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Background

Neuro-cognitive impairment is a deleterious complication of bacterial infections that is difficult to treat or prevent. Listeria monocytogenes (Lm) is a neuroinvasive bacterial pathogen and commonly used model organism for studying immune responses to infection. Antibiotic-treated mice that survive systemic Lm infection have increased numbers of CD8+ and CD4+ T-lymphocytes in the brain that include tissue resident memory (TRM) T cells, but post-infectious cognitive decline has not been demonstrated. We hypothesized that Lm infection would trigger cognitive decline in accord with increased numbers of recruited leukocytes.





Methods

Male C57BL/6J mice (age 8 wks) were injected with neuroinvasive Lm 10403s, non-neuroinvasive Δhly mutants, or sterile saline. All mice received antibiotics 2-16d post-injection (p.i.) and underwent cognitive testing 1 month (mo) or 4 mo p.i. using the Noldus PhenoTyper with Cognition Wall, a food reward-based discrimination procedure using automated home cage based observation and monitoring. After cognitive testing, brain leukocytes were quantified by flow cytometry.





Results

Changes suggesting cognitive decline were observed 1 mo p.i. in both groups of infected mice compared with uninfected controls, but were more widespread and significantly worse 4 mo p.i. and most notably after Lm 10403s. Impairments were observed in learning, extinction of prior learning and distance moved. Infection with Lm 10403s, but not Δhly Lm, significantly increased numbers of CD8+ and CD4+ T-lymphocytes, including populations expressing CD69 and TRM cells, 1 mo p.i. Numbers of CD8+, CD69+CD8+ T-lymphocytes and CD8+ TRM remained elevated at 4 mo p.i. but numbers of CD4+ cells returned to homeostatic levels. Higher numbers of brain CD8+ T-lymphocytes showed the strongest correlations with reduced cognitive performance.





Conclusions

Systemic infection by neuroinvasive as well as non-neuroinvasive Lm triggers a progressive decline in cognitive impairment. Notably, the deficits are more profound after neuroinvasive infection that triggers long-term retention of CD8+ T-lymphocytes in the brain, than after non-neuroinvasive infection, which does not lead to retained cells in the brain. These results support the conclusion that systemic infections, particularly those that lead to brain leukocytosis trigger a progressive decline in cognitive function and implicate CD8+ T-lymphocytes, including CD8+TRM in the etiology of this impairment.
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Introduction

Bacterial infections of the central nervous system (CNS) cause long-term neurological complications and cognitive dysfunction in children and adults (1–3). Despite a declining incidence of neurological diseases caused by meningitis in developed countries (4, 5), meningitis remains the 4th leading cause of neurological disability-adjusted life-years globally (6). Additionally, recent data from a Finnish multicohort observational study found that individuals experiencing a CNS infection were 3-times more likely than uninfected individuals to develop dementia over a median follow-up period of 15.4 years (7). Host inflammatory responses are key drivers of post-infectious neurological dysfunction (8–11). Thus, suppressing brain inflammation with corticosteroids is the mainstay of currently approved adjunctive therapy (12, 13). Even though these drugs clearly benefit some patients, they have limited ability to improve neurocognitive outcomes (14–16). Continued research in models of bacterial brain infection is necessary to understand the etiology of pathological brain inflammation and ameliorate post-infectious cognitive dysfunction.

Listeria monocytogenes (Lm) is a food-borne, bacterial pathogen that invades the brain and frequently causes long-term neurological complications in survivors (17, 18). For example, a French national prospective study identified 818 cases of invasive listeriosis in which long-term neurological sequelae were present in 44% of patients that survived neurolisteriosis (19). This study also found significantly higher mortality in patients that were treated with adjunctive corticosteroids (OR 4.58 [1.50-13.98], p = 0.008). Smaller studies show sequelae are present in 16-30% of patients at hospital discharge (20, 21). Lm is also a tractable model organism and experimental Lm infection of mice is useful for studying CNS infections and host immune responses to bacterial infection (17, 18, 22). Nonetheless, if mice recovered from Lm infection exhibit long-term neurocognitive deficits, it would be a seminal finding as this model could be used to uncover pathological neuro-immune networks and identify targets for intervention.

To study brain inflammation after recovery from CNS Lm infection, we injected mice systemically with an otherwise lethal inoculum of Lm, then started antibiotic treatment 48 hrs later with the same drug used for human Lm infection (23). This model reflects the clinical situation of a patient receiving treatment after developing neuroinvasive Lm. Analysis of microglial gene expression and brain leukocyte influxes 3d post-injection (p.i.) showed marked upregulation of IFN-related genes in microglia and influxes of Ly6Chi monocytes, followed at 7d p.i. by large numbers of CD8+ T-lymphocytes (23). Importantly, numbers of CD8+ T-lymphocytes cells in the brain expressing a phenotype consistent with tissue-resident memory (TRM) cells remained significantly elevated 1 mo p.i. and produced IFN-γ and TNF upon stimulation (23, 24). These findings are notable as anti-viral CD8+ T-lymphocytes recruited to the brain during acute viral encephalitis can provoke neuronal damage in an IFN-γ-dependent mechanism via activated microglia that eliminate synapses (25, 26). Additionally, CD8+ TRM have emerged as critical cells that instigate neurological injury in humans and in mouse models of neuroinflammation, including when instigated by infection (27, 28). These cells are recruited into the CNS during infection with bacteria, protozoans, and viruses and provide immune surveillance and rapid pathogen removal upon re-infection (24, 29–33). Tissue retention in extravascular niches is accomplished in part by surface antigens including CD49a, CD69, and CD103, pathological exert actions are due to bystander activation of parenchymal cells via IFN-γ signaling and through antigen-specific activation, e.g. during re-infection (28).

The goal of this study was to test the hypothesis that Lm infection alters cognitive function in mice in a manner commensurate with the degree of brain inflammation. To distinguish specific effects of CNS infection/inflammation on cognition from those caused by peripheral infection, we compared results using the neuroinvasive Lm strain 10403s with a gene-deletion mutant that lacks the hly gene (Δhly) encoding listeriolysin O (34). This mutant does not escape from phagosomes, replicate intracellularly, or activate cytosolic response mechanisms (35, 36). Moreover, systemic infection with Δhly Lm mutants does not cause brain infection, widespread upregulation of brain inflammatory genes, or CNS influxes of blood leukocytes (23, 37). Cognitive function was tested using the Ethovision PhenoTyper with Cognition Wall, a food reward-based discrimination procedure in an Automated Home Cage based observation and Data Analysis (AHCoDA) system with continuous monitoring (38, 39).

Results presented here show mice infected with virulent Lm, as well as with Δhly Lm, had significantly worse cognitive outcomes 4 mo after infection/treatment. These changes included decreased learning, impaired ability to extinguish prior learning, and a decline in overall movement during the observation period. Concomitant analysis of brain leukocytes showed that increased numbers of CD4+ and CD8+ T-lymphocytes were present in the brain 1 mo p.i., but only CD8+ T-lymphocytes remained increased 4 mo p.i. when cognitive changes were most pronounced. These data are in accord with the hypothesis that CD8+ T-lymphocytes recruited to the brain during infection trigger cognitive decline.





Materials and methods




Antibodies

Fluorochrome-conjugated mAb (clone, fluorochrome) and isotype-matched control mAb were purchased from BD Pharmingen (San Diego, CA): CD62L (MEL-14, BV510), CD44 (IM7, PE-CF594), Biolegend (San Diego, CA): CD11b (M1/70, BV421), CD3 (17A2, PE), CD8a (53-6.7, Alexa Fluor 488), CD4 (RM4-5/GK1.5, BV605 and BV785), CD45 (30-F11, PE/Cy7), CX3CR1 (SA011F11, BV605), Ly-6G (1A8, BV510), Ly-6C (HK1.4, PerCP/Cy5.5), CD69 (H1.2F3, BV711), and CD103 (2E7, APC).





Bacteria

Lm strain 10403s was purchased from the American Type Culture Collection (Manassas, VA). The Δhly Lm mutant DP-L2161, which is constructed from the 10403s parent strain, was a kind gift from D. Portnoy (Univ. of California, Berkeley, CA) (34). Bacteria were stored in brain-heart infusion (BHI) broth (Difco, Detroit, MI) at 109 CFU/ml at -80°C. For experiments, the stock culture was diluted 1:10,000 into BHI and incubated with shaking overnight at 37°C.





Animal infection and antibiotic treatment

This study was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Oklahoma HSC. Male C57BL/6J mice purchased from Jackson Laboratories (Bar Harbor, ME) were 8 wks old at time of infection or injection. Mice from multiple litters of similar age were randomly assigned to be infected i.p. with 500 µL PBS alone or PBS containing the indicated dose/strain of Lm. Each group of infected mice was injected on the same day to reduce variability and received amoxicillin (2 mg/mL final concentration) in drinking water ad libitum as previously described (23, 24). Mice were randomly assigned to undergo cognitive and immunological analysis at 1 mo or 4 mo p.i. There were no mortalities. This study used only male mice as it was not powered to study potential confounding effects of estrous cycles on behavioral analyses (40).





Cognitive testing

To determine if cognitive function was impaired after Lm infection, we infected 2 mo old male C57BL/6J mice i.p. with neuroinvasive Lm strain 10403s (3.2 x 106 CFU/mouse), a lethal dose without antibiotic treatment. For a comparison, other mice were infected i.p. with 3.0 x 107 CFU/mouse of a gene-deletion mutant derived from 10403s lacking hly (Δhly), which encodes for listeriolysin O (34). This mutant does not escape from phagosomes into the cytosol or replicate intracellularly, not does it invade the brain or promote cellular influxes into it (23, 35–37). A third group of mice were injected i.p. with PBS and remained uninfected. All mice received the same antibiotic regimen regardless of infection status. One cohort of each treatment group (Lm 10403s-infected, Δhly Lm-infected, uninfected) underwent cognitive testing in the Ethovision PhenoTyper with Cognition Wall 24d p.i. (referred to as 1 mo p.i.) whereas the remainder were tested 15 wks p.i. (referred to as 4 mo p.i.). A flow diagram is displayed in Figure 1A.




Figure 1 | Timeline of Lm infection and graphical description of cognitive testing. C57BL/6J mice (age 2 mo) were injected i.p. with avirulent Lm Δhly (3.0 x 107 CFU, 1 mo n=9, 4 mo n=8), neuroinvasive Lm 10403s (3.2 x 106 CFU, 1 mo n=11, 4 mo n=5), or with sterile PBS as uninfected controls (1 mo n=12, 4 mo n=7). All mice received antibiotics beginning 2d after injection with the indicated bacteria or sterile PBS. Mice were split into 2 cohorts with half undergoing early cognitive testing and the other half undergoing late cognitive testing. (A) Cognitive testing was performed using the Ethovision PhenoTyper with Cognition Wall (B). During hours 1-48 (initial Discrimination period), the mouse was rewarded on a fixed ratio schedule of 1 food pellet per 5 entries through the left most entry of the cognition wall. The algorithm is reversed at hour 49 and from hours 49-89 (reversal phase), the mouse learned to enter the right most entry to receive a reward in the same reward schedule. Movement was tracked using an IR camera located above the cage using Noldus Ethovision software.



Cognitive testing was performed using the Ethovision PhenoTyper with Cognition Wall (Model 3000, Noldus Information Technology, The Netherlands). The PhenoTyper with Cognition Wall is an automated home-cage device that measures movement and cognitive ability non-invasively and without animal handling (Figure 1B) (38, 39). Four days prior to testing, the mice were individually housed and given access to food pellets (Dustless Precision Rodent Pellets, F05684, Bio-Serv, Flemington, NJ) used in the experiment for adaptation to the food. Mice were monitored continuously over four (4) 12 hr light: dark periods during which diurnal spontaneous movement is continuously tracked. The mouse learned to make the left most entry to receive a food reward pellet in the initial discrimination (acquisition) period (hours 1-48). Food was dispensed using a Fixed Ratio (FR) 5 schedule in which the mouse was required to make 5 left entries to receive 1 food pellet. During the Reversal period (hours 49-89), the algorithm was changed such that the mouse has to enter through the right most entry to receive a food reward, also using the FR5 schedule. Thus, the mouse must extinguish the previous memory to receive a food reward using the same reward schedule. Ethovision software version 16 (Noldus, Netherlands) was used to record the activity of the mice, which was tracked via an IR camera located above the cage. Pre- and post-behavioral testing weights were recorded, and the data exported as delimited text files (1 per mouse) and processed using R programming to represent values per hour. Extractable data include movement, feeding, independent learning index, cumulative learning index, entry choice, and entries to criterion data table. Calculations for cumulative learning index and time/entries to criterion are described in the section below entitled Statistical Analysis and Calculations.

Due to instrument error, behavioral data was not recorded for 4 10403s-infected mice, 2 Δhly-infected mice, and 2 uninfected mice. Additionally, one Δhly-infected mouse in the 4 mo group was excluded from data analysis due to failure to engage in the initial learning task. All mice were euthanized within one week of completing cognitive testing for immunological analysis.





Euthanasia, necropsy and brain digestion

After cognitive testing, analysis of brain leukocytes was performed as previously described (24). Briefly, mice were euthanized by CO2 asphyxiation and exsanguinated via femoral vein cut-down, then were perfused trans-cardially with 25 mL iced, sterile PBS containing 2 U/ml heparin. Brains were removed aseptically after perfusion and digested enzymatically for 45 min at 37°C in Miltenyi C tubes (Miltenyi Biotec, San Diego, CA) containing 0.5 mg/mL collagenase IV and 0.025 mg/mL DNAse I in RPMI-1640 (ATCC, Manassas, VA) plus 1% penicillin/streptomycin and 10% fetal bovine serum (FBS). The disaggregated organ was passed through a 70 µm cell strainer, which was rinsed with 10 mL HBSS without Ca++/Mg++ (Lonza, Basel, Switzerland), then centrifuged at 300x g for 10 min at room temperature. The supernatant was discarded and the cells were suspended in 30% Percoll (GE Healthcare, Chicago, IL) in a 15 mL conical tube then centrifuged at 700x g at RT for 10 min to remove myelin. The cell pellet was washed once with PBS + 0.5% BSA and erythrocytes were lysed with RBC Lysis Buffer (Life Technologies Corp., Carlsbad, CA) for 5 min at RT. The cells were washed twice with PBS + 0.5% BSA at 300x g for 10 min at 4°C then re-suspended in 3 mL of PBS + 0.5% BSA and counted (Countess II FL Automated Cell Counter, Life Technologies Corp.).





Flow cytometry

Cells were incubated for 20 min on ice with 2 uL of anti-CD16/32 TruStain fcX (BioLegend, San Diego, CA) plus 10 uL of Brilliant Stain Buffer Plus (BD Biosciences, Franklin Lakes, NJ). Next, fluorochrome-labeled mAb were added, and the cells were incubated in the dark at RT for 20 min then were washed twice with 3 mL FACS buffer (1x PBS + 0.5% BSA + 0.1% NaN3). Cells were then fixed with 200 uL IC Fixation buffer (Life Technologies Corp.) at RT for 20 min in the dark, then washed again with 3 mL FACS buffer, and stored at 4°C in the dark until analyzed. Flow cytometry was performed on a Stratedigm S1200Ex (Stratedigm Inc, San Jose, CA) and results were analyzed with CellCapTure software (Stratedigm).





Statistical analysis and calculations

The Prism 9 statistical suite (GraphPad Software, San Diego, CA) was used for aimple statistical analysis and graphing. Flow cytometry data were analyzed by 1-way ANOVA with Tukey’s post-test or by non-parametric Kruskal-Wallis test with Dunn’s post-test among groups compared at the same time point. A two-tailed Student’s t test assuming equal variance was used when 2 groups that received the same treatment were compared across two time points. Analyses of cognitive performance that varied by infection status and testing period were performed by 2-way ANOVA corrected for multiple comparisons by controlling the False Discovery Rate for discoveries at Q < 0.05 with the Benjamini, Krieger and Yekutieli method (41). Achievement of time to 80% criterion and entries to 80% criterion were defined as the time or entry at which an individual mouse achieved 24 correct entries out of the past 30 entries. Significance was calculated via pairwise application of the log-rank test. With all tests a p < 0.05 was considered significant. Cumulative Learning Index is calculated as ( ) with Correct indicating total number of correct entries and Incorrect indicating total number of incorrect entries. The index was calculated at each hour and reset at hour 49 with the start of the reversal phase. Cognitive flexibility was calculated as the gain in cumulative learning index between hours 51 and 61 (during the first dark cycle of the reversal phase). Maximum learning was defined as the cumulative learning index attained at hour 89, corresponding to the end of cognitive testing. Statistical significance was evaluated using the independent learning index values using JMP (v15.2.0, SAS Inc, Cary, NC) and cumulative values were calculated.






Results




Lm infection impairs learning

Cognitive function was evaluated initially by determining a cumulative learning index (Figures 2A–E). This measurement allows a visual assessment of the rate of learning (i.e., the slope of the curve during initial discrimination and reversal learning) as well as the maximum learning capacity during the specific testing period as previously described (38, 39). Differences among the groups were relatively minor in both initial and reversal phases at 1 mo p.i. (Figure 2A). However, by 4 mo p.i., 10403s-infected mice clearly diverged from the other groups (Figure 2B). Differences in performance are more evident when results at 1 mo and 4 mo p.i. of each treatment group are directly compared. This shows cumulative learning indices at 1 and 4 mo of uninfected mice overlap each over, whereas minor variances are observed for Δhly Lm-infected mice (Figures 2C, D). In contrast, 1 and 4 mo indices from mice recovered from Lm 10403s infection diverged, particularly during the reversal phase (Figure 2E). Infection with Lm, irrespective of virulence, impaired cognitive performance in the reversal phase compared to uninfected controls (Figures 2F, H, and Supplemental Figure 2). Additionally, at 4 mo p.i. 10403s-infected mice performed worse in the reversal phase than they did in the initial phase, and when compared with uninfected mice in the reversal phase (Figure 2H). These results suggest that Lm infected-mice display impaired learning compared with antibiotic-treated control animals. Furthermore, the degree of impairment was more noticeable at 4 mo p.i. compared with 1 mo p.i. and in Lm 10403s-infected mice than in Δhly Lm-infected mice.




Figure 2 | Lm 10403s-infected mice display impaired cognitive performance 4 mo after infection. Panels A, B, display cumulative learning index for Initial and Reversal phases calculated at each time point, with the index resetting at the beginning of the Reversal phase (hr 49). Dark (shading) and light (no shading) cycles are indicated. Panels A and B show cumulative indices (+/- SEM) for all Uninfected, Δhly-infected and 10403s-infected at 1 mo (A) and 4 mo (B) p.i. Panels C-E show cumulative indices at 1 mo (solid line) and 4 mo (broken line) post p.i. for individual treatment groups, Uninfected (C), Lm Δhly-infected (D), and Lm 10403s-infected (E). Independent learning indices at 1 mo (F, G) and 4 mo p.i. (H, I) show individual mice (F, H) represented as uninfected (●○), Lm Δhly-infected (▲Δ), and Lm 10403s-infected (■□). Lines show the group mean +/- SEM. Panels G & H show the mean (SEM) Independent Learning index according to dark cycles 1-4 in the initial (cycles 1 & 2) and reversal (cycles 3 & 4) periods. Discoveries (q < 0.05) by 1-way ANOVA in panels F and H comparing all groups with uninfected mice in the initial phase are indicated by (*), discoveries and q values between other groups are shown. Discoveries (q < 0.05) in panels G and I comparing the same dark cycle between Lm Δhly-infected and 10403s-infected mice with uninfected mice are indicated by (#).



As previously shown in this system (38, 39), mice are most active during dark cycles and the same was found in all groups in this study (Supplemental Figure 1). Thus, for a more detailed view of cognitive decline caused by infection, we analyzed the independent learning index in each of the dark cycles incorporated into the initial (cycles 1 &2) and reversal (cycles 3 & 4) phases at 1 mo p.i. (Figure 2G) and 4 mo p.i. (Figure 2I). These analysis showed that each group of mice had its lowest performance in dark cycle 3, the beginning of the reversal phase. Notably, Lm 10403s-infected mice, but not Δhly Lm-infected mice, performed statistically worse in dark cycle 3 than did uninfected mice in the same cycle (Figure 2I). Additionally, results at 4 mo each show that uninfected and Δhly Lm-infected mice significantly increased their learning indices in dark cycle 4 compared with dark cycle 1, whereas there was no such increase for 10403s-infected mice (Figure 2I). These data support the notion infection with Lm 10403s inhibits learning to a greater degree than infection with Δhly Lm.

Given the relatively small “n” of 10403s-infected mice at 4 mo p.i., we were interested in determining the degree to which these results would be reproducible. For this, we compared results at 1 mo p.i. of the mice reported above (n=11), which were infected with 3.2 x 106 CFU Lm 10403s, with a separate cohort of C57BL/6J mice of the same age (n=10) infected i.p. with 6.2 x 105 CFU of Lm 10403s and also analyzed at 1 mo p.i. (Supplemental Figure 2). Results show highly comparable independent indices between the different cohorts (Supplemental Figure 2A). There were no statistical differences between the cohorts in independent indices from initial or reversal phases although cohort 1 had a greater variance in the initial test period than did cohort 2. Data in Supplemental Figure 2B show that combining the two cohorts of Lm 10403s-infected mice gives additional statistical power to detect a significant difference in the independent indices of infected mice measured 1 mo post-infection compared with uninfected controls. When analyzed by individual dark cycles, there were no differences in cohorts between the same cycle, e.g. cohort 1 cycle 1 versus cohort 2 cycle 1 (Supplemental Figure 2C). Combining individual dark cycle results of cohorts 1 and 2 did not identify new findings when this groups was compared to other treatment groups (Supplemental Figure 2D). These data show there is a high degree of reproducibility between results of different cohorts and increase confidence in the data derived from Lm-infected mice at 4 mo p.i. despite their small numbers. Subsequent analyses at 1 month use exclusively cohort 1 mice because these animals received the same inoculum of Lm 10403s as did those studied at 4 mo p.i.

Next, we measured the number of correct entries the animal makes through the cognition wall and the time required to achieve a pre-established criterion of success, specifically the percentage correct entries. The selected criteria for entries required that the animal successfully learn each task based on a success rate of 80% over the trailing 30 entries as previously described (38, 42). Results presented in Figure 3 show that 10403s-infected mice required significantly more time to achieve the 80% criterion at 4 mo p.i. than did uninfected mice in the reversal phase (Figure 3B) whereas there was no difference at 1 mo p.i. (Figure 3A). There were no differences in the number of entries performed (Figures 3C, D) despite 10403s-infected mice requiring more time to achieve criterion at 4 mo (Figure 3D). In contrast, there were no differences among any group in the initial phase for time or number of entries required to reach the 80% criterion whether measured at 1 or 4 mo p.i. (data not shown).




Figure 3 | Infection with virulent Lm prolongs time to achieve criterion during reversal phase. Percent correct entries during the trailing 30 trials were calculated and the time or entries necessary to reach an 80% success rate calculated. Panels show the time (hrs) required (A, B), and total number of entries (C, D) required versus the % of Uninfected (thin line), Δhly Lm-infected (dashed line), and 10403s-infected (dotted line) mice. All panels display achievement of criteria within the reversal phase. Significance of Kaplan-Meier plots were calculated using a pairwise application of the log-rank test and significant differences are presented.







Lm infection impairs extinction of prior learning at 4 mo but not at 1 mo p.i.

Another key measurement of cognitive function is the ability to extinguish prior learning. We measured this by quantifying the % incorrect (% left door + % middle door) entries from hours 51-57 in dark cycle 3, immediately after the food reward algorithm changed from receiving a reward through the left door to right door. Extinction curves at 1 mo from uninfected mice and mice recovered from 10403s and Δhly Lm infection were not different (Figures 4A, B). However, comparison of Lm 10403s-infected and Δhly Lm-infected mice did show that 10403s-infected mice performed better, i.e. could extinguish prior learning more rapidly, than did mice infected with Δhly Lm mutants (Figure 4C). Nonetheless, the curves were highly similar. Additionally, each test group showed significant reduction in % incorrect entries by the 53 or 54hr time points (Figures 4A–C). When analyzed 4 mo after infection, Lm 10403s infected mice performed significantly worse than did uninfected mice (Figure 4D). Lm 10403s infected mice did not achieve a significantly lower % correct entries during the test period whereas uninfected mice did (Figure 4D). In contrast, although Δhly Lm-infected mice also performed worse than did uninfected mice, they did significantly reduce the % incorrect entries during the test period and the shape of the extinction curve was similar to that of uninfected mice (Figure 4E). Comparison of Lm 10403s infected and Δhly Lm-infected mice showed no significant difference by ANOVA but did have significantly different slopes suggesting more rapid extinction in Δhly Lm-infected mice than in 10403s-infected mice (Figure 4F).




Figure 4 | Lm infection impairs ability to extinguish prior learning. The % incorrect entries (#left door + #middle door)/total # entries x 100 of mice from hours 51-57 at the beginning of the reversal phase were analyzed to measure the animal’s ability to extinguish prior learning. Figures show mean +/- SEM % incorrect entries measured 1 mo (A–C) and 4 mo (D–F) after infection or injection, or according to treatment groups at 1 mo and 4 mo (G–I) from uninfected mice (● n=11, ○ n=7), and from mice recovered from infection with Lm Δhly (▲ n=9, Δ n=7) or Lm 10403s (■ n=11, □ n=5). Symbols at the same time are offset for clarity. p values from 2-way ANOVA comparing extinction curves are given. 2-way ANOVA was used to identify discoveries (q < 0.05) between comparator groups at the same time point are indicated by (#). Discoveries (q < 0.05) in the same test group compared to its own hr 51 are shown by (*). Significant differences between slopes of regressions lines were determined by Analysis of Covariance (ANCOVA) to calculate a two-tailed P value.



Next, we compared the performances of each group at 1 mo with the same groups performance at 4 mo p.i. (Figures 4G–I). There were no differences between the performances of uninfected mice (Figure 4G). Δhly-infected mice performed worse at 4 mo although they did achieve the same % of incorrect entries during the test period as at 1 mo (Figure 4H). In contrast, the performance of Lm 10403s-infected mice was substantially worse at 4 mo compared with 1 mo (Figure 4I). As noted previously, Lm 10403s-infected mice did not significantly lower their % incorrect entries during the observation period at 4 mo after infection despite having done so 1 mo after infection (Figure 4I). Moreover, the % incorrect entries at individual time points of 55, 56, and 57 hrs were worse (q <0.05) at 4 mo than at 1 mo post-infection. These data indicate that Lm infection leads to impairments in extinction. Similar to results in the learning index (Figures 2F–H), cognitive declines observed in Δhly Lm-infected mice were less pronounced than in 10403s-infected mice.

Cognitive flexibility is the ability to extinguish one learned memory while learning a new task (43). Here, it was measured as the increase in the cumulative learning index during the hours 51-61 of the first dark cycle of the reversal phase. Measurements of cognitive flexibility and extinction differ in that cognitive flexibility takes acquisition of the new task into account whereas extinction does not. Data in Supplemental Figures 3A, B show no statistically significant differences among the groups when only a cohort 1 (n=11) of Lm-10403s-infected mice at 1 mo p.i. were included in the analysis. However, when this number was increased to include both cohorts 1 and 2 (n=21) mice recovered from Lm 10403s infection showed decreased cognitive flexibility at 4 mo p.i. compared with 1 mo p.i. (p = 0.047) (Supplemental Figure 3C). A similar pattern was observed in maximum learning attained by the end of the reversal phase, with 10403s-infected mice displaying a trend (p = 0.077) toward decreased maximum learning at 4 mo p.i. (Supplemental Figure 3D).





Distance moved in a home-cage setting declines after Lm infection

Human studies show that distance moved, as measured by daily steps, correlates positively with several key health indicators including lower all-cause mortality, lower Aβ burden and Aβ-related cognitive decline, and lower risk of all-cause dementia (44–47). Thus, we were interested in the effect of Lm infection on distance moved by mice during the testing periods. When tested 1 mo after infection there were no differences between the groups in the distance moved in the initial or reversal phases (Figure 5A). In contrast, when measured at 4 mo p.i., Lm-infected mice moved statistically less than did uninfected mice in both initial and reversal periods (Figure 5B). Moreover, 10403s-infected mice moved less than did Δhly-infected mice in both periods. It is possible that decreased movement, rather than decreased cognitive function, could explain results in Figure 3B in which Lm 10403s-infected mice took longer to achieve the test criterion. To test this, we correlated distance moved in the reversal period with time to the 80% criterion and number of entries to reach the 80% criterion in the same period and found correlation p values of >0.39 and >0.45, respectively, using both Pearson and Spearman methods. Collectively, results showing Lm-infected mice have decreased movement, particularly evident 4 mo p.i. and to a more severe degree in Lm 10403s-infected mice than in Δhly-infected, mice are in accord with the overall finding that Lm infection triggers cognitive decline.




Figure 5 | Lm infection reduces spontaneous distance moved. Movement over 89h was measured in uninfected mice (open bars), mice infected with Lm Δhly mutants (hatched bars) and Lm 10403s (solid bars) during initial and reversal phases at 1 mo p.i. (A) and 4 mo p.i. (B). Columns in panels represent mean + SEM distance moved in initial and reversal phases. 2-way ANOVA was used to identify discoveries (q < 0.05) between Δhly Lm and Lm 10403s compared with uninfected mice in the same period are shown as *q < 0.05, **q < 0.01, ***q < 0.001. Discovery q values between other groups are given.







Dynamic changes in brain leukocyte populations after Lm infection

In this model of Lm infection, large numbers of IFN-activated T-lymphocytes, as well as smaller numbers of neutrophils and Ly6Chi monocytes, are recruited to the brain within 7d p.i., and numbers of CD4+ and CD8+ brain TRM are significantly increased at 1 mo p.i (23, 24). We sought to determine if any of these cell populations remained elevated at 4 mo p.i to point towards an immunological explanation for the cognitive changes observed at that time. Flow cytometry was used to identify specific cell populations within the brain (Supplemental Figure 4), and numbers of cells/brain were quantified. Analysis of brain leukocytes 1 mo p.i. showed infection with Lm 10403s but not Δhly Lm mutants triggered significant increases compared with uninfected mice of bone marrow-derived leukocytes in general, i.e. CD45hi cells, as well as CD3+ T-lymphocytes and CD11b+ myeloid cells (Figures 6A–C). Quantification of the same leukocyte populations 4 mo p.i. revealed increased numbers of each population in uninfected mice compared with 1 mo p.i. This could be due to differences in technique, as the brains were not harvested at the same time, an effect of time, or both. Regardless, by 4 mo p.i., numbers of these cells in Lm 10403s infected mice were not different than found in uninfected mice harvested at the same time.




Figure 6 | Analysis of bone marrow-derived leukocytes in brains of mice 1 and 4 mo after injection with neurovirulent Lm or avirulent Δhly mutants. Brain leukocytes were collected from uninfected mice (●, ○) and from mice infected with Lm Δhly mutants (▲, Δ) and Lm 10403s (■, □) described in Figure 1 at 1 and 4 mo after infection, along with additional mice from the same treatment cohorts for which cognitive data were not collected. Leukocytes were collected from perfused brains and analyzed by flow cytometry and are shown as total CD45hi cells (A), total lymphocytes (B), total myeloid cells (C), CD8+ lineage lymphocytes (D–F), and CD4+ positive lineage lymphocytes (G–I). Symbols indicate individual mice and lines represent group mean +/- 95% CI. Numbers of samples analyzed 1 mo and 4 mo after infection, respectively, are uninfected (6, 8), Lm Δhly infected (5, 6), and Lm 10403s infected (12, 12). Significance within time points were calculated via 1-way ANOVA with Tukey’s post-test are given. Significance between the same challenge groups at 1 and 4 mo were calculated via 2-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.



Next, we measured influxes of CD8+ and CD4+ T-lymphocytes and key sub-populations of these cells. Numbers of CD8+ and CD4+ T-lymphocytes were significantly increased 1 mo after infection with Lm 10403s (Figures 6D, G). In contrast, neither population was changed after infection with Δhly Lm mutants. Notably, numbers of CD8+ T-lymphocytes remained significantly greater 4 mo after infection with Lm 10403s than those found in uninfected mice or in mice infected with Δhly Lm mutants (Figures 6D, G). In contrast, numbers of CD4+ T-lymphocytes decreased in 10403s-infected mice to the degree that they were not different 4 mo after infection compared to uninfected or Δhly Lm infected mice. Additionally, we quantified CD8+ and CD4+ T-lymphocyte sub-populations expressing the early activation marker CD69 (48) (Figures 6E, H) and CD8+ and CD4+ TRM defined as CD62L-CD69+CX3CR1-CD103+ cells (24) (Figures 6F, I). CD69 was expressed by a greater percentage of CD8+ T-lymphocytes (70.2% ± 3.3%, mean ± SEM, n=12) than CD4+ T-lymphocytes (33.2% ± 1.1%, p < 0.0001). Numbers of CD8+ and CD4+ T-lymphocytes expressing CD69 and TRM markers were significantly increased 1 mo after infection with Lm 10403s, but not Δhly Lm mutants. Also, despite declining somewhat between 1 mo and 4mo, CD69+CD8+ T-lymphocytes and CD8+TRM remained significantly increased at 4 mo. In contrast, numbers of CD69+CD4+ T-lymphocytes and CD4+ TRM decreased notably from 1 to 4 mo p.i. and were no longer different from uninfected mice by 4 mo p.i.

Analyzing fold increases of each cell population in Lm 10403s infected mice over the respective cell numbers in uninfected mice harvested at the same time showed that CD8+ TRM had the greatest fold increases 1 mo p.i. (7.91 ± 3.47) and 4 mo p.i. (2.74 ± 0.88) compared with other cell groups, including other CD8+ sub-sets (Figure 7). Infection-induced changes in cell numbers also resulted in a significant lowering of the brain CD4+/CD8+ T-lymphocyte ratio, decreasing from 1.04 ± 0.05 (mean ± SEM, n=6) in uninfected mice to 0.56 ± 0.06 (n=12) 1 mo after infection with Lm 10403s and from 0.79 ± 0.06 (n=8) in uninfected mice to 0.46 ± 0.04 (n=12) 4 mo after Lm 10403s infection. The CD4/CD8 ratio did not change significantly after Δhly Lm infection (not shown).




Figure 7 | Fold changes of brain leukocytes 1 and 4 months after infection with Lm 10403s. Brain leukocytes collected from uninfected mice and from mice infected with Lm 10403s were quantified as described in Figure 6. Leukocytes from perfused brains were analyzed by flow cytometry and numbers of cells/brain calculated. Fold-changes for numbers of cells were calculated 1 mo (A) and 4 mo (B), respectively, from infected mice (12, 12) over uninfected mice (6, 8) for each population and are represented as the mean + SEM fold change. Statistical differences between cell numbers from 10403s-infected and uninfected mice groups at 1 and 4 mo were calculated via 2-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. Significance among cell populations at the same time points were calculated via 1-way ANOVA with Tukey’s post-test and are shown.



Analysis of myeloid cells showed significant increases in numbers of granulocytes (fold increase 2.06 ± 0.95), and a trend for Ly6Chi monocytes (p = 0.076) 1 mo after infection with Lm 10403s (Supplemental Figures 5A, B). Additionally, there was a small, but statistically significant increase in numbers of CD45intCD11hi microglia in 10403s-infected mice (1.45 ± 0.32-fold) (Supplemental Figure 5C). This is similar to findings after sepsis induced in a cecal ligation and puncture model in which microgliosis has been noted (49). In contrast to the persistent elevation of CD8+ cells, numbers of granulocytes, Ly6Chi monocytes, and microglia were the same in 10403s-infected mice as those found in uninfected mice by 4 mo p.i. (Supplemental Figures 5B, C). There were no changes in these cell populations 1 mo or 4 mo after infection with Δhly Lm. Use of Ly6G+ to identify neutrophils specifically confirmed numbers of these cells were not increased in response to infection 4 mo p.i. (Supplemental Figure 5D).

Collectively these data show that 1 mo after infection with neuroinvasive Lm, numbers of several populations of bone marrow-derived leukocytes are significantly increased in the brain. These include CD4+ and CD8+ T-lymphocytes and sub-populations thereof with CD8+ cells showing the greatest magnitude of increase. In addition, numbers of neutrophils were increased. Of these however, only CD8+ cells, particularly CD8+TRM, remain elevated by 4 mo after infection. In contrast to Lm 10403s, infection with Δhly Lm mutants exerted only minor effects on any cell population measured.





Increasing numbers of brain CD8+ lineage T-lymphocytes correlates with worse performance in cognitive testing

Next, we performed a statistical evaluation of the relationship between specific leukocyte populations and results of studies obtained in the AHCoDA. AHCoDA measurements including independent learning index, reversal time to 80% success, cognitive flexibility, maximum learning, and reversal distance moved measured 1 month (Table 1) and 4 months (Table 2) after infection were correlated with numbers of different populations of brain leukocytes from the same mouse. Results from 1mo p.i. showed significant correlations only in one area. Specifically, higher numbers of CD45hiCD11b+ myeloid cells, as well as Ly6Chi monocytes and neutrophils correlated significantly with a longer time to achieve the 80% success criterion. Including both cohorts 1 and 2 also showed significant correlation of CD45hiCD11b+ myeloid cells and neutrophils with increased time to achieve the 80% criterion but the correlation with Ly6Chi monocytes was no longer significant (p=0.085). These results are consistent with the known role of neutrophils contributing to cognitive dysfunction after bacterial infection.


Table 1 | Correlations and p values comparing AHCoDA measurements during reversal phase testing 1 mo after infection with brain cell populations.1.




Table 2 | Correlations and p values comparing AHCoDA measurements during reversal phase testing 4 mo after infection with brain cell populations.1.



Analyses derived from data 4mo after infection however, showed different correlations than at 1mo (Table 2). Increasing numbers of CD3+CD8+ T-lymphocytes correlated with lower independent index, longer time to meet the 80% success criterion, lower cognitive flexibility and maximum learning scores, and reduced distance moved during the reversal phase. Analyses of sub-sets of CD8+ T-lymphocytes showed significant correlations between increasing numbers of CD69+CD8+ T-lymphocytes and CD8+ TRM, as well as a CD4/CD8 skewed towards more CD8+ cells with longer time to meet the 80% success criterion, and reduced distance moved. In contrast, none of these parameters correlated significantly with CD4 lineage or myeloid cells. These findings support the hypothesis of a relationship between prolonged brain retention of CD8+ T-lymphocytes and post-infectious neuro-cognitive decline in this model.






Discussion

Lm is a neuroinvasive bacterial pathogen commonly used to study innate and adaptive immune responses to CNS infection. Nonetheless, there is a notable lack of data regarding neuro-cognitive sequela after Lm infection. Data presented here show for the first time that mice recovered from Lm infection have deficits in several measurements of neuro-cognitive performance such as learning and extinction of learning compared with antibiotic-treated mice. Although subtle changes were observed 1 mo after infection, more significant and widespread declines were found 4 mo after infection. In accord with our hypothesis, we found cognitive decline significantly more pronounced after infection with neuroinvasive Lm strain 10403, which provoked persistent inflammatory cell recruitment to the brain, after infection compared to non-neuroinvasive Δhly Lm mutants. Nonetheless, Δhly Lm-infected animals also demonstrated measurable cognitive decline 4 mo after infection.

Neurocognitive studies in Lm infected mice were performed using an AHCoDA system with non-invasive monitoring. This minimizes both animal stress and experimenter contact with the animals, as well as variability introduced by these factors (50). AHCoDA is a highly sensitive technique that can detect subtle changes in behavior, and has been used to assess the effects of genetics (42), neuroactive compounds (51), gene mutations (39), and aging (38). This system incorporates tracking of spontaneous movement throughout light and dark cycles as well as the ability to assess cognitive flexibility by changing the food-reward algorithm. This procedure requires the mouse to extinguish its learning regarding how to obtain a food pellet from the initial discrimination phase and learn a new reward algorithm during the subsequent (reversal) phase of the study. Using this methodology, mice were tested for acquisition of spatial learning and reversal learning based on hundreds/thousands of entries (trials) that strengthens the robustness of the data. This contrasts with other testing methodology that characterize behavior with as few as 6-8 trials per mouse. Reversal learning is a more complex learning paradigm that involves the interaction of the hippocampal-based structures with multiple brain regions, including the orbitofrontal cortex, amygdala, and dorsal striatum (52). Our data show the impairments were present in initial and reversal learning, although were more pronounced during the reversal phase, suggesting that the hippocampal processing of spatial learning and neuronal communication between the different brain regions may be impaired. We also observed that Lm 10403s infected mice had significant declines in distance moved compared with uninfected mice. Interestingly, emerging data in human subjects shows that cognitive impairment is associated with reduced movement.

These and related data provide strong evidence that the mechanisms that contribute to cognitive impairment in humans are also active in the current animal model (47, 53). Results in our experiments are in striking accord with data from large observational studies of patients hospitalized for various infections and the risk of developing dementia. The key findings are that individuals hospitalized for CNS infections (bacterial or viral), as well as bacterial infections confined to the periphery, e.g. urinary tract, skin, and respiratory, had significantly greater risk of developing dementia over a prolonged observational period than did those with no hospitalizations for infection (7, 54, 55). Moreover, CNS infections inflicted the greatest risk of dementia with an adjusted hazard ratio (aHR) of 3.01 [95% CI 2.07 – 4.37], even though non-CNS infections also conferred an excess risk (aHR 1.47 [95% CI 1.36 – 1.59] (7). It is also notable that the risk of dementia after infection was significantly increased even when the infection-related hospitalization preceded the diagnosis of dementia by >2 yrs (54), >3 and <20 yrs (55), or > 10 yrs (7). Thus, dementia is a neuro-cognitive complication of infections severe enough to be hospitalized in addition to those already known to follow CNS infection (1, 2).

Experiments reported here compared neurocognitive activity and brain inflammation in mice after systemic infection with either neurovirulent Lm or non-invasive Lm Δhly mutants to uninfected antibiotic-treated control mice. The Lm Δhly mutant is derived from the neuroinvasive 10403s strain and does not induce measurable influxes of Ly6Chi monocytes, neutrophils, or lymphocytes after systemic injection (23, 34, 37). This strategy allows a more rigorous analysis of the role of brain inflammation compared to using uninfected mice only. Additionally, all mice received the same antibiotic treatment regimen regardless of infection status. This is important since antibiotics can have direct neuro-toxicity as well as indirect effects on behavior via alterations in the microbiome (56, 57). Another important control was measuring cells in each of these groups at the same time points, rather than simply comparing infected mice to a pre-injection/infection baseline. Numbers of homeostatic CD8+ brain TRM have been reported to increase with aging (58, 59). Indeed, we identified small, but statistically significant increases between 1 mo and 4 mo in some cell populations, e.g. CD8+ T-lymphocytes & sub-populations, including CD8+ brain TRM, as well as microglia and granulocytes, but not in populations of CD4+ T-lymphocytes. It is possible that this reflects a real increase in bone marrow-derived cells in the brain, particularly CD8+ T-lymphocytes, but further confirmation is required to exclude technical issues and any effect of antibiotics.

A notable difference between this model of neuroinvasive Lm infection and other models of bacterial CNS infection is the density of bacteria within the CNS. For example, Lm infection initiated by systemic injection followed by antibiotics produces a bacterial load in the CNS <1,000 CFU Lm/brain, and neutrophilic infiltration is not a cardinal feature (23). Moreover, brains and spleens are typically sterile by 7d p.i (23, 24). In contrast, investigations of S. pneumonia meningitis frequently inject bacteria into the 3rd ventricle causing rapid onset of meningitis, much larger bacteria loads e. g. ≥108 CFU/brain or per ml CSF, and robust neutrophilic infiltration (60–62). Similarly, many models of viral CNS infection result in a much higher microbial load in the brain than the Lm model, and often target neurons (25, 63). In such models cognitive dysfunction is evident within 4 weeks of infection (62, 63). In our model, Lm infected mice showed minimal changes when analyzed 1 mo after infection supporting the idea that differences in pathogen load, cellular targeting by microbes, and characteristics of the host response can account for differential results in cognitive testing. In models of vascular cognitive impairment, cognitive changes are identified at later time points, e.g. 3-6 months post-insult (64, 65). This is also the case for the Lm infection model described here.

Analysis of brain leukocytes in Lm 10403s-infected mice showed significant brain influxes of CD4+ and CD8+ T-lymphocytes, including sub-populations expressing the CD69 activation marker and TRM markers, as well as granulocytes, 1 mo after infection. However, by 4 mo p.i., only CD8+ cell populations remained significantly increased. In contrast, none of these leukocyte populations were altered after infection with Δhly Lm mutants. CD8+ T-lymphocytes and CD8+ TRM that infiltrate the brain in response to Lm infection produce IFN-γ and activate microglia (23, 31, 58). Moreover, other models have shown that these cells are clearly capable of instigating post-infectious cognitive dysfunction (26, 63, 66). Although functional studies of infiltrating brain cells were not performed here, we and others have shown that these cells are clearly capable of producing pro-inflammatory cytokines, e.g. IFN-γ and TNF (23, 31, 58). Indeed, we found increasing numbers of CD8+ T-lymphocytes significantly correlated with declines in several cognitive parameters including lower independent learning index, longer amount of time to reach the 80% success criterion, less cognitive flexibility and maximum learning, and decreased distance moved. In contrast, no such findings were present with CD4+ T-lymphocytes or sub-populations thereof, and the correlations were typically in the opposite direction as with CD8+ cells. Thus, CD8+ T-lymphocytes are likely to be key drivers of cognitive decline in mice recovered from neuroinvasive Lm infection.

Although CD8+ cells were significantly increased at both 1 mo and 4 mo p.i., but significant cognitive dysfunction was found only at 4 mo p.i. Thus, factors in addition to increased numbers of these cells must be involved to prevent or to effect cognitive dysfunction. A likely explanation is that time of exposure to these cells is a critical factor. This could be a feature of the Lm model due to the much lower degree of microbial infection in the brain (as detailed previously). Another possibility is that a population of short-lived regulatory cells are recruited into the brain by the infection and suppress early (i.e. 1 mo p.i.) immune-related cognitive dysfunction. For example, in some viral infection models, regulatory T-cells, Th2 cells, CD11c+ dendritic cells, and regulatory CD19+CD1dhiCD5+B- cells are recruited to the brain and limit CNS inflammation (67–70). Additionally, regulatory T-cells and Th2 cells recruited to the brain in experimental polymicrobial bacterial sepsis ameliorate some neuro-cognitive deficits measured 30d after induction of sepsis (71). It is possible that the numerically increased CD4+ population found 1mo p.i. in experiments reported here contained regulatory cells that prevented immune-related cognitive dysfunction at that time, but this positive effect waned as these cells returned to pre-infection levels by 4 mo p.i.

Further experiments are required to establish that CD8+T-lymphocytes drive cognitive dysfunction, the mediators responsible, and identify if regulatory cells that have a relevant role. These are directions for future experiments. Moreover, it is clear that not all of the cognitive dysfunction observed after Lm infection can be attributable to cellular infiltration in the brain. This was shown by impaired extinction of learning and distance moved 4 mo after infection with Δhly Lm mutants despite the lack of measurable brain leukocytosis. The underlying mechanism likely results from systemic cytokines triggered in response to the infection with 107 CFU bacteria, but this was not pursued here. Such a mechanism involving elevated systemic levels of TNF was proposed to cause accelerated cognitive decline in patients with Alzheimer’s disease (72). In support of this hypothesis, prior results showed injection of mice with Δhly Lm mutants significantly increased concentrations of IFN-γ and TNF in serum 24hrs p.i., and increased expression of mRNA for CCL2 and CCL7 in the brain 48hrs p.i. and for TNF at 7d p.i (23, 37). Nonetheless, these bacteria do not induce influxes of monocytes or other cells into the brain when measured early, i.e. 48hrs or 7 days p.i (23, 37), or later at 28d p.i. (this paper).

It is clear that experiments with different strains of Lm could produce different results due to differential CNS invasion, virulence, or ability to or trigger inflammation (73–76). In this regard, we did not determine if brain inflammation in the absence of brain invasion also induces cognitive changes. Such an experiment could be performed with ΔactA Lm mutants that induce CNS inflammation in the absence of brain infection (23, 31, 37, 58). However, infection with ΔactA Lm also results in significantly lower CD8+ T-cell and CD8+ brain TRM influxes than infection with wild type Lm, despite an approximate 20-fold greater inoculum (23, 58). Thus, achieving similar degrees of brain inflammation while controlling for other effects of the infection with mutated and virulent bacteria is challenging. Finally, because this study evaluated only male mice that were 8 weeks old when infected, results might not extend to female mice or to mice of other ages. This and the small numbers of animals may have limited our results.





Conclusions

These findings demonstrate that cognitive decline follows systemic Lm infections that invade the brain and induce leukocyte influxes with retention of CD8+ T-lymphocytes in the brain. Moreover, less pronounced but still measurable cognitive decline can also be detected after infection with non-neuroinvasive Lm mutants that neither invade the brain nor induce prolonged leukocyte influxes. These novel results indicate two different mechanisms trigger post-infectious cognitive decline. One mechanism relies solely upon peripherally produced signals, likely proinflammatory cytokines, to trigger neuroinflammatory pathways in the brain that lead to cognitive decline. In contrast, the other may/may not combine these peripheral signals with the effects of CD8+ T-lymphocytes recruited into the brain during the acute infection and which are retained after bacteria have been eliminated. The ability to identify and measure these differences experimentally is a key step towards understanding the means by which different infections exert neuro-toxic actions and will give insight towards developing effective therapies for ameliorating cognitive decline after infection and other related conditions (77, 78).





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of the University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA.





Author contributions

BC designed and performed experiments, acquired flow cytometry data, analyzed and interpreted data, and drafted the manuscript and regulatory protocols. JF performed experiments. DO performed experiments, analyzed and interpreted data, performed troubleshooting. WS, SL and DD assisted with study design, data analysis and interpretation, and grant writing to perform the project. DD originated the project, supervised the studies and protocols for regulatory approval, and oversaw drafting and revision of the manuscript. All authors reviewed and critiqued the manuscript and approved the final manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by a Team Science Grant from the Presbyterian Health Foundation, Oklahoma City, OK, mPI’s DD and WS, P20 GM125528 to WS, R00 AG056662 to SL.




Acknowledgments

The authors thank Flow Cytometry and Imaging facility of the Laboratory for Molecular Biology and Cytometry Research at OUHSC for assistance with the assistance with flow cytometry, including Jim Henthorn, Jenny Gipson, and Joseph Acquaviva, and express appreciation to the staff of the OUHSC Department of Comparative Medicine for their expert animal care.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1146690/full#supplementary-material




References

1. Kloek, AT, Brouwer, MC, Schmand, B, Tanck, MWT, and van de Beek, D. Long-term neurologic and cognitive outcome and quality of life in adults after pneumococcal meningitis. Clin Microbiol Infect (2020) 26:1361–7. doi: 10.1016/j.cmi.2020.01.020

2. Lucas, MJ, Brouwer, MC, and van de Beek, D. Neurological sequelae of bacterial meningitis. J Infect (2016) 73(1):18–27. doi: 10.1016/j.jinf.2016.04.009

3. Svendsen, MB, Ring Kofoed, I, Nielsen, H, Schønheyder, HC, and Bodilsen, J. Neurological sequelae remain frequent after bacterial meningitis in children. Acta Paediatrica (2020) 109(2):361–7. doi: 10.1111/apa.14942

4. Collaborators, GUND. Burden of neurological disorders across the US from 1990-2017: A global burden of disease study. JAMA Neurol (2021) 78(2):165–76. doi: 10.1001/jamaneurol.2020.4152

5. Bijlsma, MW, Brouwer, MC, Kasanmoentalib, ES, Kloek, AT, Lucas, MJ, Tanck, MW, et al. Community-acquired bacterial meningitis in adults in the Netherlands, 2006–14: a prospective cohort study. Lancet Infect Dis (2016) 16(3):339–47. doi: 10.1016/S1473-3099(15)00430-2

6. Feigin, VL, Nichols, E, Alam, T, Bannick, MS, Beghi, E, Blake, N, et al. Global, regional, and national burden of neurological disorders, 1990–2016: a systematic analysis for the global burden of disease study 2016. Lancet Neurol (2019) 18(5):459–80. doi: 10.1016/S1474-4422(18)30499-X

7. Sipilä, PN, Heikkilä, N, Lindbohm, JV, Hakulinen, C, Vahtera, J, Elovainio, M, et al. Hospital-treated infectious diseases and the risk of dementia: a large, multicohort, observational study with a replication cohort. Lancet Infect Dis (2021) 21(11):1557–67. doi: 10.1016/S1473-3099(21)00144-4

8. Gerber, J, and Nau, R. Mechanisms of injury in bacterial meningitis. Curr Opin Neurol (2010) 23(3):312–8. doi: 10.1097/WCO.0b013e32833950dd

9. Farmen, K, Tofiño-Vian, M, and Iovino, F. Neuronal damage and neuroinflammation, a bridge between bacterial meningitis and neurodegenerative diseases. Front Cell Neurosci (2021) 15(193). doi: 10.3389/fncel.2021.680858

10. Klein, RS, Garber, C, and Howard, N. Infectious immunity in the central nervous system and brain function. Nat Immunol (2017) 18(2):132–41. doi: 10.1038/ni.3656

11. Barichello, T, Generoso, JS, Simões, LR, Goularte, JA, Petronilho, F, Saigal, P, et al. Role of microglial activation in the pathophysiology of bacterial meningitis. Mol Neurobiol (2016) 53(3):1770–81. doi: 10.1007/s12035-015-9107-4

12. van de Beek, D, Cabellos, C, Dzupova, O, Esposito, S, Klein, M, Kloek, AT, et al. ESCMID guideline: diagnosis and treatment of acute bacterial meningitis. Clin Microbiol Infection (2016) 22:S37–62. doi: 10.1016/j.cmi.2016.01.007

13. Barichello, T, Collodel, A, Generoso, JS, Simões, LR, Moreira, AP, Ceretta, RA, et al. Targets for adjunctive therapy in pneumococcal meningitis. J Neuroimmunol (2015) 278:262–70. doi: 10.1016/j.jneuroim.2014.11.015

14. Gundamraj, S, and Hasbun, R. The use of adjunctive steroids in central nervous infections. Front Cell Infect Microbiol (2020) 10:592017. doi: 10.3389/fcimb.2020.592017

15. van de Beek, D, Farrar, JJ, de Gans, J, Mai, NTH, Molyneux, EM, Peltola, H, et al. Adjunctive dexamethasone in bacterial meningitis: a meta-analysis of individual patient data. Lancet Neurol (2010) 9(3):254–63. doi: 10.1016/S1474-4422(10)70023-5

16. van de Beek, D, Brouwer, MC, Koedel, U, and Wall, EC. Community-acquired bacterial meningitis. Lancet (2021) 398(10306):1171–83. doi: 10.1016/S0140-6736(21)00883-7

17. Disson, O, and Lecuit, M. Targeting of the central nervous system by listeria monocytogenes. Virulence (2012) 3(2):213–21. doi: 10.4161/viru.19586

18. Drevets, DA, and Bronze, MS. Listeria monocytogenes: epidemiology, human disease, and mechanisms of brain invasion. FEMS Immunol Med Microbiol (2008) 53(2):151–65. doi: 10.1111/j.1574-695X.2008.00404.x

19. Charlier, C, Perrodeau, É, Leclercq, A, Cazenave, B, Pilmis, B, Henry, B, et al. Clinical features and prognostic factors of listeriosis: the MONALISA national prospective cohort study. Lancet Infect Dis (2017) 17(5):510–9. doi: 10.1016/S1473-3099(16)30521-7

20. Koopmans, MM, Brouwer, MC, Bijlsma, MW, Bovenkerk, S, Keijzers, W, van der Ende, A, et al. Listeria monocytogenes sequence type 6 and increased rate of unfavorable outcome in meningitis: Epidemiologic cohort study. Clin Infect Dis (2013) 57(2):247–53. doi: 10.1093/cid/cit250

21. Amaya-Villar, R, Garcia-Cabrera, E, Sulleiro-Igual, E, Fernandez-Viladrich, P, Fontanals-Aymerich, D, Catalan-Alonso, P, et al. Three-year multicenter surveillance of community-acquired Listeria monocytogenes meningitis in adults. BMC Infect Dis (2010) 10(1):324. doi: 10.1186/1471-2334-10-324

22. Khan, SH, and Badovinac, VP. Listeria monocytogenes: a model pathogen to study antigen-specific memory CD8 T cell responses. Semin Immunopathol (2015) 37(3):301–10. doi: 10.1007/s00281-015-0477-5

23. Zhang, M, Gillaspy, AF, Gipson, JR, Cassidy, BR, Nave, JL, Brewer, MF, et al. Neuroinvasive Listeria monocytogenes infection triggers IFN-activation of microglia and upregulates microglial miR-155. Front Immunol (2018) 9(2751). doi: 10.3389/fimmu.2018.02751

24. Cassidy, BR, Zhang, M, Sonntag, WE, and Drevets, DA. Neuroinvasive Listeria monocytogenes infection triggers accumulation of brain CD8+ tissue-resident memory T cells in a miR-155-dependent fashion. J Neuroinflammation (2020) 17(1):259. doi: 10.1186/s12974-020-01929-8

25. Di Liberto, G, Pantelyushin, S, Kreutzfeldt, M, Page, N, Musardo, S, Coras, R, et al. Neurons under T cell attack coordinate phagocyte-mediated synaptic stripping. Cell (2018) 175(2):458–71.e19. doi: 10.1016/j.cell.2018.07.049

26. Kreutzfeldt, M, Bergthaler, A, Fernandez, M, Brück, W, Steinbach, K, Vorm, M, et al. Neuroprotective intervention by interferon-γ blockade prevents CD8+ T cell-mediated dendrite and synapse loss. J Exp Med (2013) 210(10):2087–103. doi: 10.1084/jem.20122143

27. Merkler, D, Vincenti, I, Masson, F, and Liblau, RS. Tissue-resident CD8 T cells in central nervous system inflammatory diseases: present at the crime scene and …guilty. Curr Opin Immunol (2022) 77:102211. doi: 10.1016/j.coi.2022.102211

28. Mix, MR, and Harty, JT. Keeping T cell memories in mind. Trends Immunol (2022) 43(12):1018–31. doi: 10.1016/j.it.2022.10.001

29. Prasad, S, Hu, S, Sheng, WS, Chauhan, P, and Lokensgard, JR. Recall responses from brain-resident memory CD8+ T cells (bTRM) induce reactive gliosis. iScience (2019) 20:512–26. doi: 10.1016/j.isci.2019.10.005

30. Steinbach, K, Vincenti, I, Egervari, K, Kreutzfeldt, M, van der Meer, F, Page, N, et al. Brain-resident memory T cells generated early in life predispose to autoimmune disease in mice. Sci Trans Med (2019) 11(498):eaav5519. doi: 10.1126/scitranslmed.aav5519

31. Urban, SL, Jensen, IJ, Shan, Q, Pewe, LL, Xue, H-H, Badovinac, VP, et al. Peripherally induced brain tissue–resident memory CD8+ T cells mediate protection against CNS infection. Nat Immunol (2020) 21(8):938–49. doi: 10.1038/s41590-020-0711-8

32. Wakim, LM, Woodward-Davis, A, and Bevan, MJ. Memory T cells persisting within the brain after local infection show functional adaptations to their tissue of residence. Proc Natl Acad Sci (2010) 107(42):17872–9. doi: 10.1073/pnas.1010201107

33. Landrith, TA, Sureshchandra, S, Rivera, A, Jang, JC, Rais, M, Nair, MG, et al. CD103+ CD8 T cells in the toxoplasma-infected brain exhibit a tissue-resident memory transcriptional profile. Front Immunol (2017) 8(335). doi: 10.3389/fimmu.2017.00335

34. Jones, S, and Portnoy, DA. Characterization of Listeria monocytogenes pathogenesis in a strain expressing perfringolysin O in place of listeriolysin O. Infect Immun (1994) 62(12):5608–13. doi: 10.1128/iai.62.12.5608-5613.1994

35. Radoshevich, L, and Cossart, P. Listeria monocytogenes: towards a complete picture of its physiology and pathogenesis. Nat Rev Microbiol (2018) 16(1):32–46. doi: 10.1038/nrmicro.2017.126

36. McCaffrey, RL, Fawcett, P, O'Riordan, M, Lee, KD, Havell, EA, Brown, PO, et al. A specific gene expression program triggered by gram-positive bacteria in the cytosol. Proc Natl Acad Sci USA (2004) 101(31):11386–91. doi: 10.1073/pnas.0403215101

37. Drevets, DA, Schawang, JE, Dillon, MJ, Lerner, MR, Bronze, MS, and Brackett, DJ. Innate responses to systemic infection by intracellular bacteria trigger recruitment of ly-6Chigh monocytes to the brain. J Immunol (2008) 181(1):529–36. doi: 10.4049/jimmunol.181.1.529

38. Logan, S, Owen, D, Chen, S, Chen, WJ, Ungvari, Z, Farley, J, et al. Simultaneous assessment of cognitive function, circadian rhythm, and spontaneous activity in aging mice. Geroscience (2018) 40(2):123–37. doi: 10.1007/s11357-018-0019-x

39. Logan, S, Royce, GH, Owen, D, Farley, J, Ranjo-Bishop, M, Sonntag, WE, et al. Accelerated decline in cognition in a mouse model of increased oxidative stress. Geroscience (2019) 41(5):591–607. doi: 10.1007/s11357-019-00105-y

40. Galea, LAM, Frick, KM, Hampson, E, Sohrabji, F, and Choleris, E. Why estrogens matter for behavior and brain health. Neurosci Biobehav Rev (2017) 76(Pt B):363–79. doi: 10.1016/j.neubiorev.2016.03.024

41. Glickman, ME, Rao, SR, and Schultz, MR. False discovery rate control is a recommended alternative to bonferroni-type adjustments in health studies. J Clin Epidemiol (2014) 67(8):850–7. doi: 10.1016/j.jclinepi.2014.03.012

42. Loos, M, Koopmans, B, Aarts, E, Maroteaux, G, van der Sluis, S, Neuro, BMPC, et al. Sheltering behavior and locomotor activity in 11 genetically diverse common inbred mouse strains using home-cage monitoring. PLoS One (2014) 9(9):e108563. doi: 10.1371/journal.pone.0108563

43. Baier, MP, Nagaraja, RY, Yarbrough, HP, Owen, DB, Masingale, AM, Ranjit, R, et al. Selective ablation of Sod2 in astrocytes induces sex-specific effects on cognitive function, d-serine availability, and astrogliosis. J Neurosci (2022) 42(31):5992–6006. doi: 10.1523/JNEUROSCI.2543-21.2022

44. Paluch, AE, Bajpai, S, Bassett, DR, Carnethon, MR, Ekelund, U, Evenson, KR, et al. Daily steps and all-cause mortality: a meta-analysis of 15 international cohorts. Lancet Public Health (2022) 7(3):e219–e28. doi: 10.1016/S2468-2667(21)00302-9

45. Rabin, JS, Klein, H, Kirn, DR, Schultz, AP, Yang, H-S, Hampton, O, et al. Associations of physical activity and β-amyloid with longitudinal cognition and neurodegeneration in clinically normal older adults. JAMA Neurol (2019) 76(10):1203–10. doi: 10.1001/jamaneurol.2019.1879

46. Saint-Maurice, PF, Troiano, RP, Bassett, DR C.OMMAJ.R.X.X.X, Graubard, BI, Carlson, SA, Shiroma, EJ, et al. Association of daily step count and step intensity with mortality among US adults. JAMA (2020) 323(12):1151–60. doi: 10.1001/jama.2020.1382

47. del Pozo Cruz, B, Ahmadi, M, Naismith, SL, and Stamatakis, E. Association of daily step count and intensity with incident dementia in 78 430 adults living in the UK. JAMA Neurol (2022) 10:1059–63. doi: 10.1001/jamaneurol.2022.2672

48. Cibrián, D, and Sánchez-Madrid, F. CD69: from activation marker to metabolic gatekeeper. Eur J Immunol (2017) 47(6):946–53. doi: 10.1002/eji.201646837

49. Trzeciak, A, Lerman, YV, Kim, T-H, Kim, MR, Mai, N, Halterman, MW, et al. Long-term microgliosis driven by acute systemic inflammation. J Immunol (2019) 203(11):2979–89. doi: 10.4049/jimmunol.1900317

50. Grieco, F, Bernstein, BJ, Biemans, B, Bikovski, L, Burnett, CJ, Cushman, JD, et al. Measuring behavior in the home cage: Study design, applications, challenges, and perspectives. Front Behav Neurosci (2021) 15:735387. doi: 10.3389/fnbeh.2021.735387

51. Koopmans, B, Smit, AB, Verhage, M, and Loos, M. AHCODA-DB: a data repository with web-based mining tools for the analysis of automated high-content mouse phenomics data. BMC Bioinf (2017) 18(1):200. doi: 10.1186/s12859-017-1612-1

52. Bissonette, GB, and Powell, EM. Reversal learning and attentional set-shifting in mice. Neuropharmacology (2012) 62(3):1168–74. doi: 10.1016/j.neuropharm.2011.03.011

53. Ramsey, KA, Meskers, CGM, and Maier, AB. Every step counts: synthesising reviews associating objectively measured physical activity and sedentary behaviour with clinical outcomes in community-dwelling older adults. Lancet Healthy Longevity (2021) 2(11):e764–e72. doi: 10.1016/S2666-7568(21)00203-8

54. Mawanda, F, Wallace, RB, McCoy, K, and Abrams, TE. Systemic and localized extra-central nervous system bacterial infections and the risk of dementia among US veterans: A retrospective cohort study. Alzheimer's Dementia: Diagnosis Assess Dis Monitoring (2016) 4(1):109–17. doi: 10.1016/j.dadm.2016.08.004

55. Bohn, B, Lutsey, PL, Misialek, JR, Walker, KA, Brown, CH, Hughes, TM, et al. Incidence of dementia following hospitalization with infection among adults in the atherosclerosis risk in communities (ARIC) study cohort. JAMA Network Open (2023) 6(1):e2250126–e. doi: 10.1001/jamanetworkopen.2022.50126

56. Cryan, JF, and Dinan, TG. Mind-altering microorganisms: the impact of the gut microbiota on brain and behaviour. Nat Rev Neurosci (2012) 13(10):701–12. doi: 10.1038/nrn3346

57. Champagne-Jorgensen, K, Kunze, WA, Forsythe, P, Bienenstock, J, and McVey Neufeld, K-A. Antibiotics and the nervous system: More than just the microbes? Brain Behavior Immun (2019) 77:7–15. doi: 10.1016/j.bbi.2018.12.014

58. Cassidy, BR, Sonntag, WE, Leenen, PJM, and Drevets, DA. Systemic Listeria monocytogenes infection in aged mice induces long-term neuroinflammation: the role of miR-155. Immun Ageing (2022) 19(1):25. doi: 10.1186/s12979-022-00281-0

59. Ritzel, RM, Crapser, J, Patel, AR, Verma, R, Grenier, JM, Chauhan, A, et al. Age-associated resident memory CD8 T cells in the central nervous system are primed to potentiate inflammation after ischemic brain injury. J Immunol (2016) 196(8):3318–30. doi: 10.4049/jimmunol.1502021

60. Mitchell, AJ, Yau, B, McQuillan, JA, Ball, HJ, Too, LK, Abtin, A, et al. Inflammasome-dependent IFN-γ drives pathogenesis in Streptococcus pneumoniae meningitis. J Immunol (2012) 189(10):4970–80. doi: 10.4049/jimmunol.1201687

61. Pettini, E, Fiorino, F, Cuppone, AM, Iannelli, F, Medaglini, D, and Pozzi, G. Interferon-γ from brain leukocytes enhances meningitis by type 4 streptococcus pneumoniae. Front Microbiol (2015) 6(1340). doi: 10.3389/fmicb.2015.01340

62. Too, LK, Ball, HJ, McGregor, IS, and Hunt, NH. The pro-inflammatory cytokine interferon-gamma is an important driver of neuropathology and behavioural sequelae in experimental pneumococcal meningitis. Brain Behavior Immunity (2014) 40:252–68. doi: 10.1016/j.bbi.2014.02.020

63. Garber, C, Soung, A, Vollmer, LL, Kanmogne, M, Last, A, Brown, J, et al. T Cells promote microglia-mediated synaptic elimination and cognitive dysfunction during recovery from neuropathogenic flaviviruses. Nat Neurosci (2019) 22(8):1276–88. doi: 10.1038/s41593-019-0427-y

64. Li, M, Kitamura, A, Beverley, J, Koudelka, J, Duncombe, J, Lennen, R, et al. Impaired glymphatic function and pulsation alterations in a mouse model of vascular cognitive impairment. Front Aging Neurosci (2022) 13. doi: 10.3389/fnagi.2021.788519

65. Bathini, P, Dupanloup, I, Zenaro, E, Terrabuio, E, Fischer, A, Ballabani, E, et al. Systemic inflammation causes microglial dysfunction with a vascular AD phenotype. Brain Behavior Immun - Health (2023) 28:100568. doi: 10.1016/j.bbih.2022.100568

66. Gebhardt, T, Palendira, U, Tscharke, DC, and Bedoui, S. Tissue-resident memory T cells in tissue homeostasis, persistent infection, and cancer surveillance. Immunol Rev (2018) 283(1):54–76. doi: 10.1111/imr.12650

67. Mutnal, MB, Hu, S, Schachtele, SJ, and Lokensgard, JR. Infiltrating regulatory b cells control neuroinflammation following viral brain infection. J Immunol (2014) 193(12):6070–80. doi: 10.4049/jimmunol.1400654

68. Prasad, S, Hu, S, Sheng, WS, Singh, A, and Lokensgard, JR. Tregs modulate lymphocyte proliferation, activation, and resident-memory T-cell accumulation within the brain during MCMV infection. PLoS One (2016) 10(12):e0145457. doi: 10.1371/journal.pone.0145457

69. Graham, JB, Da Costa, A, and Lund, JM. Regulatory T cells shape the resident memory T cell response to virus infection in the tissues. J Immunol (2014) 192(2):683–90. doi: 10.4049/jimmunol.1202153

70. O'Brien, CA, Overall, C, Konradt, C, O'Hara Hall, AC, Hayes, NW, Wagage, S, et al. CD11c-expressing cells affect regulatory T cell behavior in the meninges during central nervous system infection. J Immunol (2017) 198(10):4054–61. doi: 10.4049/jimmunol.1601581

71. Saito, M, Fujinami, Y, Ono, Y, Ohyama, S, Fujioka, K, Yamashita, K, et al. Infiltrated regulatory T cells and Th2 cells in the brain contribute to attenuation of sepsis-associated encephalopathy and alleviation of mental impairments in mice with polymicrobial sepsis. Brain Behav Immun (2021) 92:25–38. doi: 10.1016/j.bbi.2020.11.010

72. Holmes, C, Cunningham, C, Zotova, E, Woolford, J, Dean, C, Kerr, S, et al. Systemic inflammation and disease progression in Alzheimer disease. Neurology (2009) 73(10):768–74. doi: 10.1212/WNL.0b013e3181b6bb95

73. Ghosh, P, Zhou, Y, Richardson, Q, and Higgins, DE. Characterization of the pathogenesis and immune response to Listeria monocytogenes strains isolated from a sustained national outbreak. Sci Rep (2019) 9(1):19587. doi: 10.1038/s41598-019-56028-3

74. Senay, TE, Ferrell, JL, Garrett, FG, Albrecht, TM, Cho, J, Alexander, KL, et al. Neurotropic lineage III strains of Listeria monocytogenes disseminate to the brain without reaching high titer in the blood. mSphere (2020) 5(5):e00871–20. doi: 10.1128/mSphere.00871-20

75. Seele, J, Ballüer, M, Tauber, SC, Bunkowski, S, Schulz, K, Stadelmann, C, et al. Neural injury and repair in a novel neonatal mouse model of Listeria monocytogenes meningoencephalitis. J Neuropathol Exp Neurol (2021) 80(9):861–7. doi: 10.1093/jnen/nlab079

76. Koopmans, MM, Engelen-Lee, J, Brouwer, MC, Jaspers, V, Man, WK, Vall Seron, M, et al. Characterization of a Listeria monocytogenes meningitis mouse model. J Neuroinflammation (2018) 15(1):257. doi: 10.1186/s12974-018-1293-3

77. Mayne, K, White, JA, McMurran, CE, Rivera, FJ, and de la Fuente, AG. Aging and neurodegenerative disease: Is the adaptive immune system a friend or foe? Front Aging Neurosci (2020) 12(305). doi: 10.3389/fnagi.2020.572090

78. Too, LK, Hunt, N, and Simunovic, MP. The role of inflammation and infection in age-related neurodegenerative diseases: Lessons from bacterial meningitis applied to Alzheimer disease and age-related macular degeneration. Front Cell Neurosci (2021) 15:635486. doi: 10.3389/fncel.2021.635486




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Cassidy, Logan, Farley, Owen, Sonntag and Drevets. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1146690-g004.jpg
>

% Incorrect entries

=]

% Incorrect entries

% Incorrect entries

100

80

60

40

20

100

80

60

40

20

100

80

60

40

20

50

Extinction 1 mo B

-0~ Uninfected

-O- 10403s H
ANOVA p =0.176 B
slope p=0.508 ]
ko]
e
S
o
£
=®
52 54 56 58
Hour
Extinction 4 mo E
-o- Uninfected
# .= 10403s »
ANOVA p <0.001 2
slope p= 0.006 E
k3]
2
]
Q
£
B
52 54 56 58
Hour

Uninfected H

-0~ 1mo
-®- 4mo -
ANOVAp=0.762 2
slope p=0.411 £
o
k3]
e
S
Q
£
B

52 54

Hour

56 58

100

80

60

40

20

100

80

60

40

20

100

80

60

40

20

50

50

Extinction 1 mo

52

Extinction 4 mo

52

54
Hour

54
Hour

56

56

-0~ Uninfected
-&= Ahly

ANOVA p =0.264
slope p= 0.994

58

-o- Uninfected
=a= Ahly
ANOVA p = 0.004
slope p=0.590

-4 1mo

-&- 4mo
ANOVA p =0.041
slope p=0.793

58

(9]

Extinction 1 mo

100 -5 Ahly
" ‘o - 10403s
2 80 % ‘% ANOVA p =0.014
€ é \ slope p=0.503
2 60 %
[
£
o 40
o
£
) 20
[}
50 52 54 56 58
Hour
F Extinction 4 mo
1007 m =a= Ahly
» . -m- 10403s
2 80 LAWY ANOVA p = 0.221
€ \[T'®-'®  slope p=0.017
% 60 £
e N
5 40 ‘}
Q
=
=
1
100 -+ 1mo
» - 4mo
2 80 ANOVA p < 0.001
t slope p=0.062
% 60
8
5 40
Q
£
) 20
0
50 52 54 56 58
Hour





OEBPS/Images/fimmu-14-1146690-g001.jpg
cognitive
testing

FACS
analysis

24d 28-32d
1 mo post-challenge

Challenges
+ Sterile PBS

e Lm Ahly
* Lm 10403s

Antibioti
cognitive FACS
Day0 2 7 14 testing || analysis

15 weeks 16 weeks

H 4 mo post-challenge






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Progressive cognitive impairment after recovery from neuroinvasive and non-neuroinvasive Listeria monocytogenes infection

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Antibodies

          



          		

            Bacteria

          



          		

            Animal infection and antibiotic treatment

          



          		

            Cognitive testing

          



          		

            Euthanasia, necropsy and brain digestion

          



          		

            Flow cytometry

          



          		

            Statistical analysis and calculations

          



        



        



        		

          Results

        

          		

            Lm infection impairs learning

          



          		

            Lm infection impairs extinction of prior learning at 4 mo but not at 1 mo p.i.

          



          		

            Distance moved in a home-cage setting declines after Lm infection

          



          		

            Dynamic changes in brain leukocyte populations after Lm infection

          



          		

            Increasing numbers of brain CD8+ lineage T-lymphocytes correlates with worse performance in cognitive testing

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1146690-g007.jpg
Fold change over uninfected »

1 mo p.i.

p <0.001

Cell population

4 mo p.i.
p < 0.0001

p <0.005

i
o

2.0

Fold change over uninfected

0.0
x x ~2

EF AT PN
QX x ob X O &

FFFEF NS
X 7O F e

& & &

S ¢ =)

Cell population





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Cell population Independent Learning Reversal Time to Cognitive Maximum Reversal

Index? 80%° Flexibility? Learning® Distance?
r P P
CD3'CD8* 0.559 0.027 0530 0.035 -0.535 0.035 -0.597 0.017 -0.568 0.024
CD8'CD69" -0.360 0.180 0527 0.036 0388 0.138 0376 0.151 0571 0.023
CD8" Ty -0.359 0173 0508 0.044 0250 0.349 -0.359 0173 -0.647 0.008
CD3'CD4* 0.085 0.755 -0321 0226 -0.094 0.730 0012 0.969 0277 0299
CD4'CD69* 0274 0304 0324 0.105 0.082 0.763 0.165 0541 0218 0417
CD4"Try 0377 0.151 0331 0211 0.174 0519 0274 0.304 0.168 0534
CD4/CDS$ 0.485 0.059 -0.591 0.016 0253 0343 0403 0.123 0.685 0.004
Microglia -0.097 0.721 0129 0.634 -0.147 0.586 -0.064 0.730 0.009 0978
CD45"CD11b" -0.018 0.952 -0.201 0.456 -0.185 0491 -0.077 0.780 0.309 0244
Ly6C™ monocytes -0.160 0.564 -0.039 0.886 0227 0.400 -0.194 0470 0135 0617
Neutrophils 0324 0.221 -0.008 0976 0474 0.066 0318 0230 0.009 0978

'Results of cognitive measurements from individual mice 4 months after infection with Lm 10403s (n=5), Ahly Lm mutants (n=4), or antibiotics alone (n=7) were compared with results from
quantification of specific cell populations by flow cytometry.

?Analysis by Spearman correlation with 2-tailed p value.

*Analysis by Pearson correlation with 2-tailed p value.

Bold values are those that are statistically significant.





OEBPS/Images/fimmu-14-1146690-g005.jpg
>

Distance moved (cm)

1mo B 4 mo

q < 0.0001
2.0x105 1.5x10° q<0.0001 q=0.003
E q<0.004
T
g
1.5%105 g 1.0x105
(]
Q
=
8
i
a
1.0x105 5.0x104
. o OO ¢ o S
Group A F&. LS S Group . P F& LS ¢
& ¥ &P & DR \‘@c}' ¥ & \@o\ F S
Test — e — Test

period Initial Reversal period Initial Reversal





OEBPS/Images/fimmu-14-1146690-g003.jpg
>

(9]

% mice achieving criterion

% mice achieving criterion

Reversal Time to 80% (1 mo)

0 12

24
Time (hrs)

36

=— Uninfected
=« 10403s
= = Ahly

48

Reversal Entries to 80% (1 mo)

500

1000
Entry Number

1500

=— Uninfected
= + 10403s
== Ahly

2000

B Reversal Time to 80% (4 mo)

§ 100 )

s 90 ’

-‘g 804 shmesses- T = Uninfected

) 70 : . =« 10403s

= 60 et @ oo am®

3 50 ' == Anly

S 40 -

o 30 : 10403s v Uninfected:

S 20 :- - p=0.04

= '

N3

0 12 24 36 48

Time (hrs)

o

Reversal Entries to 80% (4 mo)

-« 10403s
- = Ahly

% mice achieving criterion
(%]
o

0 500 1000 1500 2000
Entry Number

= Uninfected





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/im1.jpg





OEBPS/Images/fimmu-14-1146690-g002.jpg
A 1 mo
1.0 Initial Reversal
— Uninfected
% os o+ 104038
:g - == Anly
o
2 0.0
5
g
306
1.0
0 10 20 30 40 50 60 70 80 90
Hour
Cc Uninfected
Initial Reversal

B 4 mo

1.0 Initial Reversal

— Uninfected

% os - = Ahly
E * * ¢ 10403s
o
Z 0.0
3
3
g 0.5
3

-1.0

0 10 20 30 40 50 60 70 80 90
Hour
Ahly E 10403s
1.0 Initial Reversal 1.0 Initial g Reversal
H — 1mo

x — 1mo « :
k- _— 3
£ me £
2 2
5 5
3 3
E E
= =
o o

Hour Hour
F 1mo G 1mo index by dark cycle H ! 4mo index by dark cycle
0.75 0.75 1.00
*
PR 0.75
x * * * ox 3 x
3 T 0.50 S
£ 0.50 ol £
€ 5 025 €
< k-] )
B £ 000 2
2 0.25 g 0.25: 2
3 C T 3
£ = -0.50; £
0.00 018 5 ) 0.75 T T T T T T T T T T
b@*\ Q@s"‘ Darkcycle 1 2 3 41 2 3 4 1 2 3 4 Group o“o@b & §V‘ n‘@": Darkcycle 1 2 3 41 2 3 4 1 2 3 4
& Group Uninfected Ahly- 10403s- Te_st — Group Uninfected Ahly- 10403s-
Reversal infected infected period Reversal infected infected






OEBPS/Images/fimmu-14-1146690-g006.jpg
A cD45" cells B cD45"CD3" cells c cDas"icD11b" cells
1.5%105 - 7.5x104 p <0.0001 7.5%104 -
p=0.004 =
—_— p <0.0001 p=0.022 _p=0022 ° a
£ £ 5.0x104 £ 5.0x10%
s H o . £
2 z ;E; w - = .
8 8 25x10¢ % % 8 2.5x104 % j}:
'y o
3 E L) % o é‘
=) 2
T T T T T
Group ¥ & V\ §? & Q@ V\\“ @65" Group R 6 epn,‘é & & V‘Q\‘\ &9"? Group 0° b o Qﬂ’(’ ¢ & V‘\“ &9'5"
Time after , \“'—'\“ \({@; Time after ,\k_ & _\ Time after \" N ,Q@o N
challenge 1mo 4 mo challenge 1mo ¥ 4 mo challenge 1mo N 4 mo
D + +
CD8* T-lymphocytes E CD69* CD8" T-lymphocytes F CD8" Tru
.0001 =0.003
4.0%x104 503 p — 4.0%104 p = 0.0002 p = 0.0009 2.0%x104 p =0.0002 p <0.0001
p <0. = 0.
_— p =0.0007 p =0.0002 p < 0.0001 p <0.0001
£ 3.0x104 c 3.0x104 —- - c 1.5x104 "
£ : i :
= 2.0%10¢ ull 2 a o
2 e % e .. m G 20x10¢ - " B 1ox0¢
[} o 3 3
(5] u® O % Q
1.0x10¢ . %3 §E 5 © 1.0x10¢ - 5.0%10°
w & 0 e o fe
‘ 3 3 ; 5 o
Group <}°b V\\“ &“ﬂp & 6@6 V\\\* Q@” Group @b v‘\“ b&" & @b v\(\\‘\ QQS‘-‘ Group Qo L V‘\“ 99":" & @b V‘X‘\ Q“
Time after . \(\K“—" p é&_\ Time after & A ; (\@; Time after \‘\”’ B . o@‘" o
challenge 1mo 4 mo challenge 1mo N 4 mo challenge 1mo N 4 mo
+ +
G CD4"* T-lymphocytes H CD69* CD4" T-lymphocytes 1 CD4” Try
2.0x104 p =0.006
1.0x104 5.0x103 p =0.0006
=0.006 = =
o 15x10% — 7.6x105 pEos g 4.0x10° p=0.0003
= - £ s =0.0005 p =0.005 £
© ] S P ©
£ - d _ £ 3.0x103 -
% 1-0x104 o 2 5 ox10° =2 ax
] . ] @
3 . Opo 3 3 20x10° = 5 o
© 5.0x10° P - aTa O 25x10° o °
x g . 1.0x10° -~
' L Lo s &g
0 0
Group \)° & (x\* 59‘5 & @ & v‘\“ Q@’? Group Qe g v\\\'\ Q‘s»? & & ‘;\“ &gﬁ’" Group \)° & \\\* @"’ Qo & ‘\\* Q@’g’
Time after \\9_ ,\(\@—\ Time after \\Q'—’* ,Q@; Time after \@ e
challenge 1 mo 4 mo challenge 1mo N 4 mo challenge 1mo A 4 mo





OEBPS/Images/fimmu.2023.1146690_cover.jpg
& frontiers | Frontiers in Immunology

Progressive cognitive impairment after

recovery from neuroinvasive and non-

neuroinvasive Listeria monocytogenes
infection





OEBPS/Images/table1.jpg
Cell population Independent Learning Reversal Time to Cognitive Maximum Reversal

Index? 80%> Flexibility? Learning® Distance?
r p p p
cp3'cps* 20009 0969 0.132 0570 20009 0.969 0058 0.801 0001 0.99
CD8'CD69" 0131 0571 0.103 0658 0012 0.960 0.114 0.622 0032 0.889
CD8" Tyt -0.168 0471 0.174 0451 -0.051 0.827 0.091 0.695 0.049 0.832
CD3'CD4* -0.213 0.357 0.040 0.865 -0.135 0.559 -0.043 0.854 0.016 0.947
CD4"CD69" -0.317 0.162 0.125 0.589 -0.151 0.515 -0.095 0.683 -0.022 0.924
CD4" Ty -0.182 0.430 0.093 0.689 0.179 0.437 0.005 0.982 -0.058 0.801
CD4/CD8 o008 | oe0 | 00 0930 0130 0575 -0.405 0.068 0127 | 058
Microglia 0230 0316 -0.003 0989 0325 0.151 -0.019 0933 0240 0294
CD45"CD11b* -0.262 0.251 0.546 0.011 -0.061 0.793 -0.074 0.750 -0.195 0.397
LyﬁC'" monocytes -0.301 0.184 0.480 0.028 -0.030 0.898 -0.248 0.278 ‘ -0.087 0.708
Neutrophils -0.234 ‘ 0.308 0.550 0.010 -0.039 0.867 -0.184 0.424 -0.164 0.479

'Results of cognitive measurements from individual mice 4 months after infection with Lm 10403s (n=11), Ahly Lm mutants (n=5), or antibiotics alone (n=5) were compared with results from
quantification of specific cell populations by flow cytometry.

?Analysis by Spearman correlation with 2-tailed p value.

*Analysis by Pearson correlation with 2-tailed p value.

Bold values are those that are statistically significant.





