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Neuronal injury during acute viral infection of the brain is associated with the development of persistent
cognitive deficits and seizures in humans. In C57BL/6 mice acutely infected with the Theiler’s murine
encephalomyelitis virus, hippocampal CA1 neurons are injured by a rapid innate immune response,
resulting in profound memory deficits. In contrast, infected SJL and B6xSJL F1 hybrid mice exhibit
essentially complete hippocampal and memory preservation. Analysis of brain-infiltrating leukocytes
revealed that SJL mice mount a sharply attenuated inflammatory monocyte response as compared to B6
mice. Bone marrow transplantation experiments isolated the attenuation to the SJL immune system.
Adoptive transfer of B6 inflammatory monocytes into acutely infected B6xSJL hosts converted these mice to
a hippocampal damage phenotype and induced a cognitive deficit marked by failure to recognize a novel
object. These findings show that inflammatory monocytes are the critical cellular mediator of hippocampal
injury during acute picornavirus infection of the brain.

mmune control of acute infections in the CNS is uniquely constrained by the generally irreplaceable nature of

neurons. The immune system must strike a balance between efficient control of the pathogen and protection of

neural machinery in order to optimally maintain host survival and neurologic function'. The innate immune
system is a necessary first responder to infection of the CNS that serves both to contain and constrain pathogen
spread and to recruit elements of the adaptive immune response necessary to eradicate and permanently clear the
pathogen from the host>’. Chemokine expression by CNS-resident cells in response to pathogens triggers
leukocyte adhesion to the cerebral vasculature*®, whereupon matrix metalloproteinases degrade the basal lamina
of the blood-brain barrier’, facilitating entry of the leukocytes into the brain parenchyma. The large numbers of
circulating innate immune cells available to respond to infection coupled with the ability of these cells to rapidly
produce and release antimicrobial and antiviral effector molecules® creates a double-edged sword. On the one
hand, a robust innate immune response may be necessary to limit pathogen spread and promote the adaptive
immune response’. On the other hand, a powerful but indiscriminate innate immune response may lead to
substantial brain injury and subsequent death of the host".

We have previously shown that CA1 hippocampal pyramidal neurons die in C57BL/6 (B6) mice acutely infected
with the Theiler’s murine encephalomyelitis virus (TMEV) via a mechanism that involves oxidative injury, calpain
and caspase activation, and ultimately apoptosis. Neuron death in our model is independent of direct cellular
infection with the virus and precedes the adaptive immune response in the CNS'""2. We also recently determined
that a rapid innate immune response to the acute infection is responsible for triggering a non-cell autonomous
bystander pathology of hippocampal neurons®. In this previous study we found that depletion of both inflammatory
monocytes and neutrophils but not neutrophils alone resulted in preservation of hippocampal neurons'®. However,
we were unable to explicitly reduce or remove only inflammatory monocytes without affecting neutrophils, weak-
ening the direct relationship between monocytes and CA1 neuron injury. However, we have now identified SJL and
B6xSJL F1 mice as strains that are resistant to hippocampal pathology during acute brain infection with TMEV and
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we found that these animals mount an attenuated inflammatory mono-
cyte response to the infection. Critically, the neutrophil response is not
reduced. Moreover, adoptive transfer of B6-derived brain infiltration-
competent inflammatory monocytes into acutely infected B6xSJL F1
mice recapitulated the B6-like hippocampal injury phenotype. Thus,
here we provide further evidence that inflammatory monocytes are the
key innate inflammatory effector responsible for the initiation of hip-
pocampal neuron bystander immunopathology during acute picorna-
virus infection of the brain.

Results

Injury to CA1 hippocampal neurons associated with acute TMEV
infection is absent in SJL mice despite robust infection with TMEV.
We have previously characterized severe injury to CA1 hippocampal
pyramidal neurons during acute infection of C57BL/6 (B6) mice with
TMEV". We showed that hippocampal injury was evident as early as
2 days postinfection (dpi) and continued to evolve such that by 7 dpi
the majority of CA1 neurons were lost and cognitive performance
was impaired". During a screen for genetic models of susceptibility
and resistance to this hippocampal injury we observed essentially
complete preservation of CAl neurons in the SJL strain. As shown
in Figure 1, a substantial portion of CA1 neurons were lost in B6
mice by 4 dpi (Figure 1A; CAL is region between arrowheads). By
21 dpi nearly all CA1 neurons were absent in B6 mice, as marked by

bR
Nissl 21 di

Nissl histochemistry (Figure 1C) or NeuN immunostaining
(Figure 1E). In contrast, most CAl neurons were preserved in SJL
mice at 4 dpi (Figure 1B) and this preservation persisted through
21 dpi (Figure 1D, 1F), indicating that the injury to CA1 was not
simply delayed in SJL mice. In general, we only observed a small
amount of CA1 neuronal loss in SJL mice, typically at the junction of
the CA1 and CA3 regions of the pyramidal cell layer or sometimes
near the midline. Higher resolution imaging (Figure 2) confirmed
the extensive injury and loss of CAl neurons at 4 dpi in B6 mice
(Figure 2B) as compared to uninfected B6 controls (Figure 2A) and
the retention of CAl neurons in SJL mice at 4 dpi (Figure 2D;
compare to uninfected SJL in Figure 2C). Of note, the large apical
dendrites (arrowheads in Figure 2A-2F) projecting from the CAl
neurons were maintained in the infected SJL mice (Figure 2D) but
not in the infected B6 mice (Figure 2B), despite the presence of
inflammatory infiltrate in both strains (Figure 2B, 2D). The
preservation effect is genetically dominant, as B6xSJL F1 offspring
exhibit preservation of CA1 hippocampal neurons (Figure 2E, 2F).
Quantitative assessment of CAl hippocampal injury using an
unbiased scoring system'"'> (Figure 2G) indicated that the
difference between B6 and SJL mice is highly significant
(H(2,37)=27.785, P<<0.001 by Kruskal-Wallis ANOVA on ranks;
Dunn’s pairwise comparison: B6 vs SJL, P<<0.05; B6 vs B6xSJL F1,
P<0.05; SJL vs B6xSJL F1, P>0.05).

Figure 1| Injury to CA1 hippocampal neurons associated with acute TMEV infection is absent in SJL mice. Hippocampal sections from B6 (A, C, E)
and SJL (B, D, F) mice were processed for Nissl histochemistry (A-D) or immunostained for the neuron-specific marker NeuN (E-F) at 4 days

postinfection (dpi) (A, B) or 21 dpi (C-F). By 4 dpiabout 50% of CA1 region neurons are clearly lost in the B6 mouse (A) but minimal neuronal dropout
is evident in the SJL mouse at this timepoint, despite the presence of a significant inflammatory response within the hippocampal fissure (B). By 21 dpi the
majority of CAl neurons are lost in B6 mice (C, E) while virtually all CA1 neurons are preserved in SJL mice (D, F). Scale bar in D is 250 jim and refers to
A—C. Scale bar in F is 250 pum and refers to E. Arrowheads delineate the CA1 region. Sections are representative of at least 10 mice of each strain across

multiple (>3) experiments.
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Figure 2 | Hippocampal protection during acute TMEV infection is
genetically dominant and viral replication does not explain the protection
of CA1 neurons in SJL mice. Hippocampal sections from uninfected (A,
C,E)and 7 dpi (B, D, F) B6 (A, B), SL (C,D), and B6xSJL F1 hybrids (E, F)
were stained with hematoxylin and eosin. F1 hybrids, like the SJL parentals,
do not exhibit substantial hippocampal injury. The extent of hippocampal
injury was quantified (G) by summing the estimated percentage of CA1
neurons lost in each hemisphere represented on a scale of 0 to 10 (for
example, the injury in Figure 1A is a 5). Zero indicates no injury to either
hippocampus, while 20 represents complete loss of CA1 in both
hemispheres. While there was no difference between SJL and F1 hybrid
mice (B6xSJL), the injury observed in C57BL/6 mice was highly significant
(P<<0.001) compared to both groups. Viral load in the brain at 7 dpi was
measured by standard plaque assay using brain homogenates incubated on
L2 cells for 72 hours. (H) No difference was observed between B6 and SJL
mice. Measurements for individual animals are shown in the scatter plots.
The bar graphs represent the mean and 95% confidence intervals (95% CI)
for the groups. Scale bar in F is 100 pm and refers to all panels. Sections are
representative of at least 10 mice from each group in 3 separate
experiments.

Strain-dependent differences in viral replication and viral persist-
ence are a well-characterized aspect of TMEV infection™. It was
therefore reasonable to hypothesize that SJL mice are protected from
hippocampal injury due to lower viral titer or altered viral tropism in
hippocampal neurons. However, plaque analysis of brain homoge-
nate at 7 dpi (Figure 2H) revealed no difference in viral load between
the strains (t(1,17)= —0.900, P=0.381 by t-test). In addition, there
was no difference in viral load between strains at earlier timepoints
(2, 3, 4dpi) (F(1,23)=1.287, P=0.273 by two-way ANOVA).
Likewise, the distribution of virus in the hippocampus did not differ
between B6 (Figure 3A, 3E) and SJL (Figure 3B, 3F) mice at 3 dpi.
Indeed, many healthy CA1 neurons in SJL mice exhibited robust
infection, with virus antigen filling the large, intact apical dendrites
of these cells (Figure 3F). In contrast, the apical dendrites of TMEV-
immunoreactive CA1 neurons in B6 mice were already lost by 3 dpi
(Figure 3E, 3G), indicating that these cells are injured. This obser-
vation supports our previous finding that hippocampal neuron
apoptosis occurs independently of Theiler’s virus in B6 mice'>. We
conclude that differences in viral replication or tropism do not
account for the preservation of CA1 neurons in SJL mice.

Our previous observations regarding CAl neuron loss during
acute TMEV infection indicated that these neurons were dying apop-
totically following an oxidative insult'>. Therefore, a secondary hypo-
thesis for the preservation of CAl in SJL mice is that hippocampal
neurons are less susceptible to apoptosis in this strain compared to
B6 mice. Indeed, TUNEL staining at 5 dpi revealed that CA1 neu-
rons were clearly undergoing apoptosis in B6 mice (Figure 4A)
whereas essentially no TUNEL-positive CAl hippocampal neu-
rons were observed in SJL mice at 5 dpi (Figure 4B; based on known
genetic defects in SJL mice, we speculate that the scattered TUNEL-
positive cells are immune cells undergoing activation-induced cell
death™"”). However, in vitro, hippocampal neurons derived from
SJL mice were more sensitive to oxidative stress-induced cell death
than B6 neurons as assessed using an MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay (Figure 4C; F(1,29)=
8.556, P=0.009 by two-way ANOVA; Student-Newman-Keuls pair-
wise comparison: B6 vs SJL at 3 mM H,0O,, P=0.019; B6 vs SJL at
30 mM H,0,, P=0.001). Thus, we conclude that neurons from SJL
mice are more or equally sensitive to apoptosis associated with oxid-
ative injury, indicating that neuronal apoptotic resistance cannot
explain the preservation phenotype observed in these animals.

The acute inflammatory monocyte response to TMEYV infection is
attenuated in SJL mice. Our previous observations regarding
hippocampal injury in TMEV-infected B6 mice revealed a critical
role for inflammatory monocytes in the death of CAl neurons®.
We found that inflammatory monocytes entered the brain as early
as 6 hours post-infection (hpi) and peaked around 18 hpi. Immu-
nodepletion of inflammatory monocytes and neutrophils but not
neutrophils alone was sufficient to protect the hippocampus from
injury®”. Based on these observations we hypothesized that the
preservation of the hippocampus observed at 7 dpi in SJL mice was
due to a change in the acute inflammatory monocyte response
mounted during the first 24 hpi. We therefore collected brain-
infiltrating leukocytes (BILs) from B6 and SJL mice at 18 hpi and
analyzed the cells by flow cytometry (Figure 5). We found a striking
attenuation of the inflammatory monocyte response in SJL mice as
compared to B6 mice. While the relative number of neutrophils
(CD45"CD11b**Gr1*1A8*) was increased in SJL mice (Figure 5D,
5F) compared to B6 (Figure 5C, 5E), the number of inflammatory
monocytes (CD45"CD11b*Gr1*1A8") was sharply reduced in SJL
mice (Figure 5D vs 5C, 5F vs 5E). Quantitation revealed that
inflammatory monocytes in the SJL BILs were reduced to one-third
of B6 levels (Figure 5G; F(3,16)=183.427, P<<0.001 by two-way
ANOVA; Student-Newman-Keuls pairwise comparison: B6 vs SJL
monocytes, P<<0.001; B6 vs SJL neutrophils, P<<0.001). Because our
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Figure 3 | Viral tropism does not explain the protection of CA1 neurons in SJL mice. Serial hippocampal sections from B6 (A, C, E, G) and SJL mice (B,
D, F, H) were immunostained for the presence of virus (A, B, E, F) or were histologically stained with hematoxylin and eosin (C, D, G, H) at 3 dpi. This
timepoint was chosen to represent the peak of viral replication in the CNS. Inspection of the low magnification pattern of anti-TMEV immunostaining
reveals no difference in the tropism of the virus between strains (A, B). At higher magnification it is evident that SJL neurons are robustly infected (F) but
have not experienced the same overt injury apparent in B6 mice (E). CA1 neurons in SJL mice exhibit normal apical dendrites (arrowhead in F and H)
despite the presence of virus antigen extending throughout these dendrites. In contrast, CA1 neurons in B6 mice have already lost these dendrites by 3 dpi
(E, G). The scale bar in D is 500 pm and refers to A—C. The scale bar in H is 50 pim and refers to E-G. Sections are representative of at least 3 mice per group

in 3 separate experiments.

experiments utilized mixed sex groups, we separately analyzed male
and female SJL mice to ensure that one sex was not dominating the
response. Attenuation of the inflammatory monocyte response was
observed in both male and female SJL mice relative to B6 mice
(F(3,13)=242.054, P<0.001 by one-way ANOVA; Student-
Newman-Keuls pairwise comparison: B6 male vs SJL male,

P<0.001; B6 female vs SJL female, P<<0.001; SJL male vs SJL female,
P=0.354).

To further verify the observed attenuation of the inflammatory
monocyte response in SJL mice, we employed a modified density
gradient that results in enrichment of inflammatory monocyte yield
and removal of neutrophils. In contrast to the 1.100 g/mL Percoll
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Figure 4 | CA1 neurons undergo apoptotic cell death in B6 mice but not in SJL mice during acute TMEV infection. Hippocampal sections from B6 (A)
and SJL mice (B) were processed for TUNEL staining to mark apoptotic cells at 4 dpi. The majority of TUNEL-positive cells were localized to the CAl
pyramidal layer of the hippocampus in B6 mice (A), consistent with the observation that these neurons die within the first few days of infection. In
contrast, very few TUNEL-positive cells were observed in the CA1 region of SJL mice (B), suggesting that neurons in the hippocampus do not die in these
animals. The large number of TUNEL-positive cells scattered throughout the brain frequently colocalize with histological markers of inflammation. (C)
Primary hippocampal neurons cultured from B6 mice (solid circle) and from SJL mice (empty circle) were exposed to various concentrations of H,O, to
determine sensitivity to oxidative injury-induced cell death using an MTT survival assay. Data are shown as percent of untreated MTT reaction product
following spectrophotometric analysis of cell lysates. While there was a trend toward greater sensitivity to oxidative injury in neurons derived from SJL
mice, this outcome is opposite to the prediction that increased neuron death in B6 mice is due to heightened sensitivity to apoptosis. The scale bar in B is
500 pm and refers to all panels. Sections are representative of at least 5 mice per group across multiple (>3) experiments.

interface used above, the modified gradient separated inflammatory
monocytes from neutrophils at a 1.080 g/mL interface'®. Using this
gradient we again found a substantial difference in B6 BILs versus SJL
BILs at 18 hpi that was even evident in the forward (FSC) and side
scatter (SSC) plots (Figure 6A, 6B). While the total BILs yield was not
different between the strains at two different timepoints (Figure 6G;
t(1,5)=—0.0518, P=0.961 by t-test at 18 hpi), the absolute number of
CD45MCD11b*Gr1"1A8~ inflammatory monocytes was reduced by
4-fold at 18 hpi and 3-fold at 24 hpi in SJL mice compared to B6 mice
(Figure 6H, 6D vs 6C, 6F vs 6E; t(1,5)=19.659, P<<0.001 by
t-test at 18 hpi). We conclude that the acute inflammatory monocyte
response to TMEV infection is highly attenuated in SJL mice.

Bone marrow transplantation reveals that the reduced inflammatory
monocyte response in SJL mice is intrinsic to the immune system,
not the CNS. We hypothesized that the attenuated SJL inflammatory
monocyte response could arise either from a defective or reduced
immune response (for example, reduced chemotropism or infiltra-
tion) or a defective or reduced brain response to the infection (for
example, reduced chemokine production). To test this hypothesis we
examined the extent of hippocampal injury in irradiated mice
reconstituted with a heterologous immune system via bone marrow
transplantation. In order to avoid MHC incompatibility issues we
used C57BL/10SnSg (B10.S-H2s/SgMcd]) mice (H-2° haplotype) for
this analysis instead of B6 mice (H-2" haplotype). These mice, despite
sharing the same MHC haplotype as SJL mice exhibited a robust
inflammatory monocyte response and hippocampal injury com-
parable to B6 mice (see below). We used the differential expression of
CD45.1 and CD452 on peripheral blood mononuclear cells to
characterize the reconstitution of an SJL immune system (CD45.2")
(Supplementary Figure 1C) in either SJL (controls) (Supplementary
Figure 1G) or B10.S hosts (experimental) (Supplementary Figure 1F)
versus reconstitution of a B10.S immune system (CD45.17) (Supple-
mentary Figure 1D) in either B10.S (controls) (Supplementary Figure
1H) or SJL hosts (experimental) (Supplementary Figure 1E). Recon-
stitution with heterologous bone marrow was greater than 95% in all
experiments. Eight weeks after bone marrow transplant, recipient mice
were infected with TMEV.

Using the 1.080 g/mL gradient, we characterized the inflammatory
monocyte response in the BILs population following bone marrow
reconstitution (Figure 7A-E). At 18 hpi, there were fewer than 300
SJL inflammatory monocytes (CD45.2"CD11b*Grl1™) in the BILs
isolated from either the SJL into B10.S transplants or the SJL into
SJL transplants (Figure 7A, 7D, 7E) (F(1,10)=184.088, P<<0.001 by

two-way ANOVA for cell identity; t(10)=0.328, P=0.747 by Holm-
Sidak pairwise comparison between SJL into B10.S and SJL into SJL).
In contrast, there were approximately 2500 B10.S inflammatory
monocytes (CD45.1"CD11b*Gr1") in the BILs isolated from either
the B10.S into SJL transplants or the B10.S into B10.S transplants
(Figure 7A, 7B, 7C) (t(10)=2.444, P=0.027 (not significant; critical
threshold = 0.025) by Holm-Sidak pairwise comparison between
B10.S into SJL and B10.S into B10.S). The presence of 9-fold greater
inflammatory monocytes in the mice reconstituted with B10.S bone
marrow compared to mice reconstituted with SJL bone marrow was
highly significant (F(3,12)=64.423, P<<0.001 by two-way ANOVA
for transplant phenotype; t(12)=13.568, P<<0.001 by Holm-Sidak
pairwise comparison between B10.S cells and SJL cells in the BILs
population). We conclude that reconsitution of SJL mice with a B10.S
immune system results in strong inflammatory monocyte infiltration
into the brain during acute TMEV infection while reconstitution of
B10.S mice with an SJL immune system converts these animals to a
weakened inflammatory monocyte response phenotype. Of note, in
these experiments the resident microglia maintained the recipient
phenotype: 98.9+0.5% of microglia were SJL phenotype in the SJL
mice reconstituted with B10.S bone marrow and 98.6+0.7% of
microglia were B10.S phenotype in B10.S mice reconstituted with
SJL bone marrow (F(3,10)=2.684, P=0.103 by one-way ANOVA).
These findings suggest that the inflammatory monocyte reduction
observed in SJL mice is due to a primary defect in the peripheral
immune response to infection rather than a defect in neural-derived
recruitment signals triggered by infection.

Based on our evidence that inflammatory monocyte infiltration is
responsible for hippocampal injury, we predicted that SJL mice
reconstituted with a B10.S immune system would exhibit loss of
CA1 neurons while B10.S mice reconstituted with an SJL immune
system would show hippocampal preservation. In control experi-
ments, B10.S hosts reconstituted with a B10.S immune system
(B10.S into B10.S) (Figure 7B) exhibited robust hippocampal injury
(Figure 7F, 7]), while SJL hosts with a reconstituted SJL immune
system (SJL into SJL) (Figure 7D) showed complete hippocampal
preservation (Figure 7G, 7]), consistent with the phenotype observed
in normal B10.S or SJL mice. In contrast, SJL hosts reconstituted with
a B10.S-derived immune system (B10.S into SJL) (Figure 7C) exhib-
ited extensive hippocampal injury that was indistinguishable from
B10.S controls (Figure 7H, 7]; F(3,36) =40.681, P<<0.001 by one-way
ANOVA; P=0.235, B10.S into SJL vs B10.S into B10.S; P<<0.001,
B10.S into SJL vs SJL into SJL by Student-Newman-Keuls pairwise
comparison). Likewise, B10.S hosts reconstituted with an SJL
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inflammatory monocytes (CD45.2*CD11b*Gr1™) and B10.S inflammatory monocytes (CD45.1"CD11b*Gr1") were measured in each of the 4

transplant groups (A). SJL mice reconstituted with a B10.S immune system (C) had as many inflammatory monocytes as B10.S transplant controls (B),
while B10.S mice reconstituted with an SJL immune system (E) exhibited the same low level inflammatory monocyte response observed in SJL transplant
controls (D). Eight weeks after bone marrow reconstitution mice were infected with TMEV. Hippocampal sections were prepared at 7 dpi and injury to
CALl was quantified as in Figure 2. SJL mice reconstituted with a B10.S immune system (B10.S—SJL) (H) showed hippocampal damage that was

indistinguishable from B10.S transplant controls (B10.S—B10.S) (F). Likewise, B10.S mice reconstituted with an SJL immune system (SJL—B10.S) (I)
showed neuron preservation that was the same as SJL transplant controls (SJL—SJL) (G). Measurements for individual animals are shown in the scatter
plot (J). Dot plots are representative of at least 4 mice in 2 separate experiments. The bar graph in A shows mean = 95% CI. The error bars in ] are centered
on the mean hippocampal injury score and show the 95% CI for each group. The scale bar in I is 50 jim and refers to F-I. The pathology is representative of

at least 10 mice per condition in 2 separate experiments.

immune system (SJL into B10.S) (Figure 7E) were completely pro-
tected and indistinguishable from SJL controls (Figure 71, 7J;
P=0.786, SJL into B10.S vs SJL into SJL; P<<0.001, SJL into B10.S
vs B10.S into B10.S by Student-Newman-Keuls pairwise compar-
ison). We conclude that reconsitution of SJL mice with a B10.S
immune system results in robust hippocampal injury during acute
TMEYV infection while reconstitution of B10.S mice with an SJL
immune system converts these animals to a protected phenotype.
This indicates that modulation of the inflammatory monocyte res-
ponse (for example, conversion of the normally weak SJL response to
a strong B10.S-type response) directly affects the extent of hippo-
campal injury (for example, conversion of the SJL protected pheno-
type to an injured phenotype based on the stronger B10.S inflam-
matory monocyte response).

Adoptive transfer of CNS infiltration-competent inflammatory
monocytes reconstitutes hippocampal injury in SJL mice. Based
on the bone marrow transplant results, we hypothesized that
adoptive transfer of inflammatory monocytes into acutely infected
SJL mice would result in hippocampal pathology. Due to a limited
supply of B10.S donors we switched to the introduction of B6-
derived cells into B6xSJL F1 hosts. As shown above, B6xSJL F1
mice exhibit the same hippocampal preservation phenotype as SJL
mice during acute infection (Figure 2F, 2G). Because the host B6xSJL
F1 mice are a mixed H-2"* haplotype, introduction of H-2* donor
leukocytes was not expected to trigger immune compatibility issues.
We collected peritoneal exudates from uninfected B6 donors
stimulated for 24 hr with mineral oil and isolated an inflammatory
monocyte-enriched, neutrophil-deficient leukocyte population using
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a 1.080 g/mL Percoll gradient (Figure 8A, 8B). Cells were adoptively
transferred into B6xSJL F1 recipients at 18 hpi via tail vein injection.
Six days after transfer (7 dpi) we found that B6xSJL F1 hosts
receiving 10° peritoneal inflammatory monocytes exhibited severe
hippocampal injury (Figure 8E, 8F, 8G), while infected B6xSJL F1
hosts receiving a sham adoptive transfer (PBS, no cells) (Figure 8C,
8G) and uninfected B6xSJL F1 hosts receiving 10° peritoneal
inflammatory monocytes (Figure 8D, 8G) did not show hippo-
campal damage (F(2,15)=107.478, P<<0.001 between all groups by
one-way ANOVA; t(2,15)=11.906, P<<0.001 between infected
B6xSJL F1 hosts receiving inflammatory monocytes and infected
B6xSJL F1 hosts receiving sham adoptive transfer by Holm-Sidak
pairwise comparison). We conclude that the introduction of brain
infiltration-competent B6 inflaimmatory monocytes into infected
B6xSJL F1 hosts converted these mice to a hippocampal damage
phenotype.

Finally, we tested the biological significance of the adoptive trans-
fer induced hippocampal injury. We have previously correlated
damage to hippocampal CA1l neurons with memory deficits in
acutely infected B6 mice as assessed by Morris water maze and novel
object recognition tests'"'>. We employed a scent-based novel object
recognition (NOR) test to assess memory performance following
adoptive transfer of inflammatory monocytes into acutely infected
B6xSJL F1 hosts. For this test, the ratio of time spent examining a
novel scent object to the time spent examining a training scent object
is taken as a discrimination index (DI)"?. In mice with intact memory,
the DI is always more than 1 and is frequently greater than 2, indi-
cating that the mouse spends twice the time with the novel object as
with the training object. As expected, based on the preservation of
CA1 neurons in infected B6xSJL F1 mice, we found no significant
loss of novel object recognition at 15 dpi in B6xSJL F1 hosts receiv-
ing sham adoptive transfers (P=0.091 with q(10,100)=2.997 by
Student-Newman-Keuls pairwise comparison between B6xSJL F1
uninfected NOR DI and B6xSJL F1 15 dpi sham transfer NOR DI;
P=0.003 with q(10,100)=5.678 by Student-Newman-Keuls pairwise
comparison between B6xSJL F1 15 dpi sham transfer training DI and
NOR DI; F(9,100)=8.781 by one-way ANOVA across all groups)
(Figure 8H). In contrast, when inflammatory monocytes where
adoptively transferred into acutely infected B6xSJL F1 hosts, we
found that NOR was completely impaired at 15 dpi (P=0.019 with
q(10,100)=3.381 by Student-Newman-Keuls pairwise comparison
between B6xSJL F1 15 dpi sham transfer NOR DI and B6xSJL F1
15 dpi monocyte transfer NOR DI; P=0.746 with q(10,100)=0.461
by Student-Newman-Keuls pairwise comparison between B6xSJL F1
15 dpi monocyte transfer training DI and NOR DI) (Figure 8H). We
conclude that the hippocampal damage caused by adoptively trans-
ferred inflammatory monocytes disrupts cognitive function in
acutely infected SJL hosts.

Discussion

We recently hypothesized that neutrophils and inflammatory mono-
cytes are important therapeutic targets for immunomodulatory or
immunosuppressive therapies aimed at reducing or preventing CNS
pathology associated with acute viral infection". Kinetic analysis of
leukocyte infiltration during the first 48 hours after TMEV infection
revealed that inflammatory monocytes precede neutrophils, that
both cell types are concentrated in the hippocampal formation,
and that depletion of inflammatory monocytes and neutrophils but
not neutrophils only resulted in preservation of the hippocampus
and maintenance of cognitive performance. In the present study we
advance this previous work by providing additional evidence that
inflammatory monocytes are a key mediator of hippocampal injury
during acute picornavirus infection of the brain. We showed that
despite comparable levels of virus infection and neutrophil infiltra-
tion between B6 and SJL mice, the hippocampus of SJL mice was
essentially completely preserved. Critically, this preservation is

apparently due to the reduced number of brain-infiltrating inflam-
matory monocytes in SJL mice, as reconstitution of a robust mono-
cytic response via adoptive transfer results in hippocampal pathology
that phenocopies B6 mice. In addition, using bone marrow trans-
plantation, we showed that the attenuated inflammatory monocyte
response in SJL mice was intrinsic to the immune cells, not the neural
response to viral infection. While we do not know the genetic basis
for this attenuated response, SJL mice do provide us with a naturally
occuring model of a defective or attentuated (relative to B6 mice)
inflammatory response to CNS infection. We interpret the current
findings as very strong evidence that inflammatory monocytes are
the critical mediator of hippocampal bystander pathology during
acute picornavirus infection of the brain.

The mechanism of hippocampal injury mediated by infiltrating
inflammatory monocytes is currently unclear. Inflammatory mono-
cytes are a source of reactive oxygen species'>?’, blood-brain barrier
(BBB)-degrading metalloproteinases® >, elastases®, and cathe-
psins®>*, as well as proinflammatory cytokines and chemokines*?*.
Our previous observations indicate that CA1 neurons experience an
oxidative injury that precedes the induction of calpain and caspase
activation and the progression to apoptosis'?, suggesting that inflam-
matory monocytes create a toxic milieu within the hippocampus.
Alternatively, inflammatory monocyte-mediated BBB disruption
may trigger sufficient vascular permeability to induce seizures that
ultimately destroy hippocampal neurons*-*'. While the status of the
BBB during acute TMEV infection remains to be tested, a generalized
disruption of the BBB is difficult to reconcile with the apparent
anatomic specificity for CA1 hippocampal injury associated with
acute TMEV infection'”. However, such specificity may arise from
the sensitivity of hippocampal neurons to circuit disruption or to loss
of homeostatic regulation of neurotransmitters and ions triggered by
vascular leakage®*.

Fujinami and colleagues recently reported that TMEV-infected
C57BL/6 mice develop seizures starting at around 3 dpi, while SJL
and B6xSJL mice do not*>**. The absence of hippocampal pathology
in SJL and B6xS]JL mice in our current study corroborates this obser-
vation. In addition, Fujinami’s group recently showed that beha-
vioral seizures following TMEV infection were dependent upon
innate immune responses but not the adaptive response®>**. These
authors identified a critical role for inflammatory cytokines such as
IL-6 and TNFa and proposed that innate effector cells responding to
these cytokines were responsible for seizure induction. We now pro-
vide evidence that inflammatory monocytes may be sufficient to
convert SJL mice to the hippocampal injury phenotype and are
necessary to trigger hippocampal injury in C57BL/6 mice, perhaps
via release of IL-6, TNFa***, or other proinflammatory mediators.
In support of this model, we have anecdotally observed that SJL mice
receiving adoptive transfer of leukocytes from mineral oil-stimulated
peritoneal exudate exhibit substantial seizures while C57BL/6 mice
depleted of inflammatory monocytes do not seize at any point during
the infection (data not shown). However, the cause-effect relation-
ship between inflammatory monocytes, seizures, and hippocampal
injury remains to be determined.

In addition to direct toxic effects or disruption of the BBB, brain-
infiltrating inflammatory monocytes may produce chemokines that
recruit additional effector cells such as neutrophils into the brain.
Based on work by Lane and colleagues using a neurotropic JHM
strain of mouse hepatitis virus (JHMV) and antibody-mediated
inhibition of CXCR2 signaling*"**, one hypothesis for the role of acute
inflammatory monocyte infiltration is that these cells influence entry
of neutrophils into the brain that then modulate the adaptive immune
response in a manner that determines whether TMEV persists or is
cleared. This concept is further supported by observations in other
viral models suggesting that monocytes are necessary for efficient T
cell-mediated antiviral responses. For example, Bergmann and col-
leagues reported that monocytes mediate early access of antiviral T
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Figure 8 | Adoptive transfer of B6 inflammatory monocytes into acutely infected B6xSJL F1 mice results in hippocampal pathology and disruption of
cognitive function. Inflammatory monocytes (CD45"CD11b*Gr1*1A8~) collected at a 1.080 g/mL Percoll gradient from the peritoneal exudate of
mineral oil-treated B6 mice (A, B) were adoptively transferred into B6xSJL F1 hosts and hippocampal pathology was assessed 6 days later (G). Infected
B6xSJL F1 hosts that received a sham adoptive transfer (PBS, no cells) exhibited very little hippocampal injury (C). Likewise, uninfected B6xSJL F1 hosts
that received 10° peritoneal inflammatory monocytes showed no evidence of hippocampal damage (D). In contrast, adoptive transfer of 10° peritoneal
inflammatory monocytes into B6xSJL F1 hosts at 18—24 hpi caused considerable hippocampal injury (two representative animals shown in E and F).
Cognitive performance was assessed following adoptive transfer (H). Infected B6xSJL F1 hosts were assessed in a novel object recognition test 14 days
(equivalent to 15 dpi) after receiving an adoptive transfer of 10° peritoneal inflammatory monocytes (“Mono AT”) or a sham adoptive transfer (“Sham
AT?”). The discrimination index (DI) represents the ratio of time spent investigating a novel object compared to a familiar object. A DI of 1 indicates equal
time spent with both objects, indicating no memory for the familiar object. While cognitive function (memory of the familiar object) was preserved in the
sham transfer B6xSJL F1 group (equivalent to uninfected B6xSJL F1 mice receiving no transfer and uninfected B6 mice), B6xSJL F1 mice receiving
inflammatory monocytes by adoptive transfer exhibited the same loss of test performance observed in B6 mice at 15 dpi (B6 TMEV). Scale bar in F is
100 pm and refers to C-F. The pathology is representative of at least 5 mice per condition in 3 separate experiments. The error bars in G are centered on the
mean hippocampal injury score and show the 95% CI for each group. The error bars in H are centered on the mean discrimination index and show 95%
CIL The dashed line in H shows a DI equivalent to no recognition of the novel object.

| 2:545 | DOI: 10.1038/srep00545 9



cells into the parenchyma of JHMV-infected mice®. Using CCL2-
deficient mice, these investigators showed that viral clearance is
delayed by the absence of monocytes, apparently via a reduction in
glia limitans disruption that caused retention of other leukocytes in
the perivascular space. While we did not assess viral clearance or the
kinetics of chronic disease development in our experiments, it is
interesting that neither the low inflammatory monocyte-responding
SJL mice nor inflammatory monocyte-depleted C57BL/6 mice experi-
ence an overwhelming and fatal viral infection. Instead, counterintui-
tively, the absence of an inflammatory monocyte response protected
the hippocampus and preserved cognitive function, begging the ques-
tion: what is the role for these cells in the most hyperacute response to
viral infection of the brain?

A simplistic model for the relevance of this injury to host preser-
vation and viral clearance would posit that the innate immune res-
ponse limits viral spread and sacrifices hippocampal integrity in
exchange for host survival. However, such a model fails to explain
why hippocampal neurons that aren’t infected are killed, why neu-
rons that are infected in other regions of the brain survive, and why
SJL mice experience robust viral infection of hippocampal neurons
yet go on to clear the virus from the brain'>****. Indeed, our current
behavioral analyses suggest that at least from a cognitive standpoint,
the failure of inflammatory monocytes to enter the CNS in SJL mice
is a protective phenotype. This is unexpected, given the normal dis-
tinction between C57BL/6 mice as a “resistant” strain and SJL mice as
a “susceptible” strain*>*S. While it is unlikely that the host resistance
phenotype is determined by the acute inflammatory monocyte res-
ponse, especially given the known genetics of resistance**?, it is
intriguing that Fujinami observed an absence of seizures in three
mouse strains that clear TMEV from the brain but not from the
spinal cord®”. However, the ultimate relationship between innate
immune system-mediated bystander pathology in the hippocampus
and the eventual clearance of virus from the host has yet to be fully
explored.

The relationship between monocytes and other leukocytes in the
control of immune system access to the brain parenchyma is likely far
more complicated than previously suspected>**~*, and the role of
these populations in acute control of TMEV infection is unknown.
We are currently assessing the interaction of brain-infiltrating
inflammatory monocytes, macrophages, and neutrophils during
the most acute response to TMEV infection, the role these cells
may play in seizure induction and epileptogenesis, and the impact
of the acute inflammatory response on viral control and clearance.
While many questions remain to be resolved, our current observa-
tions and recent findings' clearly indicate that inflammatory mono-
cytes are a key mediator of hippocampal injury during acute
picornavirus infection of the CNS.

Methods

Mice. C57BL/6/] (#000664), SJL/J (#000686), and C57BL/10SnSg (B10.S-H2s/
SgMcd]) (#001953) mice were acquired from The Jackson Laboratories (Bar Harbor,
ME). Mice were acclimatized for at least one week following shipment prior to use. F1
hybrids from C57BL/6 and SJL parents were generated in our facility. Mice were
group housed in the Mayo Clinic research vivarium under conventional conditions
with ad libitum access to food and water. Sex was mixed for all experiments. All
animal experiments conformed to the National Institutes of Health guidelines. All
experiments were approved by the Mayo Clinic Institutional Animal Care and Use
Committee.

Virus. At 5-6 weeks of age, mice were infected by intracranial injection of 2X 10> PFU
of the Daniel’s strain of the Theiler’s murine encephalomyelitis virus (TMEV) in
10 uL DMEM (the media used to grow the virus). When relevant, sham-infected mice
received intracranial injection of 10 pL virus-free DMEM.

Histology, pathology, virus antigen staining, NeuN staining and TUNEL.
Following intraperitoneal injection of a terminal dose of pentobarbital (100 mg/kg),
mice were perfused via intracardiac puncture with 50 mL of 4% paraformaldehyde in
PBS. The brain was postfixed in 4% paraformaldehyde at 4°C for 6 hr and then
sectioned via coronal cuts at the level of the optic chiasm and infundibulum. Tissue
blocks were embedded in paraffin, sectioned at 5 microns, mounted on charged slides,

rehydrated, and stained with hematoxylin and eosin or with Nissl. Damage to the
CA1 pyramidal neuron layer of the hippocampus was scored as previously
described'. NeuN and virus antigen staining and the TUNEL reaction were
performed as previously described'.

Plaque assay. Viral titers were measured in brain homogenates at 7 dpi following our
previously published protocol®. Briefly, a 10% (wt/vol) homogenate was prepared in
DMEM, sonicated 3 times for 20 s each, clarified by centrifugation, and stored at
—80°C until use. Confluent monolayers of L2 fibroblasts (ATCC: CCL-149) grown in
DMEM containing 10% FBS were washed once with serum-free DMEM and then
adsorbed with 10-fold dilutions (100-1010) of tissue homogenate prepared in 200 pL
serum-free DMEM for 1 hr at 37°C. Without washing, cells were overlaid with 1 mL
of 1% SeaPlaque agarose prepared in DMEM containing 2% FBS and HEPES. After
solidifying at RT for 10 min, plates were incubated for 72 hr at 37°C. Cells and
agarose plugs were fixed in EtOH:HOAc:formaldehyde (6:2:1) for 1 hr at RT. After
gentle removal of the agarose, plates were washed in water, stained for 5 min in 1%
crystal violet prepared in 20% EtOH, washed extensively with running water, and
then dried. Plaques were counted in triplicate at 3 readable dilutions and
back-calculated to give PFU/mL tissue homogenate.

Hippocampal neuron preparation. Primary cultures of hippocampal neurons were
prepared from embryonic day 17 (E17) C57BL/6 or SJL mouse pups. Neurons were
grown for 10-12 days before treatment. Briefly, hippocampi were collected in Hank’s
buffered salt solution (HBSS) containing 10 mM HEPES. Tissues were digested for
10-15 min in HBSS containing papain (1 mg/mL) and then allowed to settle. The
supernatant (containing papain) was removed and the tissue was gently triturated in
DMEM containing 10% FCS with a fire-polished Pasteur pipette to dissociate larger
aggregates and stop papain activity. Cells were centrifuged for 5 min at 300 gand the
cell pellet was resuspended in media. Neurons were then counted, seeded on poly-D-
ornithine-coated coverslips in 12-well plates at a density of 2)X10° cells/mL, and
cultured in DMEM:F12 containing 10% FCS for 24 hours. After cells attached to the
substrate, media was replaced with Neurobasal-A supplemented with B27, followed
by re-incubation for 7-10 days, with half the medium replaced every 3 days.

In vitro induction of apoptosis. Hippocampal neurons were exposed to hydrogen
peroxide (0 to 30 mM) for 24 hr at 37°C to induce apoptosis. During the final hour of
incubation, 0.5 mg of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) was added to the media without disturbing the cell layer. Viability was
assessed by aspirating the media, lysing the cells in 1 mL SDS:DMF (50: 50) for

15 min at RT, clarifying the lysate, and reading absorbance at 570 nm. Percent
viability was calculated by normalizing to A570 in untreated cultures.

Bone marrow transplantation. Hosts for bone marrow reconstitution were treated
with 0.12 g/L tetracycline HCl in drinking water for 1 week prior to irradiation with
900 rads over 10 min in a '*’Cs irradiator. Donor mice were killed by isoflurane
overdose and bone marrow was flushed with ice-cold PBS from both femurs and
tibias. Following trituration through a 27 G needle, bone marrow was strained at
30 um via gravity, washed, resuspended in ACK buffer (155 mM NH4Cl, 10 mM
KHCO3, 0.01 mM EDTA in water) to lyse red blood cells, washed in RPMI
containing 10% FCS, and counted using trypan blue exclusion. Irradiated recipients
received 107 bone marrow cells via tail vein injection. Reconstitution proceeded for
8 weeks prior to experimental use.

Isolation of brain-infiltrating leukocytes (BILs). BILs were prepared following our
published protocol with slight modification'®. Leukocytes were extracted from
dounce homogenized brain tissue by centrifugation through a 30% Percoll gradient at
7800 g,y for 30 min at RT in a Beckman F0630 rotor. After centrifugation the myelin
debris layer that floated at the top of the gradient was removed by aspiration and the
leukocyte layer floating just above the red blood cell pellet was collected, strained at
40 pm via gravity, diluted to 50 mL in PBS, and centrifuged at 1500 rpm (600 g,y.) for
5 min at RT in a clinical centrifuge to collect the cell pellet. The leukocyte pellet was
resuspended in 1 mL PBS and underlaid with 1 mL of either 1.080 g/mL Percoll
(monocyte enrichment) or 1.100 g/mL Percoll (monocytes and neutrophils).
Following centrifugation at 800 g for 20 min at RT in a clinical centrifuge with no
brake, the mononuclear leukocytes were collected at the gradient interface, washed in
PBS, and resuspended in flow cytometry blocking buffer for analysis.

Flow cytometry. For all experiments, flow cytometry buffer contained 1% bovine
serum albumin and 0.02% sodium azide in PBS. Blocking buffer contained flow
cytometry buffer, supernatant from 2.4G2 hybridoma (Fc block; anti-CD16/32;
ATCC, Manassas, VA, No. HB-197), and fetal bovine serum at a ratio of 10:5: 1.
After isolation, cells were suspended in blocking buffer and incubated at 4°C for 30
minutes. Antibodies were added to the blocked cells at 1:200 and incubated for 30
minutes at 4°C. Stained cells were then washed three times in flow cytometry buffer
and fixed in 2% paraformaldehyde prior to flow cytometric analysis. Files were
analyzed offline using FlowJo 7.5 (Windows version; Tree Star, Inc., Ashland, OR).
CD45 was detected with clone 30-F11 (BD Biosciences No. 557235). CD11b was
detected with clone M1/70 (BD Biosciences No. 553312). Ly6C/G was detected with
clone Gr1, RB6-8C5 (BD Biosciences No. 553128). Ly6G was detected with clone 1A8
(BD Biosciences N0.560599). CD45.1 was detected with clone A20 (BD Biosciences
553776). CD45.2 was detected with clone 104 (BD Biosciences No. 553772).
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Flow cytometric phenotyping. Based on our previously published observations'?, we
gated all brain-infiltrating cells on CD45" expression. This gated population was
subsequently assessed for expression of CD11b, Ly6C/G (Grl), and Ly6G (1A8). We
defined inflammatory monocytes as CD45"CD11b*Gr1*1A8" cells and neutrophils
as CD45"CD11b**Gr1"1A8" cells. Note that microglia, defined as
CD45™4CD11b™Gr1~1A8" were excluded from most analyses and are not shown in
the flow plots. In experiments involving bone marrow chimeric mice, BILs were first
gated on CD45" expression, then phenotyped by CD11b, Gr1, and 1A8 expression;
the inflammatory monocyte population was then assessed for expression of CD45.1
(B10.S marker) or CD45.2 (SJL marker).

Adoptive transfer of peritoneal exudate-derived leukocytes. Peritoneal leukocytes
were elicited by intraperitoneal injections of 1 mL sterile mineral oil at 24 hr prior to
collection. Cells were collected by peritoneal lavage with 10 mL sterile PBS, washed,
and isolated from a discontinuous percoll gradient layer (1.080 g/mL interface). Prior
to adoptive transfer, mice were handled daily for 5 minutes and inserted into a
restraint device used for tail vein injections in order to decrease stress response. Host
mice were infected with TMEV 18 hours prior to transfer, and 10° donor leukocytes
were transferred via tail vein injection. Shams received PBS by tail vein injection.

Novel object recognition test. We followed our previously published protocol?. In
brief, individual mice were tested using a 5 min habituation, 1 min rest, 10 min
training, 5 min rest, 10 min testing paradigm. Training and testing objects were
apple-, berry-, or cherry-scented tea candles arranged in diametric quadrants of an
activity box. The scented candles were not treated as food. The novel object
recognition testing session consisted of a 10 min exposure to one control object (same
object and scent from the training session) and one novel scent object (randomly
assigned scent not present in the training session; quadrant location for the novel
object was also randomized between trials but diametric positioning was maintained).
The number of interrogations of the novel object was divided by the number of
investigations of the control object to generate a discrimination index (DI). Intact
recognition memory produces a DI of 1 for the training session and a DI greater than
1 for the testing session, consistent with greater interrogation of the novel object. We
routinely observed DI values greater than 2 for the testing session in normal mice.

Statistical analysis. 0=0.05 and B=0.2 were established a priori. Post hoc power
analysis was performed for all experiments and significance was only considered
when power=0.8. Statistical analysis was performed using the SigmaStat component
of SigmaPlot (Systat Software, Inc; San Jose, CA). The Shapiro-Wilk test was applied
to all data to determine normality**. Normally distributed data were then analyzed for
equal variance. Data were only analyzed with parametric tests if both normality and
equal variance were established. The Holm-Sidak or Student-Newman-Keuls
pairwise comparison tests were used for all post hoc sequential comparisons™.
Statistical values are reported following Curran-Everett guidelines®. The t-test was
applied to the analysis of viral titer. One-way ANOVA was applied to the flow
cytometric analysis of BILs between strains, measurement of hippocampal injury
following bone marrow transplant or adoptive transfer, and to the novel object
recognition analysis. Two-way ANOVA was used for the analysis of brain-infiltrating
leukocytes in the bone marrow transplant experiments and in the MTT assay of
hippocampal neuron death. The only non-parametric data were acquired during
measurement of hippocampal injury between C57BL/6, SJL, and B6xSJL F1 mice;
these data were analyzed with the Kruskal-Wallis one-way ANOVA on ranks test*’
using Dunn’s pairwise comparison®. All graphs represent mean * 95% confidence
intervals.
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