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Sepsis-associated encephalopathy manifesting as delirium is a common problem in critical

care medicine. In this study, patients that had delirium due to sepsis had significant cognitive
impairments at 12-18 months after hospital discharge when compared with controls and Cambridge
Neuropsychological Automated Test Battery-standardized scores in spatial recognition memory,
pattern recognition memory, and delayed-matching-to-sample tests but not other cognitive
functions. A mouse model of S. pneumoniae pneumonia-induced sepsis, which modeled numerous
aspects of the human sepsis-associated multiorgan dysfunction, including encephalopathy, also
revealed similar deficits in spatial memory but not new task learning. Both humans and mice had
large increases in chemokines for myeloid cell recruitment. Intravital imaging of the brains of septic
mice revealed increased neutrophil and CCR2* inflammatory monocyte recruitment (the latter being
far more robust), accompanied by subtle microglial activation. Prevention of CCR2* inflammatory
monocyte recruitment, but not neutrophil recruitment, reduced microglial activation and other
signs of neuroinflammation and prevented all signs of cognitive impairment after infection.
Therefore, therapeutically targeting CCR2* inflammatory monocytes at the time of sepsis may
provide a novel neuroprotective clinical intervention to prevent the development of persistent
cognitive impairments.

Introduction

A recent consensus has defined sepsis as a life-threatening organ dysfunction caused by a dysregulated
host response to infection (1). Sepsis is the most common cause of death in hospitalized patients in
Canada and the US, causing 11% of the deaths in hospitals per year (2). Community-acquired pneu-
monia is the most prevalent cause of sepsis, accounting for 50% of these hospitalized patients (3), and
Streptococcus pneumoniae (S. pneumoniae), a Gram-positive bacterium, is the most common cause of this
condition (4, 5). Although the mortality rate of sepsis has decreased over the past 15 years (6), the
overall numbers of patients with sepsis has increased.

Sepsis-associated encephalopathy (SAE), a diffuse brain dysfunction secondary to infections outside
the central nervous system, develops in approximately 70% of patients with sepsis (7). Sepsis survivors
demonstrate long-term cognitive impairment, including alterations in memory, attention, and concentra-
tion, and many are unable to return to their previous employment (8—11). The mechanisms causing SAE
or delirium are unclear and understudied. In the absence of an understanding of its cause, treatment is
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limited to nonspecific “symptom” management, such as patient sedation, and is clearly unsatisfactory.
Direct pathogen dissemination into the brain during sepsis is very uncommon and, therefore, other factors
must contribute. Our hypothesis is that the inappropriate activation of the immune system and cerebral leu-
kocyte recruitment results in brain inflammation that contributes to the development of SAE and leads to
long-term cognitive impairments. As such, we tested whether inflammation of the brain microvasculature
leads to cerebral dysfunction (blood-brain barrier breakdown) and long-term cognitive impairments.

The hallmark of inflammation is the recruitment of inflammatory leukocytes. Neutrophils are
the exemplar immune cells mediating much of the tissue injury associated with various inflamma-
tory processes. This is primarily based on the fact that neutrophils are the main leukocytes recruited
to the inflamed foci in response to infection or tissue injury and that they produce potent oxidants,
release proteases, and form toxic neutrophil extracellular traps (12). During a systemic inflammatory
response to an infection there is excessive or inappropriate neutrophil infiltration into different tissues
(13). Consequently, the role of the neutrophil has dominated attention in sepsis research. Neutrophil
recruitment into the brain requires an initial tethering of the immune cell to the endothelium via selec-
tins and subsequent activation by chemokines, such as IL-8 (KC and MIP-2 in mice), acting through
the chemokine receptor CXCR2 on neutrophils, resulting in integrin activation and firm adhesion (14).
The neutrophils have then been shown to transmigrate across the endothelial barrier, causing vascular
barrier breakdown (15). In addition to neutrophils, other immune cells, such as inflammatory mono-
cytes, are also recruited, although their specific role remains less clear (16). Inflammatory monocytes
also use integrins for recruitment; however, a major difference from neutrophils is their use of the
chemokine receptor CCR2 for activation and subsequent adhesion to the vessel wall. Various subsets
of monocytes have been identified based on Ly6C and chemokine receptor expression. Monocytes
with Ly6CMCCR2MCX3CR1" expression are referred to as the inflammatory monocyte subset (17, 18).
A second subset of Ly6C°CCR2"°CX3CR1" monocytes is found patrolling various tissues but does not
overtly cause inflammation (18). A second subset of monocytes is Ly6C, CCR2°, and CX3CR1", and
this subset is found patrolling various tissues but not overtly causing inflammation (18).

In this study, patients that recovered from sepsis performed poorly in behavioral tests that require the
integrity of the medial temporal lobe and associated cortical regions at 12-18 months after recovery. A
mouse model of S. pneumoniae pneumonia-induced sepsis replicated these long-term cognitive deficits and
had an increase in neutrophil and CCR2* inflammatory monocyte recruitment and microglial activation at
24 hours after infection. Our data show that inflammatory monocyte, but not neutrophil recruitment, was
found to induce the hallmarks of inflammation and cause the long-term cognitive impairment associated
with acute sepsis.

Results
Patients recovered from sepsis show signs of cognitive impairment. Eleven patients that had documented delirium
during sepsis were assessed 12—18 months after intensive care unit (ICU) hospital discharge using a series
of cognitive tests. Table 1 shows the demographic and clinical characteristics of the enrolled patients. In
these patients, the lungs were the primary focus of infection. Compared with control participants, sep-
sis-recovered patients had significantly impaired performance on pattern recognition memory, impaired
spatial recognition memory, and delayed matching to sample tasks (P < 0.05; Figure 1, A—C). Trends were
also observed for the paired associates learning (P = 0.06) and spatial span (P = 0.06) task performance
compared with controls and Cambridge Neuropsychological Automated Test Battery standardized scores
(Supplemental Figure 1, A and B; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.99364DS1). It is also important to note that there were a number of tests that were
not significantly different, including motor screen, spatial working memory, stockings of Cambridge, big
little circle, and intradimensional/extradimensional set shift task, suggesting specific cognitive impairments
in visuospatial memory function, not overall neurocognitive function (Supplemental Figure 1, C and D;
and Supplemental Figure 2, A—-G). The pattern of impairment observed among sepsis survivors was indic-
ative of possible medial temporal and restricted frontal lobe dysfunction and, more specifically, dysfunction
of the parahippocampal complex, which is exquisitely sensitive to environmental perturbations.

Cytokine profile in septic patients. Forty-eight cytokines and chemokines were assessed in the sera of
septic patients. Serum_samples, 16 from ICU controls and 34 from septic patients, were retrospectively
selected from the ICU tissue bank to study the cytokine profile. Table 2 shows the demographic and
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Figure 1. Behavioral tests and serum cytokines levels in ICU patients. ICU sepsis survivors were evaluated at 12 months after hospital discharge in (A)
pattern recognition memory (control n =10, sepsis n = 11), (B) spatial recognition memory (control n =10, sepsis n = 10), and (C) delayed match to sample
(control n =10, sepsis n = 11). Data represent mean + SEM. *P < 0.05, ***P < 0.001 vs. controls, unpaired 2-tailed t test. (D) The level of blood cytokines
was determined at 24 hours after hospital admission in ICU controls (n = 16) and septic patients (n = 34). Data represent mean + SEM. *P < 0.05 vs. ICU

controls, Mann-Whitney U test.

clinical characteristics of all patient samples studied. A significant increase in IL-1a, IL-2Ra, IL-12p40,
IL-18, HGF, MIF, MIG, IL-1p, IL-1Ra, IL-4, IL-7, IL-8, IL-13, IL-17, G-CSF, IFN-y, IP-10, MCP-1,
MIP-1a, PDGF-bb, and TNF-o was observed in septic patients at 24 hours after hospital admission
(Figure 1D) versus ICU controls. Worth noting is the large increase in the antiinflammatory IL-1Ra and
chemokines for neutrophils (IL-8) but also for other immune cells, including monocytes (MCP-1).

S. pneumoniae pneumonia-induced sepsis mouse model. Intratracheal administration of S. pneumoniae into
the lungs of mice resulted in pneumonia and sepsis, including increased gut permeability and decreased
cardiac output as previously described (19). We could detect almost no bacteria in blood and no bacteria
in brain but significant bacteria in lungs at 24 hours (19). This is entirely consistent with human sepsis,
in which cerebral bacteria are extremely rare (7). In the absence of bacteria in the brain, we postulated
that inflammatory mediators might induce brain inflammation (20, 21). S. pneumoniae infection induced
increases in mediators at 4 hours that reached peak levels by 24 hours. The levels of several cytokines are
shown in Figure 2, A-H. A significant increase in KC (homologous to IL-8 in humans), G-CSF, MCP-1,
MIP-1a, and IP-10 was found at 24 hours after infection. A trend was observed for TNF-o (P = 0.06). Inter-
estingly, the same proinflammatory molecules were significantly increased in the blood of septic patients
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Table 1. Demographic and clinical characteristics of Lethbridge patients

Characteristics Sepsis patients

No. of patients M
Male/Females (n) 4:7
Age (yr) 53 (33-67)
APACHE Il (admission) 17 (12-27)
SOFA (day 1) 8 (7-11)

Primary ICNARC code (n) Septic shock (1)
Pneumonia (9)
Ascending cholangitis (1)
Length of ICU stay (d) 11(6-18)

Patients with organ insufficiency (n) 2
Primary focus of infection (n) Lung (9)

Gastrointestinal (2)
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at 24 hours after hospital admission (Figure 1D). Surprising-
ly, however, only KC and G-CSF were increased in the CSF
(Figure 2, B and D).

S. pneumoniae pneumonia-induced sepsis is associated with
long-term cognitive impairment. S. pneumoniae—infected wild-
type mice show decreased movement and lethargy at 4 hours
after infection, and these signs become worse at 12 hours
after infection; if the mice survive past 36 hours, their gen-
eral behavior recovered to a healthy state by 48 hours (19).
We conducted a battery of behavioral tests to evaluate if S.
pneumoniae pneumonia-induced sepsis was associated with
long-term cerebral impairment. Mice were infected and
allowed to recover for at least 14 days (postinfection mice).
These mice performed similarly to control mice when test-

Confirmed infection (n)

Deaths (n)

Primary Intensive Care National Audit and Research Centre (ICNARC) code, acute
physiology and chronic health evaluation (APACHE), and sequential organ failure
assessment (SOFA) scores were assessed upon admittance to the intensive care
unit. All data are median (interquartile range) unless otherwise noted.

Gram-positive bacteria (3)
Gram-negative bacteria (3)
0

ed in open-field, Y-maze, and elevated plus maze behavioral
tests (Supplemental Figure 3). The Morris water maze test
has a 3-day learning component, followed by a memory test
component. There was no impairment in learning during the
training session for 3 days; both control and postinfection
mice learned the task equivalently, as shown by the path
length and latency time in finding the platform (Figure 2, I

insight.jci.org

and J). However, on the fourth day, when the platform was

removed from the pool, postinfection mice traveled signifi-
cantly less distance and spent less time in the target quadrant where the platform had been located (Figure
2, K and L), showing a deficit in spatial memory.

We further assessed the duration of this cognitive impairment and found that it persisted at all times
observed. For example, the water maze test was assessed again at 9 weeks after infection in a different
pool and room. Both groups of mice learned the task in the same way, as shown by similar path lengths
(Figure 3A); however, when tested on the fourth day (67 days after infection), postinfection mice traveled
significantly less distance in the target quadrant, denoting that the deficit in spatial memory is a long-term
impairment (Figure 3B). Behavioral tests specifically designed to evaluate the functional integrity of hippo-
campus and amygdala were performed to determine which part of the brain was involved in the long-term
memory impairment (22, 23). Mice that had recovered from infection exhibited a lower freezing response
in the immediate shock deficit test (Figure 3C) and contextual fear conditioning test (Supplemental Figure
4), tests designed to examine hippocampal function. These differences were observed as late as 18 weeks
after infection recovery. By contrast, in the cued fear conditioning test (Figure 3D), which examines amyg-
dala function, both control and postinfection mice froze with similar frequency.

To determine whether there were overt signs of injury, MRI was performed in the mice that had recov-
ered from infection (Figure 3E) and noted no differences in hippocampal volume compared with control
mice (Figure 3F), suggesting that there was no obvious dysfunction that translated in anatomical changes
in the hippocampus. In addition, histology of the hippocampus section did not show any changes in the
cellularity of the dentate gyrus region between controls and mice that had recovered from infection (Sup-
plemental Figure 5). However, when we assessed signs of brain inflammation/dysfunction, there was an
increased blood-brain barrier permeability at 24 hours after infection (Figure 3, G and H). The value was
comparable to the blood-barrier permeability increase triggered by B. pertussis toxin, our most potent posi-
tive control, suggesting potential inflammation at early time points. As such, we performed cerebrovascular
microscopy to further examine the state of inflammation.

S. pneumoniae pneumonia-induced sepsis is associated with increased neutrophil recruitment into the brain.
Increased KC in mice and IL-8 in humans prompted us to examine neutrophil recruitment in the brain
microcirculation. Intravital microscopy on mice infected with S. pneumoniae showed a significant increase
in neutrophil rolling flux and adhesion compared with control mice in the brain vasculature of the frontal
cortex at 24 hours after infection (Figure 4). Under basal conditions, no neutrophils were seen interacting
with brain microvessels (Figure 4A), whereas following S. pneumoniae infection, a significant (P < 0.001)
increase was noted (Figure 4B). At least 3—4 neutrophils could be seen rolling per minute (Figure 4C) and
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Figure 2. S. pneumoniae-infected mice have increased blood and cerebrospinal fluid cytokines. Mice were infected with S. pneumoniae, and blood

was extracted at 4 hours and 24 hours (S. pneumoniae 4h or 24h serum) or cerebrospinal fluid (CSF) was extracted at 24 hours after infection to measure

a large cytokine array. Several cytokines are shown in (A) TNF-q, (B) KC, (C) IL-6, (D) G-CSF, (E) MCP-1, (F) MIP-1a, (G) IP-10 levels, and (H) IL-10. Data in

A-H represent mean + SEM of n = 5-10 in blood serum control, n = 5-6 in blood serum S. pneumoniae 4 hours, n = 18-20 in blood serum S. pneumoniae

24 hours, n = 5-10 in CSF control, and n = 12-15 in CSF S. pneumoniae. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control, 1-way ANOVA followed by Dun-

nett’s multiple comparison’s test for the blood serum samples and unpaired t test for the CSF samples. Mice recovered from infection showed cognitive
impairment in Morris water maze. Mice were infected with S. pneumoniae and allowed to recover for 2 weeks and, at this time, the Morris water maze test
was assessed (see Methods). (I) Path length during training, (J) latency during training, (K) percentage of distance traveled in the target quadrant, and (L)
percentage of time in target quadrant both on the fourth day after the platform was removed and the mouse memory strength were evaluated. Data in I-L
represent mean + SEM of n =10 in control and n = 8 in S. pneumoniae-infected mice group. *P < 0.05 vs. control mice, unpaired 2-tailed t test.

adhering per 100 pm (Figure 4D) in the cerebrovasculature. Figure 4E shows neutrophils in a coronal brain
section of the hippocampus. Neutrophils were found throughout the whole coronal brain section at 24
hours after infection (Figure 4F), and these cells all remained in the vasculature. Anti-KC mAb adminis-
tered at 4 hours after infection did not affect neutrophil rolling flux (Figure 5A) but significantly decreased
neutrophil adhesion in the brain vasculature (Figure 5B) and reduced neutrophil counts in coronal sections
(Figure 5C). However, postinfection mice treated with anti-KC mAb still had memory deficits, assessed as
decreased travel distance in the target quadrant (Figure 5D). To ensure that 4 hours after the start of infec-
tion was not too late for treatment with anti-KC mAb, CXCR2 - mice (mice lacking the KC receptor) were
tested and also showed a cognitive impairment trend (data not shown).

The possibility exists that KC inhibition delayed neutrophil influx into the lungs and made the infection
worse. Therefore, in a second set of experiments, we treated mice with anti-P selectin mAb immediately
after infection to prevent brain neutrophil recruitment without affecting neutrophil recruitment in the lungs
as previously reported (13). Anti—P selectin mADb treatment significantly inhibited neutrophil rolling flux and
adhesion in the brain (Figure 5, A and B) and reduced neutrophil numbers in the coronal sections (Figure 5C).
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Table 2. Demographic and clinical characteristics of the enrolled patients

Characteristics

ICU control patients

Sepsis patients

No. of patients 16 34
Males/females (n) 13:3 21:13
Age (yr) 66.5 (58.5-73) 64.5 (42.3-76.8)
APACHE Il (admission) 24 (22-26) 20.5 (14-28.3)
SOFA (day 1) 8 (6-9.5) 8 (3.3-10)
Primary ICNARC code (n) CABG (15) Septic shock (14)
Bacterial pneumonia (6)
Cystitis/pyuria (1)
Viral pneumoniae (3)
Small bowel ischemia/perforation (2)
Cor pulmonale (1)
Empyema (1)
Necrotizing fasciitis (1)
Peritonitis (1)
Trauma (1)
Airway compression by extrinsic abscess (3)
Length of ICU stay” (d) 1(1-1) 5 (3-10)
Patients with organ insufficiency” (n, %) 1(6.3%) 8 (23.5%)
Primary focus of infection (n) N/A Lung (15)
Blood (4)

Confirmed infection (n)

Death”* (n, %)

Gastrointestinal (5)
Urinary tract (3)
Gynecologic (1)
Skin/soft tissue (1)
Airway compression by extrinsic abscess (3)
Abdomen (2)
N/A Gram-positive bacteria (5)
Gram-negative bacteria (9)
Mixed Gram-positive and Gram-negative
bacteria (5)
0 7 (20.6 %)

AStatistically significant feature (P < 0.05). Primary Intensive Care National Audit and Research Centre (ICNARC) code, acute physiology and chronic health
evaluation (APACHE), and sequential organ failure assessment (SOFA) scores were assessed upon admittance to intensive care unit (ICU). All data are
median (interquartile range) unless otherwise noted. CABG, coronary artery bypass surgery.

insight.jci.org

Surprisingly, despite complete inhibition of neutrophil recruitment following anti-P selectin mADb treatment,
memory impairment was noted (Figure 5D). These data suggest that neutrophil recruitment to the brain is not
responsible for the long-term cognitive impairment observed in postinfection mice.

S. pneumoniae pneumonia-induced sepsis is associated with an increase in CCR2" inflammatory mono-
cyte recruitment into the brain. Intriguingly, MCP-1, a monocyte chemokine and the ligand for CCR2
was greatly elevated in both mice (Figure 2E) and humans (Figure 1D). Using fluorescent report-
er (CX3CRICFWICCR2R/WT) mice that report for both inflammatory and patrolling monocytes
revealed a significant increase in rolling and adhesion of CCR2" inflammatory monocytes (RFP pos-
itive, visualized in red) but not patrolling monocytes (GFP positive, visualized in green) at 24 hours
after infection (Figure 6, A-D). In the coronal brain sections, we also observed an increase in CCR2*
inflammatory monocyte recruitment at 24 hours after infection (Figure 6, E-G). Monocytes were dis-
tributed evenly throughout the stitched image of the entire brain slice. Unexpectedly, the increase in
CCR2" inflammatory monocyte recruitment was 3 times greater than the neutrophil recruitment at 24
hours after infection. It is worth mentioning that by 72 hours the number of monocytes and neutro-
phils was greatly decreased and by 2 weeks we observed no cells trafficking through the cerebrovascu-
lature, just like in uninfected mice.
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CCR2% mice show decreased monocyte recruitment after S. pneumoniae infection. CCR2%" (CX3CRI1CF*/WIC-
CR2RFP/RFP) mice lack circulating inflammatory monocytes and, as such, showed a very significant decrease in
CCR2" inflammatory monocyte rolling flux and adhesion in the brain vasculature at 24 hours after infection
(Figure 7, A and B). This was not compensated for by an increase in CX3CR1* monocytes. Coronal sections
showed a significant decrease in CCR2* inflammatory monocyte adhesion throughout the brain compared
with infected wild-type mice (Figure 7, C and D). CCR2%f mice that had recovered from infection learned
the water maze the same way as control mice (data not shown) and had no cognitive impairment whatsoever
(Figure 7, E and F). Interestingly, CCR2%" mice showed a significant increase in blood-brain barrier per-
meability at 24 hours after infection, as observed in infected WT mice (Supplemental Figure 6), suggesting
that this dysfunction does not correlate with the cognitive impairment. Thus, these data suggest that CCR2*
inflammatory monocytes play an important role in the cognitive impairment associated with S. pneumoniae
pneumonia-induced sepsis but not as a result of increased vascular permeability.

Anti-CCR2 mAb treatment prevents cognitive impairment. The effect of treatment of wild-type mice with an
anti-CCR2 mAb before infection was evaluated. Anti-CCR2 mAb treatment significantly abolished CCR2*
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2-tailed t test. (E) Coronal brain section image showing
adherent neutrophils in the inset (arrows showing neu-
trophils visualized in blue). Neutrophils were labeled
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rolling and adhesion at 24 hours after infection (rolling = 0.57 £ 0.16 cells/min and adhesion = 0.13 +
0.07 cells/100 um, mean + SEM, n = 4, P < 0.0001 vs. S. pneumoniae infected). Unexpectedly, rolling and
adhesion of neutrophils was also completely abolished (data not shown). Importantly, mice treated with
anti-CCR2 mAb that had recovered from infection did not show memory impairment in the water maze
test (Figure 7, E and F). These data suggest that the recruitment of early CCR2* monocytes into the brain
plays a crucial role in the cognitive impairment, and preventing their recruitment in the acute phase of
sepsis seems to be a crucial step in order to protect the brain.

Wild-type but not CCR2% mice show microglial activation. Since an increase in vascular permeability did
not affect the cognitive impairment, we focused on other potential alterations. Microglial activation plays
a role in mediating inflammation associated with neurodegenerative illnesses (24). Using CX3CR1GF*/WT
reporter mice in all experiments allowed for direct visualization of microglia, which are large cells with
long dendrites probing the local environment (25). Microglial activation was assessed in wild-type fluores-
cent reporter (CX3CR1CF/WICCR2R/WT) mice by multiphoton microscopy. Nonactivated microglia have
small irregular shaped soma and long extended processes, while activated microglia have an amoeboid-like
appearance, with large and circular soma and short thick processes (26). Figure 8A shows the distribution
of microglia in the brain of a control mouse. In control mice, microglia had a soma size of approximately
40.0 um? (Figure 8, B and D), while in S. pneumoniae—infected mice, microglia had a mean soma size of
53.1 um? (Figure 8, C and D), suggesting that microglia were activated. Microglia were also characterized
by flow cytometry. Resting microglia were identified as CD11b*CD45"-expressing cells, whereas activat-
ed microglia were identified as CD11b*CD45nermediate_expressing cells, as described previously (27, 28).
Microglia were activated at 24 hours after infection, as shown by a significant increase in the expression
of the CD11B*CD45termediate phenotype (6.53%  0.53% vs. 2.34% + 0.44% of CD11B*CDA45inermediate cellg,
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B Figure 5. Inhibition of neutrophil recruit-
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mean * SEM, n =6, P<0.05, S. pneumoniae vs. controls, Figure 8E). Interestingly, S. pneumoniae-infected
CCR2%! mice showed no activation of microglia with a mean soma area of 40.3 + 1.03 um? (mean * SEM,
n = 3). As a whole, these data suggest that CCR2" monocyte recruitment caused microglial activation
across the blood-brain barrier independent of neutrophils or the increase in vascular permeability in S.
pneumoniae pneumonia-induced sepsis.

Discussion
It is well appreciated that patients are in a state of hyperinflammation during the first few days of sepsis,
clinically manifested by fever and tachycardia that are often accompanied by vasodilation, in which case
fluid is required for any accompanying hypotension. In addition, respiratory support for lungs and dialysis
for failing kidneys is often needed. Another very common sequelae of sepsis is delirium or SAE for which
a specific pathogenesis has not been demonstrated, but some hypothesize may be due to inflammation of
the brain (29). However, because this does not necessarily present an immediate life-threatening situation
and is of unknown etiology, there is no interventional support provided for this organ dysfunction. Seda-
tion is a standard of care, but this treats the symptom rather than the underlying cause. As such, over the
last few years, a connection has been made among inflammation, SAE, and long-term cognitive impair-
ment; however, directed therapy remains unavailable (29). Nevertheless, patients who recover from sepsis
show various anatomical anomalies, including damage to the median temporal lobe, leading to impaired
interregional communication, alterations in white matter (30), and neuronal death in parahippocampus
and frontal regions (29). Consistent with these anatomical changes are reports that sepsis survivors exhibit
impairments in memory and, to some extent, executive function a year or more after recovery from sepsis.
These data show that events during the septic episode correlate with the long-term cognitive dysfunction.
In this study, we hypothesized that delirium or SAE in septic patients was the result of inflammation
of the brain, leading to long-term cognitive impairment. Indeed, our cohort of patients that experienced
delirium demonstrated significant underperformance in pattern and spatial recognition memory and delayed
matching to sample behavioral tests. Numerous cytokines and chemokines were elevated in these patients,
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Figure 6. S. pneumoniae infection increases CCR2*
monocyte recruitment. Wild-type reporter mice
CX3CRICFPWTCCR2RFPWT were infected with S. pneumo-
niae. (A) Intravital microscopy image of control mouse
brain vasculature. Scale bar: 20 pm. (B) Intravital
microscopy image of S. pneumoniae-infected brain
vasculature at 24 hours. Scale bar: 20 um. (€) Quan-
tification of CCR2* monocyte rolling flux at 24 hours.
(D) Quantification of CCR2* monocyte adhesion at 24
hours. Data in C and D represent mean + SEM of n = 5.
*P < 0.05, ***P < 0.001 vs. control, unpaired 2-tailed

t test. (E) Quantification of monocyte adhesion in the
coronal brain section at 4 and 24 hours after infection.
Data represent mean + SEM of n = 3. *P < 0.05 vs.
control, 1-way ANOVA followed by Dunnett’s multiple
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fluorescent marker CCR2RFP/WT; microglia are visualized
as green, detected by the knockin fluorescent marker

CX3CR1°FPWT; and endothelium is visualized as red, by
anti-CD31 mAb (in A and B).

consistent with the first part of our hypothesis. Interestingly, these responses were similar in all the studied
patients infected with Gram-negative and/or Gram-positive bacteria and did not appear to be associated
with a specific bacterial strain. To probe for causality, we used a previously established mouse model of S.
pneumoniae pneumonia-induced sepsis (19) and identified pattern and spatial memory impairments using
analogous behavioral tasks. Neither species had detectable signs of brain infection, and mice at 24 hours after
infection showed similar increases in chemokines and cytokines, including KC, G-CSF, MCP-1, MIP-1q,
and IP-10. In the mouse model, we found that neutrophils and CCR2* inflammatory monocytes were both
significantly recruited to the brain during the acute inflammatory phase of sepsis. However, unlike what we
and others have observed in other infected organs and in other models of inflammation (31-33), neutrophils
were by no means the predominate inflammatory cell recruited. Indeed, a much larger influx of inflammatory
monocytes was noted, and when CCR2* inflammatory monocyte recruitment was blocked, inflammation
(microglial activation and neutrophil recruitment) was reduced and long-term signs of cognitive impairment
were abrogated, consistent with the second part of our hypothesis. To our knowledge, our data are the first to
show a role for CCR2* inflammatory monocytes in long-term cognitive dysfunction following sepsis.

Our data would also suggest that neutrophils were not the inflammatory cells that were causative of
long-term cognitive impairment in SAE. Even though we visualized significant neutrophil recruitment to
the brain during S. pneumoniae pneumonia-induced infection, our data show that neutrophil recruitment
was not associated with cognitive impairment. In fact, neutrophil recruitment may be secondary to CCR2*
monocyte recruitment, as illustrated by our observation that monocyte recruitment in infected CCR2%f
mice was essentially abolished and this led to a reduction in other hallmarks of inflammation, including
neutrophil recruitment and microglial activation. CCR2 is not found on neutrophils or microglia, suggest-
ing that it is first and foremost the monocyte that is affected in CCR2~~ mice (34). Indeed, we observed a
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A B -~ Figure 7. Effects of S. pneumoniaeinfection on CCR2* monocyte
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complete reduction in monocyte adhesion to the cerebrovasculature in CCR2%f mice and complete aboli-
tion of cognitive impairment. This is almost certainly related to the fact that CCR2%f mice have almost no
circulating monocytes. Notably, treatment of wild-type mice with anti-CCR2 mAb completely abrogated
CCR2* monocyte recruitment into the brain at 24 hours and protected the brain from cognitive impair-
ment, suggesting that the early wave of CCR2* monocytes into the brain plays a crucial role in cognitive
impairment. Interestingly, a recent study reported no impairment in monocyte recruitment into the brain
in a model of cecal ligation and puncture in CCR2~~ mice (35). This observation is difficult to explain in
light of the fact that these mice have so few circulating monocytes, but perhaps the very long-term (up to
50 days) neuroinflammation may account for some small accumulation of monocytes to the continuously
inflamed brain. In our model, there was a very obvious reduction in cerebrovascular brain inflammation,
including monocyte adhesion at 72 hours and complete recovery by 2 weeks. It is worth highlighting that,
while in an acute septic episode, monocytes may be the primary driver of delirium and long-term cognitive
impairment, in other forms of sepsis with an ongoing neuroinflammation, the drivers of neuroinflamma-
tion and cognitive impairment may be multifactorial and more complex.
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Figure 8. Effects of S. pneumoniae infection on microglia activation. Wild-type reporter mice CX3CR1¢FWTCCR2RFP/WT and CX3CR1CFP/WICCR2RFP/RFP
(CCR2%f) mice were infected with S. pneumoniae for 24 hours. (A) Image of microglia Z-stacks, shown as the maximum intensity projection of 20-um
stack obtained by multiphoton microscopy of a S. pneumoniae-infected CX3CR1P/WTCCR2RFWT mouse at 24 hours. Scale bar: 50 pm. (B) Inactivated
microglia, characterized by a soma area of 0-50 pm?. Scale bar: 10 um. (C) Image of activated microglia 24 hours after infection in a CX3CR16FP/WTC-
CR2RPWT mouse. Scale bar: 10 um. (D) Quantification of microglia activation. Data represent mean + SEM of n = 3. ***P < 0.001 vs. control, unpaired
2-tailed t test. (E) Microglia C11b*CD45temediate expression by flow cytometry. Brain cells from control and S. pneumoniae-infected mice for 24 hours
were isolated as previously described and labeled with CD11b and CD45. The CD11b* cells were gated and analyzed for CD45Memediate axpression. The
representative histogram (n = 3) shows the increase in CD45™"emediate expression in brain microglia from S. pneumoniae pneumonia-infected mice

versus controls.

Interestingly, in the last 3 years, a significant CCR2* monocyte recruitment to the brain has been reported
in other neuroinflammatory diseases. Morganti et al. (36) and Hammond et al. (37) have reported a link to
acute cognitive impairment and CCR2* monocyte recruitment in traumatic brain injury and stroke, respectively,
showing the importance of CCR2* monocyte recruitment in different neurodegenerative disorders that have as
their commonality acute inflammation. The specific mechanism of long-term cognitive impairment remained
unknown. While neutrophils have been implicated through the production of large amounts of oxidants, capa-
ble of generating significant oxidative stress, monocytes lack this capacity. In addition, Varvel et al. (38) have
shown that CCR2* monocytes play a key role in the neuroinflammation and morbidity after status epilepticus, a
condition associated with cognitive decline. Inflammatory monocytes have been reported to induce brain demy-
elination in experimental autoimmune encephalomyelitis (39), and we did see monocytes leave the vasculature
and enter the parenchyma, potentially causing overt injury to neurons or other structures. However, in our exper-
imental conditions, no morphological changes were observed in the hippocampus of mice recovered from sep-
sis. In our hands the CCR2* monocytes caused impairment in memory, suggesting damage to the hippocampus.
Damage to the hippocampus and associated structures can disrupt some forms of memory (40), particularly spa-
tial memory (41-43). However, we could see no overt gross changes to the hippocampus anatomy, a common
finding in more subtle behavioral changes. The functional deficit was limited and does not appear to significantly
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affect amygdala circuitry. This was indicated by the lack of change in context fear conditioning, a form of learn-
ing that involves amygdala connections (44, 45). In addition, the prolonged disturbance of the blood-brain barri-
er has been recognized as a potential contributor in the pathogenesis of neurological diseases, such as late-onset
Alzheimer’s disease, multiple sclerosis, etc. (46, 47). However, the acute increase in blood-brain permeability was
not sufficient to explain the long-term cognitive impairment in our study.

In summary, this is the first demonstration to our knowledge that CCR2* monocyte recruitment to
the brain plays an important role in SAE-induced long-term cognitive impairment. Further, S. pneumoniae
pneumonia-induced sepsis models many aspects of human SAE disease, which implies that the protective
effects of preventing CCR2* monocyte recruitment in mice may be a potential therapeutic target for human
diseases. Our Gram-positive sepsis mouse model may extend to Gram-negative sepsis, as the human patients
presented similar responses independent of the type of bacterial infection. It is worth noting that essentially
all clinical trials in the sepsis arena focus on 28 day all-cause mortality and not long-term improvement to
individual organs, including long-term cognitive health. The increase in survival rates in patients with sepsis
brings with it the responsibility to ensure the highest possible quality of life after illness. This work represents
the identification of a potential mechanism for preserving cognitive function following SAE.

Methods

Study design

The main goal of this study was to investigate the role of the activation of the innate immune system in SAE
and cognitive impairment. Our hypothesis was that the inappropriate activation of the immune system and
cerebral leukocyte recruitment leads to brain inflammation that contributes to the development of SAE and
long-term cognitive impairments. To test our hypothesis, a mouse model of S. pneumoniae pneumonia-induced
sepsis with multiple organ dysfunction, including SAE, was characterized and established. This mouse model
modeled several aspects of the human disease, as shown in Results. The sample size in the human studies was
determined by the patients we were able to recruit for a period of 4 years. In the human studies the investigators
were not blind to the condition. With regard to the animal studies, the sample size was derived from our pre-
vious published studies (13, 19). All the initial mouse behavioral experiments characterizing the mouse model
were assessed and analyzed by investigators that were blinded to the information about treatment groups. Once
the mouse model was characterized and established the experiments were no longer blinded.

Human studies

Twenty subjects (eleven sepsis survivors) were recruited through a follow-up clinic for patients who had
been admitted to the ICU for treatment of systemic inflammatory response syndrome 12—18 months prior
to study participation. Inclusion criteria included a history free of known mental or psychological illness
and no prior brain injury, such as trauma, stroke, or evidence of dementia or cognitive dysfunction. All
participants were between the ages of 18 and 60 years. Participants in each condition were matched for sex,
age, and educational achievement.

Cambridge Neuropsychological Automated Test Battery

Subjects performed the Cambridge Neuropsychological Automated Test Battery under the supervision of
trained neuroscientists. Subjects completed a battery of tests that includes a motor screen, pattern recogni-
tion memory, spatial recognition memory, delayed matching to sample, paired associates learning, spatial
span, spatial working memory, stockings of Cambridge, big/little circle, and intradimensional/extradimen-
sional shifting. Experimenters aborted tasks if the task was too difficult for participants to solve. The varia-
tion in the degrees of freedom reported in the results reflect the sepsis survivors for whom performance on
those tasks had been aborted.

Mice

Wild-type C57BL/6 and CXCR2”~ male mice were originally purchased from The Jackson Laborato-
ry and bred in our facility. CX3CR1-GFP/CCR2-RFP (CX3CR1F"WITCCR2®M?WT) and CX3CRI1°F/
WICCR2RFF/REP (CCR29%) reporter mice on C57BL/6 background were donated by Richard Ransohoff
(Cleveland Clinic, Cleveland, Ohio, USA). Male mice aged between 6 and 10 weeks were used for
most experiments unless specified otherwise.
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Antibody treatment to inhibit neutrophil recruitment
Anti-KC mAb (25 pg, MAB453, R&D Systems) was administered at 4 hours of S. pneumoniae infection. Anti—P
selectin mAD (75 pg, RB40.34, BD Biosciences) was administered immediately after S. prneumoniae infection.

Antibody treatment to inhibit CCR2* monocyte recruitment
Anti-CCR2 mAb (40 pg, MC-21) was administered just before infection. The antibody was provided by
Matthias Mack, Universitatsklinikum Regensburg, Innere Medizin IT — Nephrologie).

Mouse model of infection

S. pneumoniae, SPN 49619 strain, a clinically pathogenic bacteria originally obtained from ATCC was
grown as previously described (19). 50 ul bacteria in PBS were directly injected into the lungs by tran-
soral intratracheal injection. For control (sham) mice, the same volume of PBS was injected into the
lungs by transoral intratracheal injection. The model was previously characterized and published (19)
and caused profound lung inflammation and pneumonia; over time, it lead to multiple organ dysfunc-
tion. S. pneumoniae, harvested at log phase, were injected intratracheally in the mice at OD 600 = 0.4. A
dose of bacteria of 2 x 107 to 6 x 10" CFU conferred approximately 30% mortality at 36 hours.

MRI of mouse brains

Imaging was performed by the Experimental Imaging Centre, Cumming School of Medicine, University of
Calgary. The RARE T2W and FLASH multislice series of MRI brain images were saved as single slices and
processed using the SPIN software. Quantification was performed by calculating the voxel-based volumetrics
using AMIRA software. Individual images from the T2W series were saved as dicom images using SPIN, and
these were used for the multislice analysis and volumetric analysis. The contrast of the image was adjusted
so that the best white/gray distinction could be seen. In each of the images, the hippocampus was selected
in the AMIRA software using the lasso and the brush tools. The ventricles and surrounding areas were not
selected, and the volume of this area was measured using the material statistics tool in AMIRA. This process
was repeated for all of the MRI brain images, and the data were analyzed using GraphPad software.

Mouse brain preparation for intravital microscopy

This technique was performed as previously described (48). Briefly, mice were anesthetized intraperitone-
ally with 200 mg/kg ketamine (Bayer Animal Health) and 10 mg/kg xylazine (Bimeda-MTC), and the jug-
ular vein was cannulated to administer labeled antibodies and/or additional anesthetic as required. Mice
were placed in a prone position on a brain board. Body temperature was maintained at 37°C using an infra-
red heat lamp. The brain was prepared for in vivo microscopic observation. A craniotomy was performed
using a high-speed drill, and the dura mater was removed to expose the brain vasculature. The mouse brain
remained fully perfused and was placed on an upright spinning disk confocal microscope. Neutrophils in
the brain microvasculature were visualized with anti-mouse Ly6G mAb conjugated to APC (clone 1AS,
BioLegend), and the vascular endothelium was visualized using anti-mouse CD31 mAb conjugated to PE
(clone 390, eBiosciences). The antibodies were injected intravenously and immediately bound to the target
protein causing the desired cell-type to be fluorescent. CCR2* inflammatory monocytes and CX3CR1*
patrolling monocytes were visualized in CX3CR1*/WICCR2RF/WT knockin mice.

Upright spinning disc confocal microscopy

The mouse brain intravital microscopy was visualized using an Olympus BX51WI upright microscope
(Olympus) equipped with a confocal light path (Wave-Fx, Quorum) based on a modified Yokogawa
CSU-X1 head (Yokogawa Electric Corporation) with a 20x/0.95W(LUMPLANFL) water immersion
objective. Up to 3 laser excitation wavelengths (491, 561, and 640 nm; Cobalt) were used in rapid suc-
cession and visualized with the appropriate band-pass filters (Semrock). A back-thinned EM-CCD 512
%X 512 pixel camera (C9100-13, Hamamatsu) was used for fluorescence detection. Volocity acquisition
software (PerkinElmer) was used to drive the microscope. All images were recorded and saved for postac-
quisition analysis using the Volocity program. Two to five vessels were recorded in each mouse, and the
results were averaged. The number of rolling and adherent neutrophils and monocytes was determined
offline during video playback analysis. Adherent neutrophils and monocytes were defined as the cells
that remained stationary for more than 30 seconds.
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Mouse brain slice preparation for stitched images of brain and hippocampus

Mice were anesthetized intraperitoneally with 200 mg/kg ketamine (Bayer Animal Health) and 10 mg/
kg xylazine (Bimeda-MTC). The jugular vein was cannulated in order to administer labeling antibodies.
The antibodies were allowed to circulate for 15 minutes. Then, mice were perfused with 25 ml of 1x PBS
through the right ventricle of the heart. The brain was removed, placed on ice for 10 minutes, and sliced
into 2-mm thick coronal sections using a brain matrix. The coronal brain section containing the hippocam-
pus was mounted onto slides to be visualized with an inverted spinning disc confocal microscope.

Coronal brain sections were visualized using an Olympus IX81 inverted microscope (Olympus) equipped
with a confocal light path (Wave-Fx, Quorum) based on a modified Yokogawa CSU-X1 head (Yokogawa
Electric Corporation) with a 4x/0.16 (UPLANSAPO) and 10x/0.40 (UPLANSAPO) air objectives. Exci-
tation lasers at 491, 561, and 635 nm to excite GFP, PE/RFP, and APC were used, respectively, and visu-
alized with the appropriate band-pass filters (Semrock). A back-thinned EM-CCD 512 x 512 pixel camera
(C9100-13, Hamamatsu) was used for fluorescence detection. Volocity acquisition software (PerkinElmer)
was used to drive the microscope. Neutrophils in the brain were visualized with anti-mouse Ly6G mAb con-
jugated to APC (clone 1A8, BioLegend). Endothelial cells were visualized with anti-CD31 mAb conjugated
to PE (clone 390, eBiosciences), and CCR2* monocytes were visualized using CX3CR1F/WICCR2RFF/WT
knockin mice. All images were recorded and saved for postacquisition analysis using the Volocity program.

Volocity Acquisition software was used to stitch the images together for the brain coronal section.
Intensity of the neutrophil (visualized in blue) and monocytes (visualized in red) was analyzed so that
differences in background fluorescence between experiments could be accounted for and to eliminate back-
ground autofluorescence. Contrast was adjusted to minimize autofluorescent background staining, and a
minimum brightness threshold was set to yield only positive staining. The same contrast and threshold val-
ues were applied to all images from all treatment groups within the experiment. Cells were counted using
the “Measurements Option,” and the minimum cell size was set up at 40 um? and the maximum cell size
was set up at 200 um?. These cell sizes were chosen, as the average size of neutrophils is 7-10 um in diam-
eter (49), and the average size for monocytes can vary from 8-14 pum in diameter (50). The number of cells
was given under “Summary Statistics,” and the fluorescence seen outside of the brain was subtracted from
the counted cells to give the total number of cells in the stitched brain area. The brain area was measured
and the number of cells stated by 100 mm?.

Multiphoton intravital microscopy to visualize microglial activation

The intravital brain preparation was visualized using a multiphoton microscope (Olympus BX61W1 FV300
modified, Olympus) using a x20/1.0 XLUMPIlanF1 water immersion objective equipped with a modified
FV300 unit and Ti:sapphire laser. The laser emitted red and near-infrared light in the range of 680-1,020
nm. A dichroic filter cube placed before the photomultiplier tube detectors allowed for simultaneous 2-color
imaging. The filter cube was assembled from a beamsplitter and 2-photon detector emission filters (RXD2
[GFP] and RXD4 [RFP], Olympus). Olympus Fluoview 5.0 software was used to drive the microscope.
GFP fluorescently labeled microglia and RFP fluorescently labeled CCR2 monocytes were visualized in
the CX3CRI1C™/WICCR2R™/WVT knockin reporter mice, and Z-stack images were acquired at 3 points of
view per mouse (surface to 240 um in depth, 1 pm intervals).

Analysis of microglial images obtained from the multiphoton microscope

Microglia images were analyzed by ImageJ software (National Institutes of Health) as previously described (26).
Microglial Z-stacks were shown as maximum intensity projection of 20-um stacks. Then, the microglial cell
perimeter outline was traced to threshold and eliminated background fluorescence. Microglial soma was traced
and the area was measured. Microglia were considered activated when the soma were greater than 50 um? (26).

Assessment of microglia activation by flow cytometry

Brain cells were isolated using a previously described protocol (51, 52). The samples were analyzed on a
BD FACSCanto flow cytometer using FACSDiva software and FlowJo software (BD Biosciences). The
expression of CD11b coupled with the differential expression of CD45 antigen was used to distinguish
between resting/activated microglia and cerebral infiltrating monocytes. Resting and activated microglia
were defined as CD45°CD11b* and CD45ntermediaeCD 1 1b* cells, respectively; infiltrating monocytes were
defined as CD45"CD11b* cells (27).
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Blood-brain barrier permeability assay

Permeability across the blood-brain barrier was studied using a noninvasive whole body imaging InVivoX-
treme 4MP (BRUKER, formerly Carestream). Brain permeability was assessed ex situ 24 hours after treat-
ment in either control S. pneumoniae—infected or pertussis toxin—treated animals (200 ng/d from B. pertussis
for 2 consecutive days treated as a positive control [#180 Islet activating protein, List Biological Laborato-
ries]). To visualize permeability changes, animals were injected i.v. 30 minutes prior to imaging with 200
ul of a 1% Evans Direct Blue solution in PBS (Direct Blue 53, Sigma-Aldrich). To detect the Evans Direct
Blue in the tissue 650 nm excitation and 700 nm emission wavelength filters were used.

The imaging protocol for each time point contained two steps: (a) reflectance imaging (2-second expo-
sure time) and (b) fluorescent imaging at 650/700 (5-second exposure time). Images where quantified using
Bruker molecular imaging software (version 7.1.3.20550) using a constant region of interest for all animals,
which outlined the ventral and dorsal anatomical outline of the brain.

Quantitation of cytokines
Human blood was extracted at 24 hours after admission to the Foothills Medical Centre to measure 48
cytokines, including IL-6; IL-8; TNF-a; TNF-f; IL-1p; MCP-1; G-CSF; GM-CSF; IFN-y; IFN-02; IL-10;
IL-12 (p40); IL-12 (p70); IL-15; IL-16; IL-17; IL-18; IL-2; IL-3; IL-4; IL-5; IL-7; MIP-1a; MIP-1; IL-13;
IL-9; IP-10; RANTES; IL-10; IL-1p; IL-1Ra; IL-2Ra; CTACK; GRO-0; HGF; LIF; MCP-3; M-CSF; MIF;
MIG; B-NGF; SCF; SCGF-B; SDF-1a; TRAIL; bFGF; eotaxin; PDGF-bb; and VEGF by Luminex.
Mouse blood and cerebrospinal fluid (CSF) from the cistern magna, obtained as previously described
by Liu et al. (53), were collected to measure the levels of 25 cytokines, including IL-6; KC; TNF-o; IL-1p;
MCP-1; G-CSF; GM-CSF; IFN-y; IL-10; IL-12 (p40); IL-12 (p70); IL-15; IL-17; IL-2; IL-4; IL-5; IL-7;
MIP-1a; MIP-1B; MIP-2; IL-13; IL-9; IP-10; and RANTES by Luminex. The assay was performed accord-
ing to the manufacturer’s instructions (EMD Millipore Corporation, Merck KGaA).

Behavior assessment in mice
Several tests were used to assess behavior in mice. All the behavioral tests were conducted at least at 14 days
after S. pneumoniae infection.

Open field. The open field test was carried out in a square container (90 cm x 90 cm x 40 cm). Naive
mice were placed individually in the center of the open field and were allowed to freely explore for 10 min-
utes. The open field was divided into 3 regions: center, middle, and outer. The movements of the mice were
tracked using an overhead camera and analyzed with SMART video tracking system (PanLab). The total
distance traveled, speed, and percentage of the total distance traveled that was spent in each region of the
open field was recorded (54).

Y-maze. The Y-maze was constructed out of 3 Plexiglas arms of equal size joined together ina Y con-
figuration and mounted on a piece of plywood. Each arm is 40-cm long and 10-cm wide with 12-cm high
walls. The floor of each arm was white and the walls were clear. The apparatus was placed at ground
level, and all sessions were video captured for subsequent analysis. Individually, the mice were allowed to
explore 2 of the 3 arms for a total of 10 minutes. The third arm was blocked with a piece of removable
Plexiglas. After a 30-minute rest period, mice were individually returned to the maze for 5 minutes with
all arms open. The number of entries, time spent, and percentage of the total distance traveled in each
arm were quantified (55).

Elevated plus maze. The elevated plus maze consisted of 4 black Plexiglas arms, 2 open arms (67 cm x
7 cm), and 2 enclosed arms (67 cm x 7 cm x 17 cm) that form a cross shape with the 2 open arms opposite
each other. The maze was elevated 55 cm above the floor. Animals were placed in the center of the maze
and allowed to explore for 10 minutes. A camera was mounted directly above the maze to record the
behavior of the animal for subsequent analysis. The numbers of entries into as well as the time spent in the
open versus enclosed arms were recorded. An anxiety ratio was calculated for each animal by dividing the
amount of time spent in the open arms by the total time in the open plus enclosed arms.

Morris water maze. The mouse was placed in a pool of water with spatial cues around the room
to learn the location of a submerged hidden platform. Acquisition curves and how quickly the mouse
learned the hidden platform location were used to assess spatial learning. Memory for the target location
(i.e., spatial memory) was assessed via a probe trial wherein the platform was removed and the time
spent in the platform location was recorded.
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The water maze consisted of a circular swimming pool 1.13 m in diameter and 0.5 m in height
constructed of white fiberglass. The pool is located in a room with various spatial cues. The pool was
filled with 24.5°C water (£0.5°C) rendered opaque with skim milk powder. An escape platform was sub-
merged 1 cm below the surface of the water. On the first day, mice were given morning and afternoon
training sessions separated by 4 hours. Each session consisted of 4 trials, where mice were released
from the north, east, south, and west points of the pool, with the platform in the center of an arbitrarily
defined quadrant that was held constant. Between each release point, mice were placed back in their
home cage for a 10-minute intertrial period. In each of the trials, mice were given 60 seconds to locate
the platform. Mice remained on the platform for 10 seconds until the experimenter removed them to a
holding cage. Mice unable to find the platform within the 60 seconds were placed on the platform for
10 seconds, thus ending the trial. After 3 days of training, a probe trial was conducted. The platform
was absent during the probe trial, and the mice swam for the total 60-second duration before being
removed from the pool. Following the probe test, mice were given 4 trials to learn the location of a visi-
ble platform (a dark sponge is attached to the top of the platform so the mice were able to find it easily),
thereby eliminating the possibility of sensory, motor, or motivational impairments driving observed
impairments. Mice were recorded by a video camera mounted directly above the pool and connected to
a computer with a video tracking system using SMART software (PanLab), and the data were processed
using Microsoft Excel. This allowed for calculation of latency to find the platform during the 3 days of
training as well as percentage distance and time spent in the platform-containing quadrant.

Immediate shock deficit. The immediate shock deficit test was conducted over 3 days based on the meth-
ods outlined in Fanselow et al. (22). On day 1, mice were placed in either context A (square chamber
with black walls and a grid floor [Kinder Scientific]) or context B (rectangular blue plastic chamber with
bedding) for 10 minutes. Mice were video recorded for the duration of the experiment. The amount of
time spent freezing was quantified and defined by the complete absence of movement. On day 2, mice
were placed into context A and immediately given a foot shock (1 second, 0.75 mA). Mice were removed
from the context 30 seconds after the shock. On day 3, mice were returned to context A for 8 minutes
and scored for freezing (lack of movement), no shocks were administered. Each minute within the entire
session was scored for freezing.

Cued and contextual fear conditioning. Fear conditioning was conducted based on methods outlined in
Saxe et al. (23) with slight modifications. Briefly, fear conditioning was conducted in a chamber with
plastic insertable walls and a metal rung floor 3 cm above the base of the apparatus (Kinder Scientific).
The internal dimensions of the chamber were approximately 20 cm x 15 cm x 25 cm. The behavior of
the mice was recorded by a digital video camera directly mounted above the conditioning chamber. The
amount of time spent freezing was quantified and defined by the complete absence of motion.

Fear conditioning was conducted over 3 days. On day 1, mice were placed in the conditioning chamber
with white walls and receive 3 pairings between a tone (20 seconds, 80 dB) and a coterminating shock (1
seconds, 0.5 mA). The intertrial interval between each of the pairings was 2 minutes. Mice were first placed
in the chamber and habituated to the surroundings for 2 minutes, after which the first tone shock pairing
was presented. The chamber was cleaned with 70% ethanol after each mouse. On the second day, the
procedure and context were changed in several ways to test conditioned fear of the tone in the absence of
contextual cues associated with the shock. The chamber consisted of a striped cylinder with a plastic floor;
the chamber was scented by placing a vanilla-scented paper towel at the base of the apparatus; chambers
were cleaned with a nonalcohol disinfectant; and mice were kept in a different room before testing. Each
mouse was placed in the chamber for approximately 6 minutes. A tone was presented twice for 20 seconds,
120 seconds, and 260 seconds after a mouse was placed into the chamber. No shocks were administered.
Freezing was scored 1 minute before the first presented tone (pretone) and during the 20 second of the first
tone (tone). On day 3, mice were tested for conditioned fear in the original training context. The testing
procedure and context were identical to those used on day 1, except that the shock was not presented. Each
minute within the entire session was scored for freezing.

Statistics

Human behavioral data were analyzed with SPSS Statistics v21 for Mac. All the other data were analyzed
using GraphPad Prism 6 (GraphPad Software Inc., version 7.0). Values are expressed as mean + SEM. We
assessed the statistical significance of the difference between two sets of data using an unpaired, 2-tailed  test.
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To analyze the difference between more than 2 sets of data a 1-way ANOVA followed by a multiple com-
parisons follow-up test was used. To analyze the difference in the cytokine expression in the human samples
Mann-Whitney U test was used. All comparisons were 2-tailed, and P < 0.05 was considered to be significant.
The numbers of samples used is indicated in the figure legends.
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All human procedures were approved by both University of Calgary and University of Lethbridge institu-
tional ethics committees under protocol 2011-089. All mouse procedures were approved by the University
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Canadian Council on Animal Care guidelines.
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