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Ischemic preconditioning (IPC) is a robust neuroprotective phenomenon whereby brief ischemic exposure confers tolerance to a subse-
quent ischemic challenge. IPC has not been studied selectively in CNS white matter (WM), although stroke frequently involves WM. We
determined whether IPC is present in WM and, if so, its mechanism. We delivered a brief in vivo preconditioning ischemic insult
(unilateral common carotid artery ligation) to 12- to 14-week-old mice and determined WM ischemic vulnerability [oxygen– glucose
deprivation (OGD)] 72 h later, using acutely isolated optic nerves (CNS WM tracts) from the preconditioned (ipsilateral) and control
(contralateral) hemispheres. Functional and structural recovery was assessed by quantitative measurement of compound action poten-
tials (CAPs) and immunofluorescent microscopy. Preconditioned mouse optic nerves (MONs) showed better functional recovery after
OGD than the non-preconditioned MONs (31 � 3 vs 17 � 3% normalized CAP area, p � 0.01). Preconditioned MONs also showed
improved axon integrity and reduced oligodendrocyte injury compared with non-preconditioned MONs. Toll-like receptor-4 (TLR4) and
type 1 interferon receptor (IFNAR1), key receptors in innate immune response, are implicated in gray matter preconditioning. Strikingly,
IPC-mediated WM protection was abolished in both TLR4�/� and IFNAR1�/� mice. In addition, IPC-mediated protection in WM was
also abolished in IFNAR1fl/fl LysMcre, but not in IFNAR1fl/fl control, mice. These findings demonstrated for the first time that IPC was
robust in WM, the phenomenon being intrinsic to WM itself. Furthermore, WM IPC was dependent on innate immune cell signaling
pathways. Finally, these data demonstrated that microglial-specific expression of IFNAR1 plays an indispensable role in WM IPC.
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Introduction
Ischemic preconditioning (IPC) is a brief period of cerebral isch-
emia that confers transient tolerance to subsequent prolonged

ischemic challenge (Kirino et al., 1996). The protective effect of
IPC is robust, requires 24 –72 h to develop, lasts weeks to months,
and has been confirmed in numerous animal models (Kirino et
al., 1996). Elucidating the mechanisms of IPC is a critical chal-
lenge in stroke research (Gidday, 2006). Clinical studies suggest
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Significance Statement

Ischemic preconditioning (IPC) has been studied predominantly in gray matter, but stroke in humans frequently involves white
matter (WM) as well. Here we describe a novel, combined in vivo/ex vivo mouse model to determine whether IPC occurs in WM. It
does. Using genetically altered mice, we identified two innate immune cell receptors, Toll-like receptor 4 and type 1 interferon
receptor (IFNAR1), that are required for IPC-mediated protection in WM. Furthermore, using microglia-targeted IFNAR1 knock-
down, we demonstrate that interferon signaling specifically in microglia is essential for this protection. The discovery of IPC as an
intrinsic capability of WM is novel and important. This is also the first in vivo demonstration that cell-type-specific expression of
an individual gene plays an indispensable role in IPC-mediated protection.
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that stroke patients who suffered a recent transient ischemic at-
tack in the same vascular distribution as their stroke have reduced
infarct volumes and improved clinical outcomes (Moncayo et al.,
2000; Wegener et al., 2004). These findings imply that a human
clinical correlate to experimental IPC exists (Moncayo et al.,
2000; Wegener et al., 2004). IPC requires gene activation and de
novo protein synthesis and is achieved by the attenuation of
injury-inducing mechanisms (Gidday, 2006). IPC genetically re-
programs the response of the brain to ischemia, forming the basis
of ischemic tolerance (Stenzel-Poore et al., 2003, 2004).

Recent work has pointed to an important role for immune cell
signaling in IPC. Specifically, IPC-mediated neuroprotection is
attenuated markedly in mice deficient in key immune cell signal-
ing molecules/pathways, including Toll-like receptor-4 (TLR4)
(Pradillo et al., 2009) and interferon regulatory factors (IRFs)
(Stevens et al., 2011). Furthermore, pretreatment of mice with
either pharmacologic agonists targeting TLRs (Bahjat et al., 2011;
Gesuete et al., 2012; Leung et al., 2012; Packard et al., 2012) or
preexposure to interferon-� itself (Stevens et al., 2011) induces
robust neuroprotection against subsequent cerebral ischemic in-
jury. The role of microglia in IPC-mediated neuroprotection is
unknown, although these CNS-resident innate immune cells are
increasingly recognized as contributing to repair and regenera-
tion from neural injury (Michell-Robinson et al., 2015). The
function of innate immune signaling generally, and microglia
specifically, in white matter (WM) ischemic injury and recovery
is also unknown.

Stroke typically affects both gray matter (GM) and WM, al-
though some strokes affect WM exclusively (Mohr, 2004). WM
contains axons and glia, including astrocytes, oligodendrocytes,
and microglia, without any neuronal cell bodies, dendrites, or
conventional synapses (Matute et al., 2013). WM comprises ap-
proximately half of the brain volume in humans, a threefold to
fourfold increase over rodents (Matute et al., 2013). Conse-
quently, experimental brain ischemia in rodents is overwhelm-
ingly an insult of GM (�85% of stroke volume) (STAIR, 1999;
Sozmen et al., 2012; Matute et al., 2013). Moreover, any WM that
is rendered ischemic is in close proximity to GM, making it dif-
ficult to study in isolation. To circumvent this obstacle, “pure”
CNS WM preparations are used, such as the acutely isolated cor-
pus callosum (Tekkök and Ransom, 2004) or mouse optic nerve
(MON; Stys et al., 1991; Bakiri et al., 2008; Sozmen et al., 2012;
Matute et al., 2013). As is the case for experimental brain isch-
emia, most rodent models of IPC use infarct volume (predomi-
nantly GM) as their primary outcome measure. In some cases, the
effects of IPC on specific CNS structures, such as the hippocam-
pus (Tian et al., 2008; DeFazio et al., 2009) and retina (Fernandez
et al., 2009; Dvoriantchikova et al., 2010), have been reported, but
these structures are also predominantly GM. One important ex-
ception to models with limited WM expansion is the recent dem-
onstration of pharmacologic preconditioning with a TLR agonist
in Rhesus macaques (Bahjat et al., 2011). The study by Bahjat et
al. (2011) provided proof of concept that TLR-mediated precon-
ditioning can protect nonhuman primate brains, with volumetric
ratios of GM/WM similar to humans, from cerebrovascular
injury.

An intriguing open question is whether or not IPC protects
WM. To address this, we developed a novel model of IPC in WM.
After in vivo induction of IPC, we determined the extent of re-
covery from ischemic insult in acutely isolated (ex vivo) MONs.
By allowing both the initial IPC pulse and the subsequent cellular,
immunological, and gene expression changes to occur in situ, our

aim was to more closely mimic the in vivo physiology that occurs
in WM after IPC.

Materials and Methods
Animals. All experiments were done in accordance with the University of
Washington Institutional Animal Care and Use Committee. All mice
were adult male, 12–14 week old, C57BL/6 wild-type (WT), TLR4 sys-
temic knock-out (TLR4�/�; (Hoshino et al., 1999), type 1 interferon
receptor systemic knock-out (IFNAR1�/�; Müller et al., 1994), cell-type-
specific IFNAR1 knockdown (IFNAR1fl/fl LysMcre; Kamphuis et al., 2006;
Diamond et al., 2011), or IFNAR1fl/fl control (Kamphuis et al., 2006;
Diamond et al., 2011). The IFNAR1fl/fl LysMcre mouse strain has been
characterized previously (Prinz et al., 2008) and shown to have a high
degree of IFNAR1 knockdown in myeloid cells compared with the
IFNAR1fl/fl control strain. To confirm cell-type specificity of IFNAR1
knockdown in the IFNAR1fl/fl LysMcre mice, we used flow cytometry to
quantify differences in specific binding of an anti-IFNAR1 antibody in
primary microglia derived from either IFNAR1fl/fl or IFNAR1fl/fl LysMcre

mice. In unstimulated cells, we found a 93% reduction in expression of
cell-surface IFNAR1 in the IFNAR1fl/fl LysMcre microglia relative to
IFNAR1fl/fl (Fig. 1A). We also confirmed specificity of our anti-IFNAR1
antibody by demonstrating that treatment with IFN� (1000 U/ml for
24 h) eliminated 89% of specific binding in IFNAR1fl/fl-derived microglia
(Fig. 1A). We also quantified cell-type-specific knockdown of ifnar1 ex-
pression in ex vivo sorted cortical microglia from naive 12- to 16-week-
old IFNAR1fl/fl and IFNAR1fl/fl LysMcre mice. We found �70% reduction
in steady-state levels of ifnar1 mRNA in microglia isolated from the
IFNAR1fl/fl LysMcre mice (Fig. 1B).

Combined in vivo/ex vivo model of IPC in MON. A schematic diagram
outlines our experimental plan (Fig. 2). The ophthalmic artery (a branch
of the internal carotid artery) supplies the MON with collateral blood
flow through the orbit from the middle meningeal artery (a branch of the
external carotid artery; Hayreh, 2006). Unilateral MON ischemia was
produced by transient (15 min) occlusion of the ipsilateral common
carotid artery (CCA). The contralateral MON received continuous blood
flow and, along with MONs from sham-operated mice, served as the
control nerves not receiving IPC. The MONs, ipsilateral and contralat-
eral, were removed 72 h after IPC, an optimal time delay for inducing
IPC-mediated neuroprotection (Stenzel-Poore et al., 2003; Zhang et al.,
2008).

For the IPC procedure, anesthesia was induced by inhalation of 2– 4%
isoflurane (Animal Health International) in an NO2/O2 70/30% mixture
and maintained by inhalation of 1.5–2.0% isoflurane. Body temperature
was monitored throughout surgery (via a rectal probe) and maintained at
36 –38°C using a heating blanket. A 2 cm midline incision was made on
the ventral surface of the neck, and the right CCA was isolated and ligated
with a 6.0 silk suture. After 15 min of CCA occlusion (CCAO), the CCA
ligation was released to allow reperfusion. Sham-operated mice under-
went the same procedure, except that the CCA was only exposed but not
ligated/occluded. Laser Doppler flowmetry was used to monitor cerebral
blood flow (CBF) in the middle cerebral artery (MCA) territory through-
out the procedure and during the immediate recovery period. CCAO
typically induced �50% reductions in ipsilateral MCA CBF, whereas
release of the ligating suture resulted in reperfusion CBF values typically
near 120% of the initial baseline. We excluded animals (�5% of total)
with outlying CBF profiles (i.e., CBF measurements during either occlu-
sion or reperfusion that were more than 2 SDs away from the respective
mean values). Seventy-two hours after surgery, mice were killed using
CO2, and their optic nerves were immediately dissected free for addi-
tional study ex vivo. The number of animals per experimental group was
chosen based on a modified power analysis with improved stopping rules
for design of efficient small sample experiments (Fitts, 2010) with �80%
power and estimated effect size of 50% for IPC.

Electrophysiology. Ipsilateral and contralateral MONs were placed in
an interface perfusion chamber (Harvard Apparatus) and maintained at
37°C (Fig. 2; Hamner et al., 2011). MONs were superfused with artificial
CSF (ACSF) containing the following (in mmol/L): 125 NaCl, 3.0 KCl,
2.0 CaCl2, 2.0 MgSO4 � 7H2O, 1.25 NaH2PO4, 26 NaHCO3, and 10 glu-
cose, pH 7.45. The ACSF was bubbled with an O2-free gas mixture
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(95%N2/5%CO2). A humidified gas mixture of 95%O2/5% CO2 contin-
uously aerated the chamber under control conditions (i.e., at all times
except during ischemic insult). Two sets of suction electrodes backfilled
with ACSF were used for stimulating and recording from each of the two
MONs. The stimulating electrode was attached to the retinal end of the
nerve, and the recording electrode was attached to the chiasmatic end of
the nerve. This electrode arrangement means that evoked compound
action potentials (CAPs) travel in the orthodromic direction. The suc-
tion electrodes were positioned carefully to ensure maximum seal resis-
tance judged by stable CAP amplitudes over the 60 min preinjury
recording period. Stimulus pulse strength (30 �s duration; Isostim 520;
WPI) was adjusted to evoke the maximum CAP and then increased an-
other 25% to ensure supramaximal stimulation throughout the record-
ing period; supramaximal CAPs were elicited every 30 s. The recording

electrode was connected to an amplifier (model SR 560; Standford Re-
search Systems), filtered at 30 kHz, and acquired at 20 kHz.

To ensure stable baseline readings, MONs were allowed to equilibrate
for 30 – 60 min before injury was induced (Stys et al., 1991). Ischemia was
simulated by oxygen– glucose deprivation (OGD) for 45 min. In brief,
ACSF was switched to a solution lacking glucose and replaced by 10 mM

sucrose to maintain osmolarity, and anoxia was achieved by switching to
95%N2/5%CO2. Control conditions (i.e., normal ACSF and O2) were
restored quickly at the end of the injury period.

Data analysis. MON function was determined quantitatively by inte-
grating the area under the CAP. Data were acquired online (Digidata
1440A; Molecular Devices) using proprietary software (Clampex; Molec-
ular Devices). CAP area was calculated using pClamp (Molecular De-
vices) and was normalized by averaging the baseline CAP area over a
period of 15 min and setting this value to 1.0. As such, the normalized
CAP area at any time is proportional to the relative number of function-
ing axons (Buchtal and Rosenfalck, 1966; Cummins et al., 1979; Stys et
al., 1991). Data are presented as the mean � SEM of several normalized
traces. Statistical significance was determined by ANOVA at 60 min of
recovery. p values �0.05 were considered significant.

Glutamate and aspartate measurements. Release of the excitatory
amino acids (EAAs) glutamate and aspartate from MON was measured
by collecting the superfusate during 60 min OGD and quantified using
HPLC (Ye et al., 2003; Yang et al., 2014). Experiments were designed to
monitor glutamate and aspartate release simultaneously from one to two
pairs of MONs. Glutamate and aspartate measurements, normalized to
respective baseline release levels, were made from MONs treated identi-
cally (with the exception of a slightly longer period of OGD) to those
studied electrophysiologically, and the results were plotted against time.
The rate and release pattern for both EAAs was monitored for 30 min
before OGD and was continued for at least 30 min after OGD. Glutamate
and aspartate concentrations were measured from the bath perfusate
passing over the MONs in aliquots taken every 2– 4 min (Ye et al., 2003).
Actual amounts of glutamate and aspartate measured in nanomoles were
determined by comparing the measurements with a standard sample.

Immunofluorescent microscopy. MONs were processed for immunoflu-
orescent microscopy as described previously (Baltan et al., 2008). In
brief, MONs were placed in 4% paraformaldehyde in PBS overnight,
cryoprotected, frozen, and sectioned into 12-�m-thick slices. Sections
were blocked and permeabilized. All primary antibodies were applied in
the same solution. Phosphorylated neurofilaments were stained with
anti-neurofilament H phosphorylated monoclonal (clone SMI-31) anti-
body (Covance), astrocytes with anti-glial fibrillary acidic protein
(GFAP) antibody (ImmunoStar), microglia/macrophages with anti-
ionized calcium-binding adapter molecule 1 (Iba1) antibody (Wako
Chemicals), and oligodendrocytes with anti-adenomatous polyposis coli
(APC) antibody CC-1 clone (Calbiochem/EMD Biosciences). With re-
gard to the latter antibody (specifically the CC-1 clone), it should be
noted that the staining pattern for this antibody does not reflect endog-
enous expression of APC, but it does stain oligodendrocytes effectively
(Bhat et al., 1996; Lang et al., 2013). For each condition, immunolabeling
was examined and quantified in MONs from three to six animals and in
two to three adjacent sections from each animal. Primary antibodies were
used at a dilution of 1:15 for GFAP, 1:100 for Iba1, and 1:200 for APC.
Sections were incubated in primary antibodies together overnight at
4°C, washed, and exposed to appropriate secondary antibodies (1:100
dilution).

Cell counts/stereology and axonal integrity. Images were obtained with a
40� objective on a fluorescent microscope (Nikon Optiphot-2). NIH
ImageJ was used to overlay 5 � 6 grids (200 � 250 �m) onto the images
of tissue. Border rules were used so that cells crossing a grid line would be
counted in a systematic manner. Cell numbers were quantified by count-
ing every other square in the grid. Cells were only counted if the antibody
in question overlaid with the nuclear marker (DAPI) and adhered to the
border rules. Pyknotic nuclei were excluded from viable cell counts.
Antibody-labeled cell counts were presented as a percentage of the total
cell number (including pyknotic nuclei). Structural axon injury assess-
ment was performed using an established composite scoring system and
SMI-31 staining for phosphorylated neurofilament in WM (Adams et al.,

Figure 1. IFNAR1 knockdown in both in vitro cultured and ex vivo sorted microglia from
IFNAR1fl/fl and IFNAR1fl/fl LysMcre mice. A, Primary microglia were derived from either IFNAR1fl/fl

or IFNAR1fl/fl LysMcre mice as described in Materials and Methods, serum starved, and then either
unstimulated or treated with IFN� (1000 U/ml) for 24 h. Normalized specific binding (mean �
SEM) of anti-IFNAR1 antibody was quantified by flow cytometry as described in Materials and
Methods. ***p � 0.001 compared with unstimulated IFNAR1fl/fl microglia. n � 3 experiments.
B, Results of qRT-PCR quantifying steady-state levels of IFNAR1 mRNA in ex vivo sorted cortical
microglia from IFNAR1fl/fl or IFNAR1fl/fl LysMcre mice. **p�0.01 compared with IFNAR1fl/fl. n�
9 mice, 3 separate ex vivo flow cytometry preparations.
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1983; Tekkök and Goldberg, 2001). Axon integrity was quantified by a
number between 0 and 12 (the “axonal integrity score”) according to the
following criteria: one to three was “assigned for each of the following
parameters: brightness of labeling intensity, preservation of anatomically
parallel and linearly organized axonal fibers, continuity in individual
fibers, and lack of axonal head and bulb formation” (Adams et al., 1983;
Tekkök and Goldberg, 2001). Each tissue section was scored indepen-
dently by two blinded observers. Statistical significance was determined
by Mann–Whitney U test (for nonparametric data) for Figure 4 and by
unpaired t test for Figures 5 and 6.

Glutamate receptor mRNA quantification. We quantified steady-state
levels of AMPA glutamate receptor subtypes/isoforms using qRT-PCR as
described previously (Weinstein et al., 2009). In brief, mice were killed
72 h after IPC pulse. For each experiment, three ipsilateral and contralat-
eral MONs were dissected out and pooled separately. MONs were placed
in TRIzol LS Reagent (Thermo Fisher Scientific) and homogenized. RNA
extraction was performed via the hybrid TRIzol LS-RNeasy Micro kit
(Qiagen) method per the protocols of the manufacturer. RNA integrity
was analyzed using an Agilent 2100 Bioanalyzer. For the GluR1–GluR4
flip and flop gene expression assay, 150 –200 ng of RNA was reverse

transcribed using the Transcriptor High Fidelity cDNA Synthesis kit
(Roche). In determining gene expression differences between GluR1–
GluR4 flip and flop transcript variants, intron-spanning primers were
designed such that forward primers were specific to either the flip or flop
isoform regions (Sommer et al., 1990), whereas their respective reverse
primers recognized sequences unique to individual GluR genes. Single-
plex amplification was performed on the StepOnePlus Real-Time PCR
System (Applied Biosystems) as described previously (Weinstein et al.,
2009). Cycling conditions consisted of the following: (1) 95°C for 10 min;
and (2) 50 cycles of 95°C for 10 s, 55°C for 15 s, and 72°C for 30 s. All
primer and probe sequences are shown in Table 1. Data were analyzed
with StepOne Software version 2.1 (Applied Biosystems). Relative gene
expression was calculated using the 	Ct method in which samples were
normalized to the cycle threshold (Ct) geometric mean of the housekeep-
ing genes. Numerical data are given as the mean � SEM of the normal-
ized mean values from each independent experiment. All experiments
were performed in triplicate.

Preparation of primary microglia cultures. Primary microglia were pre-
pared from the cortex of newborn (P4 or P5) IFNAR1fl/fl or IFNAR1fl/fl

LysMcre mice as described previously (Giulian and Baker, 1986; Möller et

Figure 2. Schematic diagram showing combined in vivo/ex vivo IPC experimental paradigm. WT, TLR4�/�, IFNAR1�/�, IFNAR1fl/fl, or IFNAR1fl/fl LysMcre 12- to 14-week-old male mice (all on
C57BL/6 background) were subjected to either 15 min CCAO (our IPC pulse) or sham surgery. Seventy-two hours later, mice were killed by CO2 exposure and MONs were dissected out and placed in
an interface perfusion chamber. Electrodes were put in place, and MONs were allowed to equilibrate in control conditions for 60 min, followed by 45 min exposure to OGD. Oxygen and glucose were
then restored to baseline levels. CAPs were monitored before, during, and after OGD (for details, see Materials and Methods). After 5 h in normoxic/normoglycemic control (“recovery”) conditions,
selected MONs were collected and processed for immunohistochemistry (A). The experimental groups are named in bold font according to the following: (1) position of the MON in question relative
to CCAO surgery (i.e., ipsilateral or contralateral); (2) their initial in vivo exposure (i.e., sham surgery or CCAO); and (3) their subsequent ex vivo exposure [i.e., control (Con) or OGD] (B). IHC,
Immunohistochemistry.
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al., 2000). In brief, cortical tissue was freed carefully from blood vessels
and meninges, digested with 50 ng/ml DNase, triturated, and washed.
Cortical cells were cultured in DMEM (Thermo Fisher Scientific) sup-
plemented with 10% heat inactivated fetal bovine serum (FBS; Hyclone)
and penicillin/streptomycin (P/S; 50 IU/50 �g/ml; Mediatech/Corning)
plus 2 ng/ml granulocyte macrophage colony stimulating factor (GM-
CSF; R&D Systems) for 10 –21 d (media change every 3– 4 d). Microglia
were separated from underlying astrocytic monolayer by gentle agitation
and spun down (100 � g for 10 min). Cell pellet was resuspended in
DMEM/10% FBS with P/S plus 2 ng/ml GM-CSF and plated on BD
Primaria culture dishes and plates (Falcon). Non-adherent cells were
removed 30 – 60 min after plating by changing the medium, and adherent
microglia were incubated for 24 h in culture medium. We confirmed
purity of our primary microglia population by flow cytometry based on
their expression of CD11b (�96% of total cell population).

Flow cytometry. After IFN� stimulation, primary microglia were de-
tached from 24-well plates in ice-cold 2 mM EDTA/PBS. Cells were then
washed with FACS medium (HBSS containing 10% FBS and 10 mM

HEPES) and incubated with Fc block (BD Biosciences Pharmingen) for 5
min on ice. Microglia were then stained with DAPI and separately with
phycoerythrin-conjugated anti-mouse-IFNAR1 antibody (BioLegend)
or isotype control for 60 min on ice. After staining, cells were washed and
resuspended in 250 �l of FACS medium. Data acquisition and analysis
were performed using a BD FACSCanto II flow cytometer and Flojo
(Treestar) software. Numerical data are given as the mean � SEM of the
normalized specific binding median values from each independent ex-
periment. All experiments were performed in triplicate.

Acute isolation of cortical microglia and quantification of ifnar1 expres-
sion. Ex vivo flow cytometric sorting of microglia from mouse brain is a
well established method that offers a physiologic window into in vivo
microglial biology (Sedgwick et al., 1991; Carson et al., 1998). Microglia
were isolated from cortices of naive 12- to 16-week old male mice using
our previously published protocol (Su et al., 2014). In brief, cortical
tissue was dissociated with mechanical and enzymatic (trypsin) diges-
tion. We used CD11b microbead columns (Miltenyi Biotec) to enrich for
myeloid cells and immunostained with a panel of fluorochrome-
conjugated antibodies to identify specific innate immune cell popula-
tions. Samples were processed for flow cytometry on a BD FACSAria
sorter, and CD45 dim/F4 – 80 pos/GR-1 neg/1A8 neg microglia were identi-
fied by gating and sorted directly into concentrated TRIzol (Thermo
Fisher Scientific). RNA was extracted, and samples were processed for
expression of IFNAR1 mRNA via singleplex amplification. Cycling con-
ditions were as follows: (1) 95°C for 10 min; and (2) 40 cycles of 95°C for
10 s and 60°C for 30 s. Primers and probe were custom designed (Inte-
grated DNA Technologies) within ifnar1 exon 10 and 11 coding se-
quences and overlapping with loxP sites in the IFNAR1 fl/fl mouse:
forward primer, GAATAGTTGCCCGAGTCCTG; reverse primer, ACG
GTCGCTGTAGAAGTAAAG; and probe, TCTGTGAGCTGTACTTC
CTGAGGTCC. Relative gene expression was calculated using the 		Ct

method in which samples were normalized to the Ct geometric mean of
three housekeeping genes.

Results
Ischemic preconditioned WM was less susceptible to
ischemic injury
To determine whether IPC could induce resistance in WM to a
subsequent ischemic insult, we developed a novel experimental
WM IPC model with a temporal paradigm based on previous IPC
studies (Stenzel-Poore et al., 2003; Zhang et al., 2008). The se-
quential combination of transient CCAO in vivo, followed 72 h
later by ex vivo exposure of the MON to 45 min of OGD (Fig. 2),
the latter a well established model of WM injury (Stys et al., 1991;
Bakiri et al., 2008; Sozmen et al., 2012; Matute et al., 2013), al-
lowed us to assess directly whether the conditioning ischemia
induced WM protection. In all cases, preconditioned MONs (ip-
silateral to transient CCAO) showed improved CAP recovery af-
ter OGD compared with control MONs (contralateral to
transient CCAO; Fig. 3A). The area under the CAP curve, which
is proportional to the number of functioning axons (Buchtal and
Rosenfalck, 1966; Cummins et al., 1979; Stys et al., 1991), was
determined 60 min after the end of the OGD exposure (Fig. 3A,
time point b). The MON exposed to IPC (Ipsi-OGD) showed an
average CAP recovery to 31 � 3% of baseline compared with
17 � 3% in the contralateral MON (Contra-OGD) not exposed
to IPC (p � 0.01; Fig. 3B) and 21 � 4% in the sham-operated
(Sham-OGD) MON (p � 0.05; data not shown). There were no
significant differences among these groups in the rates of CAP
decline at the onset of OGD (Fig. 3A).

Histological analysis showed that preconditioned WM was
less vulnerable to ischemic injury
Functional axonal impairment can be associated with cyto-
skeletal changes in axonal structure (Tekkök and Goldberg,
2001). The linear and uniform pattern of phosphorylated neu-
rofilament staining seen in normal axons is lost in proportion
to the severity of injury. Ischemia-damaged axons show ab-
normal patterns of neurofilament staining, including axonal
heads and retraction bulbs (Adams et al., 1983; Tekkök and
Goldberg, 2001). The IPC protocol used here did not, in and of
itself, alter axon morphology as determined by immunofluo-
rescent staining for phosphorylated neurofilament (Fig. 4 A, B,
quantified in C). After 5 h of ex vivo incubation, MONs ipsi-
lateral and contralateral to CCAO (Ipsi-con and Contra-con,

Table 1. Primer/probe sequences for quantification of steady-state levels of GluR 1– 4 flip and flop isoforms

Gene Isoform
GenBank accession
number Forward primer Reverse primer

Amplicon
size (bp)

UPL probe
number

Probe recognition
site

Genes of interest
GluR1 Flip NM_001113325.1 GCAAGGACTCCGGAAGTAAGG TCTCTCCACTGCCACTTCCT 261 51 GGCAGGAG

Flop NM_008165.3 GGGAGGTGACTCCAAGGACAA TCTCTCCACTGCCACTTCCT 257
GluR2 Flip NM_001083806.1 GCCAAGGACTCGGGAAGTA TGGGTTAATATTCTGTGCATTCTTTG 186 67 TGCTGGAG

Flop NM_013540.2 GGGGAGGTGATTCCAAGG TGGGTTAATATTCTGTGCATTCTTTG 182
GluR3 Flip NM_016886.3 GGAATGTGGAGCCAAGGAC TGGCAGGAGCAGGCTTAAA 206 45 CTGGGGCT

Flop AB102775.1 GCGGTGACTCCAAGGACAA TGGCAGGAGCAGGCTTAAA 189
GluR4 Flip NM_019691.4 AAGGACTCGGGAAGCAAGGA TCTTATGGCTTCGGAAAAAGTCA 177 37 CCAGGGCA

Flop NM_001113180.1 GGGAGGTGACTCCAAGGACAA TCTTATGGCTTCGGAAAAAGTCA 175
Housekeeping genes

HPRT N/A NM_013556.2 GGAGCGGTAGCACCTCCT CTGGTTCATCATCGCTAATCAC 116 69 CTTCCTCC
EIF4a2 Variants 1, 2 NM_013506.2 CGATCTACCTACCAATCGTGAA ACCTTTCCTCCCAAATCGAC 70 53 TGGCAGAG
ATP5b N/A NM_016774.3 GGCACAATGCAGGAAAGG TCAGCAGGCACATAGATAGCC 77 77 CCACCACC

UPL, Universal probe library.
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respectively) were indistinguishable from sham control
(Sham-con) and showed no evidence of pathological changes
in neurofilament structure (Fig. 4). After the ex vivo OGD
exposure, axonal integrity was reduced in both the precondi-
tioned (Ipsi-OGD) and control (Contra-OGD) MONs (Fig.
4). However, the axonal integrity score was better preserved in
the Ipsi-OGD MON relative to the Contra-OGD MON (68 vs
45% of baseline, respectively; p � 0.01; Fig. 4). Pyknotic nuclei
are a reliable marker of apoptotic cell death, and this marker
has been used effectively to judge severity of ischemic injury in
MONs (Tekkök and Goldberg, 2001). IPC alone did not alter
the number of pyknotic nuclei (Fig. 5). Although OGD in-
creased the number of pyknotic cells in MONs both ipsilateral
and contralateral to the previous CCAO (Fig. 5), this increase
was significantly greater in the Contra-OGD compared with

the Ipsi-OGD MON (26 vs 19% of all nuclei, respectively; p �
0.01; Fig. 5B). Together, these data indicate that IPC alone did
not induce any demonstrable MON injury, but IPC did offer
protection against subsequent ischemic insult.

Immunostaining with cell-specific markers revealed that
IPC also reduced loss of oligodendroctye-specific staining
(APC 
) after OGD (Fig. 6). As with the neurofilament stain-
ing and pyknotic nuclei data above, the IPC protocol itself, in
the absence of subsequent OGD, did not change the density of
APC 
 cells (i.e., oligodendrocytes). However, the loss of
APC 
 cells after ex vivo OGD was less in MONs ipsilateral to
the IPC stimulus (69% reduction in Ipsi-OGD versus 91%
reduction in Contra-OGD; p � 0.05; Fig. 6C). Neither IPC
alone nor subsequent ex vivo OGD induced any changes in the
number of astrocytes (GFAP 
 cells) or microglia/macro-
phages (Iba1 
 cells) in MONs (data not shown).

Preconditioning did not alter ischemic release of EAAs or
AMPA glutamate receptor expression
The mechanisms of ischemic WM injury are distinct from
those in GM (Matute et al., 2013). In ischemic WM injury,
glutamate is released and causes excitotoxicity via activation
of AMPA/kainate glutamate receptors (Tekkök et al., 2007).
NMDA-type glutamate receptors are present, but they medi-
ate improved outcome, not damage (Tekkök et al., 2007).
Conversely, hypoglycemic WM injury depends on aspartate
release and activation of NMDA-type glutamate receptors
(Yang et al., 2014). Given the importance of EAA release for
WM injury, in general, we hypothesized that IPC might reduce
subsequent ischemic injury by decreasing glutamate/aspartate
release or alternatively by downregulating glutamate receptor
expression. We used HPLC to measure the concentration of
glutamate and aspartate released from MONs during OGD.
Although we observed the expected increases in EAAs induced
by OGD (Tekkök et al., 2007), we did not detect any significant
changes in OGD-mediated release between the IPC-exposed
MON and the contralateral control optic nerve (Fig. 7A–D).
Most AMPA receptors are heterotetrameric, consisting of a
dimer of dimers that include the GluR2 subunit, as well as
GluR1, GluR3, or GluR4 (Keinänen et al., 1990). The four
known AMPA glutamate receptor subunits each have two
mRNA isoforms termed flip and flop (Sommer et al., 1990).
The physiological function of the channel is determined by
both the composition of the subunits of the receptor and flip/
flop isoforms that can affect channel open time and possibly
injury severity (Keinänen et al., 1990; Sommer et al., 1990).
Using qRT-PCR, we quantified steady-state levels of both the
flip and flop mRNA isoforms of GluR1–GluR4 in MON 72 h
after IPC. We detected expression of the flip isoform of all four
AMPA receptor subunits and the flop isoform of GluR1 and
GluR2 (Fig. 7E). We did not detect any significant differences
in expression of any of the subunits or isoforms between the
ipsilateral preconditioned and contralateral control MONs
(Fig. 7E).

Preconditioning-mediated protection of axonal function was
absent in TLR4 �/� mice
TLR4 signaling is required for optimal IPC-mediated protection
in infarct volume models of IPC (Pradillo et al., 2009). We tested
the relevance of this gene product in WM IPC using TLR4�/�

mice. As we did for WT mice (see above), we compared CAP
recovery after ex vivo OGD in TLR4�/� MONs that were precon-
ditioned (Ipsi-OGD) or not preconditioned (Contra-OGD) by

Figure 3. Axon function in WT MONs is improved after IPC. Seventy-two hours after IPC
pulse, axon function in MONs from WT mice was assessed. MONs were allowed to equilibrate for
30 – 60 min to establish a baseline (see time point a). Axons were stimulated every 30 s with a
supramaximal pulse; CAPs were quantified. Error bars are shown for every 10 data points.
Ischemia was induced by OGD. After 45 min of OGD, normoxic/normoglycemic control condi-
tions were returned for a period of several hours to monitor recovery (see time point b). Insets
demonstrate a typical CAP at baseline (a) and during recovery (b) in both ipsilateral precondi-
tioned (red) and contralateral control (blue) MONs. Calibration: insets in A, 1 mV, 0.5 ms. Bar
graph showing extent of CAP recovery at 60 min after the end of 45 min OGD pulse (time point
b). **p � 0.01. n � 11 MONs per group.
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previous transient CCAO. We also quantified CAP recovery from
OGD in Sham-OGD control MONs. The IPC protection seen in
WT animals (i.e., in MONs ipsilateral to CCAO) was abolished in
the TLR4�/� mice (Fig. 8A; Ipsi-OGD CAP recovery, 23 � 4%
and Contra-OGD recovery, 21 � 5%, p � NS; Sham-OGD CAP
recovery, 20 � 3%, p � NS; data not shown).

Preconditioning-mediated protection
of axonal function was absent in
IFNAR1 �/�mice
IFN signaling (notably IRF3 and IRF7)
is required for optimal IPC-mediated
protection in infarct volume models of
IPC (Stevens et al., 2011). IFNAR1 is the
primary receptor mediating cellular sig-
naling for type I IFNs (including all
IFN� and IFN�; Müller et al., 1994).
Several recent studies have also shown
that IFNAR1 is required for optimal
TLR agonist-mediated protection in in-
farct volume models of ischemic cross-
tolerance (Gesuete et al., 2012; Leung et
al., 2012). To test the importance of IF-
NAR1 in IPC-mediated WM protection,
we compared CAP recovery after ex vivo
OGD in IFNAR1�/� mice whose MONs
were preconditioned (Ipsi-OGD) or not
preconditioned (Contra-OGD) 72 h
earlier by transient CCAO. No IPC pro-
tection was detected in IFNAR1�/�

mice (Fig. 8B; Ipsi-OGD CAP recovery,
14 � 3% and Contra-OGD recovery,
17 � 5%, p � NS).

Preconditioning-mediated protection
of axonal function was absent in
myeloid cell-targeted IFNAR1
knockdown mice
Microglia, the resident immune cells of
the CNS, have been implicated in IPC
(Weinstein et al., 2010). Prinz et al.
(2008) recently generated a myeloid-
selective IFNAR1 knockdown strain,
IFNAR1fl/fl LysMcre, that shows a high
degree of IFNAR1 knockdown in innate
immune cell populations and has been
used to specifically implicate microglial/
macrophage expression of IFNAR1 in
the pathophysiology of experimental
autoimmune encephalomyelitis. We
used this IFNAR1 knockdown strain to
determine whether microglial IFNAR1
signaling plays a role in WM IPC. We
first demonstrated that IFNAR1 expres-
sion in IFNAR1fl/fl LysMcre mice was
“knocked down” by 93 and 70%, respec-
tively, in primary microglia (Fig. 1A)
and ex vivo sorted cortical microglia
(Fig. 1B). We next determined whether
IPC-induced protection from ischemic
injury was altered in MONs from
IFNAR1fl/fl LysMcre mice compared with
MONs from IFNAR1fl/fl mice. Robust
protection from ischemia after the stan-

dard IPC protocol was present in the IFNAR1fl/fl control line
(Fig. 8C,E; Ipsi-OGD CAP recovery, 45 � 2% and Contra-
OGD CAP recovery, 25 � 6%, p � 0.05) but not in the cell-
type-specific IFNAR1fl/fl LysMcre knockdown line (Fig. 8 D, F;
Ipsi-OGD CAP recovery, 24 � 3% and Contra-OGD recovery,
25 � 4%, p � NS).

Figure 4. IPC attenuates axonal degradation after OGD. Axons were fixed and stained for SM-31 (green), an antibody that binds
phosphorylated neurofilaments, as well as the nuclear marker DAPI (blue). The 40� objective images in A were obtained with an
immunofluorescent microscope as described in Materials and Methods. Higher-magnification images in B are digital zoom. Axonal
morphology was quantified systematically as described in Materials and Methods (maximum possible score is 12). IPC pulse alone
did not significantly alter axonal morphology, but after OGD, there was a significant increase in the amount of axonal injury. Arrows
indicate head/bulb formation in the injured fields after OGD (right panels in A). Axonal integrity after OGD was significantly greater
in the Ipsi-OGD (7.5 � 0.5) versus Contra-OGD (4.8 � 0.4) MONs; **p � 0.01 (C). Scale bars: A, �30 �m; B, �8 �m. n � 3
MONs per group.
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Discussion
These findings demonstrate for the first time that IPC induces a
robust protective effect against subsequent ischemic injury in
CNS WM. The relative protective effect of IPC was 1.8-fold ac-
cording to our physiological data, which represents a propor-
tional 1.8-fold increase in the number of functional axons that
survived the ischemic challenge. We also found a significant IPC-
induced protective effect in our structural data. Of great interest,
IPC-induced protection in WM, as in GM, depended on key
immune cell signaling pathways: TLR4 and type 1 IFN. In the
absence of either, the powerful protective effect of IPC in WM
was abolished. In addition, we used a myeloid cell-targeted IF-
NAR1 knockdown line to demonstrate that IFNAR1 expression
in innate immune cells was critical for IPC-mediated protection
in WM. Although the precise downstream mechanism(s) of
IPC-induced WM protection remains to be determined, our data
indicated that oligodendrocytes were better preserved in the IPC-

Figure 5. IPC attenuates formation of pyknotic nuclei in MONs after OGD. MONs were stained
for the nuclear marker DAPI. The 40� objective images in A were obtained with an immuno-
fluorescent microscope as described in Materials and Methods. The number of pyknotic nuclei
were quantified as described in Materials and Methods. IPC pulse alone did not significantly
alter the baseline number of pyknotic nuclei (left column in A, quantified in left two bars in B):
Contra-con was 7 � 1% and Ipsi-con was 6 � 1%. However, after OGD, there was a significant
increase in the number of pyknotic nuclei (right column in A, right two bars B) that was more
pronounced on the non-preconditioned side: Contra-OGD, 33 � 3% versus Ipsi-OGD, 25 � 2%;
**p � 0.01. Arrows indicate clumping of chromatin/pyknotic nuclei in the injured fields after
OGD (right column in A). Scale bar, �15 �m. n � 3 MONs per group.

Figure 6. IPC attenuates OGD-induced oligodendrocyte loss in MONs. MONs were
stained (green) with APC, an oligodendrocyte marker, and the nuclear marker DAPI (blue).
The 40� objective images in A were obtained with an immunofluorescent microscope as
described in Materials and Methods. Higher-magnification images in B are digital zoom.
The number of APC 
 cells were quantified as described in Materials and Methods. IPC
pulse alone did not significantly alter the baseline number of oligodendrocytes (left col-
umns in A and B, quantified in left two bars in C): Contra-con was 64 � 4% and Ipsi-con
was 61 � 3%. However, after OGD, there was a significant decrease in the number of
APC 
 cells (right columns in A and B, right two bars in C). The number of APC 
 cells after
OGD was reduced more in the non-preconditioned side: Contra-OGD, 6 � 3% versus
Ipsi-OGD, 19 � 4%; *p � 0.05. Scale bars: A, 60 �m; B, 15 �m. n � 3 MONs per group.
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Figure 7. IPC did not change the amount of glutamate or aspartate released, nor did it alter AMPA glutamate receptor expression. As expected, OGD for 60 min was associated with a
time-dependent increase in glutamate (A) and aspartate (B) release from optic nerve. However, there was no significant difference in release of either glutamate or aspartate from the
Ipsi-OGD and Contra-OGD optic nerves at any time point during or after OGD. Samples of extracellular perfusate, ACSF, were collected every 2 min and assessed for amino acid
concentrations by HPLC (see Materials and Methods). C and D show data for glutamate and aspartate release, respectively, reorganized into 20 min epochs (mean � SE), n � 5; release
magnitude compared with control/baseline (first 20 min); * over bar indicates a statistically significant release compared with baseline (noted by dashed line). *p � 0.05; **p � 0.01;
***p � 0.001 by ANOVA with Dunnett’s post hoc test against 20 min of corresponding basal level release before OGD application. Preconditioned (Ipsi-OGD) and non-preconditioned
(Contra-OGD) control displayed no significant differences in either glutamate or aspartate release before, during, or after OGD (Student’s t test). Several representative nonsignificant p
values are shown. n � 4 MONs per group. In E, the effects of IPC on expression of AMPA GluR mRNA subtypes/isoforms is shown. qRT-PCR on RNA extracted from either ipsilateral or
contralateral MONs 72 h after 15 min CCAO, our IPC pulse. Findings are presented as log10 fold change in steady-state levels of each AMPA GluR subtype/isoform mRNA gene of interest
(GOI) relative to panel of housekeeping genes (HKG) as described in Materials and Methods. Bar graph shows that six of the eight GluR subtypes/isoforms could be detected by qRT-PCR.
IPC did not significantly alter expression of any of these transcripts at the 72 h time point (Student’s t test). n � 3 qRT-PCR experiments on pooled samples from a total of 9 MONs per
group.
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protected MONs. Thus, IPC-induced
protection in WM may be mediated, at
least in part, by specific changes that ren-
der these cells less vulnerable to ischemic
destruction (Fig. 9). Oligodendrocytes are
susceptible to glutamate excitotoxicity
during ischemia (Salter and Fern, 2005;
Alix and Fern, 2009), but we found no
differences in the amount of glutamate
released from preconditioned and
control WM, nor did we find any IPC-
induced differences in the expression
of AMPA glutamate receptor mRNA
subunits/isoforms.

Our post-IPC testing protocol was
performed on completely isolated MONs,
allowing the conclusion that the observed
IPC-induced protection was intrinsic to
WM. In other words, it was not mediated
by nearby GM or by systemic changes that
could be communicated by an intact cir-
culation or even diffusion from CSF. Ret-
inal ganglion cells, the cells that give rise to
all axons in the optic nerve, are also ex-
posed to ischemia after CCAO (our IPC
pulse; Hayreh, 2006). However, it seems
unlikely to us that the observed changes in
ischemic WM injury were attributable to
IPC-stimulated changes in retinal gan-
glion cells. Although changes initiated in
the ganglion cells could theoretically be
communicated by axonal transport, it
seems improbable that axons thus influ-
enced would be able to provide protection
to oligodendrocytes, cells exclusive to
WM. Therefore, we currently believe that
WM, in and of itself, can mount meaning-
ful protection against ischemic injury af-
ter a previous transient ischemic event.

There are several advantages of the
combined in vivo/ex vivo experimental
IPC model used here. The IPC stimulus
and the 72 h “induction period” occurred
under normal, in vivo conditions, allow-
ing more direct comparison with IPC-like
events in patients. The MON that was
contralateral to the transient unilateral
CCAO (i.e., the preconditioning event)
served as an ideal control for the ipsilat-
eral MON, experiencing IPC, because it
eliminated differences attributable to
biovariability among individual animals.
Finally, the ex vivo MON preparation per-
mitted exclusive assessment of WM isch-
emic vulnerability after IPC. The test period of WM ischemia
could be controlled precisely, and both structural and physiolog-
ical accompaniments of WM injury could be evaluated quantita-
tively, enabling unequivocal detection of experimental
differences (Buchtal and Rosenfalck, 1966; Cummins et al., 1979;
Stys et al., 1991).

The pathophysiology of ischemic WM injury has been studied
extensively, but many questions about this destructive cascade
remain open (Kettenmann and Ransom, 2013; Fern et al., 2014).

One proven tenant is that WM ischemic injury has unique fea-
tures that distinguish it from GM ischemic pathophysiology. The
capacity for recovery from a standardized ischemic insult is
greater for WM than for GM (Tekkök and Ransom, 2004). There-
fore, in principle, WM offers more opportunity for therapeutic
intervention after an ischemic insult than does GM. Ischemia
depletes ATP, leading to elevated intracellular [Na
] and cellular
depolarization, which in turn cause reversal of Na
-dependent
glutamate uptake in astrocytes and a spike in extracellular [glu-

Figure 8. IPC failed to protect WM against ischemic injury in TLR4�/�, IFNAR1�/�, or myeloid cell-specific IFNAR1 knockdown
MONs. Seventy-two hours after IPC pulse (15 min CCAO), MONs were removed and exposed to a standardized ischemic insult: 45
min of OGD (see Materials and Methods). Recovery from OGD was determined 60 min after reperfusion with control solution (time
point b). For the TLR4�/� mice, recovery of CAP was similar in Contra-OGD (21 � 5%) and Ipsi-OGD (23 � 4%; p � NS) MONs (A).
For the IFNAR1�/� mice, recovery of CAP was also similar in Contra-OGD (17 � 5%) and Ipsi-OGD (14 � 3%; p � NS) MONs (B).
n � 8 and 5 MONs per group for TLR4�/� and IFNAR1�/�, respectively. For the IFNAR1fl/fl control mice, recovery of CAP was
significantly less in Contra-OGD (25 � 6%) compared with Ipsi-OGD (45 � 3%; *p � 0.05) MONs (C, E). For the IFNAR1fl/fl LysMcre

mice, recovery of CAP was similar in Contra-OGD (25 � 4%) and Ipsi-OGD (24 � 3%; p � NS) MONs (D, F ). n � 4 MONs per group
for IFNAR1fl/fl control and IFNAR1fl/fl LysMcre, respectively.
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tamate] (Tekkök et al., 2007). Both GM and WM suffer glutamate
receptor overexcitation (i.e., “excitotoxicity”) during ischemia,
but there is an important difference: ischemic excitotoxicity in
GM is mediated by both NMDA- and AMPA/kainate-type gluta-
mate receptors, whereas in WM, only AMPA/kainate-type gluta-
mate receptors mediate injury (Baltan et al., 2008); the situation
may be different in perinatal WM (Micu et al., 2006). In fact,
NMDA receptor antagonism during WM ischemia reduces re-
covery (Baltan et al., 2008). Oligodendrocytes are believed to be
the primary target of toxic glutamate receptor activation (Baltan
et al., 2008), but astrocytes, and even axons, express glutamate
receptors and might also suffer. Preceding, or possibly in parallel
with, excitotoxicity, WM axons suffer damaging Ca 2
 overload
during ischemia mediated by collapse of the transmembrane
Na
 gradient, causing reverse Na
/Ca 2
 exchange (Li et al.,
1999; Sánchez-Gómez et al., 2003; Ruiz et al., 2010). Although we
do not know whether axonal injury precedes or follows oligoden-
drocyte injury and associated changes in myelin (Fern et al.,
1998), it appears that injury to either adversely affects the other
(Waxman et al., 1994).

Because the IPC benefit was not attributable to either of two
obvious possibilities— diminished glutamate release during isch-
emia or reduction in the expression of AMPA glutamate receptor
subunits (Fig. 7)—we considered other possibilities. TLR4 sig-
naling is important in stroke pathophysiology (Cao et al., 2007;
Caso et al., 2007) and has been implicated directly in IPC-
mediated neuroprotection in GM predominant models (Pradillo
et al., 2009). Ischemia is presumed to cause release of endoge-
nous TLR4 agonists (including heat shock proteins, high mo-

bility group box 1, and peroxiredoxins),
sometimes called “danger-associated
molecular pattern” (DAMP) molecules,
activating TLR4 on resident microglia, as-
trocytes or infiltrating macrophages
(Weinstein et al., 2010; Shichita et al.,
2012). In the case of IPC in GM, this acti-
vation attenuates inflammation and en-
hances immunomodulatory signaling
pathways (Stenzel-Poore et al., 2007). We
found that IPC-mediated protection in
WM was abolished in TLR4�/� mice (Fig.
8A), indicating the presence of at least a
partial “common pathway” for IPC in
both WM and GM.

Genomic studies on preconditioning
in GM have implicated in downstream in-
terferon stimulated gene (ISG) expression
in the mechanism of TLR-dependent pre-
conditioning (Stevens et al., 2011). Stim-
ulation of ISG expression depends on
activation of IFNAR1, and we found that
IPC-mediated protection in WM was
eliminated in IFNAR1�/� mice (Fig. 8B),
directly implicating IFN signaling in this
phenomenon. Although IFNAR1 itself
has been implicated previously in mod-
els of TLR-agonist-dependent ischemic
cross-tolerance (Gesuete et al., 2012;
Leung et al., 2012), to our knowledge, this
is the first demonstration that IFNAR1
plays a role in any form of IPC.

This observation provides support for
the hypothesis that an IPC pathway, with

major generic features, operates in both GM and WM. This cer-
tainly leaves open the possibility that components of the up-
stream and downstream IPC cascade may vary significantly
between these two vastly different CNS regions. In the CNS, mi-
croglia have the highest expression of, and responsiveness to,
TLR4 (Holm et al., 2012) and IFNAR1 (Costello and Lynch,
2013), suggesting that these cells are crucial, but perhaps not the
only, cellular mediators of IPC. In this regard, it is worth men-
tioning that microglia are present at approximately the same den-
sity in GM and WM (Kettenmann et al., 2011), including within
the optic nerve (M.A.H. and B.R.R., unpublished observations).
To characterize the cell-type-specific role of microglial IFNAR1
signaling in IPC, we used the IFNAR1fl/fl LysMcre mouse strain
(Fig. 8C–F). IPC-mediated protection in WM was eliminated
completely in this myeloid cell-targeted IFNAR1 knockdown
strain but not in the corresponding IFNAR1fl/fl control line. It is
important to note that the LysM promoter is active in both mi-
croglia and macrophages so we cannot exclude a role for infiltrat-
ing macrophages in this process. Nevertheless, this finding
strongly suggests that innate immune cells (either microglia or
macrophages), rather than astrocytes, oligodendrocytes, or other
WM elements, are the key target for IFN-mediated signaling in
WM after an IPC pulse.

In looking at the CAP recovery levels after OGD, we noted that
the IFNAR1fl/fl control mouse strain MONs (Fig. 8C,E) had
slightly better recoveries than WT animal MONs (Fig. 3) under
control conditions (i.e., without IPC). There could be several
explanations: (1) the experiments were performed at different
times and might have been subject to slightly different environ-

Figure 9. Hypothesized pathway of IPC in CNS WM. IPC in WM is initiated by a brief (15 min) CCAO ischemic pulse (1). This leads
to the extracellular release of DAMP macromolecules from multiple cellular (astrocytes, microglia) and possibly other (axons,
myelin sheaths) sources (2). There likely are a variety of DAMP macromolecules involved, but specific examples might include heat
shock proteins, peroxiredoxins, high mobility group box 1, and fibronectin. These DAMP macromolecules then bind to TLRs on the
cell surface, including TLR4. In WM, TLR4 is found on microglia (3a) and astrocytes (3b). Binding of these receptors induces
production of type 1 interferons, including IFN� and IFN�, which are then secreted from the cells (4 ). INF�/� can then bind to the
type 1 interferon receptor (a heterodimer that includes IFNAR1) on nearby microglia (5). This induces activation of IRFs and
the transcription of ISGs in the microglia (6 ). Secreted ISG products (such as the chemokines CXCL10 and CCL5) are released from
the cell (7a), and intracellular ISGs may alter the microglial phenotype (7b). ISG expression ultimately leads to protection of
oligodendrocytes and their associated myelin and enhances functional recovery to subsequent ischemic exposure (8).
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mental conditions (i.e., food, sleep/wake cycle, etc.); (2) the ani-
mals were obtained from different vendors and therefore might
be subject to some “genetic drift”; or (3) insertion of the loxP
sequences might, themselves, have a subtle effect on recovery
from ischemia. However, the important point is that our main
experimental findings are not subject to these concerns. In each
condition, we compared optic nerves from the same animal, one
exposed to IPC, the other not exposed to IPC.

In conclusion, our findings demonstrated the existence of ro-
bust IPC-induced protection in WM that depended on the ex-
pression of two immune cell signaling molecules/pathways:
TLR4 and IFNAR1 (Fig. 9). Furthermore, this is the first in vivo
demonstration that cell-type-specific expression of an individual
gene (i.e., microglial/macrophage expression of IFNAR1) plays
an indispensable role in the IPC phenomenon. These findings
support the concept that manipulation of the neuroimmune re-
sponse may be able to alter the outcome of ischemic brain injury
in humans, providing benefit for both WM and GM.
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