both viruses (described below).

Measurement of viral burden.

WNV-or ZIKV-infected mice were killed and tissues were collected, weighed, homogenized 

with zirconia beads in a MagNA Lyser instrument (Roche Life Science) in 500 μl of PBS, 

and stored at −80 °C until virus titration. Thawed samples were clarified by centrifugation 
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(2,000 × g at 4 °C for 10 min), and then diluted serially before infection of BHK21 cells. 

Plaque assays were overlaid with low-melting point agarose, fixed 4 days later with 10% 

formaldehyde, and stained with crystal violet. Viral burden was expressed on a log10 scale as 

p.f.u. per gram of tissue. During initial development of the adult ZIKV infection and 

recovery model (Supplementary Fig. 1), viral burden was determined by qPCR with reverse 

transcription (qRT-PCR). RNA was extracted using a RNeasy Mini kit (Qiagen). ZIKV 

levels were determined by one-step qRT-PCR on an Applied Biosystems ViiA7 Real-Time 

PCR system using standard cycling conditions. A standard curve was produced using serial 

tenfold dilutions of ZIKV RNA, and viral burden was expressed as viral RNA equivalents 

per gram of tissue.

Immunohistochemistry.

Mice were anesthetized and perfused with ice-cold Dulbecco’s PBS (Gibco) followed by 

ice-cold 4% paraformaldehyde (PFA). Brains were post-fixed overnight in 4% PFA followed 

by cyroprotection in 30% sucrose (three exchanges for 24 h), then frozen in OCT compound 

(Fischer). Coronal tissue sections (10 μm) were washed with PBS and permeabilized with 

0.1–0.3% Triton X-100 (Sigma-Aldrich). Nonspecific antibodies were blocked with 5% 

normal goat serum (Sigma-Aldrich) at room temperature for 1 h. To reduce endogenous 

mouse antibody staining when detecting ZIKV, a Mouse on Mouse kit (MOM basic kit, 

Vector) was used as per the manufacturer’s instructions. Slides were then incubated in 

primary antibody (described below) or isotype-matched IgG overnight at 4 °C. Following 

washes in PBS, slides were then incubated in secondary antibodies at room temperature for 

1 h, and nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen). 

Coverslips were applied with ProLong Gold Antifade Mountant (Thermo Fisher). 

Immunofluorescent images were acquired using a Zeiss LSM 880 confocal laser scanning 

microscope and processed using software from Zeiss. Immunofluorescent signals were 

quantified using the software ImageJ.

Antibodies for immunohistochemistry.

The following primary antibodies were used for IHC analyses: WNV (1:100, polyclonal25), 

ZIKV (1:50; gift from M. Diamond (St. Louis, MO), ZV-13), NeuN (1:1,000; Cell 

Signaling, cat no. 12943S, clone D3S3I), BrdU (1:200; Abcam, cat. no. ab1893, polyclonal), 

doublecortin (1:125; Cell Signaling, cat. no. 4604S, polyclonal), GFAP (1:250; Thermo, cat. 

no. 13–0300, clone 2.2B10), IL-1β (1:100; R&D, cat. no. AF-401, polyclonal), CD3 (1:250; 

R&D, cat. no. MAB4841, clone 17A2), CD11c (1:50; Novus, cat. no. NB110– 97871, clone 

AP-MAB0806), GFP (1:500; Abcam, cat. no. ab13970, polyclonal), IBA1 (1:200; Wako, 

cat. no. 019–19741, polyclonal), TMEM119 (1:200; Abcam, cat. no. ab209064, clone 28–3), 

TUNEL (Roche In situ Cell Death kit Red), and synaptophysin (1:250; Synaptic Systems, 

cat. no. 101004, polyclonal). Secondary antibodies conjugated to Alexa-488 (Invitrogen, cat. 

no. A-21206, polyclonal) or Alexa-555 (Invitrogen, cat. no. A-21435, polyclonal) were used 

at a 1:400 dilution.

Three-dimensional reconstruction of confocal z-stack images.

Confocal z-stack images were taken using a Zeiss LSM 880 laser scanning microscope with 

Airyscan at ×63 magnification, and consisted of at least eight images. Images were 

Garber et al. Page 12

Nat Neurosci. Author manuscript; available in PMC 2019 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transformed into three-dimensional reconstruction videos using the image analysis software 

Volocity 3D image.

RNAscope in situ hybridization.

Mice were anesthetized and perfused with ice-cold PBS. Brains were then immersion-fixed 

overnight in 4% PFA followed by three exchanges of 30% sucrose for 24 h. Brains were 

embedded in OCT compound (Fischer) and 10-μm sagittal tissue sections were prepared. 

RNAscope 2.5 HD Assay-Brown was performed as per the manufacturer’s instructions. 

Probes against WNV and ZIKA mRNA (ACD) were used. Viral tropism was analyzed using 

a ZEISS Axio Imager Z2 fluorescence microscope.

Flow cytometry.

Cells from the hippocampus and cortex of mice were isolated at indicated d.p.i. and stained 

with fluorescence-conjugated antibodies (described below) as previously described13. 

Briefly, mice were anesthetized and perfused with ice-cold Dulbecco’s PBS (Gibco). 

Hippocampal and cortex brain tissue were dissected out, minced, and enzymatically digested 

at room temperature for 1 h with shaking. The digestion buffer contained collagenase D 

(Sigma, 50 mg ml−1), TLCK trypsin inhibitor (Sigma, 100 μg ml−1), DNase I (Sigma, 100 U 

μl−1), HEPES buffer, pH 7.2 (Gibco, 1 M) in HBSS (Gibco). The tissue was then pushed 

through a 70-μm strainer and pelleted by a 500 × g spin cycle for 10 min. To remove myelin 

debris, cells were resuspended in 37% Percoll and spun at 1,200 × g for 30 min. Cells were 

then resuspended in FACS buffer. TruStain fcX anti-mouse CD16/32 (BioLegend, cat. no. 

101320, clone 93) was used to block the cells for 5 min at 4 °C, followed by cell surface 

staining for 15 min at 4 °C. Cells were washed twice in FACS buffer, fixed with 4% PFA, 

and resuspended in 2% PFA for data acquisition. Data were collected using a Fortessa X-20 

instrument and analyzed with the software Flowjo.

Antibodies for flow cytometry.

The following antibodies were used for flow cytometry: CD45 (PE/Cy7, BioLegend, cat. no. 

103114, clone 30-F11), CD11b (Brilliant Violet 605, BioLegend, cat. no. 101257, clone 

M1/70), I-A/I-E (MHC-II, APC/Cy7, BioLegend, cat. no. 107628, clone M5/114.15.2), CD4 

(Alexa Fluor 700, BioLegend, cat. no. 100536, clone RM4–5), CD8 (PerCP/Cy5.5, 

BioLegend, cat. no. 100734, clone 53–6.7), NK1.1 (Brilliant Violet 421, BioLegend, cat. no. 

108741, clone PK136), CD103 (APC, BioLegend, cat. no. 121414, clone 2E7), Thy1.1 (PE, 

BioLegend, cat. no. 202524, clone OX-7), CD119 (IFNGR, Biotin, BD Biosciences, cat. no. 

558771, clone GR20), and streptavidin (PE, BD Biosciences, cat. no. 554061).

Behavioral testing.

Animals underwent open-field and Barnes maze testing as previously described13. Briefly, 

mice were given 3 min to explore the Barnes maze platform and to find the target hole. If a 

mouse did not find the target hole within the test period, it was gently guided in the hole. At 

the end of a trial, the mice remained in the target hole for 1 min before being placed back 

into their home cage between trials. Each mouse received two trials per day over the course 

of five consecutive days. The number of errors (or number of nose pokes over non-target 
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holes) was recorded. Before Barnes maze testing, animals performed the OFT as a measure 

of exploratory behavior. Each mouse was given 5 min to explore an empty arena before 

being placed back into its home cage. Both the Barnes maze platform and the open-field 

arena were decontaminated with 70% ethanol between trials and/or mice. All trials were 

video recorded using a camera (Canon Powershot SD1100IS) and scored by experimenters 

blinded to the treatment conditions.

Statistical analysis.

Unpaired Student’s t-test or one-way or two-way analysis of variance (ANOVA) with 

appropriate post-test to correct for multiple comparisons, in which the means of all groups 

were compared pairwise, were performed as indicated in the figure legends. Prism 7.0 

(GraphPad Software) was used for generating graphs and statistical analyses. P values of 

≤0.05 were considered significant. To determine sample sizes for virological and 

immunological studies, a power analysis was performed using the following values: 

probability of type I error = 0.05, power = 80%, fivefold hypothetical difference in mean, 

and population variance of 25-fold (virological studies) or 12-fold (immunological studies). 

Sample sizes for behavioral testing experiments were predetermined by the power analysis. 

For all experiments, animals were randomly assigned to mock, WNV or ZIKV infection. 

Investigators were blinded to group allocation during data collection and analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. ZiKV targets the hippocampus.
a-d, Establishing a mouse model of adult ZIKV infection and recovery. a, ZIKV infection 

did not cause lethality in adult mice. b, ZIKV infection led to weight loss, expressed as the 

percentage of day 0 body weight. Data were pooled from two independent experiments (n = 

10 mice per group; P< 0.0001). c, ZIKV replicated in the CNS of WT mice. Viral burden 

was quantified via standard plaque assays (n = 5 mice per group; P = 0.0001 for the frontal 

corext and hippocampus). P.f.u., plaque-forming units. d, ZIKV infection induced cytokine 

responses in the hippocampus. qPCR analysis of indicated mRNA isolated from the 
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hippocampus at the indicated d.p.i. (n = 5 mice per group). Cxcl10 (left to right), P= 0.0048 

and 0.0007; Tnfa, P< 0.0001; Il1a (left to right), P = 0.0010 and 0.0002. e,f, ZIKV and 

WNV target different regions of the CNS during acute infection, but similarly infect mature 

neurons in the hippocampus. e, In situ hybridization for viral RNA at 7 d.p.i. revealed 

dramatic differences in the neurotropism of WNV and ZIKV. ZIKV consistently targeted the 

hippocampus, with sparse infection of the cortex and striatum. Conversely, WNV RNA was 

present throughout the CNS, including the olfactory bulb, cortex, hippocampus, and 

cerebellum. Representative images shown (n = 4 mice per group) here, with additional 

images shown in Supplementary Fig 1. Scale bars,1,000 μm. f, ZIKV and WNV target 

mature neurons in the hippocampus. Representative immunostaining of the CA3 region of 

the hippocampus for NeuN (green), viral antigen (red), and DAPI (blue). Data are 

representative of one independent experiment. Scale bar, 20 μm. For b-d, data represent the 

mean ± s.d. and were analyzed by two-way (b) or one-way (c and d) ANOVA, and corrected 

for multiple comparisons. **P< 0.005, ***P< 0.001, ****P<0.0001.
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Fig. 2 |. ZiKV induces neuroinflammation and neuronal loss in the hippocampus.
a-d, ZIKV and WNV induce differential neuropathology in the hippocampus of WT mice. 

IHC analysis revealed that the number of microglia (IBA1+), astrocytes (GFAP+), and T 

cells (CD3+) increases in the hippocampus after infection with either virus, but the number 

of neurons (NeuN+) decreases following ZIKV infection. a,b, Representative images shown. 

Scale bars, 20 μm. c,d, The number of cells were quantified as indicated. For c, n = 3 (0 

d.p.i.) or 5 (7, 25 d.p.i.) mice per group. IBA1, P = 0.0051 (0 versus 7d.p.i.) and P= 0.0001 

(0 versus 25d.p.i.); GFAP, P = 0.0086 (0 versus 7d.p.i.) and P = 0.0008 (0 versus 25 d.p.i.); 
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CD3, P = 0.0001 (0 versus 25 d.p.i.); NeuN, P = 0.0342 (0 versus 7d.p.i.) and P= 0.0046 (0 

versus 25 d.p.i.). For d, n = 3 (0,25) or 4 (7d.p.i.) mice per group. IBA1, P = 0.0125; CD3, P 
= 0.0367. e-h, T cells persist in the hippocampus after viral clearance, and microglia 

demonstrate persistent activation. Flow cytometry analysis of cells isolated from the 

hippocampus of CC3CR1GFPCCR2RFP reporter animals at the indicated d.p.i. (gating 

strategy shown in Supplementary Fig 2). Data are representative of two independent 

experiments. e,f, ZIKV (e) and WNV (f) infection leads to increased expression of CD103 in 

CD45hiCD11b−CD8+ T cells (n = 3 mice per group; P<0.0001). g,h, CD45midCD11b
+Cx3CR1+CCR2− microglia isolated from the hippocampus of ZIKV-infected (g) and 

WNV-infected mice (h) express high levels of MHCII at 25 d.p.i. (n = 3 mice per group; P= 

0.0035 (g) and P = 0.0023 (h)). For c-h, data represent the mean±s.d. and were analyzed by 

two-way ANOVA, corrected for multiple comparisons (c and d) or by unpaired two-sided t-
test (e-h). *P<0.05, **P< 0.005, ***P< 0.001, ****P< 0.0001
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Fig. 3 |. T cells express IFN-γ in the post-infected hippocampus.
a,c, qPCR analysis of Ifng expression in the hippocampus at the indicated d.p.i. For a, n = 4 

(0, 7 d.p.i.) or 5 (25, 52 d.p.i.) mice per group. For c, n = 4 (0, 25d.p.i.), 3 (7 d.p.i.), or 5 (52 

d.p.i.) mice per group. For a (left to right), P = 0.0001 and P= 0.0376. For c (left to right), P 
= 0.0021, P= 0.0001, and P = 0.0145. b-g, IFN-γ is primarily expressed by CD3+CD8+ T 

cells at 25 d.p.i. b,d, Immunostaining (left) and quantitation (right) of hippocampi at 25d.p.i. 

from IFN-γ-YFP reporter mice for IFN-γ (YFP) and cell-type-specific markers for neurons 

(NeuN), astrocytes (GFAP), microglia (IBA1), and T cells (CD3) to identify the source of 
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IFN-γ in the hippocampi of infected mice post recovery. Images in the upper panel are 

magnifications of the boxed area in the corresponding images in the lower panel. Scale bars, 

20 μm. For b, n = 5 mice per group; P = 0.0143 (NeuN versus GFAP) and P< 0.0001 (for 

other comparisons). For d, n = 4 mice per group; P = 0.0439 (NeuN versus GFAP) and P< 

0.0001 (for other comparisons). e-g, CD45+IFN-γ+ cells isolated from the hippocampus of 

IFN-γ-Thy1.1 reporter mice at 25d.p.i. e, Gating strategy. Cells were gated via CD45 and 

CD11b to identify putative microglial (P1: CD45midCD11b+), macrophage (P2: 

CD45hiCD11b+), and lymphocyte (P3: CD45hiCD11b−) populations among IFN-γ-

expressing cells. Population P3 was further analyzed for CD4, CD8, and NK1.1 expression. 

IFN-γ+CD4+ and IFN-γ+CD8+ T cells were further analyzed for CD103 expression, and 

IFN-γ+CD8+ T cells were analyzed for virus specificity via NS4B tetramer staining. f,g, 

Quantification of indicated populations (n = 4 mice per group). For f, P = 0.0402 (P1 versus 

P2), P< 0.0001 (for other comparisons), P= 0.0011 (P3: CD4 versus CD8), and P = 0.0006 

(CD103+: CD4 versus CD8). For g, P< 0.0001 (for other comparisons) and P = 0.0002 

(CD103+: CD4 versus CD8). Full gating strategy and absolute numbers are provided in 

Supplementary Fig 3. h,i, IFN-γ+CD8+ T cells are closely associated with microglia in the 

post-infectious CNS. Representative immunostaining of the CA3 region of the hippocampus 

for IFN γ, CD8, IBA1, and DAPI. Data are representative of one independent experiment. 

For a-d, f, and g, data represent the mean±s.d. and were analyzed by one-way ANOVA and 

corrected for multiple comparisons. *P<0.05, **P< 0.005, ***P<0.001, ****P<0.0001.
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Fig. 4 |. Loss of IFN-γ signaling protects animals against spatial-learning deficits.
a-g, WT mice display spatial-learning deficits 1 month after viral clearance. lfngr1−/− 

animals are protected against these deficits. Data were pooled from four independent 

experiments, with the sample size for each group indicated in b and c. a, Schematic of the 

model of viral infection and recovery. b,c, Average errors on the Barnes maze (sample sizes 

are indicated). For b, P = 0.0012 (WT mock versus ZIKV) and P = 0.0381 (lfngr1−/− mock 

versus ZIKV). For c, P<0,0001 (WT mock versus ZIKV) and P = 0.0186 (lfngr1−/− mock 

versus ZIKV). d-g, Open-field data to assess locomotor activity (lines crossed; d,e) and 

anxiety (center crosses; f,g) in 5 min when exploring an open-field arena (for sample sizes, 

see the corresponding colors in b and c). For d (left to right), P = 0.0032 and P= 0.0059. For 

b-g, data represent the mean±s.e.m. and were analyzed by two-way ANOVA, and corrected 

for multiple comparisons. *P<0.05, **P< 0.005, ****P< 0.0001.
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Fig. 5 |. IFN-γ promotes neuronal apoptosis in ZiKV-infected animals post recovery.
a-h, ZIKV, but not WNV, infection leads to decreased numbers of hippocampal neurons at 

25 d.p.i. More neurons were found in infected Ifngrl−/− and Cd8−/− mice post recovery. a-
c,e-g, Representative images (a,e) and quantitation (b,c,f,g) of neurons in the hippocampus. 

Data were pooled from two to three independent experiments. For b, n = 4 (WT mock, WT 

ZIKV, Ifngrl−/− ZIKV) or 5 (Ifngr7−/− mock) mice per group. For c, n = 5 (WT mock) or 4 

(WT ZIKV, Ifngrl−/− mock, Ifngrl−/− ZIKV) mice per group. For f, n = 5 (WT mock, 

Ifngr7−/− mock), 7 (WT WNV), or 3 (Ifngr1−/− ZIKV) mice per group. For g, n = 5 (WT 
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mock, WT ZIKV), 4 (Ifngrl−/− mock), or 3 (Ifngrl−/− ZIKV) mice per group. For b (left to 

right), P= 0.001, P= 0.0111, and P = 0.0214. For c, P= 0.0032. Scale bars, 200μm. d,h, 

Quantitation of TUNEL+ cells in multiple regions of the hippocampus at 25 d.p.i. following 

ZIKV and WNV infection of WT and Ifngrl−/− mice. Note that levels of apoptosis were 

much lower in WNV-infected animals post recovery. Data were pooled from two 

independent experiments (n = 4 mice per group). For d (left to right), P = 0.0009, P = 
0.0001, and P = 0.0001. For h (left to right), P = 0.0138, P = 0.0002, and P = 0.0068. i,j, 
ZIKV infection leads to significant increases in TUNEL+NeuN+ cells, which is not observed 

in Ifngrl−/− or Cd8−/− mice post recovery. Data were pooled from two independent 

experiments. For i, n = 5 mice per group; P = 0.0049 and P = 0.0134 (left to right). For j, n = 

4 mice per group; P = 0.0014 and P = 0.0081 (left to right). k, Quantitation of TUNEL
+NeuN+ cells at 25 d.p.i. with WNV. Data were pooled from two independent experiments 

(n = 5 (WT mock, Ifngrl−/− mock), 7 (WT WNV), or 3 (Ifngrl−/− WNV) mice per group). l, 

Quantitation of TUNEL+NeuN+ in ZIKV-infected WT versus Ifngrl−/− mice at 52d.p.i. Data 

were pooled from two independent experiments (n = 4 mice per group; P< 0.0001). Scale 

bars, 20 μm. For b-d, f-l, data represent the mean±s.d. and were analyzed by two-way 

ANOVA, and corrected for multiple comparisons (b-h). *P<0.05, **P<0.005, ***P<0.001
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Fig. 6 |. iFNGR is required for repair of presynaptic and postsynaptic termini in flavivirus-
infected animals post recovery.
a-c, WNV infection induces astrocyte IL-1β production, which leads to delayed recovery of 

synapses in the hippocampus at 25 d.p.i. in WT mice, but Ifngrl−/− and Cd8−/− animals 

display early recovery of presynaptic termini. a, Representative immunostaining (left) and 

quantitation (right) of the hippocampus. Data were pooled from three independent 

experiments (n = 9 (WT mock), 6 (WT WNV, Ifngrl−/− mock), or 4 (Ifngrl−/− WNV) mice 

per group; P<0.0001 (left) and P= 0.0040 (right)). Scale bar, 50 μm. b,c, Representative 

immunostaining (left) and quantitation (right) of the hippocampus at 25d.p.i. Data were 

pooled from three independent experiments. For b, n = 9 (WT mock), 6 (WT WNV, Ifngrl−/− 

mock), or 4 (Ifngrl−/− WNV) mice per group; P = 0.0311 (left) and P = 0.0169 (right). For c, 

n = 5 (WT mock), 3 (WT WNV), or 4 (Ifngrl−/− Mock, Ifngrl−/− WNV) mice per group; P = 

0.0048 (left) and P = 0.0157 (right). Scale bars, 50 μm. d,e, ZIKV infection leads to chronic 

loss of Homer1+ postsynaptic terminals at 25 and 52 d.p.i. in WT mice, but Ifngrl−/− animals 

display recovery. d, Representative immunostaining (left) and quantitation (right) of the 

hippocampus at 25d.p.i. Data were pooled from two independent experiments (n = 4 mice 

per group; P= 0.0011 (left) and P = 0.0311 (right)). Scale bar, 10μm. e, Representative 

immunostaining (left) and quantitation (right) of the hippocampus at 52 d.p.i. Data were 

pooled from two independent experiments (n = 6 (WT mock), 4 (WT WNV, Ifngrl−/− 

WNV), or 7 (Ifngrl−/− Mock) mice per group). Scale bar, 10 μm. For all panels, data 

represent the mean±s.d. and were analyzed by two-way ANOVA, and corrected for multiple 

comparisons. *P<0.05, **P<0.005, ****P<0.0001.
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Fig. 7 |. IFN-γ potentiates microglial engulfment of postsynaptic termini and neurons in ZiKV-
infected animals post recovery.
a,b, WNV or ZIKV infection induces increased expression of IBA1 in the hippocampus at 

25d.p.i., which is significantly reduced in Ifngrl−/− mice. Representative immunostaining 

(left) and quantitation (right) of the hippocampus at 25d.p.i. Data were pooled from two 

independent experiments. For a, n = 4 mice per group; P=0.0001 (left) and P = 0.0102 

(right). For b, n = 4 (WT mock, WT WNV, Ifngrl−/− WNV) or 6 (Ifngrl−/− mock) mice per 

group; P< 0.0001 (left) and P = 0.0010 (right). Scale bars, 50 μm. c,e, IBA1+ microglia 

engulf postsynaptic termini at 25d.p.i., which is significantly reduced in Ifngrl−/− mice. 

Representative immunostaining, with single-channel images on the right (c) and quantitation 

(e) of the hippocampus of infected mice post recovery. Data were pooled from two 

independent experiments (n = 3 (WT Mock, Ifngrl−/− Mock), 5 (WT ZIKV), or 4 (Ifngrl−/− 

ZIKV) mice per group; P= 0.0011 (left) and P = 0.0209 (right)). Scale bars, 10 μm. d,f, 
IBA1+ microglia engulf NeuN+ perikarya at 25d.p.i., which is reduced in Ifngrl−/− mice. 

Representative immunostaining, with single-channel images on the right (d) and quantitation 

(f) of the hippocampus of infected mice post recovery. Data were pooled from two 

independent experiments (n = 4 (WT Mock, Ifngrl−/− ZIKV), 5 (n = WT ZIKV), or 3 (Ifngrl
−/− Mock) mice per group; P = 0.0190). Scale bars, 10μm. For a, b, e, and f, data represent 

the mean±s.d. and were analyzed by two-way ANOVA, corrected for multiple comparisons. 

*P<0.05, ***P< 0.001, ****P< 0.0001.
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Fig. 8 |. Loss of IFN-γ signaling in microglia during recovery protects animals against spatial-
learning deficits.
a-g, Specific deletion of IFNGR in microglia after viral clearance is sufficient to protect 

animals against WNV-or ZIKV-induced spatial-learning deficits. a, Experimental design. 

Cx3cr1CreERIfngrfl/fl (Cre+) animals were generated, and Cx3cr1CreERIfngrfl/fl (Cre−) 

littermates were used as controls. Mice were challenged intracranially with mock, WNV, or 

ZIKV at 8 weeks of age. All mice were treated with tamoxifen at 19 and 21 d.p.i. to induce 

Cre-recombinase expression and achieve deletion of Ifngr in CX3CR1+ microglia. 

Behavioral testing began on 45 d.p.i. with OFTs, followed by 5 consecutive days of Barnes 

maze testing. b,c, Average errors on the Barnes maze. Data were pooled from four 

independent experiments, and sample sizes are as listed. For b, P= 0.0011 (Cre− mock and 
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ZIKV) and P = 0.0073 (Cre+ mock and ZIKV). For c, P = 0.003 (Cre− mock and ZIKV) and 

P= 0.0207 (Cre+ mock and ZIKV). d-g, OFT data to assess locomotor activity (lines 

crossed; d,e) and anxiety (center crosses; e,g) in 5 min when exploring an open-field arena. 

Data were pooled from four independent experiments (for sample sizes, see the 

corresponding colors in b and c); P = 0.0146 (d). h,i, Specific deletion of Ifngr in microglia 

after viral clearance is sufficient to protect animals against WNV-or ZIKV-mediated synapse 

and neuronal loss, respectively. Cre+ and Cre− littermates were infected with mock, WNV, or 

ZIKV and treated with tamoxifen as described above, but tissue was collected at 25 d.p.i. for 

IHC analysis of synaptophysin or NeuN and TUNEL positivity. Data were pooled from two 

independent experiments. For h, n = 7 (Cre− Mock), 4 (Cre− WNV, Cre+ WNV), or 5 (mock 

Cre+) mice per group. For i, n = 4 (Cre− mock, Cre− ZIKV, Cre+ mock) or 5 (Cre+ ZIKV) 

mice per group. Scale bars, 20 μm. Data represent the mean±s.e.m. (b and c) or mean±s.d. 

(d-i) and were analyzed by two-way ANOVA, and corrected for multiple comparisons (a-i). 
*P<0.05, **P< 0.005, ***P< 0.001, ****P< 0.0001.
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