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Abstract
Interferon-regulatory factor (IRF)-1-dependent genes in neurons play a role in ischemic neuronal death; however, the roles
of IRF-1 in dementia are not well investigated. Therefore, we assessed the effect of IRF-1 on cognitive function using a
vascular cognitive impairment mouse model created by chronic cerebral hypoperfusion. Male 10-week-old C57BL/6 (wild-
type; WT) and IRF-1-knockout (IRF-1KO) mice were used in this study. A chronic cerebral hypoperfusion mouse model
was generated by bilateral common carotid artery stenosis (BCAS) treatment. After 6 weeks of BCAS, the mice were
subjected to the Morris water maze test five times a day for 5 days. In the Morris water maze task, escape latency was
significantly prolonged in sham-operated IRF-1KO mice compared with sham-operated WT mice. However, BCAS
treatment cancelled such difference in spatial learning between WT and IRF-1KO mice. BCAS treatment decreased CBF,
but no significant difference was observed between the two strains after BCAS. Sham-operated IRF-1KO mice showed a
decrease in mRNA expression of caspase-1 and an increase in IRF-2 expression in the hippocampus. Expression of
angiotensin II type 2 (AT2) receptor, which induces better cognitive function, is regulated by IRF-1; however, no obvious
difference in AT2 receptor expression was observed between the two strains even after BCAS. These results suggest that
IRF-1 has a protective effect on cognitive decline in a normal condition; however, there was no obvious effect on cognition
after chronic cerebral hypoperfusion treatment.

Introduction

Vascular cognitive impairment is the second most common
type of dementia and is associated with vascular risk
factors such as hypertension, diabetes, and hyperlipidemia
[1]. Reduced cerebral blood flow (CBF) owing to vascular
dysfunction leads to hypoxia and ischemia, which
initiates an inflammatory response with induction of
proteases and free radicals and results in neuroinflamma-
tion [2]. In patients with vascular cognitive impairment,

contrast-enhanced magnetic resonance imaging reveals
regions of increased permeability within white matter
hyperintensities with disruption of the blood–brain
barrier (BBB) [3]. Therefore, neuroinflammation plays an
important role in the progression of vascular cognitive
impairment.

Interferon-regulatory factor-1 (IRF-1) in the brain has
mainly been investigated in neuroinflammation such as
encephalomyelitis [4–7]. In stroke, IRF-1 level is increased
[8] and IRF-1KO mice showed reduced stroke size [9].
IRF-1 is essential for the induction of inducible nitric
oxide synthase (iNOS) in macrophages [10, 11]. Sharma
et al. [12] reported the protective effect of an iNOS inhibitor
on vascular cognitive impairment induced by hypertension.
These results suggest that IRF-1 regulates neuroinflamma-
tion and enhances the severity of brain injury partly via
iNOS induction. On the other hand, our recent reports
have indicated that stimulation of the angiotensin II type 2
(AT2) receptor prevents cognitive decline [13] and IRF-1
induces AT2 receptor expression [14–17], indicating
that IRF-1 has a beneficial effect on cognitive decline via
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AT2 receptor signaling. However, the effect of IRF-1 on
vascular injury-induced cognitive impairment has not been
investigated. Bilateral carotid artery stenosis (BCAS) is a
model for subcortical ischemic vascular cognitive impair-
ment [18, 19], Therefore, we hypothesized that IRF-1 plays
a role in BCAS-induced vascular cognitive impairment. To
clarify this hypothesis, we employed IRF-1-deficient mice
and assessed cognitive function with and without BCAS,
focusing on neuroinflammation.

Methods

This study was performed in compliance with the National
Institutes of Health guidelines for the use of experimental
animals and under protocols reviewed and approved by the
Animal Studies Committee of Ehime University.

Animals

The study procedure is shown in Fig. 1. Adult male
C57BL/6 mice (Clea Japan Inc., Tokyo, Japan) as wild-
type (WT) mice and IRF-1 knockout mice (IRF-1KO
mice; based on C57BL/6 J strain) [20] (23–25 g; 10 weeks
old) were used. Mice were housed in a room in which
lighting was controlled (12 h on, 12 h off), and tempera-
ture was kept at 25 °C. They were given a standard diet
(MF, Oriental Yeast, Tokyo, Japan) and water ad libitum.
BCAS was induced by a microcoil technique as described
previously [21]. We used a microcoil with inner diameter
of 0.18 mm and total length of 2.5 mm (Sawane Spring
Co., Hamamatsu, Japan). Mice were anesthetized with i.p.
65 mg/kg nembutal in saline. A midline incision was
made in the neck, and the bilateral common carotid
arteries were isolated. A silk suture was placed around the
right common carotid artery (CCA). Then, the CCA was
gently lifted by a suture and placed between the loops
of the microcoil. The microcoil was twined around the
CCA by rotating it. After that, another microcoil was
twined around the left CCA in the same way. Sham

operation was performed till isolation of the common
carotid arteries. The microcoil’s inner diameter of 0.18
mm resulted in a stenosis of ~ 50%, because the outer
diameter of the CCA was 0.35–0.40 mm under anesthesia.
We checked the cerebral blood flow before and just
after BCAS operation. Cerebral blood flow just after
BCAS operation was decreased to 60–70%. Systolic
blood pressure was measured in conscious mice by the
tail-cuff method (MK-1030; Muromachi Co., Tokyo,
Japan) 6 weeks after BCAS operation. There was no
significant difference in systolic blood pressure of
WT and IRF-1KO mice with or without BCAS surgery
(data not shown).

Morris water maze test

The Morris water maze task was performed in mice 6 weeks
after the BCAS operation as previously described [22]. A
white circular tank (120 cm diameter) was filled with water
(23 ± 2 °C). A transparent platform (a 6 cm × 6 cm acrylic
board) was placed 1.5 cm below the surface of the water.
Four objects in the corners of the pool helped mice to know
their position. After they were placed on the platform for
10 sec, they were put into the water. After reaching the
platform, they were returned to their cages. If they did not
reach the platform within 120 sec, they were placed on
it, kept there for 10 sec, and returned to their cages. Mice
were trained five times a day at 20-min intervals for 5
consecutive days. In each trial, mice were given 120 sec
to find the platform. Swimming was video-tracked (Any-
Maze, Wood Dale, IL), and latency, path length, swim
speed, and cumulative distance from the platform were
recorded. Mean swim latency each day was evaluated and
compared between groups. The area under the curve of days
1–5 was quantified using computer-imaging software
(Densitograph; ATTO Corporation, Tokyo, Japan). All
analyses were performed by an investigator blinded to the
experimental conditions.

Measurement of CBF

CBF was measured by laser speckle flowmetry (Omegazone
laser speckle blood flow imager; Omegawave, Tokyo,
Japan), which obtains high-resolution 2D images in a matter
of seconds as previously described [13]. CBF was measured
at 3 days, 7 days, and 6 weeks after BCAS surgery. Mice
were anesthetized with i.p. Nembutal (75 mg/kg), and a
midline incision was made in the scalp. The skull was
exposed and wet with saline. A 780-nm laser semiconductor
laser illuminated the whole skull surface. Mean CBF on the
skull surface was measured. Light intensity was accumu-
lated in a charge-coupled device camera and transferred to a
computer for analysis. Image pixels were analyzed to

Fig. 1 Study procedure of this study. BCAS, bilateral common carotid
artery stenosis
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produce average perfusion values. All analyses were
performed by an investigator blinded to the experimental
conditions.

Real-time reverse transcription polymerase chain
reaction (RT-PCR) method

Brain samples were obtained at 3 days, 7 days, and 6 weeks
after BCAS surgery. Thus, some mice were killed without the
Morris water maze test. Samples of the hippocampus were
frozen in liquid nitrogen and stored at −80 °C until analysis.
Total mRNA was extracted from brain samples after homo-
genization in Sepazol (Nacalai Tesque Inc., Kyoto, Japan).
Quantitative real-time RT-PCR was performed with a SYBR
green kit (MJ Research, Inc., Waltham, MA). PCR primers
were as follows: IFNα, IFNβ, IFNγ, IRF-1, IRF-2, tumor
nuclear factor (TNF)-α, monocyte chemotactic protein
(MCP)-1, IL-6, p22phox, p40phox, p47phox, p67phox, gp91phox,
angiotensin II type 1 (AT1) receptor, AT2 receptor, brain-
derived neurotropic factor (BDNF), caspase-1, prostaglandin-
endoperoxide synthase (2PTGS2/COX2), annexin A2
(ANXA2), cyclin B1 (CCNB1), and iNOS. Primer sequences
are shown in Table 1.

Histological analysis

Brain samples were fixed with 4% paraformaldehyde and
stored as paraffin-embedded samples. To assess the histo-
pathological changes after BCAS surgery, we prepared 5-
μm-thick paraffin sections and stained them with
hematoxylin–eosin after deparaffinization. Coronal slices
were selected between 1.82 mm and 2.31 mm posterior to
the bregma to observe the hippocampal area. Samples were
examined with an upright microscope (Axioskop 2, Carl
Zeiss, Oberkochen, Germany) at × 400 magnification. The
center of the CA1 area and the innermost portion of the
granular cell layer in the dentate gyrus were set as the
observation range. Average cell number per field from two
slices with a 200-µm interval was counted with computer-
imaging software (Densitograph, ATTO, Tokyo, Japan).

Statistical analysis

All values are expressed as mean ± standard error of the
mean in the text and figures. Analysis of variance was also
performed for each result. If a statistically significant effect
was found, post hoc analysis with Tukey–Kramer method

Table 1 Primers used for qPCR

Gene Accession # Forward Reverse

IFNα NM_206975 5′-CCTTCTGCAATGACCTCAACACT-3′ 5′-AGGGGAGGTGCCTGTATCTCT-3′
IFNβ NM_010510 5′-AGAGTTACACTGCCTTTGCCATC-3′ 5′-CTGTCTGCTGGTGGAGTTCATC-3′
IFNγ NM_008337 5′-TTACTACCTTCTTCAGCAACAGCAA-3′ 5′-CTGGTGGACCACTCGGATGAG-3′
IRF-1 NM_008390 5′-CAGAGGAAAGAGAGAAAGTCC-3′ 5′-CACACGGTGACAGTGCTGG-3′
IRF-2 NM_008391 5′-GCGGTCCTGACTTCAGCTATA-3′ 5′-CTTCTTGATGACACTGGCCGG-3′
TNF-α NM_013693.3 5′-CGAGTGACAAGCCTGTAGCC-3′ 5′-GGTGAGGAGCACGATGTCG-3′
MCP-1 NM_011333.3 5′-TTAACGCCCCACTCACCTGCTG-3′ 5′-GCTTCTTTGGGACACCTGCTGC-3′
IL-6 NM_031168.1 5′-CCACTTCACAAGTCGGAGGCTTA-3′ 5′-GCAAGTGCATCATCGTTGTTCATAC-3′
p22phox NM_001301284

NM_007806.3
5′-TGGCTACTGCTGGACGTTTCAC-3′ 5′-CTCCAGGAGACAGATGAGCACAC-3′

p40phox NM_008677.2 5′-TTTGAGCAGCTTCCAGACGA-3′ 5′-GGTGAAAGGGCTGTTCTTGC-3′
p47phox NM_001286037.1

NM_010876.4
5′-GTCCCTGCATCCTATCTGGA-3′ 5′-GGGACATCTCGTCCTCTTCA-3′

p67phox NM_010877.4 5′-CAGACCCAAAACCCCAGAAA-3′ 5′-AGGGTGAATCCGAAGCTCAA-3′
gp91phox NM_007807.5 5′-TGGGATCACAGGAATTGTCA-3′ 5′-CTTCCAAACTCTCCGCAGTC-3′
AT1 receptor NM_177322.3 5′ - AGTCGCACTCAAGCCTGTCT-3′ 5′-ACTGGTCCTTTGGTCGTGAG-3′
AT2 receptor NM_007429 5′-CACTGGCAACTAAAAAGGTAAGA-3′ 5′-CGGCTGCTGGTAATGTTTCTG-3′
BDNF NM_007540 5′-AGGACAGCAAAGCCACAATGT-3′ 5′-CCTTCATGCAACCGAAGTATG-3′
Caspase-1 NM_009807 5′-TGAAGAGGATTTCTTAACGGATGC-3′ 5′-GTCTCCAAGACACATTATCTGGTG-3′
PTGS/COX2 NM_011198 5′-AAGACAGATCATAAGCGAGGACCT-3′ 5′-CACCTCTCCACCAATGACCTGAT-3′
ANXA2 NM_007585 5′-GGATGGCTCAGTTATTGACTACGA-3′ 5′-CGTCGGTTCCTTTCCTCTTCAC-3′
CCNB1 NM_172301 5′-GAGTGACGTAGACGCAGATGATG-3′ 5′-AGGATAGCTCTCATGTTTCCAGTCA-3′
iNOS NM_010927 5′-GTCACCTACCGCACCCGAG-3′ 5′-GCCACTGACACTTCGCACAA-3′
GAPDH NM_001289726.1

NM_008084.3
5v- ATGTAGGCCATGAGGTCCAC-3′ 5′-TGCGACTTCAACAGCAACTC-3′
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was performed to detect the difference between the groups
using Statcel ver.3 software. Data were evaluated by ana-
lysis of variance followed by post hoc analysis for multiple
comparisons. A difference with p < 0.05 was considered
significant.

Results

BCAS treatment enhanced levels of inflammatory
cytokines after 7 days in WT mice

First, we analyzed the time-course mRNA expression of
IFNα, β, and γ and IRF-1 in the hippocampus of WT mice
after BCAS surgery to determine the peak of inflammatory
cytokine expression (Fig. 2). Samples were prepared from
sham, and 3 and 7 days and 6 weeks after BCAS surgery.
Such expression increased after BCAS treatment and
reached a peak after 7 days of BCAS.

IRF-1KO mice showed impaired cognitive function
compared with WT mice, but BCAS treatment
induced impairment of cognitive function in both
WT and IRF-1KO mice

Sham-treated IRF-1KO mice showed prolonged escape
latency on the third to fifth day of the trial compared with
WT mice (Fig. 3). BCAS treatment prolonged mean escape

latency in WT mice and also in IRF-1KO. However, there
was no obvious difference in escape latency between the
two strains with BCAS (Fig. 3). Swim speed was not dif-
ferent in each mouse group (Supplementary Fig. 1).

Comparison of CBF in WT and IRF-1KO mice with
and without BCAS

Figure 4 shows a comparison of CBF between WT and IRF-
1KO mice. BCAS treatment decreased CBF in both strains,
but no significant difference was observed between the two
BCAS strains.

Fig. 2 Time course of IFNα, β,
and γ and IRF-1 in hippocampus
of WT mice after BCAS
surgery. RT-PCR analysis was
performed as described in
“Methods”. No significant
difference was observed at each
time. N= 3–4 for each group

Fig. 3 Cognitive function in WT and IRF-1KO mice with and without
BCAS. The Morris water maze test was performed according to
“Methods”. Mean escape latency on each training day is shown. #p <
0.05 vs. Sham (IRF-1KO), *p < 0.05 vs. Sham (WT). n= 18–23
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Comparison of cell number in CA1 region between
WT and IRF-1KO mice

To investigate whether there was a morphological change in
the hippocampus of IRF-1KO mice, we counted the cell
number in the CA1 region. No significant difference was
observed between the two strains, even after BCAS surgery
(Fig. 5).

Comparison of mRNA expression in IRF-1KO mice
compared with WT mice with and without BCAS

Next, we assessed mRNA expression in the hippocampus.
Levels of inflammatory cytokines such as TNF-α, MCP-1,
and IL-6 showed no significant change in sham-operated
mice.

Interestingly, their expression increased earlier in IRF-
1KO mice compared with WT mice after BCAS and
reached a peak after 3 days of BCAS (Fig. 6a). IRF-1KO
mice showed no increase in the levels of NADPH subunits
after BCAS (Fig. 6b). BDNF level also increased earlier
in IRF-1KO mice compared with WT mice after BCAS
and reached a peak after 3 days of BCAS (Fig. 6c). On the
other hand, no obvious difference in levels of angiotensin II
receptors, especially in the AT2 receptor, which was shown
to induce better cognitive function in our previous report
[13], was observed between the two strains even after
BCAS (Fig. 6d).

Several isoforms exist in interferon-regulatory factors
[23], and IRF-1 controls the transcription of various
genes [24]. Next, we investigated the expression of
several genes that are reported to be involved in cogni-
tive function. Caspase-1 level was lower in IRF-1KO
mice, even in non-treated mice (Fig. 7a). On the other
hand, IRF-2 level was significantly higher in IRF-1KO

mice than in non-treated mice. However, after BCAS,
IRF-2 level was decreased, and there was no difference
in its expression between WT and IRF-1-KO mice
(Fig. 7b). In WT mice, a transient increase in IRF-1
regulated genes such as PTGS2, ANXA2, and CCNB1,
but not in iNOS, was observed 7 days after BCAS
treatment. However, these changes were not observed
in IRF-1KO mice (Fig. 7c).

Discussion

The present study demonstrated that IRF-1KO mice showed
impairment of cognitive function compared with WT
mice in a normal condition, but no significant difference in
cognitive function was observed between the two strains
with BCAS, indicating that IRF-1 plays a key role in cog-
nitive function in a normal condition.

Fig. 4 CBF in WT and IRF-1KO
mice with and without BCAS.
a Representative photos of
Doppler flowmetry. b Histogram
analysis of CBF in each group.
c Time-course analysis of CBF.
Data are expressed as mean ±
SEM. *p < 0.05 vs. Sham (WT).
n= 5–8

Fig. 5 Cell number in CA1 region in WT and IRF-1KO mice. a
Representative photos of CA1 region. b Cell number in CA1 region in
each group. n= 4–5

Deletion of interferon-regulatory factor-1 results in cognitive impairment 813



Fig. 6 Time course of mRNA expression in hippocampus of IRF-1KO mice and WT mice after BCAS. Time course of mRNA expression of
inflammatory cytokines a, NADPH oxidase subunits (b), BDNF (c), and angiotensin II receptors (d)

Fig. 7 IRF-1-related mRNA
expression in hippocampus of
IRF-1KO mice and WT mice
after BCAS. Time course of
mRNA expression of IRF-1
regulated genes such as caspase-
1 a, IRF-2 b, and c PTGS2,
ANXA2, CCNB1, and iNOS.
Data are expressed as mean ±
SEM. *p < 0.05 vs. Sham (WT),
#p < 0.05 vs. Sham (IRF-1KO).
n= 3–4

814 M. Mogi et al.



Deletion of the IRF-1 gene induced impairment of
learning ability in sham-operated mice. We investigated
IRF-1-related genes, which are involved in cognitive
function (Fig. 7), but no obvious difference in such
expression including that of iNOS and the AT2 receptor was
observed in sham-operated mice. Interestingly, hippo-
campal IRF-2 expression was increased in IRF-1KO mice.
IRF-2 suppresses the activity of IRF-1 by competing for
binding sites within the promoters of IFN genes and
potentially limiting the IFN response [25]. IRF-2 protects
mice from lethal viral neuroinvasion via modulation of
immune responses [26]. However, to our knowledge, the
effect of IRF-2 in the brain on cognitive function in a
healthy condition has not been investigated. Therefore,
lack of the IRF-1 gene may compensatorily affect other
IRF levels and IFN-induced functions. Studies of condi-
tional gene modification mice may help to determine the
detailed mechanism.

On the other hand, unknown IRF-1-regulatory factors
may be involved in this mechanism. As shown in Fig. 3,
there was a relatively flat learning curve in IRF-1KO mice
from the second day of the trial. The learning process is
based on two important aspects of long-term memory:
creating a trace and consolidation of the received informa-
tion. A flat learning curve indicates deficits of these pro-
cesses [27]. For example, cell adhesion molecules (CAM)
are involved in synaptic plasticity and memory consolida-
tion [28]. There are several reports on the relation between
CAM expression and IRF-1 [29, 30]. Therefore, IRF-1 may
influence memory retention with modulation of CAM.
Further investigation is necessary to determine the effect
of IRF-1 on cognition involving CAM.

IRF-1KO with BCAS showed more impaired cognitive
function compared with sham-treated IRF-1KO; however,
there was no difference in vascular cognitive impairment
between IRF-1KO and WT mice after BCAS. One of the
reasons for the lack of difference in cognitive function after
BCAS is considered to be the time lag in neuroinflammation
observed in IRF-1KO mice. Hippocampus mRNA expres-
sion of inflammatory cytokines and BDNF reached a peak
earlier in IRF-1KO mice compared with WT mice after
BCAS. In other words, neuroinflammation was terminated
faster in IRF-1KO mice compared with WT mice. Accu-
mulation of inflammatory cells around damaged blood
vessels is an important feature of the pathophysiology of
Binswanger disease owing to hypoxic conditions [3].
Neuroinflammation promotes BBB disruption and leads
to neurovascular deficits, resulting in neurodegeneration
[31]. On the other hand, the damaged brain undergoes a
transition from injury to repair [32]. Thus, earlier transition
to a repair state may occur in IRF-1KO and prevent
neuroinflammation-induced vascular cognitive impairment.
Moreover, Wattananit et al. [33] recently demonstrated that

blocking monocyte recruitment using an antibody during
the first week after stroke abolished long-term behavioral
recovery, indicating that appropriate regulation of inflam-
mation contributes to long-term functional recovery after
stroke. Although we did not assess monocyte recruitment in
this model, the earlier reduction of neuroinflammation
in IRF-1KO mice may contribute to progression of the
brain repair pathway.

A limitation of this study is the small number of mRNA
samples, which showed a wide range of the values, and the
fact that only mRNA levels of expressed factors were
measured in the brain, showing only gene expression and
not actual protein expression. In addition, blood pressure
levels should be assessed several times after BCAS.
Moreover, a more comprehensive assessment of behavior
and cognition including memory and cognitive flexibility
in addition to learning would help to understand the
role of IRF-1 in normal learning ability and vascular cog-
nitive impairment. Further analysis to assess the detailed
mechanism is necessary.

Conclusions

Our findings suggest that IRF-1 has a protective effect
on cognitive decline in a normal condition; however,
there was no obvious effect on cognition after chronic
cerebral hypoperfusion treatment. The roles of IRF-1 in
memory function should be further assessed beyond
the relation between neuroinflammation and cognitive
function.
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