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 5 

SUMMARY: Cognitive dysfunction is often reported in patients with post-COVID, but its 6 

underlying mechanisms are not completely understood. Evidence suggests that SARS-CoV-2 7 

Spike protein or its fragments are released from the cells during infection, reaching different 8 

tissues, including the CNS, irrespective of the presence of the viral RNA.  Here, we demonstrate 9 

that brain infusion of Spike protein in mice has a late impact on cognitive function, recapitulating 10 

post-COVID syndrome. We also show that neuroinflammation and hippocampal microgliosis 11 

mediates Spike-induced memory dysfunction via complement-dependent engulfment of synapses. 12 

Genetic or pharmacological blockage of TLR4 signaling protects animals against synapse 13 

elimination and memory dysfunction induced by Spike brain infusion. Accordingly, in a cohort of 14 

86 patients recovered from mild COVID-19, the genotype GG TLR4 -2604G>A (rs10759931) is 15 

associated with poor cognitive outcome. These results identify TLR4 as a key target to investigate 16 

the long-term cognitive dysfunction after COVID infection both in humans and rodents. 17 

 18 

KEYWORDS: Cognitive dysfunction, SARS-CoV-2 Spike protein, Neuroinflammation, 19 

microgliosis, Synapse loss, synaptic pruning, TLR4, genetic variant. 20 
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INTRODUCTION 1 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is considered a 2 

respiratory pathogen, but the impact of the infection on extrapulmonary tissues is of high concern 3 

1. Coronavirus disease 2019 (COVID-19) is associated with unpredictable and variable outcomes, 4 

and while most patients show a positive recovery after the acute stages 2, others experience a 5 

myriad of acute 2 and long-term dysfunctions 3,4. Cognitive impairment is a well-characterized 6 

feature of the post-COVID syndrome, even in patients with mild symptoms, referred to as "long 7 

COVID or post-COVID" 5–8. Mounting evidence suggests that COVID-induced neurological 8 

symptoms are mediated by multiple events, including direct brain viral infection, brain hypoxia 9 

and/or systemic inflammation 9–13, but the central mechanism is still unclear. 10 

SARS-CoV-2 Spike protein plays a pivotal role in COVID-19 pathogenesis and is the main 11 

target for vaccine development. Spike protein forms a homotrimer in the virus surface that is 12 

cleaved into two fragments, S1 and S2, after virus binding to its cellular receptor, the angiotensin-13 

converting enzyme 2 (ACE2) 14. The S1 fragment contains the binding to ACE2, while the S2 14 

fragment mediates cellular entry through the fusion between the viral and cellular membranes. 15 

There are evidence suggesting that during SARS-CoV-2 infection, Spike protein or its S1 fragment 16 

are released from the cells, reaching different tissues, including the CNS, irrespective of the 17 

presence of the viral RNA 15,16. Additionally, it has been demonstrated that cells expressing the 18 

Spike protein release extracellular vesicles containing the full‐length protein 17, which would be 19 

another means of its circulation in the body. Free S1 was shown to cross the blood-brain-barrier 20 

(BBB), reaching different memory-related regions of the brain, suggesting that the protein itself, 21 

independently of the viral particles, would affect brain functions 18. Notably, Swank and colleagues 22 

(2022) detected high levels of circulating Spike protein several months after SARS-CoV-2 23 

infection in patients diagnosed with post-COVID, but not in the individuals that did not present 24 

long term sequelae 19. Nevertheless, whether the presence of the Spike protein in the brain is a 25 

crucial event for the development of cognitive impairment in patients with post-COVID, as well 26 

as its underlying mechanisms remain poorly known.  27 

TLRs are activated by different pathogen-associated molecular patterns (PAMPs) and are 28 

crucial for evoking the innate immune responses to infection, stress or injury 20. Studies have 29 

predicted that SARS-CoV-2 Spike protein binds to TLR4 with higher affinity than it binds to 30 

ACE2 21,22, and its aberrant signaling is involved in the hyperinflammatory response of patients 31 
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with COVID-19 23. In vitro studies also demonstrated that SARS-CoV-2 Spike protein activates 1 

TLR4 in cultured phagocytic cells, stimulating production of proinflammatory mediators 24–26. 2 

Although TLR4 has already been implicated in microglial activation and cognitive dysfunction of 3 

Alzheimer’s disease 27, the impact of TLR4 signaling in COVID-related neurological dysfunction 4 

is still unknown. 5 

Most experimental studies investigating the effects of SARS-CoV-2 Spike protein on the 6 

brain have focused on acute infection 24,25,28–31. Also, few studies have used experimental models 7 

to evaluate the possible mechanism of post-COVID syndrome 32,33. Here, we developed a mouse 8 

model of intracerebroventricular (i.c.v.) infusion of Spike to understand the role of this protein in 9 

late cognitive impairment after viral infection. We infused Spike protein in the mice brains and 10 

demonstrated late cognitive impairment, synapse loss, and microglial engulfment of presynaptic 11 

terminals. Early TLR4 blockage prevented Spike-associated detrimental effects on synapse and 12 

memory. We also demonstrated that the TLR4 single nucleotide polymorphism (SNP) rs10759931 13 

is associated with long-term cognitive impairment in mild COVID-19-recovered patients. 14 

Collectively, these findings show that Spike protein impacts the mouse CNS, independent of virus 15 

infection, and identify TLR4 as a key mediator and interesting target to investigate the long-term 16 

cognitive dysfunction both in humans and rodents. 17 

 18 

RESULTS  19 

 20 

Brain exposure to SARS-CoV-2 Spike protein induces late cognitive impairment and synapse 21 

loss in mice 22 

COVID-19 is associated with late cognitive dysfunction 5. To evaluate whether brain 23 

exposure to SARS-CoV-2 Spike protein affects the cognitive function, independently of systemic 24 

inflammation, we infused the recombinant protein directly into mice brain (i.c.v. infusion) and 25 

followed behavioral changes in two different timeframes: “early and “late” phases, corresponding 26 

to assessments performed within the first 7 days and from 30 to 60 days after Spike protein 27 

infusion, respectively (Fig. 1A). The choice of these time points was based on the observations 28 

that the acute phase of COVID-19 34 comprises a few days or weeks and late sequelae initiates 29 

between 3-4 weeks from the onset of acute disease 35. In addition, these time points were similar 30 

to those used in our previous studies evaluating long-term cognitive dysfunctions observed in 31 
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sepsis or Zika virus infection 36. We assessed mice memory function using the novel object 1 

recognition (NOR) test. While the vehicle-infused mice (Veh) were able to perform the NOR task, 2 

as demonstrated by a longer exploration of the novel object over the familiar one (Figs. 1B-E, 3 

white bars), mice infused with Spike failed to recognize the novel object when evaluated between 4 

30 and 45 days after injection (Fig. 1C, D, black bar). Remarkably, memory dysfunction is a late 5 

outcome of brain exposure to Spike protein as at the early time point (7 days after infusion), the 6 

animals were still able to perform the NOR task (Fig. 1B, gray bar). Of note, performance of i.c.v. 7 

Spike protein-infused mice in NOR test returned to normal at 60 days after infusion (Fig. 1E), 8 

showing that memory impairment is reversible. An i.c.v. administration of a 10-fold lower protein 9 

amount (0.65 μg) had no impact on memory function both in the early and later phase of the model 10 

(Supplementary Figs. 1A, B). Although the main access route of the virus or its products to theCNS 11 

is still under debate 13,37–41, they may reach the brain from the periphery. Thus, to mimic this 12 

possible route by which the protein reaches the CNS, we assessed mice memory function after 13 

Spike protein subcutaneous (s.c.) infusion. The results were similar to those obtained with the i.c.v. 14 

injected mice, with cognitive dysfunction occurring only at later time points following protein 15 

infusion (Supplementary Figs. 1C, D).  16 

Late cognitive dysfunction induced by Spike protein infusion was confirmed by the Morris 17 

Water Maze (MWM) test, a task widely used to assess spatial memory in rodents 42. Mice infused 18 

with Spike protein showed higher latency time to find the submerged platform in sessions 3 and 4 19 

of MWM training, when compared to control mice (Fig. 1F). Also, Spike protein-infused mice 20 

showed reduced memory retention, as indicated by the decreased time spent by these animals in 21 

the target quadrant during the probe trial (Fig. 1G). To rule out the possibility that changes in 22 

motivation or motor function eventually induced by Spike protein infusion were influencing NOR 23 

or MWM interpretation, mice were also submitted to the open field and rotarod tests. Both Spike 24 

protein- and Veh-infused groups showed similar innate preferences for the objects in the NOR 25 

memory test (Supplementary Fig. 1E, F, I, J and Supplementary Fig. 2A-D), similar motivation 26 

towards object exploration in the NOR sessions (Supplementary Fig. 1G, H, K, L and 27 

Supplementary Fig. 2E-H), performed similarly in the open field tests (Fig. 1H, I and 28 

Supplementary Fig. 1M-R) and rotarod (Supplementary Fig. 2I). No difference in the swimming 29 

speed (Supplementary Fig. 2J) or distance traveled (Supplementary Fig. 2K) were found between 30 

groups in the test session of the MWM task. We also found that Spike infusion had no impact on 31 
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body weight or food intake of mice (Supplementary Fig. 1S, T; Supplementary Fig. 2L, M), 1 

suggesting that Spike-induced neuroinflammatory modulation is specific to cognitive functions 2 

rather than to a broader sickness response. 3 

Synapse loss is strongly correlated to the cognitive decline observed in neurodegenerative 4 

diseases 43,44. Thus, we next investigated whether Spike protein induces synapse damage in the 5 

mouse hippocampus, a brain region critical for memory consolidation. Spike protein-infused mice 6 

did not show changes in synaptic density at the early stages, as demonstrated by the similar 7 

immunostaining for synaptophysin (SYP) and Homer-1 (pre- and postsynaptic markers, 8 

respectively) compared with the control group (Fig. 1J-N). Equivalent results were also found for 9 

the colocalization of these synaptic markers, which indicates no changes in synaptic density (Fig. 10 

1J, K, N). In contrast, decreased SYP immunostaining (Fig. 1O, P, R) and synaptic puncta (Fig. 1 11 

O, P, S) were observed on the late stage after protein infusion, indicating that Spike-induced 12 

hippocampal synapse damage displays temporal correlation with mice behavioral phenotype (Figs. 13 

1C, D, F, G). Using Fluoro-Jade Staining, we found that both Veh- and Spike-infused mouse 14 

hippocampal sections had no signal of degenerating neurons both at early and late phases of the 15 

model (Supplementary Fig. 3), suggesting that synaptic loss occurs independently of neuronal 16 

death. Collectively, these data suggest that a single brain infusion of Spike protein induces late 17 

synaptic loss and cognitive dysfunction, mimicking the post-COVID syndrome 5. 18 

 19 

SARS-CoV-2 Spike protein triggers late neuroinflammation in mice 20 

Neurodegeneration associated with viral brain infections can be mediated either by direct 21 

neuronal injury or by neuroinflammation 45. To advance in the understanding of the genuine impact 22 

of Spike protein on neurons, cultured primary cortical neurons were incubated with the protein for 23 

24 h. Neuron exposure to Spike protein did not affect neuron morphology (Supplementary Fig. 24 

4A-E), once the percent of pyknotic nuclei (Supplementary Fig. 4C), number of primary neurites 25 

(Supplementary Fig. 4D) and intensity of β3-tubulin immunostaining (Supplementary Fig. 4E) 26 

were similar for vehicle- and Spike protein-incubated neurons. Also, Spike protein incubation had 27 

no effect on the neuronal synaptic density and puncta (Supplementary Fig. 4F-J), suggesting that 28 

neurons are not directly affected by Spike protein. 29 

Microglia is the primary innate immune cell of the brain and plays a critical role in 30 

neuroinflammation-induced cognitive dysfunction 46. To further understand the impact of Spike 31 
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protein on microglial activation, mouse microglia BV-2 cells were incubated with Spike protein 1 

for 24h. We found that Spike protein stimulation increased Iba-1 immunoreactivity 2 

(Supplementary Fig. 4K-M) and upregulated TNF, IFN-β and IL-6 expression (Supplementary 3 

Fig. 2N-P), without affecting IL-1β and IFNAR2 (Supplementary Fig. 4Q-R). To evaluate the time 4 

course of the microglia activation in vivo, we analyzed cellular features and cytokine production 5 

in our mouse model. We found that at the early stage, i.c.v. injection of Spike protein neither 6 

changed the number and morphology of microglia (Fig. 2A-D) nor increased the expression of 7 

TNF, IL-1β, IL-6, INF-β and IFNAR1 genes in hippocampal tissue (Fig. 2E-I). In contrast, the 8 

levels of IFNAR2 mRNA decreased significantly at the same time point after Spike protein 9 

infusion (Fig. 2J).  10 

We next investigated whether gliosis was induced by Spike protein. Mouse hippocampal 11 

sections obtained at the early and late stage after Spike infusion were immunolabeled for GFAP 12 

(astrocyte marker), ionized calcium binding adaptor molecule 1 (Iba-1, a macrophage/microglia 13 

marker) and transmembrane protein 119 (TMEM119, a microglia marker). No differences in 14 

GFAP immunoreactivity (Supplementary Fig. 5A-C, F-H) or morphology (Supplementary Fig. 15 

5D-E, I-J) were detected in Spike-infused mice when compared to the control group. In contrast, 16 

assessments performed at the late time point revealed an increased number of Iba-1-positive cells 17 

(Fig. 2K-M) and a predominance of cells with ameboid morphology in the hippocampus (Fig. 2K, 18 

L, N). Further indicating that late but not early (Supplementary Fig. 5K-M) microgliosis was 19 

induced by Spike protein, we found significantly higher TMEM119 immunoreactivity in the DG 20 

hippocampal subregion of Spike-infused mice (Supplementary Fig. 5N-P). Notably, the mRNA 21 

levels of the inflammatory mediators TNF, IL-1β, IFNα and IFNβ (Fig. 2O-Q) as well as the IFN 22 

receptor IFNAR2 (Fig. 2R) were higher in the hippocampus of Spike-infused mice at this late time 23 

point. The protein levels of TNF and IL-1β (Fig. 2S, T) were also increased in the hippocampal 24 

tissue at the late stage of the model, corroborating the mRNA analysis. Hippocampal expression 25 

of IL-6 and IFN-ɣ cytokines and the receptor IFNAR1 were unaffected by Spike protein infusion 26 

(Supplementary Fig. 5Q-S). We also found increased serum levels of TNF only in the late stage 27 

of the model, which returned to the control levels at 60 days post-infusion (Supplementary Fig.5T-28 

V), correlating with the cognitive dysfunction (Fig. 1B-E). Altogether, our results indicate that the 29 

cognitive impairment induced by Spike protein is accompanied by microglial activation and 30 

neuroinflammation. 31 
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SARS-CoV-2 Spike protein induces C1q-mediated synaptic phagocytosis by microglia in 1 

mice 2 

Synaptic phagocytosis (or synaptic pruning) by microglia was shown to underlie cognitive 3 

dysfunction in dementia and in viral encephalitis 36,43,47. We therefore evaluated whether synaptic 4 

phagocytosis by microglia mediates Spike protein-induced synapse damage. Hippocampal three-5 

dimensional image reconstructions of Iba-1-positive cells from Spike protein-infused mice showed 6 

increased SYP-positive terminals inside phagocytic cells (Fig. 3A-D). The complement 7 

component 1q (C1q) is known to be involved in the initial tagging of synapses, preceding synaptic 8 

engulfment by microglial cells 48. Accordingly, we found that C1q was significantly upregulated 9 

in the hippocampus of mice late (but not early) after Spike protein infusion (Fig. 3E, F). This 10 

finding led us to investigate whether the blockage of soluble C1q could restore cognitive function 11 

in Spike protein-infused mice. For this, the animals were treated by i.c.v. route with a neutralizing 12 

anti-C1q antibody immediately after Spike protein infusion and twice a week for 30 days, and the 13 

animals were evaluated in the NOR and MWM tasks (Fig. 3G). Remarkably, C1q blockage rescued 14 

object recognition memory impairment in Spike protein-infused mice (Fig. 3H) without any effect 15 

on locomotion (Fig. 3I) or exploration (Supplementary Fig. 6A, B). Similarly, neutralizing C1q 16 

antibody treatment also prevented spatial memory dysfunction induced by Spike protein infusion 17 

(Supplementary Fig. 6C, D), with no changes in the swimming speed (Supplementary Fig. 6E) or 18 

distance traveled (Supplementary Fig. 6F) between groups during the MWM test session. We 19 

found that the C1q blockage also prevented the late decrease in hippocampal synaptic puncta (Fig. 20 

3J-N) and reduced microglial synaptic engulfment (Fig. 3O-R) in mice infused with the Spike 21 

protein. Together, these data suggest that C1q-mediated microglial phagocytosis underlie long-22 

term cognitive dysfunction induced by Spike protein, as seen for other viral encephalitis.  23 

 24 

TLR-4 mediates cognitive dysfunction induced by SARS-CoV-2 spike protein 25 

Studies have described that Spike protein induces toll-like receptor 4 (TLR4) activation in 26 

cultured immune cells 24–26,29. Additionally, TLR4 has been implicated in microglial activation and 27 

cognitive dysfunction in degenerative chronic disease of CNS such as Alzheimer’s disease 49. In 28 

agreement with these observations, despite no changes found in TLR4 expression levels at the 29 

early time point after Spike protein infusion (Fig. 4A), we found a late upregulation of TLR4 gene 30 

(Fig. 4B) in the hippocampus of Spike protein-infused mice that matches the late cognitive 31 
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dysfunction (shown in Figs. 1C-D, F-G). To evaluate the role of TLR4 in Spike-induced cognitive 1 

impairment, we used either a pharmacological approach or a TLR4 knockout mouse model (TLR4-2 

/-). First, to investigate whether activation of TLR4 is an early event that could impact cognition 3 

later on, mice were treated with the TLR4 inhibitor TAK242 1h before Spike protein brain infusion 4 

and once a day for 7 days (Fig. 4C). Remarkably, early inhibition of TLR4 greatly prevented late 5 

memory dysfunction induced by Spike protein (Fig. 4D). Some evidence has shown that high 6 

plasmatic levels of neurofilament light chain (NFL) are correlated with poor outcome in patients 7 

with COVID-19 50–54. Thus, we evaluated the NFL levels in plasma samples of control and Spike 8 

protein-infused mice, treated or not with TAK242. Like patients with COVID-19, Spike-infused 9 

animals presented high serum levels of NFL when compared with Veh-infused mice, which was 10 

prevented by TAK242 treatment (Fig. 4E). The experiments using the knockout mice confirmed 11 

those using the pharmacological approach. In the early phase after Spike protein infusion, both 12 

WT and TLR4-/- mice learned the NOR task (Supplementary Fig. 6G). On the other hand, at a late 13 

time point after protein infusion, WT mice had a poor performance in NOR test, while TLR4-/- 14 

animals were able to execute the task (Fig. 4F). Also, the absence of TLR4-mediated response in 15 

the TLR4-/- mice prevented the reduction of SYP-positive terminals inside phagocytic cells later 16 

after Spike protein infusion in comparison to WT mice (Fig. 4G-K). Consistent with the previous 17 

results, control experiments showed that genetic (Supplementary Fig. 6G-M) or pharmacological 18 

(Supplementary Fig. 6N-P) inhibition of TLR4 had no effect on locomotion or exploratory 19 

behavior. Finally, we also found reduced the number and an altered morphology of the microglia 20 

cells (Fig. 4L-O), as well as less microglia-engulfed synapses in the hippocampus of TLR4-/- mice 21 

later after Spike protein brain infusion (Fig. 4P-S). Together, these data suggest that TLR4 22 

activation mediates cognitive deficit and synaptic pruning induced by Spike protein in mice. 23 

Importantly, the early treatment with TLR4 inhibitor prevented the late neuronal damage, 24 

indicating that the TLR4 pathway is central to induce neurodegeneration and long-term cognitive 25 

impairment in the present model. 26 

 27 

Single nucleotide polymorphism within TLR4 gene is associated with increased risk of 28 

cognitive dysfunction after COVID-19 29 

Several lines of evidence have suggested that polymorphisms in TLR4 gene is a risk factor 30 

for developing inflammatory diseases, including sporadic Alzheimer's disease 49,55–57. Thus, we 31 
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sought to extend our findings by investigating whether there is an association between TLR4 gene 1 

variants and cognitive outcomes in patients with COVID-19. For this, 86 individuals with 2 

confirmed COVID-19 diagnosis, mostly with mild disease, were included in the study sample (Fig. 3 

4T). Characteristics of the sample are displayed in Supplementary Table 1. Cognition was assessed 4 

using the Symbol Digit Modalities Test (SDMT) from 1 to 15 months after the onset of COVID-5 

19 acute symptoms (with cognitive deficit mean: 5.88 months; and without cognitive deficit mean: 6 

5.9 months). Of interest, nearly half of the patients evaluated (40; 46.51%) presented an important 7 

degree of post-COVID-19 cognitive impairment (Table 1). Genotyping analysis for two different 8 

SNPs (rs10759931 and rs2737190) was performed in all studied subjects. We found that genotypic 9 

distributions were in Hardy-Weinberg equilibrium and had no Linkage disequilibrium (LD) 10 

between the two TLR4 SNPs (D’ values >0.9). Individuals carrying the TLR4-2604G>A 11 

(rs10759931) GG homozygous genotype demonstrated a significantly higher risk for developing 12 

cognitive impairment following SARS-CoV-2 infection (p-value = 0.0234; OR= 1.91), while the 13 

GA genotype was associated with a decreased risk (p-value = 0.0209; OR= 0.50) (Fig. 4U and 14 

Table 1). Test time was included as a covariate in the logistic regression analyses (p-adjusted = 15 

0.0129*) (Table 1). Conversely, none of the TLR4-2272A>G (rs2737190) genotype variations 16 

were associated with increased susceptibility to post-COVID-19 cognitive impairments (Fig.4V 17 

and Table 1). Considering our clinical findings demonstrating that SNP (rs10759931) is associated 18 

with poor cognitive function after COVID-19, we have performed functional analysis aimed to 19 

strengthen the link between this genetic variant and the levels of TLR4 mRNA after Spike stimuli. 20 

Spike stimulation of cultured GG genotype cells resulted in increased levels of mRNA TLR4 when 21 

compared with GA genotype cells (*p = <0.0001) (Figure 4X). Our findings suggest that 22 

polymorphisms in TLR4 gene are associated with altered Spike-induced host immune responses, 23 

increasing the risk to develop long-term cognitive deficit in genetically susceptible individuals. 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 
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DISCUSSION  1 

Post-COVID syndrome comprises a myriad of symptoms that emerge after the acute phase 2 

of infection, which include psychiatric symptoms, and dementia-like cognitive dysfunction 5,58–60. 3 

Clinical studies have largely mapped the spectrum of neurological symptoms in patients with post-4 

COVID, but do not provide significant advance in describing the molecular mechanisms that 5 

trigger this condition or targets for preventive/therapeutic interventions. On the other hand, studies 6 

involving COVID-19 preclinical models have focused mostly on the acute impacts of viral 7 

infection. Therefore, it is mandatory to develop novel tools to dissect the mechanisms underlying 8 

the neurological deficits in post-COVID, especially the direct effect of the virus and/or viral 9 

products on the brain. 10 

Here we speculated that Spike protein plays a central role in neurological dysfunctions 11 

associated with post-COVID-19, independently of SARS-CoV-2 replication in the brain. Notably, 12 

our hypothesis is supported by recent findings showing that Spike protein persists in the plasma of 13 

patients with long COVID for up to 12 months post-diagnosis 19, increasing the probability that it 14 

reaches the brain. Previous studies demonstrated that the hippocampus is particularly vulnerable 15 

to viral infections 36,47,61. Accordingly, brain scans of patients recovered from COVID-19 showed 16 

significant changes in hippocampal volume 62,63, and hypometabolism 64, both factors being 17 

important predictors of cognitive dysfunction in normal aging and Alzheimer's disease 65–67. Using 18 

two hippocampal-dependent behavioral paradigms, we found that brain exposure to Spike protein 19 

induces reversible late-onset neuroinflammation and memory dysfunction. Thus, our model 20 

recapitulates not only the long-term cognitive impairment, but also the recovery of memory 21 

function seen in long COVID syndrome, expanding the previous studies, which were focused on 22 

the short-term effects of S1 exposure 24,68,69. In contrast to our findings, in these studies acute 23 

neuroinflammation and cognitive impairment were observed, which could be explained by the fact 24 

that the protein was infusion directly into the hippocampal tissue 69, or by the use of aged mice 68. 25 

We also cannot rule out that the trimeric ectodomain, used in our model, may induce later effects 26 

than those resulting from a direct exposure to the S1 fragment. 27 

Synapse damage is a common denominator in a number of memory-related diseases 70,71, 28 

often preceding neurodegeneration. It has been shown that neuroinvasive viruses, such as West 29 

Nile virus (WNV), Borna disease virus (BDV) and Zika virus (ZIKV), are also associated with 30 

synapse impairment 36,47,72. Likewise, we found that the late cognitive dysfunction induced by 31 
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Spike protein was accompanied by prominent synapse loss in mice hippocampus. Recent data have 1 

revealed the upregulation of genes linked to synapse elimination in SARS-CoV-2-infected human 2 

brain organoids and in post-mortem brain samples from patients with COVID-1973,74. In line with 3 

these observations, we found that infusion of Spike protein into the mouse brain induces a late 4 

elevation in plasma levels of NFL, an axonal cytoskeleton protein identified as a component of 5 

pre- and postsynaptic terminals 75. Plasma NFL increase can be employed as a marker of synapse 6 

loss and disease progression in neurodegenerative diseases, including Alzheimer's disease 76. 7 

Remarkably, some data showed that plasma NFL levels are higher in patients with severe COVID-8 

19 compared to healthy age-matched individuals, as well as inversely correlated to the cognitive 9 

performance in patients with COVID-19 77,78, reinforcing the translational potential of our model. 10 

Collectively, these findings suggest that brain exposure to Spike protein induces the synapse loss 11 

and behavioral alterations typical of viral encephalitis, leading to a prolonged neurological 12 

dysfunction that can persist long after recovery from the infectious event. 13 

Microglia are the most abundant immune cell type within the CNS and play a critical role 14 

in most of the neuroinflammatory diseases 79. In viral encephalitis, microglial cells have both 15 

protective and detrimental activities depending on the phase of infection 46. Previous studies 16 

showed that human coronaviruses can reach the CNS and induce neuroinflammation and/or gliosis 17 

both in mature and immature brain tissues 16,61,80. Here we found that microglial cell lineage BV-18 

2 was impacted by Spike protein, corroborating recent data showing an increase in 19 

proinflammatory mediators in S1-stimulated microglia 25. Since cultured primary cortical neurons 20 

were not directly affected by Spike stimulation, our in vitro results indicate that microglia could 21 

be seen as the main cell type affected by exposure to SARS-CoV-2 Spike protein. 22 

It is well known that viral infections are often associated with excessive activation of 23 

inflammatory and immune responses, which may in turn elicit and/or accelerate brain 24 

neurodegeneration81. Here, we found that Spike protein-infused mice presented late microglial 25 

activation, but not astrocyte reactivity, similar to observed in other animal models of viral 26 

encephalitis 36,47. Hippocampal and serum increased levels of proinflammatory mediators were 27 

found only at late time points after Spike infusion, showing a temporal correlation with synaptic 28 

loss and cognitive dysfunctions. Conversely, we found that the downregulation of IFNAR2 gene 29 

occurred shortly after Spike injection, similar to what is observed in neuronal cells of post-mortem 30 

samples from patients with COVID-1974. This finding corroborates recent evidence demonstrating 31 
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that SARS-CoV-2 may evade innate immune through modulation of type-I IFN responses 82. 1 

Altogether, our results show that brain exposure to Spike protein induces an early negative 2 

modulation of the main receptor involved in type-I IFN response followed by a late 3 

proinflammatory process in the hippocampus. 4 

A complement-microglial axis has emerged as one of the key triggers of synapse loss in 5 

memory-related diseases83. The classical complement cascade, a central player of innate immune 6 

pathogen defense, orchestrates synaptic pruning by microglia during physiological and 7 

pathological conditions 43,48,84,85. We have previously reported that hippocampal synapses are 8 

phagocytosed by microglia during ZIKV brain infection, in a process dependent on C1q and C3 9 

36. Moreover, Vasek and colleagues (2016) showed hippocampal synapse loss in post-mortem 10 

samples of patients with WNV neuroinvasive disease, as well as complement-dependent 11 

microglial synapse engulfment in both WNV-infected and -recovered mice 47. Accordingly, we 12 

demonstrated that cognitive impairment induced by Spike protein is associated with hippocampal 13 

C1q upregulation and microglial engulfment of presynaptic terminals. Additionally, chronic C1q 14 

neutralization preserved memory function in Spike-infused mice, supporting the role of C1q-15 

mediated synaptic pruning as an important mediator of post-COVID cognitive impairment. 16 

The pattern recognition receptor TLR4 has been implicated in the neuropathology of viral 17 

encephalitis classically associated with memory impairment, including those caused by WNV, 18 

Japanese encephalitis virus (JEV) and BDV 86–88, as well as age-related neurodegenerative diseases 19 

27,49,89,90. Notably, in silico simulations predicted that the Spike protein could be recognized by the 20 

TLR4 21,22,91, with this interaction activating the inflammatory signaling, independently of ACE2 21 

24–26,29. Accordingly, here we found that a single brain infusion of Spike protein induced 22 

hippocampal TLR4 upregulation. To gain further insight into the role played by TLR4 in COVID-23 

19-induced brain dysfunction, we first performed the pharmacological blockage of TLR4 signal 24 

transduction early after Spike protein brain infusion. This strategy significantly prevented the long-25 

term cognitive impairment observed in our model. Likewise, late cognitive impairment induced 26 

by Spike protein was absent in TLR4-deficient mice, in accordance with previous findings in 27 

animal models of dementia 90,92. Remarkably, we also found that Spike-induced plasma NFL 28 

increase was dependent on TLR4 activation, as early TLR4 inhibition mitigated changes in NFL 29 

levels. Together, our findings strongly suggest that brain dysfunction in post-COVID is associated 30 

with Spike-induced TLR4 signaling in microglial cells.  31 
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The engagement of complement and TLRs in signaling crosstalk has been proposed to 1 

regulate immune and inflammatory responses in neurodegenerative diseases 93. Indeed, it was 2 

shown that TLR4 activation induces the upregulation of complement components in the mouse 3 

hippocampus 27,94,95. Given the role of complement activation in synaptic pruning, we 4 

hypothesized that TLR4 is the molecular switch that regulates microglial synaptic engulfment. 5 

Notably, our hypothesis is in agreement with emerging evidence showing a role for TLR4 in Spike-6 

induced microglial responses 24,25. Olajide et al. found significant inhibition in TNF and IL-6 7 

release in S1 Spike-stimulated BV-2 microglia using the same pharmacological inhibitor used in 8 

our study (TAK-242) or in cells transfected with TLR4 small interfering RNA. Similar results 9 

using TLR4 pharmacological or genetic blockade were found in both murine and human 10 

macrophages 25. S1 also induces proinflammatory gene expression in primary rat microglia and 11 

activates TLR4 signaling in HEK293 transgenic cells 24. In our model, the delayed response to 12 

Spike protein is indeed an intriguing phenomenon, and it is not shared by other TLR4 agonists 13 

95,96. Our animal model provides evidence of the ability of SARS-CoV-2 Spike protein to induce 14 

synapse dysfunction. Using brain organoids, Samudyata and colleagues described that SARS-15 

CoV-2 infection is able to increase microglial engulfment of postsynaptic termini 72h after virus 16 

inoculation 73. Thus, it is plausible to assume that TLR4 activation can induce either acute or 17 

delayed synaptic dysfunction depending on the agonist/proinflammatory insult. In light of this, we 18 

speculate that this possible uncommon ability of SARS-CoV-2 Spike protein to induce delayed 19 

synapse loss could account for the occurrence of the intriguing delayed-onset post-COVID 20 

cognitive impairment. 21 

Finally, and relevantly, we validated our preclinical findings by examining whether TLR4 22 

genetic variants could be associated with poor cognitive outcome in patients with COVID-19 with 23 

mild disease. In a cohort of patients with mild COVID-19 carrying the GG genotype of TLR4 -24 

2604G>A (rs10759931) variant, we identified an increased expression of TLR4 and high risk for 25 

cognitive impairment after SARS-CoV-2 infection, when compared with GA genotype. The G 26 

allele has already been associated with increased risk for different disorders with immunological 27 

basis, including cardiovascular diseases 97, diabetes-associated retinopathy 98, cancer 99, and 28 

asthma 100. On the other hand, the A allele can affect the binding affinity of the TLR4 promoter to 29 

transcription factors, culminating in lower expression of this gene in the allele carriers 101. Taken 30 

together, our findings suggest that the complex crosstalk between TLR4, complement system and 31 
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neuroinflammation are important events that determine the development of neurological 1 

symptoms in patients with post-COVID.  2 

The impact of long COVID syndrome emerges as a major public health concern, due to the 3 

high prevalence of prolonged neurological symptoms among survivors. Therefore, strategies 4 

designed to prevent or treat neurological post-COVID symptoms constitute an unmet clinical need. 5 

Cognitive symptoms are common post‐acute sequelae of SARS‐CoV‐2 infection and, although 6 

some studies have demonstrated a higher prevalence in severe cases 102, asymptomatic individuals 7 

or those with mild or moderate COVID-19 also report persistent cognitive symptoms 103. Among 8 

severe cases, COVID-19 severity score, mechanical ventilation and multiorgan support were 9 

predictive factors for poorer cognitive outcome 102. As our model was not designed to mimic the 10 

respiratory, gastrointestinal, and cardiovascular manifestations that characterize severe acute 11 

COVID-19, it may not adequately recapitulate the clinical course of post-COVID-19 syndrome in 12 

this population 102. Nonetheless, longitudinal data indicates that mild SARS‐CoV‐2 infection is 13 

associated with persistent cognitive symptoms 5,7,8,59,104–107 with delayed symptom onset not only 14 

in individuals with pre-existing cognitive risk factors 108, but also in young individuals in the 15 

absence of comorbidities 106. Thus, our model better replicates the cognitive dysfunction associated 16 

with mild rather than severe COVID-19 phenotype. We found that Spike-induced cognitive 17 

impairment triggers innate immunity activation through TLR4, culminating with microgliosis, 18 

neuroinflammation and synaptic pruning. The translational value of our model is supported by the 19 

correlation between increased plasma NFL and behavioral deficits, as well as by the association 20 

between TLR4 genetic status and SARS-CoV-2 cognitive outcomes of patients recovered from 21 

COVID-19. Altogether, our findings indicate key targets for the establishment of interventional 22 

strategies towards prevention and/or treatment of the long-term brain outcomes of COVID-19. 23 

 24 

Limitations of the study 25 

Although we have clearly demonstrated that Spike protein can directly trigger an 26 

inflammatory cascade that culminates with synaptic dysfunction and cognitive impairment in our 27 

model, it is not possible to fully establish the extent of this effect in the context of peripheral or 28 

central SARS-CoV-2 infection. Furthermore, our study assessed the effect of Spike protein from 29 

the original strain, thus future studies comparing cognitive disturbances induced by emerging 30 

variants are warranted. Also, the effect of subsequent exposures to Spike protein in the absence of 31 
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vaccination or during breakthrough infections in vaccinated individuals remains to be determined. 1 

Lastly, although our study holds translational potential, our findings are limited by the number of 2 

patients and SNPs evaluated, and the absence of longitudinal assessments. Thus, in future studies, 3 

it will be important to extend these investigations to a larger group of patients, with varying degrees 4 

of cognitive impairment.  5 

 6 
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Figures titles and legends 9 

 10 

Figure 1 Spike protein causes synapse damage and memory impairment in mice. (A) Mice 11 

received an i.c.v. infusion of 6.5 μg of SARS-CoV-2 Spike protein (Spike), or vehicle (Veh), and 12 

were evaluated at early (up to 7 days), or late time points (from 30-60 days) after infusion using 13 

behavioral and molecular approaches. (B-E) Mice were tested in the NOR test at 6 days (B; 14 

t=2.626 *p = 0.0304 for Veh, and t=3.218 *p = 0.0105 for Spike), 30 days (C; t=5.099 *p =0.0014 15 

for Veh, and t=1.645 p = 0.1386 for Spike), 45 days (D; t=5.122 *p = 0.0014 for Veh, and t=1.189 16 

p = 0.2685 for Spike), or 60 days (E; t=2.913 *p = 0.0195 for Veh, and t=2.560 *p = 0.0336 for 17 

Spike). One-sample Student’s t-test compared to the chance level of 50% (N = 8-10 mice per 18 

group). (F,G) Escape latencies across 4 consecutive training trials (F) and time spent in the target 19 

quadrant during the probe trial (G) of the MWM test performed 45 days after Spike infusion (F; 20 

F(3, 45) = 2.857, *p = 0.0475, repeated measures ANOVA followed by Tukey's test, and G; t = 21 

2.211, *p = 0.0442, Student’s t-test; N = 7-9 mice per group). (H)Time spent at the center of the 22 

open field arena at early or late stages of the model (Early, t = 1.728, p = 0.1021; Late, t = 0.5363, 23 

p = 0.5348). Student’s t-test ; N = 8-10 mice per group. (I) Total distance traveled in the open field 24 

arena at early or late stages of the model (Early, t = 0.9614, p = 0.3498; Late, t = 1.343, p = 0.1993; 25 

Student’s t-test; N = 8-10 mice per group). Representative images of the DG hippocampal region 26 

of Veh- (J,O) or Spike-infused mice (K, P) in the early (J, K) and late (O, P) stages of the model, 27 

immunolabeled for Homer-1 (red) and synaptophysin (SYP; green). (L-N, Q-S) Number of puncta 28 

for Homer-1 (L, Q), SYP (M, R) and colocalized Homer-1/SYP puncta (N, S) in the early (L-N) 29 

and late (Q-S) stages of the model. (L; t = 1.202 p = 0.2524, M; t = 0.6648 p = 0.5188, N; t = 30 

0.04952 p = 0.9613, Q; t = 0.7491 p = 0.4711, R; t = 3.400 *p = 0.0273,  S; t = 4.204 *p = 0.0137, 31 
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Student’s t-test; N = 6-7 mice per group). Scale bar = 20 μm. Symbols represent individual mice. 1 

Bars or points represent means ± SEM. IHC: immunohistochemistry; MWM: Morris water maze; 2 

NOR: Novel object recognition. 3 

  4 

Figure 2 Spike protein induces cytokine upregulation and triggers delayed brain 5 

inflammation and microgliosis in mice. (A-T) Mice received an i.c.v. infusion of 6.5 μg of Spike 6 

or vehicle (Veh), and were evaluated at early (A-J, 3 days) or late (K-T, 45 days) time points. 7 

Representative images of Iba-1 immunostaining in the DG hippocampal region of Veh- (A, K) or 8 

Spike-infused mice (B, L) in the early (A, B) and late (K, L) stages of the model. Scale bar = 25 9 

μm, inset scale bar = 10 μm. (C, M) Iba-1 positive cells in the hippocampi of Veh- or Spike-10 

infused mice in the early (C; t = 1.726, p = 0.1350) and late (M; t = 4.086, *p = 0.0035) stages of 11 

the model. Student’s t-test (N = 4-5 mice per group). (D, N) Quantifications of the proportion of 12 

each morphological type of Iba-1-positive cells in Veh- or Spike-infused mice evaluated in the in 13 

the early (D) and late (N) stages of the model (D; t = 1.383, p= 0.2160 for Type I; t = 0.4712, p = 14 

0.6541 for Type II; t =0.8927, p =0.4064 for Type IV; t = 0.8565, p =0.4246 for Type V; N; t = 15 

6.388, *p= 0.0002 for Type I; t = 4.458, *p = 0.0021 for Type II; t =5.513, *p =0.0006 for Type 16 

IV; t = 8.384, *p < 0.0001 for Type V). Student’s t-test, N = 4-5 mice per group. Type I and type 17 

II cells = smaller soma and less than 5 thin branches, surveillant microglia. Type III, IV and V 18 

cells = more than 4 branches, thicker branches and bigger soma, reactive microglia. (E-J) qPCR 19 

analysis of indicated mRNA isolated from the hippocampus in the Early stage of the model. TNF 20 

mRNA (E; t=0.2060, p= 0.8436), IL-1β mRNA (F; t=0.1601, p= 0.8768), IL-6 mRNA (G; 21 

t=1.555, p= 0.1638),  IFNβ mRNA (H; t=1.091, p= 0.3112),  IFNAR1 mRNA (I; t=0.6806; p= 22 

0.5180) and IFNAR2 (J; t=4.413, *p = 0.0031). Student’s t-test, N = 4-5 mice per group. (O-R) 23 

qPCR analysis of indicated mRNA isolated from the hippocampus in the Late stage of the model. 24 

TNF mRNA (O; t=3.189, *p = 0.0110), IL-1β mRNA (P; t=3.322, *p = 0.0089), IFN-β mRNA 25 

(Q; t=3.713, *p =0.013), and IFNAR2 mRNA (R; t=3.743, *p = 0.0046). (S,T) Elisa analysis of 26 

TNF (S; t=2.885, *p =0.0180), and IL-1β (T; t=3.583, *p =0.0116)  protein levels. Student’s t-27 

test, N = 4-6 mice per group. Symbols represent individual mice, and bars represent means ± SEM. 28 
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Figure 3 C1q neutralization prevents Spike-induced memory impairment in mice. Mice 1 

received an i.c.v. infusion of 6.5 μg of SARS-CoV-2 Spike protein (Spike) or vehicle (Veh), and 2 

were evaluated at early (3 days) or late time points (45 days). (A-B) Representative images of 3 

microglia (Iba-1+, green) engulfing pre-synaptic terminals immunolabeled for synaptophysin 4 

(SYP, red) in the DG  hippocampal subregion of Veh- (A) or Spike-infused mice (B) in the late 5 

stage of the model. Scale bar = 25 μm, inset scale bar = 10 μm. (C-D) Quantification of microglia-6 

SYP colocalization in CA3 (C; t = 2.949, *p = 0.0214), and DG (D; t = 2.271, #p = 0.0574) 7 

hippocampal subregions. Student’s t-test; N = 4-5 mice per group. (E-F) C1q mRNA expression 8 

in hippocampi of Veh- or Spike-infused mice at early (E; t = 0.7877, p = 0.4567) or late (F; t = 9 

2.425, *p = 0.0383) time points. Student’s t-test; N = 4-6 mice per group. (G) Mice received an 10 

i.c.v. infusion of 6.5 μg of Spike, were treated with Veh or 0.3 μg anti-C1q antibody (α-C1q; i.c.v., 11 

twice a week, for 30 days), followed by NOR test (H; t=3.438, *p = 0.0138 for Spike/α-C1q). One-12 

sample Student’s t-test compared to the chance level of 50%; N = 7-8 mice per group. (I) Total 13 

distance traveled of the open field arena at the late time point (t = 1.274, p = 0.2249). Student’s t-14 

test; N = 7-8 mice per group. (J-K) Representative images of the DG hippocampal subregion of 15 

Veh/Spike (J) or α-C1q/Spike (K) injected mice immunolabeled for Homer1 (red) and 16 

synaptophysin (SYP; green). Scale bar = 20 μm. Number of puncta for Homer-1 (L; t = 0.5215, p 17 

= 0.6146), SYP (M; t = 2.881, p = 0.0181), and colocalized Homer-1/SYP puncta (N; t = 2.935, p 18 

= 0.0166). Student’s t-test; N = 5-6 mice per group.  (O-P) Representative images of microglia 19 

(Iba-1+, green) engulfing pre-synaptic terminals immunolabeled for synaptophysin (SYP, red) in 20 

the DG hippocampal subregion of Veh/Spike (O) or α-C1q/Spike mice (P) in the late stage of the 21 

model. Scale bar = 10 μm. (Q-R) Quantification of microglia-SYP colocalization in CA3 (Q; t = 22 

3.454, *p = 0.0086), and DG (R; t = 2.052, #p = 0.0743) hippocampal subregions. Student’s t-test; 23 

N = 5 mice per group. Symbols represent individual mice, and bars represent means ± SEM 24 

  25 

Figure 4 TLR4 mediates Spike-induced memory impairment in mice and is associated with 26 

post-COVID cognitive impairment in a human cohort. (A- B) Mice received an i.c.v. infusion 27 

of 6.5 μg of SARS-CoV-2 Spike protein (Spike), or vehicle (Veh), and TLR4 mRNA levels in the 28 

hippocampi of Veh- or Spike-infused mice were evaluated at early (A; 3 days, t = 0.8892, p = 29 

0.4034, Student’s t-test) or late (B; 45 days,  *p = 0.0303, Mann Whitney U test) time points (N = 30 
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4-6 mice per group). (C) Swiss mice received an i.c.v. infusion of 6.5 μg of Spike and were treated 1 

with Veh or the TLR4 antagonist TAK-242 (2 mg/kg, i.p., once daily for 7 days), and were tested 2 

in the late stage of the model in the NOR test (D; t = 2.713, *p = 0.0301 for Spike/TAK-242). One-3 

sample Student’s t-test compared to the chance level of 50%; N = 8-9 mice per group. (E) Plasma 4 

NfL levels evaluated in the late stage of the Spike infusion model (F = 6.329, *p = 0.0133). One-5 

way ANOVA test, followed by Tukey's test, N = 4-6 mice per group. (F) Wild-type (WT) and 6 

TLR4 knockout (TLR4-/-) mice received an i.c.v. infusion of 6.5 μg of SARS-CoV-2 Spike protein 7 

(Spike) and were tested in the novel object recognition (NOR) test in the late stage of the model 8 

(F; t=2.033, p = 0.0883 for WT/Spike and t = 2.744, *p = 0.0336 for TLR4-/-/Spike ). One-sample 9 

Student’s t-test compared to the chance level of 50%, N = 7 mice per group. (G-H) Representative 10 

images of the DG hippocampal region of WT/Spike (G) or TLR4-/-/Spike (H) mice immunolabeled 11 

for Homer1 (red) and synaptophysin (SYP; green). Scale bar = 20 μm. (I-K) Number of puncta 12 

for Homer-1 (I; t = 1.272, p = 0.2506), SYP (J; t = 1.592, p = 0.1624), and colocalized Homer-13 

1/SYP puncta (K; t = 2.945, *p = 0.0258). Student’s t-test; N = 4 mice per group. (L-M) 14 

Representative images of Iba-1 immunolabeling in the DG hippocampal subregion of  WT (L) or 15 

TLR4-/- (M) mice infused with Spike. Scale bar = 25 μm, inset scale bar = 10 μm. (N) Iba-1 positive 16 

cells in DG (t = 5.088; *p = 0.0014) hippocampal subregion of WT or TLR4-/- mice infused with 17 

Spike. (O) Quantification of the different morphological types of Iba-1-positive cells in the 18 

hippocampus of Spike-infused WT and TLR4-/- mice (O; t = 2.229,  #p = 0.0611 for Type I; t = 19 

3.340, *p = 0.0124 for Type II; t =3.277, *p =0.0135 for Type IV; t = 3.316, *p =0.0128 for Type 20 

V). Student’s t-test, N = 4-5 mice per group.  Type I and type II cells = smaller soma and less than 21 

5 thin branches, surveillant microglia. Type III, IV and V cells = more than 4 branches, thicker 22 

branches and bigger soma, reactive microglia. (P, Q) Representative images of microglia (Iba-1+, 23 

green) engulfing pre-synaptic terminals immunolabeled for synaptophysin (SYP, red) in the DG 24 

hippocampal subregion of WT (P) or TLR4-/- (Q) mice infused with Spike. Scale bar = 50 μm, 25 

inset scale bar = 10 μm. (R-S) Quantification of microglia-SYP colocalization in CA3 (R; t = 26 

2.200, #p = 0.0637), and DG (S; t = 4.012, *p = 0.0051) hippocampal subregions. Student’s t-test; 27 

N = 4-5 mice per group. Symbols represent individual mice, and bars represent means ± SEM. (T) 28 

Pipeline to analyze the impact of TLR4 variants in cognitive status of patients with post-COVID. 29 

(U-V) Forest plots showing odds ratio and 95% confidence interval for risk of cognitive 30 

impairment post-COVID-19 by genotype for SNPs TLR4 - 2604G>A (U rs10759931) and TLR4 31 
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− 2272A>G (V rs2737190). Each square represents the odds ratio for each genotype, and each 1 

horizontal line shows the 95% confidence interval. (X) The expression levels of TLR4 for 2 

genotypes of SNP TLR4 - 2604G>A (rs10759931) was determined from PBMCs treated with 1 μg 3 

of Spike protein for 24 hours (t = 5.612, *p < 0.0001). Student’s t-test; N = 7-8 patients per group. 4 

Data represents the mean ± SD. 5 

 6 

STAR Methods 7 

Resource availability 8 

Lead contact 9 

Further information and requests for resources and reagents should be directed to and will be 10 

fulfilled by the lead contact, Cláudia P. Figueiredo (claudia@pharma.ufrj.br). 11 

 12 

Materials availability 13 

This study did not generate new unique reagents. 14 

 15 

Experimental model and subject details 16 

Animals 17 

Eight to twelve-week-old male Swiss mice were used in this study. In some experiments, 18 

TLR4-/- mice on the C57BL/6 background were used. Animals were housed in groups of five per 19 

cage with free access to food and water, under a 12 h light/dark cycle, with controlled temperature 20 

and humidity. All procedures followed the “Principles of Laboratory Animal Care” (US National 21 

Institutes of Health) and were approved by the Institutional Animal Care and Use Committee of 22 

the Federal University of Rio de Janeiro, Brazil (protocol number 068/2).  23 

 24 

Spike infusion 25 

The recombinant Spike protein ectodomain from the original SARS-CoV-2 Wuhan strain 26 

(amino acids 1-1208) was produced in HEK293 cells and purified in its trimeric prefusion 27 

conformation 109 by the Cell Culture Engineering Laboratory (LECC) of COPPE/UFRJ, Brazil 110. 28 

For protein intracerebroventricular (i.c.v.) infusion, mice were anesthetized with 2.5% isoflurane 29 

(Cristália; São Paulo, Brazil) using a vaporizer system (Norwell, MA), and a 2.5 mm-long needle 30 

was unilaterally inserted 1 mm to the right of the midline point equidistant from each eye and 31 
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parallel to a line drawn through the anterior base of the eye. Using a Hamilton syringe, 0.65 or 6.5 1 

µg Spike protein (in 5 μL) or vehicle (PBS) were slowly infused (freehand). For the peripheral 2 

model, mice received one single subcutaneous (s.c.) injection of the protein (10 µg in 5 μL) or 3 

vehicle (PBS). The trials were divided into two distinct stages: early phase (assessments performed 4 

up to one week after administration) and late phase (between 30 and 60 days after administration). 5 

Body weight and food intake of animals were measured every 5 days, until 60 days after Spike 6 

infusion.   7 

 8 

Pharmacological treatments 9 

For TLR4 blockade, TAK-242 (Millipore) was diluted in sterile saline (vehicle) and 10 

injected intraperitoneally (ip; 2mg/kg). Mice received either vehicle or TAK for 7 days beginning 11 

immediately after Spike protein i.c.v. administration. For brain C1q blockade, mice received i.c.v. 12 

injections of vehicle (PBS) or an antibody against C1q (0.3 μg; Abcam #11861) twice a week for 13 

30 days after S brain infusion. 14 

Study population and cognitive assessment 15 

Outpatients with post-COVID-19 were evaluated between December 2020 and July 2021 16 

by a multidisciplinary team of neurologists and neuropsychologists at the Gaffrée and Guinle 17 

University Hospital (Rio de Janeiro, Brazil). Inclusion criteria included: COVID-19 diagnosis 18 

confirmed by PCR or serological diagnosis, fulfilling criteria of mild disease (not requiring 19 

hospitalization and symptoms that did not include dyspnea), assessment performed at least 15 days 20 

after the end of symptoms, blood collection and neurocognitive evaluation consent. Exclusion 21 

criteria included: age under 18 years old; individuals with previously known cognitive impairment 22 

or other neuropsychiatrist disorders that could interfere with the test results. All study subjects had 23 

their detailed clinical history recorded and were subjected to complete physical and neurological 24 

examination. This work was approved by the Brazilian Ethics Committee (CONEP, CAAE 25 

33659620.1.1001.5258), and all participants signed the informed consent term, agreeing to 26 

participate in this research. 27 

Neurocognitive status was only assessed using the Symbol Digit Modalities Test (SDMT), 28 

a screening test developed to identify individuals with cognitive impairment through the domains 29 

of attention, processing speed and motor skills. Considering that regressed scaled scores on age, 30 

age-squared, sex, and education were similar between the cohort, patients were divided into two 31 
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main subgroups, “with cognitive deficit” and “without cognitive deficit”. The raw score of the 1 

SDMT is converted to scaled scores (M = 10, SD = 3) using the cumulative frequency distribution 2 

of the test in order to normalize test score distributions 111.  3 

 4 

Method details 5 

Behavioral tests 6 

Open field test: Animals were placed in the center of an arena (30 × 30 × 45 cm) divided in 7 

nine imaginary quadrants, and exploration was assessed for 5 min. The arena was thoroughly 8 

cleaned with 70% ethanol in between trials to eliminate olfactory cues. Total locomotor activity 9 

and time spent at central or peripheral quadrants were analyzed using ANY-maze software 10 

(Stoelting Company). 11 

Novel object recognition (NOR) test: The test was carried out in an arena measuring 12 

30 × 30 × 45 cm. Before training, each animal was submitted to a 5-min habituation session in the 13 

empty arena. Test objects were made of plastic and had different shapes, colors, sizes, and textures. 14 

Innate object preferences or neophobia were excluded in preliminary tests. Mice explored the 15 

configuration of two identical objects during a 5-min acquisition trial. After 90 min, mice were 16 

submitted to a 5-min retention trial, during which one of the familiar objects was replaced by an 17 

unfamiliar new one. Sniffing and touching the object were considered exploratory behavior. 18 

Results were expressed as a percentage of time exploring each object during the training or test 19 

sessions, or as total exploration during each session. Data were analyzed using a one-sample 20 

Student’s t-test comparing the mean exploration percentage time for each object with the chance 21 

value of 50%. Animals that recognize the familiar object as such (i.e., learn the task) explore the 22 

novel object >50% of the total time. 23 

Morris Water Maze (MWM): The apparatus used for the water maze task was a circular 24 

tank (1.2 m diameter) filled with water maintained at 20 ± 0.5 °C.  The tank was located in a test 25 

room containing prominent visual clues.  Mice were trained to swim to a 11 cm diameter circular 26 

platform submerged 1.5 cm beneath the surface of the water and invisible to the mice while 27 

swimming.  The platform was located in a fixed position, equidistant from the center and the wall 28 

of the tank.  Mice were subjected to four training trials per day (inter-trial interval, 10 min).  On 29 

each trial, mice were placed into the tank at one of four designated start points in a pseudorandom 30 

order.  Mice were allowed to find and escape onto the submerged platform.  If they failed to find 31 
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the platform within 60 sec, they were manually guided to the platform and allowed to remain for 1 

10 sec.  Mice were trained for four consecutive days.  The probe trial was assessed 24 hours after 2 

the last training session and consisted of a 60 sec free swim in the pool without the platform.  Data 3 

were collected using the ANY-maze behavioral tracking software (Stoelting). 4 

Rotarod: The test was performed in a mouse rotarod apparatus (Insight Ltda., Brazil), as 5 

previously described. Briefly, mice were individually placed in the apparatus floor for 3 minutes 6 

followed by a 2-min habituation session to the cylinder rod. The test phase consisted of tree trials 7 

(inter-trial interval, 60 min) in which animals were placed on the top of the rod rotating at 8 

increasing speed (minimal speed 16 rpm, maximal speed 36 rpm with acceleration rate 3.7 rpm). 9 

Latency to fall was recorded for a 5 min period, and results are expressed as average latency in the 10 

test phase.  11 

 12 

Tissue collection 13 

Animals were anesthetized (90 mg/kg ketamine and 4.5 mg/kg xylazine, i.p.) before 14 

perfusion with ice-cold PBS at different time points. Hippocampal tissues were dissected 15 

immediately after perfusion, frozen in liquid nitrogen and stored at -80ºC before RNA extraction. 16 

For immunofluorescence studies, perfusion was performed with 4% PFA, and brains were fixed 17 

for 24 h before paraffin processing. To evaluate the serum levels of cytokine, whole blood was 18 

collected, aliquoted, and left at room temperature (RT) to be processed at different time points 112. 19 

 20 

Cell culture and treatments 21 

Primary neuronal cortical culture was prepared as previously described in Diniz 2012 113. 22 

Briefly, dissociated cerebral cortices were harvested from embryonic day 14 Swiss mice and 23 

cultured in neurobasal medium (Invitrogen) supplemented with B-27, penicillin, streptomycin, l-24 

glutamine, fungizone and cytosine arabinose, and maintained at 37ºC with 5% CO2. Neurons were 25 

seeded at a density of 50.000-150.000 neurons/well on a 13 mm diameter poly-D-lysine-coated 26 

well (10µg/mL; Sigma). One week after dissociation, neuronal cell cultures were treated with PBS 27 

or Spike protein (1µg/mL) for 24 h. Later, cells were fixed in 4% PFA, 6% sucrose in PBS for 10 28 

min before immunocytochemistry assay.   29 

The murine BV-2 cell line was cultured in DMEM supplemented with 10%  FBS, and 1% 30 

streptomycin/penicillin, and seeded at a density of 100.000 cells/well on a 13 mm diameter poly-31 
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D-lysine-coated well. Next, cells were treated with PBS or Spike protein (1µg/mL) for 24 h and 1 

fixed as mentioned above. 2 

 3 

RNA extraction and qPCR 4 

RNA extraction of hippocampal tissue and cell cultures was performed using Trizol® 5 

reagent (Invitrogen), in accordance with manufacturer’s instructions. Sample concentration and 6 

purity was assessed using a NanoDrop 1000 spectrophotometer (ThermoScientific). Only 7 

preparations with absorbance ratios >1.8 and no signs of RNA degradation were used. One μg of 8 

total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit 9 

(Applied Biosystems), according to the manufacturer's instructions. qPCR was performed using a 10 

QuantStudio 5 PCR system (Applied Biosystems) with reactions performed in triplicate. Briefly, 11 

qPCRs were run using Power SYBR Green PCR Master Mix (Life Technologies), and 10 ng of 12 

template cDNA in a 10 μL reaction volume. The primers used are listed in Supplementary Table 13 

2. Cycle threshold (Ct) values were normalized to a control gene (β-actin) and analyzed using the 14 

ΔΔCt method to generate fold change values (2–ΔΔCT)114.  15 

 16 

Immunofluorescence assay 17 

Slides containing sections from the dorsal hippocampus (Bregma -1.46 to -1.94mm) of 18 

mice were deparaffinized, and antigen retrieval was carried out by incubation in citrate buffer 19 

solution (pH 6.0) at 95ºC for 40 min. Afterwards, permeabilization was performed with 0.025% 20 

Triton in PBS, followed by incubation with blocking buffer (PBS containing 0.025% Triton, 3% 21 

BSA, and 5% normal goat serum) for 2 h. Next, slides were incubated overnight with primary 22 

antibodies against Iba-1 (WAKO; 1:800#019-19741), TMEM119 (Abcam. 1:50#210405) 23 

synaptophysin (Vector Laboratories; 1:200 #S285), Homer-1 (Abcam; 1:100 #184955), or GFAP 24 

(Sigma; 1:500 #G3893). For analyze of Iba-1, GFAP and TMEM119 in the mice hippocampus, 25 

four confocal Z-stack images of each mice hippocampal section (CA3 and DG) were acquired 26 

using a Leica TSE-SPE3 confocal microscope (0,35um/z-stack) or Zeiss Cell Observer Spining 27 

Disk Confocal microscope at 630x magnification. Each image comprised 9–12 (0.35μm/z-stack) 28 

optical planes, three of which were analyzed independently as previously described 115V. Optical 29 

density threshold that best discriminated staining from background was defined using NIH ImageJ 30 

and total pixel intensity was determined for each image and data are expressed as integrated optical 31 
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density. For synaptic puncta, each z-stack was individually analyzed using the ImageJ v1.53 plugin 1 

SynQuant automated synapse counter. Microglia morphology was assessed evaluating the number 2 

of branches emanating from their soma116. Briefly, type I and type II cells were described as 3 

surveillant microglia and present smaller soma and less than 5 thin branches. Type III, IV and V 4 

microglia are characterized as reactive microglia, and present more than 4 branches, and thicker 5 

branches and bigger soma are observed 116. For astrocytes morphological analyses, sets of images 6 

were acquired using 400x magnification and were segmented using threshold tool (fixed 7 

parameters) on FIJI ImageJ followed by sholl analysis, set to form concentric circles within the 8 

center of astrocytes with 5µm radius. Ten cells were analyzed per mice and only cells with 9 

discernible processes were included. To determine synapse engulfment by microglia, fields 10 

containing 3-6 Iba-1 positive cells were chosen and Iba-1/Syp colocalization was normalized by 11 

the number of Iba positive cells present in the field. Quantitative colocalization of post- (Homer-12 

1) and presynaptic (synaptophysin) markers, or Iba-1 and synaptophysin in control mice were used 13 

to normalize the ratio of preserved synaptic puncta and synaptic engulfment, respectively. In 14 

graphics, bars represent means ± SEM and each data point represent average of images analyzed 15 

from individual mice.  16 

For immunocytochemistry, wells were washed three times with PBS, and incubated for 1 17 

h with blocking buffer, followed by overnight incubation with primary antibodies against β3-18 

tubulin (Promega; 1:1000 #G712A), Iba-1 (1:1000), synaptophysin or Homer-1. For visualization, 19 

sections or wells were incubated with AlexaFluor 488- or 546-conjugated secondary antibodies 20 

for 2 h at room temperature, washed with PBS and mounted in Fluoroshield with DAPI (Sigma). 21 

The β3-tubulin immunoreactivity in cortical neurons, Iba-1 immunoreactivity in BV-2 cells, as 22 

well as microglia density and morphology in Iba-1 immunostained brain sections were 23 

photographed using a Slight DS-5-M1 digital camera (Nikon,Melville,NY) connected to an 24 

epifluorescence Nikon Eclipse 50i light microscope, under a 20 or 40x objective. Cultured cortical 25 

neurons optical density for β3-tubulin and Iba-1 was measured using ImageJ v1.53 and normalized 26 

by total DAPI stains. Pyknotic nuclei were analyzed using DAPI stains with 400x magnification 27 

and normalized by the total DAPI-stained nuclei observed.  28 

FluoroJade B (FJ) staining 29 

FJ histochemistry was used as indicative of neuronal degeneration. Paraffin-embedded 30 

brain tissue sections were sequentially immersed in 100% ethanol for 3 min, 70% ethanol for 31 
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1 min, and distilled water for 1 min. Sections were then immersed in 0.06% potassium 1 

permanganate for 10 min (to suppress endogenous background signal), and washed with distilled 2 

water for 1 min. FJ B staining solution (10 mL of 0.01% FJ aqueous solution added to 90 mL of 3 

0.1% acetic acid in distilled water) was added for 30 min. After staining, sections were rinsed three 4 

times in distilled water. Excess water was drained off, and slides were coverslipped with Entellan® 5 

mounting medium (Sigma-Aldrich). Sections comprising the hippocampus were imaged on 6 

epifluorescence microscopes (Nikon Eclipse 50i) at 200x magnification. Positive 7 

neurodegeneration staining controls consisted of sections from the hippocampus of a mouse 8 

injected i.c.v. with 36.8 nmol quinolinic acid and euthanized 24 h thereafter.  9 

 10 

Enzyme-linked immunosorbent assay (ELISA) 11 

For cytokine measurements, hippocampus was homogenized in cold RIPA buffer (150 mM 12 

NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris Base, 2 mM PMSF, 13 

pH 8), and supernatant was collected after centrifugation at 14,000 g for 10 min at 4°C.  Protein 14 

concentration was determined using the BCA Protein Assay (Thermo Scientific). Samples diluted 15 

1:10 in the RIPA buffer were used for the detection of TNF (BD Biosciences) and IL1β (R&D 16 

Systems) by ELISA according to manufacturer's instructions. Results were expressed as pg/µg 17 

protein. 18 

 19 

Neurofilament light chain (NFL) measurements 20 

Mouse plasma NFL concentration was measured in triplicate using ultra-sensitive single 21 

molecule array (Simoa) technique on the Simoa SR-X™ Analyzer, using Simoa NF-Light 22 

Advantage according to the manufacturer's instructions (Quanterix). Briefly, plasma samples were 23 

thawed at room temperature for one hour and then centrifuged at 10,000 RCF for 5 min at 24°C. 24 

Samples were diluted 1:4 with sample diluent and applied to the plate in duplicate. Paramagnetic 25 

beads coated with capture anti-NFL were incubated with a biotinylated anti-NFL detection 26 

antibody, followed by incubation with a streptavidin-β-galactosidase complex. A fluorescent 27 

signal proportional to the concentration of NFL was generated after the addition of the substrate 28 

resorufin β-D-galactopyranoside. Controls were used to validate the detection limit of 0.0552 29 

pg/mL. All coefficients of variance (CVs) of duplicate measurements were below 20%. 30 

 31 
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 1 

Genotyping and functional analysis  2 

Genotyping: Two promoter region TLR4 SNPs, previously implicated in inflammatory 3 

and/or neurological disease, were genotyped. Blood samples were collected and centrifuged at 4 

1.500 g at 4 °C for 15 min to separate the buffy coat from plasma. Genomic DNA (gDNA) was 5 

extracted using the PureLink Genomic DNA Mini Kit (ThermoFisher Scientific). The quality of 6 

the gDNA was determined using NanoDrop 2000 (ThermoFisher Scientific) followed by 7 

quantification using the Qubit dsDNA HS Assay Kit (ThermoFisher Scientific) and Qubit 8 

Fluorometer 3.0 (Thermo Fisher Scientific). The TLR4 -2604G>A (rs10759931) and TLR4 -9 

 2272A>G (rs2737190) variants were genotyped with allelic discrimination using TaqMan qPCR 10 

system (ThermoFisher Scientific). The probes were produced by Applied Biosystems [rs10759931 11 

(C___2704046_10) and rs2737190 (C___2704047_10)]. Briefly, genotyping was performed in a 12 

20 µL reaction mixture containing 10 ng DNA, TaqMan Universal PCR Master Mix (1X), Probe 13 

TaqMan Gene Expression Assay (1X), and DNAse-free water for the final volume. The reaction 14 

was carried out in the following conditions: an UNG incubation step of 2 min at 50 ◦C, polymerase 15 

activation for 10 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C for denaturation and 60 s at 16 

60 ◦C for annealing/extension. The amplification and reading of the plates were performed in the 17 

QuantStudio 5 Real-Time PCR System (Applied Biosystems). In order to represent the number of 18 

minor allele in the genotype, inheritance model 0, 1, and 2 (AA, Aa, and aa) were applied.  19 

Functional analysis: To understand the difference in expression between the main 20 

genotypes of SNP rs10759931, we performed a functional analysis. Randomly, we selected 9 21 

patients with GG and 7 patients with GA genotypes. In total, 15 ml of the peripheral blood sample 22 

was collected in EDTA tubes to generate peripheral blood mononuclear cells (PBMCs). Briefly, 23 

PBMCs were isolated using density gradient centrifugation using Ficoll-Hypaque according to 24 

Helgason 2004 117. The PBMCs were cultured in RPMI-1640 Medium (Invitrogen, Carlsbad, CA, 25 

USA) supplemented with 10% inactivated autologous serum and 1% of antibiotic. 106  cells were 26 

placed into each well of a 6-well plate and stimulated with 1 μg of Spike protein for 24 hours and 27 

then the analysis of TLR4 expression was performed by qPCR.  28 

 29 

Illustrations 30 
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Illustrations in figures 1, 3 and 4 were created using MindtheGraph 1 

(www.mindthegraph.com; under FLFD subscription) and subsequently modified (free culture 2 

Creative Commons license). 3 

 4 

 5 

Quantification and Statistical Analysis 6 

The software Prism v8 (GraphPad) was used for all statistical tests, and values of p ≤ 0.05 7 

were considered statistically significant. Student’s t-test was applied to analyze qPCR, ELISA, 8 

NFL measurements and immunohistochemical data when they fit into the normal distribution of 9 

the data. Mann–Whitney U test was used for non-normal distributed data. For NOR experiments, 10 

data were analyzed using a one-sample Student’s t-test compared to a fixed value of 50%. Kruskal-11 

Wallis test was used for non-normal distributed data. MWM was analyzed using repeated measures 12 

or two-way ANOVA followed by Tukey's test, respectively. Allelic frequencies were determined 13 

by direct count of the alleles. Genotypic distributions in Hardy–Weinberg equilibrium were 14 

evaluated by two-tailed χ2-test linkage disequilibrium (LD) were reproduced by Linkage 15 

Disequilibrium Calculator - Homo_sapiens 16 

(https://grch37.ensembl.org/Homo_sapiens/Tools/LD). The significant differences in allelic and 17 

genotypic frequencies were evaluated by Fisher’s exact test and two-tailed χ2-test. Using STATA 18 

software (version 71.0; Stata Corporation, College Station, Texas, USA), logistic regression 19 

analysis with offset variables was used to control the confounding effects of different times in the 20 

SDMT. Comparison of mRNA levels of different SNP rs10759931 genotypes was carry out by 21 

exact parametric Student’s t-test. 22 

 23 

Data and code availability  24 

•The original data within the paper will be available from the lead contact upon request. 25 

•This paper does not report original code. 26 

•Any additional information in this paper is available from the lead contact upon 27 

requests. 28 
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HIGHLIGHTS 

 

● Spike protein infusion into mouse brain induces late cognitive dysfunction 

● Spike protein induces late hippocampal microgliosis and synapse loss 

● Blockage of TLR4 renders mice resistant to Spike-induced cognitive 

dysfunction 

● TLR4-2604G>A GG genotype was related to poor cognitive outcomes in 

COVID-19 patients 

 

 

 eTOC BLURB 

Cognitive impairment is frequent in post-COVID patients, but its underlying mechanisms 

are unclear. Fontes-Dantas el al. show that Spike brain infusion in mice induces late 

neuroinflammation and synapse loss, leading to long-term cognitive impairment mediated 

by TLR4 signaling. In patients, genotype GG TLR4-2604G>A was associated with poor 

cognitive outcome.  
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Tables 

Table 1. TLR4 rs10759931 and rs2737190 genotype distribution in patients with or 

without cognitive deficit following COVID-19.  

 

TLR4 -

2604G>A 

(rs10759931) 

N 

(86) 

Cognitive  

Deficit 

(%) 

No 

Cognitive  

Deficit 

(%) 

 

P-value 

 

OR (95% CI) 

Adjusted P for 

SDMT time 

GG 40 22(55) 18(39) 
0.0234* 1.91 (1.083 to 

3.301) 

0.0129* 

GA 35 13(32) 22(48) 
0.0209* 0.50 (0.287 to 

0.920) 

 

AA 11 5(13) 6(13) 
>0.9999 1.00 (0.435 to 

2.294) 

 

MAF (A) 0.35      

TLR4 -2272 

A>G 

(rs2737190) 

N 

(83) 

Cognitive 

Deficit (%) 

No 

Cognitive 

Deficit (%) 

 

P-value 

 

OR (95% CI) 

 

 

AA 30 14(37) 16(36) 
0.8832 1.04 (0.594 to 

1.836) 

0.0809 

AG 35 16(42) 19(42) 
>0.9999 1.0 (0.561 to 

1.781) 

 

GG 18 8(21) 10(22) 
0.8633 0.94 (0.483 to 

1.823) 

 

MAF (G) 0.49      

 

MAF= minor allele frequency; OR = odds ratio; CI = confidence interval. Genotypes 

frequency was analyzed by χ2-test (two-tailed). Test time was included as a covariate in 

the logistic regression analyses. *Statistical significance (P<0.05). The reference group in 

each of the analyses was the most prevalent genotype.  
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Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit Polyclonal  
anti-IBA-1 

Wako Chemicals USA Cat# 019-19741 

Clone 27G12  
anti-Synaptophysin 

Vector Laboratories Cat# S285 

Rabbit monoclonal [EPR15309] to Homer1 Abcam Cat# 184955 

Mouse monoclonal 
Anti-GFAP 

Sigma Cat# G3893 

Mouse monoclonal 
Anti-βIII Tubulin 

Promega Cat# G712A 

Mouse TNF (Mono/Mono) ELISA Set BD Biosciences Cat# 555268 

Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit R&D Systems Cat# MLB00C 

anti-NFL Quanterix Cat #103186 

Rabbit monoclonal TMEM-119 Abcam Cat#209064 

Biological samples   

Human blood  Gaffrée and Guinle 
University Hospital 

N/A 

Chemicals, peptides, and recombinant proteins 

Trizol® Invitrogen Cat# 15596026 

FluoroJade B Histo Chem Inc Cat 
#MFCD04974901 

Fluoroshield mounting medium with DAPI Abcam Cat# ab104139 

Critical commercial assays 

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368813 

Power SYBR Green Master Mix Life Technologies Cat# 4367659 

BCA Protein Assay Thermo Scientific Cat# 23227 

TaqMan Universal PCR Master Mix Applied Biosystems 
 

Cat# 4304437 

PureLink Genomic DNA Mini Kit ThermoFisher 
Scientific 
 

Cat# K182002 

Qubit dsDNA HS Assay Kit ThermoFisher 
Scientific 
 

Cat# Q32851 

Mouse IL-1 beta/IL-1F2 DuoSet ELISA Kit  R&D Systems Cat# DY401-05 

Mouse TNF ELISA Set II Kit BD Biosciences Cat# 558534 

Experimental models: Cell lines 

BV-2 Donation from Fiocruz None 

Oligonucleotides 

Primers for qPCR, see Table S2 This paper N/A 

Software and algorithms 

ImageJ  v1.53  NIH https://imagej.nih.go
v/ij/  

Simoa SR-X™ Analyzer Quanterix https://www.quanteri
x.com 

Prism 8.0  Graphpad https://www.graphpa
d.com/ 
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Supplementary Fig. 1 Behavioral analysis of mice infused with SARS-CoV-2 Spike protein by
intracerebroventricular (i.c.v.) or subcutaneous (s.c.) route. Related to Figure 1. Mice were infused
with vehicle (Veh) or Spike protein by i.c.v. (0,65 or 6,5 µg/site) or s.c. (10 µg) route and were evaluated
at early (6 days) and late (45 days) time points. (A and B) Mice were tested in the novel object recognition
(NOR) test at early (A; t = 2.578, *p = 0.0327 for Veh, t = 2.400 *p = 0.0399, for 0,65 µg Spike, t =
3.052 *p = 0.0138, for 6,5 µg Spike) or late (B; t = 3.307, *p = 0.0107 for Veh, t = 3.214 *p = 0.0093,
for 0,65 µg Spike, t = 0.7246 p = 0.4871, for 6,5 µg Spike) time points after i.c.v. infusion. (C and
D) Mice were tested in the novel object recognition (NOR) test at early (C: t = 3.647, *p = 0.0082 for
Veh; and t = 7.466, *p = 0.0001, for Spike) or late (D) t = 2.416, *p = 0.0463 for Veh and t = 0.5562,
p= 0.5954, for Spike) time points after s.c. infusion. One-sample Student’s t-test compared to the chance
level of 50%; N = 8-11 mice per group). (E-L) Neither i.c.v. nor s.c. Spike protein infusion affected
innate object preferences during the training session (E and F, I and J), or exploratory activity (G and
H, K and L) during the test session of NOR at early and late time points after protein infusion. (E) Early
stage (t = 1.477, p = 0.1789 for Veh, t = 1.357, p = 0.2079, for 0,65 µg Spike, t = 0.6648 p = 0.5228,
for 6,5 µg Spike), and (F) late stage (t = 0.7313, p = 0.4855 for Veh, t = 0.7105 p = 0.4937, for
0,65 µg Spike, t = 1.277, p = 0.2336, for 6,5 µg Spike) after i.c.v. infusion. One-sample Student’s t-test
compared to the chance level of 50% (N = 9-11 mice per group). (G)Early stage (F = 1.1411, p= 0.3345
for Training and F = 0.2435, p = 0.7857 for Test), and (H) late stage (F = 0.1117, p = 0.8947 for
Training and F = 0.3122, p = 0.7344 for Test) after i.c.v. infusion. One-way ANOVA test, followed by
Tukey’s test (N = 9−11 mice per group). (I) Early stage (t = 0.8437, p = 0.4267 for Veh; and t = 2.008,
p = 0.0846, for Spike), and (J) late stage (t = 0.9215, p = 0.9292 for Veh and t = 0.6250, p = 0.5518,
for Spike) after s.c. infusion. One-sample Student’s t-test compared to the chance level of 50%; N = 8
mice per group. (K) Early stage (t = 0.5526, p = 0.5893 for Training and t = 0.8203 p = 0.4258, for
Test), and (L) Late stage (t = 0.4536, p = 0.6570 for Training and t = 0.9041, p = 0.3812, for Test)
after s.c. infusion; Student’s t-test; N = 8 mice per group. (M, O and Q) Total distance traveled and
(N, P and R) time spent at the center of the open field arena by or i.c.v.- (M-P), or s.c.-infused (Q and
R) mice. (M) Early stage (F = 0.4086, p = 0.6688). (O) Late stage (F = 1.231, p = 0.3074). One-
way ANOVA test, followed by Tukey’s test; N = 9− 11 mice per group. (N) Early stage (F = 0.1360,
p = 0.8734, One-way ANOVA test, followed by Tukey’s test). (P) Late stage (p = 0.1103, Kruskal-
Wallis test). N = 9−11 mice per group. (Q) t = 1.057, p = 0.3085 for early, and t = 1.967, p = 0.0693
for late stage; (R) t = 0.2321, p = 0.8191 for early, and t = 0.3775, p = 0.7115 for late stage. Student’s
t-test; N = 8 mice per group. (S) Body weight (F(12,182) = 0.3791, p = 0.9696, and (T) food intake
(F(11,168 = 1.444, p = 0.1576) measured for up to 60 days following Veh or Spike s.c. infusion. Two-
way ANOVA test followed by Bonferroni (N = 8 mice per group). Bars or points represent means ±SEM.
Symbols represent individual mice.
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Supplementary Fig. 2 Controls for behavioral analysis of mice infused with SARS-CoV-2 Spike
protein. Related to Figure 1. Mice were infused with vehicle (Veh) or Spike protein by i.c.v. (6,5
µg/site) route, and were evaluated at different time points after infusion. Intracerebroventricular (i.c.v.)
infusion of Spike protein had no effect on innate preference for the objects during the training session
(A-D), or exploratory activity (E-H) during the test session of novel object recognition (NOR) test at 6,
30, 45 and 60 days after protein infusion. (A) 6 days (t = 0.1869, p = 0.8564 for Veh; and t = 0.5302,
p = 0.6088, for Spike), (B) 30 days (t = 2.009, p = 0.0794 for Veh; and t = 0.03443, p = 0.9734, for
Spike), (C) 45 days (t = 0.6465, p = 0.5386 for Veh; and t = 0.2022, p = 0.8448, for Spike), and (D) 60
days (t = 0.9527, p = 0.3725 for Veh; and t = 1.381, p = 0.2098, for Spike). One-sample Student’s t-test
compared to the chance level of 50%; N = 8− 10 mice per group. (E) 6 days (t = 0.2549, p = 0.8019
for Training and t = 1.174, p = 0.2565 for Test), (F) 30 days (t = 0.3569, p = 0.7258 for Training and
t = 0.8627, p = 0.4011, for Test), (G) 45 days (t = 1.921, p = 0.07553 for Training and t = 0.9256,
p = 0.3793, for Test), (H) 60 days t = 1.346, p = 0.1998 for Training and t = 0.8578, p = 0.4055,
for Test). Student’s t-test; N = 8− 10 mice per group. (I) No difference between groups was found
when mice were tested in the Rotarod task at early (6 days; t = 0.9060, p = 0.3784) and late (45 days;
t = 0.6381, p = 0.5325) time points following Veh or Spike infusion. Student’s t-test; N = 9 mice per
group. Spike protein had no effect on swimming speed (J p = 0.1416) or total distance traveled (K
p = 0.2523) in the Morris Water Maze at the late stage (45 days post infusion). Mann-Whitney U test;
N = 7− 9 mice per group. (L) Body weight (F(12,182) = 0.2997, p = 0.9888, and (M) food intake
(F(11,168) = 1.592, p = 0.1051) measured for up to 60 days following Veh or Spike i.c.v. infusion.
Two-way ANOVA test followed by Bonferroni (N = 8 mice per group). Bars or points represent means
±SEM. Symbols represent individual mice.
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Supplementary Fig. 3 Analysis of neuronal cell death in the hippocampus of SARS-CoV-2 Spike
protein-infused mice. Related to Figure 1. Mice received an i.c.v. infusion of 6,5 µg SARS-CoV-2
spike protein (Spike) or vehicle (Veh), and brains were processed for Fluoro-Jade B staining. Represen-
tative staining of the hippocampal DG region at early (7 days; A and B) and late (45 days; C and D)
time points after infusion. N = 4 mice per group. (E) Fluoro-Jade B staining positive control consisted
of brain sections of a mouse infused i.c.v. with the neurotoxin quinolinic acid. Scale bar = 50µm.Jo
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Supplementary Fig. 4 Effect of SARS-CoV-2 Spike protein incubation in microglial and neuronal
cultures. Related to Figure 2. (A-J) Cultured primary cortical neurons were incubated with Spike
protein (1µg/mL) or vehicle (Veh) for 24h, and analyzed by immunocytochemistry. (A and B) Repre-
sentative images of β3-tubulin and DAPI immunoreactivity. Scale bar = 50µm. (A-E) Spike protein
causes no changes in neither number of pyknotic nuclei (C; p > 0.9999, Mann-Whitney U test) and
primary neurites (D; t = 0.8031, p = 0.4669, Student’s t-test), nor β3-tubulin intensity (E; t = 0.1824,
p = 0.8642, Student’s t-test). (F and G) Representative images of Homer-1 and synaptophysin (SYP)
immunoreactivity. Scale bar = 10µm. (F-J) Spike protein also induces no difference in the number of
synapses in cortical neurons, as demonstrated by double immunostaining for Homer-1 (H; p > 0.9999,
Mann-Whitney U test), SYP (I; t = 0.01403, p= 0.9895, Student’s t-test), and colocalized Homer-1/SYP
puncta (J; t = 0.04320, p = 0.9676, Student’s t-test ). N = 3 experiments with independent neuron cul-
tures. (K and L) Representative images of IBA-1 immunoreactivity in BV-2 cells incubated for 24 h with
vehicle (Veh; K) or Spike protein (L; 1 µg/mL). Scale bar = 50µm. (M) Iba-1 and DAPI immunoreac-
tivity (t = 5.567, ∗p = 0.0051). (N-R) BV2 cells incubated with Spike or Veh were analyzed by qPCR
for mRNA levels of TNF (N; t = 5.557, ∗p = 0.0051), IFN-β (O; t = 3.307, ∗p = 0.0297), IL-6 (P;
t = 2.968, ∗p = 0.0412), IL-1β (Q; t = 0.5398, p = 0.6180), and IFNAR2 (R; t = 0.8884, p = 0.4245).
Student’s t-test; N = 3. Bars represent means ±SEM.
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Supplementary Fig 5 Analysis of glial cell activation and cytokine expression in the hippocampus of
SARS-CoV-2 Spike protein-infused mice. Related to Figure 2. Mice received an i.c.v. infusion of 6,5
µg SARS-CoV-2 spike protein (Spike) or vehicle (Veh), and brains were processed for analysis at early (7
days) and late (45 and 60 days) time points. (A-J) Spike protein had no effect on GFAP immunoreactivity
or GFAP-positive cell morphology in the DG region of the hippocampus. Representative images of
GFAP immunoreactivity at early (A and B) and late (F and G; 45 days) time points. Scale bar =
20µm. GFAP immunoreactivity (C t = 0.6543, p = 0.5372), and Sholl analysis (D and E; F(8,54) =
0.5484, p = 0.8147, and t = 0.05462, p = 0.9582, respectively) at the early stage of the model. GFAP
immunoreactivity (H; t = 0.3638, p = 0.7309), and Sholl analysis (I and J;F(8,45) = 0.3151, p =
0.9563, and t = 0.6199, p = 0.5625, respectively) at the late stage of the model (45 days). Two-way
ANOVA test followed by Bonferroni (D and I), and Student’s t-test (E and J). N = 3− 4 mice per
group. Representative images of TMEM-119 immunoreactivity at early (K and L) and late (N and
O; 45 days) time points in hippocampal DG region. Scale bar = 20µm. TMEM-119-positive cells in
the hippocampi of Veh- or Spike-infused mice in the early (M; t = 0.3669; p = 0.7232) and late (P;
t = 3.036; ∗p = 0.0125; 45 days) stages of the model. Student’s t-test, N = 5 mice per group). (Q-S)
qPCR analysis of indicated mRNA isolated from the hippocampus in the late stage of the model (45
days). Spike protein infusion had no effect on mRNA levels of IL-6 (Q; t = 0.0979; p = 0.9241), IFNγ

(R; t = 0.9586; p = 0.3304) and IFNAR1 (S; t = 0.3336; p = 0.7456). N = 5− 6 mice per group. (T-
V) ELISA analysis of time-dependent serum levels of TNF in Veh- or Spike-infused mice at 7 days (T;
t = 0.128; p = 0.9021), 45 days (U; t = 4.636; ∗p = 0.009), and 60 days post-infusion (V; t = 0.6137,
p = 0.5588). Student’s t-test; N = 4−6 mice per group. Bars or points represent means ±SEM. Symbols
represent individual mice.
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Supplementary Fig 6 Controls for behavioral analysis of SARS-CoV-2 Spike protein-infused mice
with TLR4 or C1q blockade. Related to Figure 3 and Figure 4. Mice were infused with Spike
protein (6,5 µg/site, i.c.v.), and were treated with vehicle (Veh) or an anti-C1q antibody (α-C1q; 0.3 µg
twice a week for 30 days) or the TLR4 inhibitor TAK-242 (2mg/kg i.p., daily for one week). In some
experiments, TLR4-/- mice on the C57BL/6 background were used. Mice were evaluated in behavioral
tests at early (6 days) and/or late (45 days) time points. Spike infusion had no effect on innate preferences
for the objects during the training session (A, H, K and N) or the exploratory activity during the test
session (B, I, L and O) of the NOR test (N = 7− 9 mice per group). (A) t=0.7062, p = 0.5029 for
Veh; and t = 1.323, p = 0.2340, for α-C1q. One-sample Student’s t-test compared to the chance level of
50%. (B) t = 0.7542, p = 0.4642 for Training and t = 0.8826, p = 0.3835 for Test. Student’s t-test. (C)
Escape latencies across 4 consecutive training trials F(3,36) = 0.6463, p = 0.5904, repeated measures
ANOVA followed by Tukey’s test), and (D) time spent in the target quadrant (t = 2.439, ∗p = 0.0312),
(E) swimming speed (t = 0.5104, p = 0.6190), and (F) total distance traveled (t = 0.5370, p = 0.6011)
during the probe trial of the MWM test performed at the late stage. Student’s t-test; N = 7− 9 mice
per group). (G) Spike protein does not impair object recognition memory in WT and TLR4-/- mice,
early after protein infusion (t = 2.66 ∗p = 0.0323 for WT and t = 4.18; ∗p = 0.0058 for TLR4-/-); one-
sample Student’s t-test compared to the chance level of 50%(N = 7−8 mice per group). (H) t = 1.756,
p = 0.1225 for WT; and t = 1.132, p = 0.3007, for TLR4-/-. One-sample Student’s t-test compared
to the chance level of 50%. (I) t = 1.005, p = 0.3334 for Training and t = 0.9718, p = 0.3489, for
Test.. Student’s t-test. (K) t = 1.128, p = 0.3025 for WT; and t = 1.495, p = 0.1854, for TLR4-/-
. One-sample Student’s t-test compared to the chance level of 50%. (L) t = 1.433, p = 0.1775 for
Training and t = 1.433, p = 0.1775 for Test. Student’s t-test. (N) t = 1.081, p = 0.3114 for Veh; and
t = 0.9918, p = 0.3543 for TAK-242. One-sample Student’s t-test compared to the chance level of 50%.
(O) t = 0.3194, p = 0.7539 for Training and t = 0.08751, p = 0.9314 for Test. Student’s t-test. Genetic
(J and M) or pharmacological (P) inhibition of TLR4 signaling does not affect total distance traveled in
the open field arena. (J) t = 0.4239, p = 0.6781. (M) t = 1.498, p = 0.1600. (P) t = 1.349, p = 0.1974.
Student’s t-test, N = 7− 9 mice per group. Bars or points represent means ±SEM. Symbols represent
individual mice.
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Supplementary Table 1. Participant demographics of the study sample. Related to Figure 4.

Sample demographics Number of individuals (%)
(total N = 86)

Sex
Female 70 (81.4%)
Male 16 (18.6%)
Age (years)a 45.6 (19-71)
Time between onset of clinical symptoms and 5.89 (1-15)
cognitive assessment (months)
Educationa (years) 17.02 (5-28)
Comorbidities

1. None 40 (45.5%)
2. Obesity 19 (22.1%)
3. Hypertension 17 (19.7%)
4. Diabetes 10 (11.6%)

a = mean (range)
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Supplementary Table 2. List of primers used in qPCR analyses for mouse and human samples. Related
to Figure 2, Figure 3 and Figure 4.

Target Forward primer Reverse primer
gene

Mouse
β -Actin GCCCTGAGGCTCTTTTCCAG TGCCACAGGATTCCATACCC

TNF CCCTCACACTCAGATCATCTTCT GCTACGACGACGTGGGCTACAG
IFNβ CACAGCCCTCTCCATCAACTA CATTTCCGAATGTTCGTCCT

Il6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA
IL1-β GTAATGAAAGACGGCACACC- ATTAGAAACAGTCCAGCCCA-

IFNAR1 CTGGTCTGTGAGCTGTACTT TCCCCGCAGTATTGATGAGT
IFNAR2 CTATCGTAATGCTGAAACGG CGTAATTCCACAGTCTCTTCT

IFNγ AGCAACAGCAAGGCGAAAA CTGGACCTGTGGGTTGTTGA
C1q CTCAGGGATGGCTGGTGGCC CCTTTGAGACCCGGCCTCCCC

TLR4 GTCAGTGTGATTGTGGTATCC ACCCAGTCCTCATTCTGACTC
Human
β -Actin ACCAACTGGGACGACATGGA CCAGAGGCGTACAGGGATAG
TLR4 AAGCCGAAAGGTGATTGTTG CTGAGCAGGGTCTTCTCCAC

Jo
urn

al 
Pre-

pro
of


