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Abstract

:

Evidence suggests that patients with long COVID can experience neuropsychiatric, neurologic, and cognitive symptoms. However, these clinical data are mostly associational studies complicated by confounding variables, thus the mechanisms responsible for persistent symptoms are unknown. Here we establish an animal model of long-lasting effects on the brain by eliciting mild disease in K18-hACE2 mice. Male and female K18-hACE2 mice were infected with 4 × 103 TCID50 of SARS-CoV-2 and, following recovery from acute infection, were tested in the open field, zero maze, and Y maze, starting 30 days post infection. Following recovery from SARS-CoV-2 infection, K18-hACE2 mice showed the characteristic lung fibrosis associated with SARS-CoV-2 infection, which correlates with increased expression of the pro-inflammatory kinin B1 receptor (B1R). These mice also had elevated expression of B1R and inflammatory markers in the brain and exhibited behavioral alterations such as elevated anxiety and attenuated exploratory behavior. Our data demonstrate that K18-hACE2 mice exhibit persistent effects of SARS-CoV-2 infection on brain tissue, revealing the potential for using this model of high sensitivity to SARS-CoV-2 to investigate mechanisms contributing to long COVID symptoms in at-risk populations. These results further suggest that elevated B1R expression may drive the long-lasting inflammatory response associated with SARS-CoV-2 infection.
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1. Introduction


The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified at the end of 2019 and is responsible for the coronavirus disease 2019 (COVID-19) pandemic. Classic cases of acute COVID-19 are characterized by lower respiratory tract symptoms, fever, and gastrointestinal problems [1]. However, clinical manifestations of patients infected with SARS-CoV-2 vary in severity from asymptomatic to acute respiratory distress syndrome, multiple organ failure, and cardiovascular, renal, and neurological complications that can lead to death. The primary consequence of SARS-CoV-2 infection is an inflammatory response in multiple organ systems, leading to cytokine and bradykinin storms, which are considered the cause of pathological manifestations of COVID-19 [2,3,4].



A growing concern is that patients infected with SARS-CoV-2 report persistent symptoms that do not resolve over the course of many months. These patients’ symptoms have been termed long COVID, post-acute COVID-19 syndrome (PACS), or post-acute sequelae of SARS-CoV-2 infection (PASC) [5,6]. The Centers for Disease Control and Prevention defines long COVID as symptoms that persist for more than a month after infection with SARS-CoV-2. Currently, this definition includes infected individuals ranging from asymptomatic or mild-to-moderate symptoms to severe disease requiring hospitalization. A recent study reported that 33% of patients experienced neurological or neuropsychiatric symptoms 6 months after recovery from COVID-19 [7]. Their persistent neurological symptoms included fatigue, depression, anxiety, cognitive problems, brain fog, and sleep disturbances, even in individuals who experienced only mild symptoms [8]. Such persistent neurological and neuropsychiatric symptoms [8] can contribute to neurodegenerative diseases such as Alzheimer’s disease (AD) and dementia [9], as has been suggested for other viral infections [10,11,12]. As a result of advances in treatment and development of vaccines, the number of patients recovering from COVID-19 is rising; therefore, millions of people globally could be susceptible to long-term neurological, neuropsychiatric, and neurodegenerative complications [10,11,12]. However, there is no clear understanding of the relationship between the SARS-CoV-2 infection and long-term complications, as clinical data from patients infected with SARS-CoV-2 are mostly associational studies confounded by multiple variables.



There is evidence that SARS-CoV-2 has the capability to invade neural tissue. Brain imaging studies have revealed hypometabolism, functional changes, and inflammation in the brains of patients with long COVID [13]. Several mechanisms have been proposed to account for these persistent neurological symptoms, including vascular dysfunction, peripheral inflammation, and autoantibodies, as well as direct infection of the brain (via active replication or limited replication with an immune response) [14]. Previous studies show that SARS-CoV-2 can enter the central nervous system in humans [15,16,17]. Additionally, the virus or antibodies to SARS-CoV-2 in the cerebrospinal fluid (CSF) during COVID-19 have been detected, but not in all cases [15,16]. Human brain organoids have provided additional evidence for the ability of SARS-CoV-2 to infect human neurons [18]. Therefore, the role of neurotropism of SARS-CoV-2 is unclear and the mechanisms responsible for its chronic effects on the brain are yet to be defined.



SARS-CoV-2 infects cells primarily by binding to angiotensin-converting enzyme 2 (ACE2), which ultimately diminishes the function of this receptor. Furthermore, ACE2 can specifically inactivate the active metabolite of bradykinin, des-Arg9-bradykinin (DABK), which is a specific inducer of kinin B1 receptor (B1R) expression. Once B1Rs are induced, they cannot be internalized or desensitized, and can drive further inflammation. Evidence suggests that bradykinin homeostasis is disrupted by SARS-CoV-2 infection [19]. Increased levels of bradykinin have been detected in the bronchoalveolar lavage fluid of COVID-19 patients during acute or severe disease [4]. Thus, a possible mechanism driving the long-term effects of SARS-CoV-2 infection is induction of B1R expression.



We hypothesized that SARS-CoV-2 infection induces long-lasting B1R expression in the brain, driving chronic inflammation and ultimately cognitive and neuropsychiatric symptoms. To test this experimentally, we sought to develop an animal model of long COVID. SARS-CoV-2 infection and COVID-19 have been modeled in different animal species, including hamsters, ferrets, and non-human primates [20,21,22,23,24]. However, most species exhibited only mild disease and not the range of severity—asymptomatic to severe disease and death—that occurs in humans. We utilized transgenic mice expressing human ACE2 under control of the human keratin 18 promoter (K18-hACE2 mice), which are widely used as a laboratory animal model suitable for studying SARS-CoV-2 pathogenesis [23,25,26]. Because these mice are very sensitive to SARS-CoV-2 infection, frequently exhibiting severe disease but surviving lower doses, they are an excellent model of SARS-CoV-2 infection. However, most studies of this mouse model have focused on the acute effects of SARS-CoV-2 infection and severe disease [22,23]. Chronic effects on the brain of K18-hACE2 mice surviving SARS-CoV-2 infection have not been reported.



To establish a robust model of long COVID, we determined the dose of SARS-CoV-2 in which 80% of K18-hACE2 mice survive. Following recovery from such mild SARS-CoV-2 infection, the lungs of these mice displayed obvious fibrosis and elevated levels of B1R expression. Because the functions of the hippocampus (spatial memory), amygdala (processing fear/anxiety), and prefrontal cortex (motor planning) are associated with cognitive and neuropsychiatric symptoms reported in long COVID, we investigated bradykinin signaling and inflammation in these regions. Elevated expression of B1R and the cytokines interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF) were observed in these brain regions. Since there is a cross talk between B1R and angiotensin II type 1 receptor (AT1R) in mediating neuroinflammation [27], we also measured the AT1R expression and found that elevated expression of AT1R correlated with increased neuroinflammation. Importantly, these long-term neuronal changes are associated with persistent behavioral changes, including elevated anxiety in the zero maze and altered exploratory behavior in the Y maze. Our data thus demonstrate the potential of SARS-CoV-2 to cause persistent effects on bradykinin signaling and brain function. Because the K18-hACE2 mice are very susceptible to SARS-CoV-2 infection, this initial investigation of the long-term behavioral effects of SARS-CoV-2 infection suggests that these effects could be replicated in humans most at risk for long COVID and contribute to persistent neurological symptoms following infection. Because elevated inflammation has been associated with increased risk of neurodegenerative diseases such as Parkinson’s disease, AD, and other dementias, we suggest that SARS-CoV-2 infection may contribute to an elevated risk for these diseases. Finally, our model could be used to investigate the mechanisms responsible for long COVID following recovery from a mild infection and confirm our proposal that elevated B1R expression is a critical mechanism driving inflammation in the brain following SARS-CoV-2 infection.




2. Materials and Methods


2.1. Study Approval


Animal experiment approval was provided by the Institutional Animal Care and Use Committee (IACUC) protocol (AUP#A209) at East Carolina University (AAALAC-accredited facility, Animal welfare assurance number A3469–01). The Institutional Biosafety Committee (IBC) approved work with infectious SARS-CoV-2 virus strains under BSL3 conditions in an AAALAC-accredited facility by certified staff, following the basic principles and guidelines in the NIH Guide for the Care and Use of Laboratory Animals. All sample inactivation was performed according to IBC-approved standard operating procedures for removal of specimens from high containment.




2.2. SARS-CoV-2 Virus


All the work pertaining to the use of SARS-CoV-2 was performed in a BSL-3 laboratory. SARS-CoV-2 (isolate USA-WA1/2020) was purchased from BEI Resources (Manassas, VA, USA) and was propagated, purified, and titrated in Vero cells as per the standard protocols [28].




2.3. Experimental Design


Transgenic mice with the human ACE2 gene under the control of K18 promoter (B6.Cg-Tg(K18-ACE2)2Prlmn/J, Jackson Labs, Strain #034860) were used in these studies. Prior to infection, the mice were implanted with a UID Temperature Microchip and continuously monitored for body temperature and activity using the UID Mouse Matrix (UIdevices). Male and female hACE2-K18 mice, ranging in age 6–9 months, were randomly assigned to receive either vehicle saline (mock controls) or SARS-CoV-2 at a dose of 1 × 104 or 4 × 103 50% tissue culture infectivity dose (TCID50). Mice were anesthetized with 3–4% isoflurane, and 12.5 ml of either the vehicle or SARS-CoV-2 was pipetted into each naris (25 μL total volume). Following infection, mice were housed individually and managed in an ABSL3 facility (East Carolina University, Greenville, NC). Mice were weighed daily and monitored daily for symptoms for 10 days after infection. Mice that had rapid weight loss, lethargy, and became moribund between 6 and 10 days post-infection (dpi) were euthanized. Behavior and cognitive function tests were performed starting from 30 dpi. The mice were euthanized, and tissues were harvested at 45 dpi.




2.4. Behavior and Cognitive Function Tests


Behaviors in mice were tested starting 30 dpi. All testing was performed between 1300 and 1600 h. Treatment groups were distributed evenly throughout the testing time. The behavior apparatuses were enclosed in a Duo-Flo™ mobile unit with BioClean™ clean room technology with LED lighting providing approximately 100 lux of illumination. EthoVision software was used to track the movement of the mice. For the open field test, mice were placed in the middle of an open field chamber (Stoelting open field, 40 cm × 40 cm, clear plexiglass) and video was recorded for 10 min. Parameters measured in the open field test included total distance, acceleration, time moving, and time around the border. Open field zones were established as a 10 cm wide zone around the border and a 20 cm × 20 cm center zone. For the anxiety assessment, a Stoelting mouse zero maze was used, 50 cm in diameter with 5 cm lanes and an adjustable rim at 3 mm. The mice were placed inside the closed portion of the maze and recorded for 6 min. For the zero maze test, time spent in the open region was determined using EthoVision software with manual scoring to measure total time in the open (defined as any part of the mouse entering the open portion of the maze), total entries into the open, time with entire body of mouse in the open, and number of whole-body entries. For the Y maze test, a Stoelting Y maze for mice was used with lanes 5 cm wide and with a 35 cm arm length. Mice were placed in one arm and allowed to explore freely for 5 min. Video of each session was recorded. Using the EthoVision software, a zone for each arm was made and a center zone extended 2.5 cm down each arm. An entry into an arm was counted when the center point of the mouse crossed from the center zone into an arm. The number of entries were manually counted with the aid of the software. A spontaneous alternation was defined as entries into three different arms consecutively (i.e., ABC, CAB, or BCA, but not BAB and CBC). The number of total arm entries served as an indicator of exploratory behavior. The velocity, time immobile, and total distance traveled was determined by the tracking software and served as a measure of locomotor activity. All behavioral measurements were made blinded to treatment. Following each test, the mazes were cleaned with 70% isopropyl alcohol to remove residual odors and disinfect for any possible virus shedding.




2.5. Histology and Immunohistochemistry


Mice that developed severe disease were deeply anesthetized with 5% isoflurane, euthanized by decapitation, and the brain and lungs were fixed in 10% formalin. For transcardial perfusion, mice were deeply anesthetized and maintained on 5% isoflurane, the thoracic cavity was opened, and a blood sample was collected via cardiac puncture. Mice were then transcardially perfused with phosphate buffered saline followed by 3% paraformaldehyde. Brain and lung tissue was collected and post-fixed in 3% paraformaldehyde. Lung tissue and olfactory bulb tissue was dehydrated in 70% ethanol, embedded in paraffin, and sectioned at 5 μm. Lung and olfactory bulb sections from severe disease mice were processed for SARS-CoV-2 (#40150-MM150, lot HB14AP0201-B, Sino Biological, PA, USA, 1:1000) immunohistochemistry. Lung sections from mild disease mice were processed for Masson’s trichrome staining and immunohistochemistry. B1R-specific antibody B1R (#ABR-011, lot An-01, Alomone labs, Jerusalem, Israel; 1:500 dilution) and SARS-CoV-2 Spike S1 subunit (#40150-MM10, lot HB14AP0201-B, Sino Biological, Wayne, PA, USA., 1:1000) were used for immunohistochemical staining. The sections were incubated with the primary antibodies overnight at 4 °C and developed using ImmPRESS Excel Staining Kit (MP-7601, Vector Laboratories, Newark, CA, USA) following the manufacturer’s instructions. All slides were imaged using a Philips IntelliSite Ultra-Fast Slide Scanner. Representative images were then extracted and shown. Quantification of the collagen deposition and B1R immunoreactivity was performed using NIH ImageJ software and presented as percent area of staining. For Iba-1 immunostaining, sections were incubated with anti-goat biotinylated antibody followed by avidin-biotinylated-HRP complex (Vector Laboratories, Newark, CA, USA). Immunostaining was developed using the ImmPACT DAB solution for 4 min, washed and mounted on silanized slides, dehydrated with graded ethanol, defatted in xylene, and cover slipped using Permount. To quantify microglia reactivity, Iba1 labeled images of the hippocampus, amygdala, and prefrontal cortex were acquired at 40× magnification on the MoticEasyScan slide scanner using the extended depth of focus feature. An area of the image (615 μm × 300 μm) was captured and used to quantify microglia activation. Microglia cell bodies were counted in this area. The distribution of Iba-1 staining was quantified using ImageJ. Microglia activation was determined based on the percent area of Iba-1 staining and reported relative to the number of microglia cell bodies. A total of 4–6 images for each region was used to quantify microglia activity. To measure the area of the microglia cell body, the images were processed as described previously [29,30]. Briefly, the images were enhanced using the default FFT-Bandpass process then converted to gray scale. The brightness/contrast was adjusted then the unsharp mask filter was used. The rectangular selection tool was used to randomly select 10–12 cells using a grid pattern to randomly choose cells. The paint brush tool was used to remove processes from cells. The area of each cell was then measured. To further investigate changes in microglia morphology, the complexity in branching of microglia processes was measured (number of branches, number of junctions, number of end points) with the Skeleton 2D/3D plugin in ImageJ. The cell body and the branches of each microglia in a randomly selected image (between 30 and 40 cells) were traced, converted to binary, skeletonized, and analyzed with ImageJ.



For the immunofluorescence staining protocol, following fixation, brain tissue was cryoprotected in a 30% sucrose solution for 24 h. Then a cryostat was used to cut 30 μm free-floating sections. Free-floating brain sections were washed with PBS and blocked with 5% donkey serum in 1 × PBS containing 0.2% Tween-20 for 1 h. They were then incubated with appropriate primary antibodies: B1R (#ABR-011, lot An-01, Alomone labs, Jerusalem, Israel; 1:500 dilution), IL-6 (12912S, lot 2, Cell Signaling Technologies, Beverly, MA, USA; 1:500) TNF (11948S, lot 5, Cell Signaling Technologies, Beverly, MA, USA; 1:500), AT1R (#AAR-011, lot AAR011AN2002, Alomone labs, Jerusalem, Israel; 1:500), NeuN (MAB377, lot 3808682, Millipore Sigma, Burlington, MA, USA; 1:500), SARS-CoV antiserum (NR-10362, BEI resources, Manassas, VA, USA; 1:500), and dsRNA (Ab01299-23.0, absolute antibody, Boston, MA, USA; 1:500). The next day, sections were washed with PBS + 0.2% Tween-20 and incubated with appropriate Alexa flour conjugated secondary antibodies (ThermoFisher, Hanover Park, IL, USA; 1:1000 dilution) for 1 h at room temperature, followed by DAPI nuclear stain. Sections were mounted with ProLong Diamond Anti-Fade Mount (ThermoFisher, Hanover Park, IL, USA). Images were captured using an Echo Revolve or Keyence Microscope. We used previously validated primary and secondary antibodies for immunostaining, and no primary antibody negative controls were included in every experiment to assess the background fluorescence caused by non-specific binding of the antibody [27,31,32]. All experiments and data analyses were performed independently in a blinded fashion by at least two independent investigators.




2.6. RNA Extraction and Real-Time Quantitative RT-PCR


Hippocampus and prefrontal cortex tissue samples were microdissected and total RNA was extracted from individual tissue samples using a Quick-RNA FFPE miniprep kit (Zymo Research, Irvine, CA, USA). RNA concentration and purity were assessed using a spectrophotometer (NanoDrop One, ThermoFisher, Hanover Park, IL, USA). Real-time quantitative PCR (RT-qPCR) was performed with PowerUP SYBR green master mix (ThermoFisher, Hanover Park, IL, USA) using primer pairs listed in Supplementary Table S1. Each reaction was performed in triplicate. Data were normalized to β-actin expression by the 2−(ΔΔCT) comparative method and expressed as a fold change compared to control.




2.7. SARS-CoV-2 Antibody Titer Measurement Using ELISA


Blood samples collected via cardiac puncture prior to perfusion were placed in KE EDTA tubes and plasma was isolated. Antibody titers were measured in plasma using the Mouse Anti-SARS-CoV-2 IgG Antibody ELISA Kit (DEIASL240, Creative Diagnostics, Shirley, NY, USA) according to the manufacturer’s instructions. Initial concentrations were measured using 1 ml of plasma. A second measurement was determined with either a 1:10 or 1:20 dilution of plasma, based on the initial screening, to obtain measurements within the linear range of the standard curve.




2.8. Statistical Analysis


Statistical significance was determined using GraphPad Prism 10.0.1 (GraphPad Software, Boston, MA, USA). The normality of the data was tested (Shapiro–Wilk test), and appropriate methods were chosen for comparative statistics. Data are presented as mean ± standard error of the mean (s.e.m.). For the comparison of 2 independent data sets, an unpaired, 2-tailed Student’s t or Mann–Whitney U test was used for normally and non-normally distributed data, respectively. The correlation analysis of B1R expression and fibrosis was performed using linear regression analysis. Differences were considered statistically significant at p < 0.05.





3. Results


3.1. K18-hACE2 Mice Are Susceptible to Severe SARS-CoV-2 Infection


To characterize the effects of SARS-CoV-2 infection on K18-hACE2 mice, we intranasally infected different groups of mice with either a low (4 × 103 TCID50) or high (1 × 104 TCID50) dose of SARS-CoV-2 virus (saline was used for mock-infected controls) (Figure 1A). Animals were monitored daily for clinical symptoms and body-weight changes. Mice that had rapid weight loss, lethargy, and became moribund between 6 and 10 dpi were euthanized. Sixty-seven percent of mice receiving a high dose, but only 20% of mice receiving a low dose, either died or were euthanized by 10 dpi. All mice in the high-dose group were euthanized by 10 dpi and diagnosed as having a severe form of SARS-CoV-2 infection (Figure 1B). Lung (Figure 1C) and brain olfactory bulb (Figure 1D) tissue from mice with a severe SARS-CoV-2 infection were immunostained with an antibody specific to the SARS-CoV-2 virus S protein. Robust expression of S protein was detected in both tissues at 10 dpi, but not in tissue from mock controls. In addition, detection of double-stranded RNA (dsRNA) in the olfactory bulb of SARS-CoV-2-infected mice compared to mock-infected mice, indicates active viral replication (Figure 1E). These data demonstrate that mice expressing hACE2 are highly susceptible to intranasal infection of SARS-CoV-2 virus and can develop a severe form of the disease.




3.2. Severe SARS-CoV-2 Infection Increases Inflammatory Markers in the Brain


We sought to determine whether severe SARS-CoV-2 infection produces inflammatory changes in the brains of K18-hCAE2 mice. Expression of the pro-inflammatory cytokines IL-6 and TNF, as well as the angiotensin II type 1 receptor (AT1R; the vasoactive pro-inflammatory component of the renin–angiotensin system), were measured in the amygdala region of the brain. Quantification of immunofluorescence staining revealed that, compared to mock controls, SARS-CoV-2-infected K18-hCAE2 mice showed increased expression of IL-6, TNF, and AT1R in the amygdala (Figure 2A–C). Because ACE2 can inactivate DABK, the ligand for pro-inflammatory B1Rs, binding of SARS-CoV-2 to ACE2 can dysregulate the bradykinin system. We therefore measured B1R expression in the brains of K18-hCAE2 mice. Immunofluorescence staining revealed significantly higher B1R immunoreactivity in neurons within the hippocampus and amygdala following SARS-CoV-2 infection, compared to mock controls (Figure 2D,E). Together, these data reveal a greater state of inflammation in the brains of SARS-CoV-2-infected hACE2 mice, corroborating data from COVID-19 patients with severe disease.




3.3. Mild SARS-CoV-2 Infection Causes Significant Antibody Generation


To investigate the mechanisms responsible for the chronic neurological effects of SARS-CoV-2, we sought to create a robust model of long COVID. We intranasally infected K18-hACE2 mice with 4 × 103 TCID50 of SARS-CoV-2 virus – a dose that gave rise to 80% survival (Figure 1B). This dose caused a mild SARS-CoV-2 infection, which we monitored on a daily basis for 45 days (Figure 3A). Clinical symptoms were assessed throughout this period and body weight changes were monitored for the first 10 days. We had implanted temperature microchips into the mice to determine whether SARS-CoV-2 infection produced a febrile response similar to humans, so that fever could be used as a clinical indicator of infection. However, the mice did not develop a fever with infection. We confirmed that 80% of infected mice survived the infection, showed no differences in body weight during the experimental period (45 dpi), and were diagnosed as having a mild SARS-CoV-2 infection (Figure 3B,C). Plasma samples from blood taken at 45 dpi showed that infected mice had high levels of IgG antibodies to SARS-CoV-2, whereas no antibodies were detected in mock controls (Figure 3D). In addition, immunostaining of lung and olfactory bulb tissue harvested at 10 dpi showed the presence of viral S protein expression, indicating the presence of virus in these regions (Figure 3E,F). However, immunostaining of lung and olfactory bulb tissue harvested at 45 dpi revealed the absence of viral S protein expression in either mock- or SARS-CoV-2-infected mice (Figure 3E,F). Detection of double-stranded RNA (dsRNA) in olfactory bulb tissue in mild SARS-CoV-2-infected mice compared to mock-infected mice indicated active viral replication at 10 dpi but not at 45 dpi (Figure 3G). Furthermore, the hippocampus, amygdala, and prefrontal cortex also showed the presence of virus or dsRNA at 10 dpi (Figure S1). Thus, recovery from a mild SARS-CoV-2 infection results in significant antibody generation that is not dependent on persistent viral replication.




3.4. Mild SARS-CoV-2 Infection Causes Lung Fibrosis and Increased B1R Expression


One of the hallmarks of SARS-CoV-2 infection is lung fibrosis [33,34]. We therefore assessed the lungs of K18-hACE2 mice that had recovered from mild SARS-CoV-2 infection to validate the applicability of the animal model to long COVID. Collagen deposition was used as an indicator of lung fibrosis and was measured using Masson’s trichrome staining (Figure 4A). Quantification of this staining revealed greater collagen content in the lungs of SARS-CoV-2-infected mice at 45 dpi, compared to mock controls, indicating increased and long-lasting fibrosis (Figure 4C). Next, we measured the expression of pro-inflammatory B1Rs in lung sections using immunohistochemistry (Figure 4B). These data showed higher B1R expression following recovery from mild SARS-CoV-2 infection, compared to mock-infected mice (Figure 4D). To determine whether B1R expression levels in the lung are correlated with fibrosis, we performed linear regression analysis. This analysis revealed a statistically significant correlation between fibrosis and B1R expression in lung sections from SARS-CoV-2-infected mice (Figure 4E). Together, these data show that our mouse model of mild SARS-CoV-2 infection has long-lasting hallmarks of COVID-19.




3.5. Mild SARS-CoV-2 Infection Increases Inflammatory Markers in the Brain


We next examined inflammatory changes in the brains of K18-hACE2 mice with mild SARS-CoV-2 infection (long COVID mice) to determine whether neuroinflammation is associated with the long-term effects of SARS-CoV-2 infection. Immunofluorescence staining revealed increased expression of IL-6 (Figure 5A), TNF (Figure 5B), and AT1R (Figure 5C) in the amygdala of these mice, compared to mock-infected controls. We also measured the expression of pro-inflammatory B1R expression in the brain regions that are associated with cognitive and neuropsychiatric symptoms. Quantification of immunofluorescence at 45 dpi revealed that B1R expression was significantly increased in the hippocampus (Figure 5D), amygdala (Figure 5E), and prefrontal cortex (Figure 5F) of long COVID mice, compared to mock controls. These effects were qualitatively similar to those observed following severe SARS-CoV-2 infection (Figure 2), revealing that even mild SARS-CoV-2 infection can lead to long-term inflammation in the CNS. To further validate the elevated expression of inflammatory markers demonstrated with immunofluorescence, we used real-time qRT-PCR to measure mRNA levels. Significant elevations in IL-6, TNF, AT1R, and B1R were found in hippocampus and prefrontal cortex 45 dpi (Figure S2), which supported our findings that increased neuroinflammation is associated with the long-term effects of SARS-CoV-2 infection. The expression of B1R seems to be co-localized with neurons (Figure 5D–F) and with microglia (Figure S3).




3.6. Mild SARS-CoV-2 Infection Results in Persistent Activation of Microglia in the Brain


Microglia have a complex and diverse morphologic response to inflammation and in acute conditions can proliferate and infiltrate the affected area, resulting in an increase in the number of microglia. However, more subtle changes in microglia morphology are associated with chronic inflammation [35]. Microglia morphology can range from resting microglia with complex, hyper-ramified processes, to activated de-ramified microglia and amoeboid-shaped morphologies. Because these changes in morphology can serve as an indicator of microglia function and signal long-term dysfunction in the brain, we analyzed Iba1 immunohistochemistry to assess microglia activation in the hippocampus, amygdala, and prefrontal cortex following recovery from SARS-CoV-2 infection (long COVID mice). No differences in the number of microglia were observed. The microglia in the hippocampus and prefrontal cortex in mice that recovered from SARS-CoV-2 infection had a significant reduction in microglia processes, determined based on overall area of Iba1 staining as well as increased staining of microglia soma, indicating microglia activation (Figure 6). A similar trend was found in the amygdala; however, this was not statistically significant. This microglia activation was further confirmed by evaluating microglia morphology using skeletal analysis which revealed reduced microglia processes within the amygdala (Figure S4).




3.7. Mild SARS-CoV-2 Infection Causes Neuropsychiatric and Behavioral Symptoms


To investigate the long-term effects of mild SARS-CoV-2 infection on mouse behavior, we tested our long COVID mice in the zero maze, the Y maze, and an open field, between 30 and 45 dpi. We used the zero maze to assess anxiety. Both partial and full-body entries into the open, as well as the duration of full-body entries, were reduced, but not significantly different, in infected mice compared to mock controls (Table 1). However, long COVID mice spent significantly less time in the open areas of the zero maze than mock-infected mice, indicating elevated levels of anxiety (Figure 7A). We also tested the behavior of mice in a Y maze to assess working spatial memory and exploratory behavior. Mock- and SARS-CoV-2-infected mice performed similarly on % spontaneous alternations of the Y maze, indicating comparable working memory. Infected mice spent more time in the center of the maze, and were more immobile, but these parameters were not statistically significant (Table 1). However, long COVID mice showed a significant reduction in the total number of arm entries (Figure 7B), as well as average velocity and distance traveled (Table 1), indicating diminished exploratory behavior. The open field test was used to determine overall exploratory and motor activity. No differences were observed in distance traveled, acceleration, or immobility between long COVID and mock-infected mice (Table 1). In addition, there were no differences in the time spent near walls of the open field, a crude indicator of anxiety. Representative heat maps from a subset of mice show the total distance traveled by mice over the whole area of the apparatus (Figure 7C). The open field results established that infection does not alter overall motor activity in our mouse model of long COVID. Together, these data suggest that mild SARS-CoV-2 infection causes persistent neurological symptoms, including elevated anxiety and reduced exploratory behavior.





4. Discussion


COVID-19 has a broad spectrum of symptoms in humans, ranging from asymptomatic to severe disease. Long COVID or PASC is being diagnosed not only in patients having recovered from severe COVID-19 but also in patients with mild symptoms and asymptomatic cases. Because patients are reporting long-lasting symptoms, including cognitive, neurological, and neuropsychiatric following infection with SARS-CoV-2, it is important to understand the causative mechanisms. Potential mechanisms have not yet been investigated in animal models of COVID-19. Although previous studies have investigated the acute response of K18-hACE2 mice to infection with SARS-CoV-2, our study is the first to characterize longer-term effects on behavior and brain inflammation following recovery from mild disease. Our results indicate that: (1) both acute severe disease and chronic mild disease can result from SARS-CoV-2 infection of K18-hACE2 mice; (2) SARS-CoV-2 infection increases the expression of pro-inflammatory mediators IL-6, TNF, AT1R, and B1R in the brain following mild disease (45 dpi) as well as during severe disease (10 dpi); (3) mild SARS-CoV-2 infection induces fibrosis and elevates B1R expression in the lungs of K18-hACE2 mice; (4) behavioral changes are associated with recovery from mild SARS-CoV-2 infection in mice, mimicking some long COVID symptoms in humans; and (5) elevated B1R expression could be a critical mechanism driving inflammation in the brain following SARS-CoV-2 infection.



K18-hACE2 mice have been primarily used to study the acute phase of COVID-19. Our study further reveals that the K18-hACE2 mouse model represents an important model to study the physiological effects of SARS-CoV-2. The advantages of this model are that it reproduces a wide diversity of symptoms, ranging from mild/asymptomatic cases to lethal infection that are not replicated in most mouse models of COVID-19. At high doses of SARS-CoV-2, 100% mortality has been reported in K18-hACE2 mice [36,37]. However, mortality has been reported to decrease at lower doses [36]. In order to study the long-term effects of SARS-CoV-2 infection, we investigated a dose that produces a mild infection and only 20% mortality. Nevertheless, the mice had antibodies to SARS-CoV-2 and lung fibrosis at 45 dpi, demonstrating an infection that mimicked long COVID in humans. Furthermore, this model replicated transient viral infection in the brain, which is absent in some mouse models but demonstrated in many human cases [15,16,18,38]. Thus, this model replicates high susceptibility to the effects of SARS-CoV-2 infection and is a valuable tool to evaluate the long-term effects of SARS-CoV-2 infection on brain inflammation and behavioral changes.



Recent findings suggest that alterations of kinins in the kallikrein–kinin system (KKS), known as a bradykinin storm, play a more prominent role in multiple organ system damage leading to severe COVID-19 symptoms [3,4,19]. The KKS is composed of polypeptide kallikreins that can proteolytically cleave high- and low-molecular-weight kininogens to release the vasoactive peptides bradykinin and kallidin. In addition, the peptidase kininase I further processes bradykinin and kallidin into the active metabolites DABK and des-Arg10-kallidin (DAKD), respectively. These various kinins transmit their biological effects by activating the G-protein coupled receptors bradykinin/kinin receptor 1 (B1R) and 2 (B2R). Bradykinin and kallidin bind to ubiquitously expressing B2R, whereas DABK and DAKD bind to inducible B1R. In our study, we found elevated expression of pro-inflammatory mediators (B1R and AT1R) in the brain following severe infection with SARS-CoV-2, reproducing the disrupted KKS signaling reported in COVID-19 patients. Considerably fewer data are available on the mechanisms associated with persistent SARS-CoV-2 symptoms following mild infection that result in long COVID. Interestingly, these pro-inflammatory mediators were also elevated in the brain up to 45 days following mild infection. These data suggest that disruption of the KKS signaling and induction of B1R could occur in patients following mild SARS-CoV-2 infection and with long COVID, as well as following severe COVID.



Currently, K18-hACE2 mice replicate the capability of SARS-CoV-2 to infect the brain, as previous studies have found evidence of SARS-CoV-2 in the brains of these mice after infection with the virus [18,39]. These data were primarily based on infections that resulted in severe disease. Our data show that SARS-CoV-2 does enter the brain in K18-hACE2 mice with mild disease based on the presence of the virus at 10 dpi, but does not persist at 45 dpi. Additionally, data from these mice show clear and persistent effects on brain inflammation and behavior that last up to 45 days. This transient infection in the brain could contribute to the persistent inflammation. However, an indirect effect on the brain is also possible. In hamsters, Klein et al. reported elevated cytokine expression following SARS-CoV-2 infection in the absence of evidence for virus in the brain [40]. However, the elevated cytokine expression (IL-1β and IL-6) and microglial activation in this model was transient, and values returned to control levels between 5 and 8 dpi. In contrast, Fernández-Castañeda et al., using intranasal adeno-associated virus expression of hACE2 which lacks neuro-invasion, found persistent elevation of inflammatory markers in the brain and reduced neurogenesis in the hippocampus up to 7 weeks post infection [38]. More recently, elevated microglia activation, neuroinflammation, and evidence of neurodegeneration have been reported 4–6 weeks after SARS-CoV-2 infection in non-human primates [41,42]. Peripheral immune activation or autoantibodies could contribute to effects observed in the brain in the absence of direct infiltration of the CNS. However, none of these mechanisms are mutually exclusive. Increased pro-inflammatory cytokines could disrupt the blood brain barrier (BBB), allowing the entry of virus, cytokines, and/or autoantibodies to the CNS. In humans with long COVID, the variability in persistent symptoms could be due to differences in the activation of these mechanisms. For example, direct infiltration into the brain could result in long-lasting inflammation and neurological symptoms, whereas an inability of the virus to access the brain may explain why some patients do not exhibit persistent symptoms [43,44]. Currently, the mechanisms involved in SARS-CoV-2 infection of the CNS have not been determined fully.



In our study, we found upregulated pro-inflammatory kinin B1R expression in the amygdala, hippocampus, and prefrontal cortex, both in severe as well as mild, long-term disease. Given the role of B1R in increasing the inflammatory state, we speculate that increased activation of B1R could lead to elevated inflammation in the brain and contribute to the observed behavioral changes. B1R has the potential to mediate the chronic actions of the KKS system. Once B1R is activated by an agonist, it is not internalized or desensitized, and perpetuates the feed-forward cycle of neuroinflammation. Additionally, all components of the KKS can be synthesized locally in the cerebral cortex, brain stem, cerebellum, hypothalamus, and hippocampus, among other areas, implying that induction of B1R expression could result from either a peripheral mechanism or central activation [45]. Indeed, significant increases in B1R expression have been reported in various traumatic brain injury models, the longest lasting at least 7 d from contusion [46,47,48]. Additionally, traumatic brain injury and repeated dosing models of infection such as lipopolysaccharide or poly(I:C) can cause elevation of inflammatory markers for up to 30 days [49,50,51]. Therefore, the persistent effects of mild COVID-19 on B1R expression and inflammation in K18-hACE2 mice appears to be similar or longer lasting than traumatic brain injury and other high-dose inflammation models.



Our study investigated the behavior of mice that had recovered from a mild SARS-CoV-2 infection. Based on the open field test, there were no overt effects on exploration, motor function, or anxiety. However, SARS-CoV-2 infection enhanced anxiety-related behavior in the zero maze and attenuated exploratory behavior in the Y maze. It is unclear whether altered behavior in the Y maze is due to a reduced drive for exploration, elevated anxiety, or potential attention deficits. No differences in % spontaneous alternations were observed between groups. However, this parameter is difficult to interpret due significantly fewer arm entries in the infected mice. Since open field activity was not affected and the virus was cleared from the brain and lungs, these data suggest that the persistent inflammation resulting from infection is a cause of these behavioral changes. Induction of brain inflammation using models that mimic infection, such as lipopolysaccharide and poly(I:C), produce cognitive deficits, enhance anxiety, and exacerbate depression-related behaviors. More specifically, studies involving repeated exposure to silicon dioxide nanoparticles (which produce inflammation), endotoxin-induced nigrostriatal damage, and maternal immune activation using poly(I:C), reported attenuation of Y maze exploration [52,53,54,55]. Maternal immune activation also elevated anxiety measures [54]. Additional research is needed to differentiate between the general effects of infection-induced immune activation and the specific mechanism associated with SARS-CoV-2 infection.



In our long COVID model utilizing K18-hACE2 mice, we observed lung damage, elevated neuroinflammation, and neuropsychiatric symptoms. Lung damage and deficits in lung function have been reported in long COVID patients [56,57]. Furthermore, MRI and PET studies have reported persistent deficits and enhanced markers of inflammation in the brains of patients recovered from COVID-19 [58,59]. Common cognitive and neuropsychiatric symptoms in long COVID patients include fatigue, depression, anxiety, and memory problems [7,8,60]. However, the cause of these persistent symptoms is currently unclear. Our data reveal that K18-hACE2 mice following mild SARS-CoV-2 infection is a useful model to study the long-term effects of COVID. Because the effects of SARS-CoV-2 infection in humans are variable, from asymptomatic to lethal, this model likely reproduces aspects of the disease that occur in a subset of patients most sensitive to the effects of SARS-CoV-2 infection. Further validation is needed to determine if the KKS and B1R expression is altered in the brains of patients with long COVID.



An additional consideration associated with persistent inflammation is the increased likelihood of developing disease in the future. Chronically elevated inflammation has been associated with neurodegenerative diseases such as Parkinson’s, Alzheimer’s, and other dementias [10,11,12,61,62,63]. Although individuals with long COVID likely represent those with CNS inflammation and who are therefore at greater risk of future neurodegenerative disease, others with prior SARS-CoV-2 infections could also have an elevated risk. The complications associated with clinical data, including diverse genetics, confounding comorbidities, different pathogen exposures, and immune memory, create serious challenges for elucidating biological mechanisms and developing potential treatments. These confounding variables can be controlled in animal models to gain an understanding of the most relevant mechanisms and provide a means to test promising therapies.




5. Conclusions


In conclusion, our study has clearly demonstrated persistent elevation of brain inflammation in a mouse model of long COVID and elevated expression of B1R. Due to the role of B1R in mediating inflammation, these results suggest that B1R could be a useful therapeutic target to attenuate COVID-19-associated inflammation. In future studies, the role of B1R signaling can be tested to determine the contribution to the persistent inflammation in this mouse model of long COVID. A further understanding of B1R-mediated signaling could lead to the identification of additional therapeutic targets, which may have implications for the prevention of neurodegeneration following long COVID.
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Figure 1. K18-hACE2 mice are susceptible to severe SARS-CoV-2 infection. (A) K18-hACE2 mice were intranasally infected with saline (mock control), 1 × 104 or 4 × 103 TCID50 SARS-CoV-2. (B) Survival curves of mice infected with 1 × 104 (high dose) or 4 × 103 (low dose) TCID50 SARS-CoV-2. All mice in the high dose group died (67%) or were euthanized by 10 dpi and diagnosed as having severe SARS-CoV-2. (C) Immunohistochemical detection of SARS-CoV-2 spike S1 protein antibody in lung tissue following mock and severe SARS-CoV-2 infection. (D) Detection of SARS-CoV-2 in olfactory bulb using two different antibodies, anti-SARS-CoV-2 spike S1 protein and anti-SARS-Co-V antibody, as described in methods. (E). Detection of double-stranded RNA (dsRNA) in olfactory bulb following severe SARS-CoV-2-infected mice compared to mock-infected mice, indicating active viral replication. Representative images from n = 3–6 mice/group. Scale bar, 100 μm. 
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Figure 2. Severe SARS-CoV-2 infection increases inflammatory markers in the brain. (A–C) Immunofluorescence staining and quantification of IL-6, TNF, and AT1R immunoreactivity in the amygdala region of mock- and SARS-CoV-2-infected mice. The regions marked with white frame are magnified to the side. (D,E) Immunofluorescence staining and quantification of B1R immunoreactivity in the hippocampus and amygdala regions of mock- and SARS-CoV-2-infected mice. B1R expression (red) colocalizes with neurons stained with the cell specific marker NeuN (green). The regions marked with white frame are magnified to the side. Representative images from n = 6 mice/group. Scale bar, 50 μm. Data are mean ± s.e.m. * p < 0.05 (Student’s t-test). 
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Figure 3. Mild SARS-CoV-2 infection causes significant antibody generation. (A) K18-hACE2 mice were intranasally infected with saline (mock control) or 4 × 103 TCID50 SARS-CoV-2 and monitored for 45 days. Behavioral tests were performed from 30 dpi and mice were euthanized at 45 dpi. Eighty percent of mice survived this infection and were diagnosed as having mild disease, representing long COVID. (B,C) Infection had no effect on body weight in male (B) or female (C) mice. (D) High SARS-CoV-2 antibody titers detected in infected mice compared to mock controls at 45 dpi. n = 4 males and 5 females/group. Data are mean ± s.e.m. * p < 0.05 (Student’s t-test). Blue data points represent male mice, green data points represent female mice. Immunohistochemical staining of SARS-CoV-2 virus in lung tissue (E), with SARS-CoV serum) and olfactory bulb (F), with SARS-CoV-2 Spike S1 subunit antibody and SARS-CoV serum) of mock- or virus-infected mice, revealing staining for virus at 10 dpi and no detectable virus staining at 45 dpi. (G) Detection of double-stranded RNA (dsRNA) in olfactory bulb tissue in mild SARS-CoV-2-infected mice compared to mock-infected mice, indicating active viral replication at 10 dpi but not at 45 dpi. Scale bars, 50 μm. 
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Figure 4. Mild SARS-CoV-2 infection causes lung fibrosis and increased B1R expression. (A) Masson’s trichrome staining of paraffin-embedded lung sections from K18-hACE2 mice at 45 dpi reveal increased collagen deposition (blue) and immune cell infiltration (red) in infected but not mock-treated animals. (B) Immunohistochemical staining of B1R (brown) in lung tissue of mice recovered from mild SARS-CoV-2 infection. Representative images from n = 5–6 mice per group. Scale bars, 100 μm. (C,D) Quantification data showing collagen (C) and B1R (D) expression in lungs. Representative images n = 9–10/group. Data are mean ± s.e.m. * p < 0.05 (Student’s t-test). (E) Pearson correlation and least-squares linear regression were used to determine correlation coefficients between variables. B1R immunoreactivity is positively correlated with collagen deposition in lungs infected with mild SARS-CoV-2 infection at 45 dpi. 
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Figure 5. Mild SARS-CoV-2 infection increases inflammatory markers in the brain. (A–C) Immunofluorescence images and quantification of IL-6, TNF, and AT1R immunostaining in the amygdala of mock- and mild SARS-CoV-2-infected mice. The regions marked with white frame are magnified to the side. (D–F) Immunofluorescence staining and quantification of B1R immunoreactivity in the hippocampus, amygdala, and prefrontal cortex regions of mock- and SARS-CoV-2-infected mice at 45 dpi. The regions marked with white frame are magnified to the side. B1R expression (red) colocalizes with neurons stained with the cell specific marker NeuN (green). Representative images from n = 4 male and 4 female mice/group. Blue data points represent male mice, green data points represent female mice. Data are mean ± s.e.m. * p < 0.05 (Student’s t-test). Scale bar, 50 μM. 
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Figure 6. Mild SARS-CoV-2 infection increases microglia activation in the brain. Immunohistochemistry images showing the staining for Iba-1 in hippocampus, amygdala, and prefrontal cortex of mock- and SARS-CoV-2-infected mice. A high magnification image of the boxed region is shown in the top right of each image. The microglia in the hippocampus and prefrontal cortex in mice recovered from SARS-CoV-2 infection had a signification reduction in microglia processes, based on area of Iba-1 staining relative to the number of microglia cell bodies, indicating microglial activation. A significant increase in the average size of the microglia cell bodies, measured as area of soma, was observed in all regions investigated. Representative images from n = 2–4 male and 2–4 female mice/group. Blue data points represent male mice, green data points represent female mice. Data are mean ± s.e.m. * p < 0.05 (Student’s t-test). Scale bar, 50 μM. 
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Figure 7. Mild SARS-CoV-2 infection causes neuropsychiatric and cognitive symptoms. (A) Mock- and SARS-CoV-2-infected K18-hACE2 mice were tested from 30 dpi in the zero maze. Representative heat maps show that infected mice spent significantly less time in the open portions of the maze, defined as any part of the mouse entering the open portion of the maze. (B) Mock- and SARS-CoV-2-infected K18-hACE2 mice were tested from 30 dpi in the Y maze. Heat maps show that infected mice displayed significantly reduced arm exploration. (C) Mock- and SARS-CoV-2-infected K18-hACE2 mice were tested from 30 dpi in the open field test. Heat maps show total distance traveled by mice over the whole area of the apparatus, indicating no differences in overall motor activity. Blue data points represent male mice, green data points represent female mice. n = 6 male and 6 female mice in each group. Data are mean ± s.e.m. * p < 0.05 (Student’s t-test). 
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Table 1. Behavioral parameters in the open field, zero maze, and Y maze 30 days after SARS-CoV-2 infection.
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	Mock
	SARS-CoV-2





	Open field
	
	



	Distance (cm)
	3422.17 ± 227.39
	3443.96 ± 178.66



	Velocity (cm/s)
	5.70 ± 0.38
	5.54 ± 0.36



	Acceleration (cm/s2)
	669.95 ± 29.46
	664.50 ± 35.79



	Time moving (s)
	348.27 ± 18.84
	364.01± 16.43



	Time in border (s)
	549.43 ± 16.65
	529.06 ± 14.17



	 
	 
	 



	Zero Maze
	
	



	Entries
	19.25 ± 1.87
	16.33 ± 1.69



	Entries, whole body
	4.58 ± 1.09
	2.33 ± 0.92



	Time in open, whole body (s)
	35.56 ± 7.26
	18.24 ± 7.31



	 
	 
	 



	Y Maze
	
	



	Spontaneous alternation (%)
	65.13 ± 2.85
	64.95 ± 4.92



	Immobile (s)
	9.37 ± 2.76
	24.80 ± 10.34



	Velocity (cm/s)
	4.24 ± 0.15
	3.05 ± 0.27 *



	Distance (cm)
	1272.66 ± 43.51
	916.3 ± 79.37 *







* p < 0.05 (Student’s t-test).
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