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Abstract
Vascular dementia is one of the most common forms of dementia in aging population. However, the molecular mechanisms 
involved in development of disease and the link between the cerebrovascular pathology and the cognitive impairments remain 
elusive. Currently, one common and/or converging neuropathological pathway leading to dementia is the mislocalization and 
altered functionality of the TDP-43. We recently demonstrated that brain ischemia triggers an age-dependent deregulation 
of TDP-43 that was associated with exacerbated neurodegeneration. Here, we report that chronic cerebral hypoperfusion  
in mice (CCH) produced by unilateral common carotid artery occlusion induces cytoplasmic mislocalization of TDP-43 
and formation of insoluble phosho-TDP-43 aggregates reminiscent of pathological changes detected in cortical neurons of  
human brain samples from patients suffering from vascular dementia. Moreover, the CCH in mice caused chronic activation of microglia  
and innate immune response, development of cognitive deficits, and motor impairments. Oral administration of a novel 
analog (IMS-088) of withaferin A, an antagonist of nuclear factor-κB essential modulator (NEMO), led to mitigation of 
TDP-43 pathology, enhancement of autophagy, and amelioration of cognitive/motor deficits in CCH mice. Taken together, 
our results suggest that targeting TDP-43 pathogenic inclusions may have a disease-modifying effect in dementia caused by 
chronic brain hypoperfusion.
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Introduction

Vascular dementia is the second most prevailing form of 
dementia in elderly population [1]. It is a progressive dis-
ease caused by a reduced blood flow going to the brain and 
eventually leading to a decline in cognitive abilities. In fact, 
certain regions of the brain that are responsible for memory, 

cognition, and behavior are particularly vulnerable to the 
loss of blood supply [2]. Chronic cerebral hypoperfusion 
(CCH) is one of the prime factors that contribute to develop-
ment of vascular dementia in elderly patients. It can emerge 
from disorders that affect the cerebral circulating system 
like hypertension, diabetes, atherosclerosis, and smoking 
[3]. Furthermore, evidence suggests that chronic cerebral 
hypoperfusion causes neuronal damage in the cortex and 
hippocampal regions of the brain in various neurodegen-
erative diseases and cognitive disorders including Alzhei-
mer’s disease [4–7]. At present, the underlying molecular 
mechanisms by which cerebral vascular damage can induce 
cognitive deficits remain elusive [8]. In the past years, it 
has been suggested that chronic cerebral hypoperfusion may 
cause neurodegeneration through neuronal energy failure, 
by increasing the production of reactive oxygen species and 
proinflammatory cytokines by activated microglial cells that, 
in turn, damage the neuronal cells and confer lesions to the 
white matter in the cerebral cortex [9, 10].
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Currently, one common and/or converging neuropatho-
logical pathway leading to dementia is the mislocalization 
and altered functionality of the trans-active response DNA 
binding protein 43 (TDP-43). TDP-43 belongs to the fam-
ily of heterogeneous ribonuclear proteins highly conserved 
among species that regulate gene expression by controlling 
several RNA processes [11–13]. It is identified as a major 
constituent of ubiquitinated nuclear and cytoplasmic aggre-
gates in several neurological disorders including frontotem-
poral lobar degeneration, ALS, and Alzheimer’s disease 
[14–17].

Recently, we showed that neuronal damage following 
brain ischemia is characterized by an age-related increase 
and formation of ubiquitinated TDP-43 cytoplasmic inclu-
sions in neurons and activated microglia [18]. The observed 
overexpression of cytoplasmic TDP-43 was associated 
with an age-dependent induction of the pathogenic NF-κB 
response that further exacerbated ischemic injury [18]. In 
keeping with our recent work, we hypothesized that a pro-
gressive ischemia-induced deregulation of TDP-43 repre-
sents a key molecular event in the pathogenesis of vascular 
dementia. To test it, we generated a mouse model (perma-
nent occlusion of carotid artery in middle-aged mice) that 
mimics pathology associated with chronic cerebral hypop-
erfusion (CCH). Here, we report a marked increase in cyto-
plasmic TDP-43 in cortical neurons of CCH mice. The pres-
ence of the cytoplasmic TDP-43 immunoreactive structures 
was also detected in the post-mortem brain tissues from 
patients suffering from vascular dementia. The observed 
deregulation was associated with an altered inflammatory 
response and activation of pathogenic NF-κB pathways, as 
well as development of progressive cognitive and mild motor 
deficits. Treatment with a novel analog of withaferin A, an 
antagonist of NF-κB essential modulator (NEMO) [19–21], 
boosted autophagy and alleviated TDP-43 pathology and 
behavioral deficits in the CCH mice. These results suggest 
that NF-κB pathogenic signaling and autophagy may repre-
sent therapeutic targets in vascular dementia.

Methods

Animals

Wild-type (C57Bl/6) (WT) and toll-like receptor 2-luciferase- 
green fluorescent protein (TLR2-luc-GFP) male mice of 
5–6 months old were selected for study. The TLR2-luc- 
GFP transgenic mice were developed and genotyped as 
described previously [22]. All mice were provided with 
water and healthy diet and monitored during the entire 
experimental protocol. All the experimental procedures 
were approved by the Laval University Animal care Ethics 
Committee and are in accordance with the Guide to the Care 

and Use of Experimental Animals of the Canadian Council 
on Animal Care.  (Protocol # 17-133-1).

Surgical Procedure

Unilateral common carotid artery occlusion (UCCAO) was 
induced in 5-month-old male WT and TLR2-luc-GFP trans-
genic mice. Mice were anesthetized using 2% isoflurane in 
100% oxygen at a flow rate of 1.5 L/min and kept on a heat-
ing pad to avoid fall in body temperature. The left common 
carotid artery (LCCA) was ligated using a non-absorbable 
6-0 silk suture blocking permanently the CCA. The sham 
group of same age underwent similar procedure without 
ligating the LCCA. All the tissues from CTL and CCH group 
were collected for different biochemical analysis 8 weeks 
after surgery [23].

Administration of IMS‑088

IMS-088, a withaferin A analog with a methyl at position 
4–OH (acetylation), was kindly provided from IMSTAR 
therapeutics (Vancouver, Canada). IMS-088 was first dis-
solved in dimethyl sulfoxide and diluted in Tween 20 and 
0.9% saline. The final concentration of dimethyl sulfoxide 
was 5% and tween 20 was 2.5%. The drug was prepared fresh 
every day. Male wild-type mice were divided randomly into 
two groups: (1) vehicle group which received vehicle (0.9% 
saline with 2.5% tween and 5% dimethyl sulfoxide) and (2) 
IMS-088 treatment group which received orally IMS-088 at 
30 mg/kg body weight twice a day for 2 months. The treat-
ment was initiated 72 h post-surgery.

In Vivo Bioluminescence Imaging

The images were obtained by using IVIS 200 imaging sys-
tem (Perkin Elmer). Twenty minutes prior to imaging ses-
sion, the mice were administered with D-luciferin (150 mg/
kg) dissolved in 0.9% saline. The mice were then anesthe-
tized in 2% isoflurane in 100% oxygen at a flow rate of 1.5 L/
min, placed in a heated light-tight imaging chamber. All 
the animals were imaged before for baseline expression and 
then continued at 1 week, 3 weeks, 5 weeks, 7 weeks, and 
8 weeks after UCCAO. Images were captured using a high 
sensitivity CCD camera with wavelengths ranging from 300 
to 600 nm and exposure time for imaging of brain was set 
for 1 min. The bioluminescence emission was quantified by 
determining the total number of photons emitted per second 
(p/s) using live image 2.5 acquisition and imaging software. 
Region of interest measurements were used to convert sur-
face radiance (p/s/cm2/sr) to total flux of photons expressed 
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in photons/second. The data are represented as pseudoc-
olor images indicating light intensity (red and yellow, most 
intense), which were superimposed over gray-scale reference 
photographs. Data are represented as fold change to baseline 
intensity [24].

Protein Lysate Preparation and Immunoblot 
Analysis

Cytoplasmic fraction was obtained as described earlier [25, 
26]. A 500 mg of fresh brain tissue samples was transferred to 
1 ml of cell lysis buffer (10 mM HEPES, 10 mM NaCl, 1 mM 
 KH2PO4, 5 mM  MgCl2) and homogenized by applying two 
strokes in a glass homogenizer. Now, the suspension was incu-
bated for 10 min on ice and then homogenized by applying six 
strokes in a motorized homogenizer at 250 rpm. Differential 
centrifugation was performed after restoration with 100 µl of 
2.5 M sucrose. The first round of centrifugation was performed 
at 6300×g for 10 min at 4 °C. The supernatant collected from 
the first round of differential centrifugation was subjected for 
centrifugation at 14,000 rpm for 150 min and the supernatant 
collected was used as cytoplasmic fraction. Urea-sodium dodecyl 
sulfate (SDS) insoluble fraction was collected as described 
[27]. The protein levels from cytoplasmic and insoluble frac-
tion were determined by Bradford method. Protein sample 
was separated by electrophoresis on polyacrylamide gel and 
transferred on to PVDF membrane. After blocking with 5% 
skimmed milk/5% BSA, the membranes were incubated over-
night at 4 °C with primary antibodies against TDP-43 (Protein-
tech, 1: 5000), phospho-TDP-43 (Cosmo bio, 1:1000), Iba-1 
(WAKO, 1:1000), phospho-p65 (cell signaling, 1:1000), p62 
(Millipore, 1:1000), LC3b (Novus Bio, 1:5000), and Beclin 
(Novus Bio, 1:1000). After washes with phosphate buffer 
saline (PBS)-Tween-20 (0.1%), the membranes were incubated 
with respective secondary antibodies (1:5000) conjugated with 
peroxidase (Jackson laboratory, USA). The membranes were 
again washed in PBS-Tween and processed for development 
using chemiluminescent reagent (Thermo pierce, USA) and 
exposed for different time periods on care stream Biomax 
Light or MR film (Kodak, NY, USA) and results were ana-
lyzed using Image j software. The membranes were stripped 
and re-probed with anti-actin (Millipore, USA, 1:30,000) to 
determine equal loading of samples [28].

Tissue Collection 
and Immunohistochemistry

The mice were anesthetized and transcardially perfused with 
PBS 1× followed by 4% paraformaldehyde at pH 7.4. The 
brains were fixed overnight in 4% paraformaldehyde and 
then cryopreserved in 30% sucrose [28]. The fixed brains 

were sliced into 25 µm sections, washed with PBS, and 
blocked with 5% goat serum for 1 h. The sections were incu-
bated overnight with respective primary antibodies (rabbit 
polyclonal TDP-43 (Proteintech, 1:1000), rabbit polyclonal 
phosphoTDP-43 (Cosmo bio, 1:500), rabbit polyclonal Iba1 
(WAKO, 1:500), and rat monoclonal CD11b (Serotech, 
1:500)) followed by incubation with respective fluorescent 
secondary antibodies (1:500) (Molecular probe).

Cytokine Array

The mouse cytokine array (Mouse Cytokine Antibody 
Array, Ray Biotech) was used to detect the levels of dif-
ferent cytokines in sham and chronic stroke operated mice. 
The array was performed according to the manufacturer’s 
instructions. The protein lysates were obtained by homog-
enization of brains from respective groups using 1× cell 
lysis buffer (provided in the kit). The protein concentration 
was calculated for each sample and diluted to 300 µg in 
1× blocking buffer. Samples for each group (3 mice/group) 
were pooled and incubated with array membrane overnight 
at 4 °C. After washes, the membranes were incubated with 
biotinylated antibody cocktail provided in the kit over-
night at 4 °C, and next day following successive washes, 
membranes were incubated with 1× HRP-Streptavidin for 
2 h at room temperature. The membranes were then pro-
cessed according to Ray Biotech protocol. Membranes were 
exposed to Biomax Light or MR film (Kodak, NY, USA) and 
analyzed by ImageJ software.

Behavioral Tests

Passive Avoidance Test

Step through passive avoidance was performed as described 
previously [29] with few modifications and carried out in a 
box containing light and dark chambers separated by a small 
guillotine door. The test is carried for 3 days. On first day, 
mice are allowed to familiarize the box. On the second day, 
mice are placed in the light chamber, and when it enters the 
dark chamber, guillotine door was closed and a foot shock of 
0.6 mA was given for 5 s. On the third day (test day), mice 
were placed in the light chamber and latency to enter the 
dark chamber was noted with a cut-off time of 300 s.

Novel Object Recognition Test

Novel object test was performed as described earlier 
[30, 31] with minor modifications. Test is performed 
for 3 days. On first day, mice are allowed to familiar-
ize the box for 5 min. On the second day, the mice are 
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allowed to explore the two familiar objects for 5 min. 
On the third day (test day), one of the familiar objects is 
replaced with a novel object and a percent of time spent 

exploring the novel object relative to the total time spent 
exploring both objects can be a measure of novel object 
recognition.
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Wire Hanging Test

Test was performed as described elsewhere with minimal 
modifications [32]. A wire of 55 cm length is stretched 
tightly between two stands and is maintained 35 cm above 
a layer of bedding material to prevent injury to the animal 
when it falls down. The animals are hanged with its fore 
limbs and time of fall is recorded. Test consists of three 
trials and average of three trails is recorded for analysis of 
motor activity.

Pole Test

Pole test is used to assess the motor impairment caused due 
to the cortical damage in the mice [33]. A vertical pole of 
55 cm height and 1 cm wide is suspended above the ground 
level and mouse is placed at the top of the pole and time to 
descend is recorded. Test consists of three trials and average 
of three trails is recorded for assessing motor impairment.

Statistical Analysis

The data quantified was represented as mean ± SEM. 
Statistical analysis was carried using prism.7 (Graph Pad 
Software, La Jolla, CA, USA). Comparison between two 
groups was achieved by unpaired t test and comparisons 
between multiple groups were done using one-way ANOVA 
followed by Tukey’s post hoc multiple comparison test. 

Statistical significance was defined when ****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05.

Human Subjects

The human post-mortem brain tissues were obtained from 
the archives of the pathology Department of the CHU de 
Québec. Brains were acquired under proper Institutional 
Review Board (IRB) protocols with informed consent for 
research from the subject or its family when deceased. The 
analysis of TDP-43 expression patterns was performed on 
frontal brain cortex sections of three patients and corre-
sponding controls. They all presented with cerebrovascular 
disease confirmed by histological examination. The paraffin-
embedded sections were subjected for immunofluorescence 
using human TDP-43 antibody and microscopic images were 
taken using Zeiss Apotome microscope. The human brain 
samples were collected after obtaining informed, written 
consent in accordance with the institutional human ethics 
committee guidelines.

Results

Chronic Cerebral Hypoperfusion Causes 
Deregulation of TDP‑43 in Mouse and Human 
Disease

To date, the molecular mechanisms involved in the develop-
ment of vascular dementia remain unclear. Recent evidence 
suggests that cerebrovascular pathology including stroke and 
chronic brain ischemia may cause deregulation of TDP-43 
[29, 34]. Thus, we examined TDP-43 expression patterns in 
the model of chronic brain hypoperfusion that mimics cer-
ebrovascular pathology in dementia. The analysis has been 
performed using the model of CCH caused by unilateral 
common carotid artery occlusion (UCCAO) in 5-month- 
old mice. As previously described by Qui and colleagues  
[35], hypoperfusion aggravated AD pathology in 3tg 
AD model starting 2 months after ligature. We first char-
acterized the cellular expression patterns of TDP-43 
8 weeks after UCCAO. The immunofluorescence analysis 
of the brain sections 2 months after CCH revealed a marked 
mislocalization of TDP-43 into cytoplasm of the cortical  
neurons (Fig. 1a). Under pathological conditions, TDP-43 
can be cleaved to generate a 35 and 25 kDa C-terminal toxic 
fragments lacking the N-terminus nuclear localization sig-
nal [14, 36]. To further characterize expression profiles of 
mislocalized TDP-43, we collected the cytoplasmic fraction 
from the brain homogenates 8 weeks after UCCAO and age-
matched controls. We observed a significant increase in the 
cytoplasmic whole length TDP-43 in the CCH mice when 

Fig. 1  TDP-43 pathology in mice subjected to chronic cerebral 
hypoperfusion (CCH) and in human vascular dementia. a Double 
immunofluorescence of the brain cortex sections of WT mice using 
TDP-43 antibody (red) and mouse monoclonal NeuN antibody 
(green) show mis-localization of TDP-43 in neuronal cells after 
8  weeks of UCCAO. b Western blot of cytoplasmic lysates using 
TDP-43 antibody showed low levels of TDP-43 in control mice 
and a marked increase in TDP-43 after UCCAO. TDP-35 and TDP-
25 expression are also found after CCH. c Normalized densitom-
etry analysis reveals significant increase in the levels of whole length 
TDP-43, pathological TDP-35, and TDP-25 fragments in CCH mice 
compared with control. Actin is used as loading control. d Immu-
nofluorescence using phospho-TDP-43 antibody (red) reveals neu-
ronal cytoplasmic aggregates after CCH. e Western blot of urea-SDS 
insoluble fraction using phospho-TDP-43 in the control reveals no 
expression of phospho-TDP-43. On the opposite, CCH mice showed 
phospho-TDP-43, phospho-TDP-35, and phospho-TDP-25 expression. 
f Normalized densitometry analysis reveals significant increase in the 
levels of pathological phospho-TDP-35 and TDP-25 fragments, sug-
gesting the formation of phospho aggregates after chronic cerebral 
hypo perfusion. g Representative photomicrographs of the human 
frontal cortex brain sections (3 patients and corresponding con-
trols). Immunofluorescence analysis using TDP-43 antibody reveals 
cytoplasmic TDP-43 in cortical brain sections of the patient died 
from vascular dementia. Scale bar represents 10  μm. Entire data in 
the figure was presented as mean ± SEM and statistical significance 
between the groups was achieved using unpaired t test and depicted 
as ***p < 0.001, **p < 0.01, *p < 0.05

◂
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compared with controls (n = 3, p < 0.01). The cytoplasmic 
cleaved fragments of TDP-35 (n = 3, p < 0.01) and TDP-
25 (n = 3, p < 0.01) were also significantly increased in the 
cytoplasmic fraction from the brain homogenates from CCH 
mice and were not detectable in control samples (Fig. 1b, c). 
As reported earlier, these cleaved short fragments are more 
prone to modifications to generate insoluble pathological 
phosphorylated aggregates in the cytoplasm [37, 38]. To  
test this hypothesis, we searched for presence of phospho-
TDP-43 aggregates in CTL and CCH brain sections. Dou-
ble immunofluorescence analysis revealed the presence of 
punctuated phospho-TDP-43-positive aggregates in the cyto-
plasm of cortical neurons (Fig. 1d). In addition, Western blot 
analysis carried out on the insoluble protein fraction revealed 
a significant increase in the levels of phospho-TDP-43 
(n = 3, p < 0.001), phospho-TDP-35 (n = 3, p < 0.001), and 
phospho-TDP-25 (n = 3, p < 0.05) aggregates in CCH mice 
thus further suggesting a possible pathogenic mechanism of 
TDP-43 deregulation (Fig. 1e, f). It is noteworthy that the 
cytoplasmic TDP-43-positive inclusions were almost exclu-
sively present in neurons of the frontal cortex and to a lesser 
extent in hippocampus while other brain regions were devoid 
of mislocalized TDP-43. We recently showed that ischemic 
stroke in humans is associated with an increase in TDP-43 
immunoreactivity in the cytoplasmic compartment. As the 
role of TDP-43 in the pathogenesis of vascular dementia 
remains elusive, we next asked whether similar deregula-
tion of TDP-43 expression patterns occurs in the context of 
chronic brain hypoperfusion in human disease. Therefore, to 
further explore the role of TDP-43 in vascular dementia, we 
analyzed TDP-43 expression patterns in post-mortem human 
brain tissues. Representative micrographs revealed a pres-
ence of the cytoplasmic TDP-43 immunoreactive structures  
in the cortical neurons of patients suffering from vascular 
dementia. As further shown in Fig. 1g, the mislocalization 
of TDP-43 into cytoplasmic compartments of the affected 
neurons was associated with a partial nuclear exclusion of 
TDP-43 in the cortical neurons of patient suffering from  
vascular dementia when compared with controls suggesting 
a deregulation of TDP-43 in human disease.

Live Imaging of Innate Immune Response 
Reveals Chronic Microgliosis in CCH Mice

It has been widely established that in neurodegenerative dis-
eases, such as ALS and/or FTLD, mislocalization of TDP-43 
is also present in non-neuronal cells including astrocytes 
and microglia [39]. In the current study, double immuno-
fluorescence analysis of the CCH brain sections revealed 
deregulation of TDP-43 in microglial cells, as revealed by a 
marked co-localization of TDP-43 with a microglial marker 
Iba1. In fact, we observed a marked deregulation of TDP-43 

in activated microglia as it was detected in the cytoplasm of 
the Iba1-positive cells (Fig. 2a). The observed deregulation 
of TDP-43 in microglial cells was predominant in the frontal 
cortex. To further characterize dynamics of microglial acti-
vation following UCCAO, we took advantage of the TLR2-
luc-GFP mice previously generated in our laboratory [22]. 
In these mice, activation of microglial cells and/or induction 
of TLR2 signaling can be captured from the brains of liv-
ing mice by bioluminescence/biophotonic imaging. In our 
experimental protocol, the mice were imaged over the time 
period of 8 weeks following initial surgery (UCCAO). As 
shown in Fig. 2 b and c, we observed a 2.5-fold increase 
in TLR2 induction 1 week after UCCAO when compared 
with baseline values. The TLR2 intensity dropped slightly 
in the 3rd week but it remained significantly increased over 
8 weeks. The 3D reconstruction of the TLR2 signal 1 week 
after UCCAO revealed the highest TLR2 signal/microglial 
activation intensity in olfactory bulb and more distal regions 
of the brain including parts of the cortex and hippocampus 
(Fig. 2d). The findings from in vivo imaging experiments 
were further confirmed by immunofluorescence and Western 
blot analyses using Iba-1 and TLR2 antibodies. As shown in 
Fig. 2e, microglial cells after 8 weeks of CCH displayed big-
ger soma and less ramifications suggesting morphologically 
more activated phenotypes while Western blot analysis from 
the cortical brain tissue homogenates revealed a significant 
increase in the expression levels of TLR2 (n = 3, p < 0.05) 
and Iba1 (n = 3, p < 0.01) 8 weeks after CCH (Fig. 2f, g).

Chronic Hypoperfusion Increases 
NF‑κB‑Mediated Neuroinflammation 
and Neuronal Death

We recently showed that deregulation in TDP-43 following 
acute brain ischemia induces age-dependent induction of 
pathogenic NF κB signaling acting as co-activator or inhibi-
tor of the p65 subunit of NF-κB [18]. In the current project, 
we analyzed the levels of phospho-P65 by performing West-
ern blots on the nuclear fraction of cortical lysates of CTL 
and CCH mice. The densitometry analysis showed a signifi-
cant increase in the level of nuclear phosphor-P65 (n = 3, 
p < 0.05) in the CCH mice, suggesting that mislocalization 
and formation of insoluble phospho-TDP-43 aggregates trig-
ger NF-κB inflammatory pathway in these mice (Fig. 3a). 
As NF-κB modulator, TDP-43 may also regulate the levels 
of inflammatory cytokines and control the neuronal death 
[39]. As expected, the activation of NF-κB pathway resulted 
in production of pro-inflammatory cytokines. In fact, in our 
CCH group, we found significant increase in the levels of 
proinflammatory cytokines like IL-1β (n = 3, p < 0.001), 
IL-6 (n = 3, p < 0.01), IL-17 (n = 3, p < 0.05), and TNF-α 
(n = 3, p < 0.001) when compared with the CTL group 
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Fig. 2  Mislocalization of TDP-43 in activated microglia after chronic 
cerebral hypoperfusion. a Double immunofluorescence of the brain 
cortex sections using TDP-43 antibody (red) and CD11b antibody 
(green) show mislocalization of TDP-43 in microglial cells after 
CCH in WT mice. b Real-time bioluminescence imaging of micro-
glial activation in TLR2-luc-GFP mice weeks after UCCAO. The 
color calibrations at the right are photon counts. c Data plotted was 
obtained measuring the photon emission. Black line shows the induc-
tion of TLR2 signals. After 1 week, the TLR2 signals increased and 
remain constant 8 weeks after surgery. d 3D reconstruction of TLR2 
expression. Top of the head and sagittal view of the reconstructed 

bioluminescent signal 1 week after UCCAO. e Immunofluorescence 
analysis using microglial marker Iba1 reveals activated microglial 
cells after CCH when compared with control mice. f Western blot 
analysis of cortical lysates from the control and CCH mice using rab-
bit polyclonal iba-1 and rabbit polyclonal TLR2 shows expression 
of iba-1 and TLR2. g Normalized densitometry analysis revealed 
a significant increase in the levels of Iba1 and TLR2 after chronic 
cerebral hypo perfusion. Scale bar represents 10  μm. Entire data in 
the figure was presented as mean ± SEM and statistical significance 
between the groups was achieved using unpaired t test and depicted 
as ***p < 0.001, **p < 0.01, *p < 0.05
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(Fig. 3b). Interestingly, the levels of two anti-inflammatory 
cytokines IL-4 and IL-10 were also significantly increased in 
the CCH when compared with control (n = 3, p < 0.001). We 
also analyzed monocyte/macrophage colony growth factors 
such as MCSF, GM-CSF, and GSCF. As shown in Fig. 3b, 
levels of MCSF and GM-CSF were significantly increased 
(n = 3, p < 0.01 and p < 0.001) while no significant change 
has been observed in the levels of GSCF. As further shown 
in Fig. 3c, Western blot analysis revealed an increase in 
expression levels of apoptotic marker cleaved caspase-3, in 
CCH mice compared with CTL mice. Hence, activation of 
NF-κB signaling and associated alteration in brain cytokine/
chemokine profiles are associated with increased cellular 
death 8 weeks after UCCAO (n = 3, p < 0.05).

UCCAO Induces Cognitive Deficits and Motor 
Impairments in Middle‑Aged Mice

It has been suggested that CCH may represent a key patho-
genic mechanism leading to vascular cognitive impairment 
and ultimately to dementia [40]. Mimicking the CCH, 
the unilateral common carotid artery occlusion drops the 
blood supply to subcortical regions of the brain, induces 
hypoxia, and causes neuronal damage leading to anxiety, 
dementia, and motor deficits in long term [41, 42]. In order 
to assess the effects of UCCAO on development of cog-
nitive impairment, in the current study, we used passive 
avoidance and novel object recognition test. As in previous 
experiments, behavioral analyses were performed 8 weeks 
after UCCAO. Remarkably, in our experiments, we found 
that the percentage of the time spent exploring the novel 
object was significantly decreased (n = 9 mice, p < 0.001) 
at 8 weeks after UCCAO in comparison with the respec-
tive controls (Fig. 3d). Passive avoidance paradigm was 
employed to further confirm cognitive deficits. The latency 
to enter the dark chamber of the testing box was significantly 
decreased (n = 7, p < 0.01) in CCH mice in comparison with 
the respective CTL mice (Fig. 3e). Motor performance in 
mice 2 months after UCCAO was assessed by the wire hang 
test. As shown in Fig. 3e, the average latency of time to fall 
was less (n = 9, p < 0.001) in the CCH mice in comparison 
with the respective control mice. Indeed, the CCH mice did 
not hang on the wire for a long time suggesting a signifi-
cant decrease in motor performance in these mice (Fig. 3f). 
Pole test was also performed after CCH, and in accordance 
with our previous results, we found that the time taken to 
descend the pole by CCH mice was significantly increased 
(n = 9, p < 0.01) compared with control mice further con-
firming existence of motor impairments at 8 weeks after 
UCCAO (Fig. 3g). Taken together, our results strongly sug-
gest that once initiated in middle-aged mice, a CCH leads to 
marked cognitive impairments and motor deficits. The main 

neuropathological features associated with the observed cog-
nitive and motor deficits were a robust TDP-43 proteinopa-
thy and neuroinflammation.

IMS‑088 Restores the Nuclear TDP‑43 
and Alleviates the Formation of TDP‑35 
and TDP‑25 Pathological Fragments

The therapeutic potential of herbal medicine Withania somnif-
era (or Ashwagandha) and of its active product withaferin A, a 
known inhibitor of NF-κB signaling, have been demonstrated 
in a mouse model of FTD as well as in different models of ALS 
[29, 43, 44]. The therapeutic effects of natural products such 
as Ashwagandha are difficult to evaluate due to questionable 
stability of natural products and variability in the concentration 
of active components. Withaferin A, a steroid lactone, is a major 
active component of Ashwagandha known to be an inhibitor 
of NF-κB signaling via antagonizing the function of NF-κB 
essential modulator (NEMO) [20, 21]. Here, we have tested a 
semi-synthetic analog of withaferin A called IMS-088 which 
has a methyl group at position 4–OH (acetylation). IMS-088 
compound was kindly provided from Imstar therapeutics (Van-
couver, Canada).

According to a protocol established by Imstar thera-
peutics, the IMS-088 (30 mg/kg) was delivered orally (by 
gavage) twice a day starting 72 h after initial UCCAO. 
Immunofluorescence analysis was performed on the brain 
sections of both IMS-088- and vehicle-treated group. As 
expected, TDP-43 was detected in the nucleus of corti-
cal cells in the CTL group (Fig. 4a) whereas we observed 
a marked mislocalization of TDP-43 into the cytoplasm 
with a strong exclusion of TDP-43 from the nucleus in 
the vehicle-treated group with CCH (Fig. 4b). Remark-
ably, the CCH mice treated with IMS-088 for 8 weeks 
exhibited a strong nuclear TDP-43 staining in the cortical 
neurons whereas few cells exhibited diffused cytoplasmic 
TDP-43 (Fig. 4c). Nuclear vs cytoplasmic expression pat-
terns of TDP-43 were further confirmed by Western blots 
performed on the nuclear and the cytoplasmic lysates col-
lected from the control and CCH mice treated with vehi-
cle or IMS-088. As shown in Fig. 4 d and e, we observed 
a significant reduction in the cytoplasmic TDP-43 levels 
after IMS-088 treatment when compared with the vehi-
cle group (n = 3, P < 0.001). There was also reduction of 
TDP-35 (n = 3, P < 0.01) and TDP-25 (n = 3, P < 0.001) 
pathological fragments in the CCH mice after treatment 
with IMS-088 in comparison with vehicle-treated group. 
The expression of nuclear TDP-43 (Fig. 4f, g) was signifi-
cantly increased with IMS-088 treatment (n = 3, P < 0.01) 
when compared with vehicle group suggesting that IMS-
088 treatment restored the nuclear expression of TDP-43 
in the CCH model.
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Fig. 3  CCH causes activation of NF-κB, cell death, cognitive decline, 
and motor impairment. a Western blot of nuclear lysates using phos-
pho-P65 shows a significant increase in the levels of phospho-P65 
after CCH when compared with control mice. P84 is used as load-
ing control. b Levels of pro-inflammatory and anti-inflammatory 
cytokines and growth factors were significantly increased after CCH. 
c Western blot and densitometric analysis of cortical lysates using 
cleaved caspase-3 show a significant increase in the levels of cleaved 
caspase-3 after CCH. d Novel object recognition test showing the 

% time spent with novel object by control and CCH mice. e Passive 
avoidance test showing latency to enter the dark chamber by control 
and CCH operated mice. f Wire hang test showing the latency of time 
fall from the wire by control and CCH-operated mice. g Pole descend 
test showing time of descend by control and CCH mice. Entire data in 
the figure was presented as mean ± SEM and statistical significance 
between the groups was achieved using unpaired t test and depicted 
as ***p < 0.001, **p < 0.01, *p < 0.05
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Fig. 4  IMS-088 restores TDP-43 mislocalization and reduces forma-
tion of TDP-35 and TDP-25 fragments. a–c Double immunofluores-
cence of the cortical brain sections using TDP-43 (red) and NeuN 
antibody (green) shows that TDP-43 is localized in the nucleus of 
the neurons in control and CCH mice treated with IMS-088, whereas 
in CCH mice treated with vehicle TDP-43 is mislocalized into cyto-
plasm. d Western blot of cytoplasmic lysate collected from the con-
trol, CCH mice treated with vehicle or IMS-088 using TDP-43 
reveals the different expression of TDP-43 and fragmented patho-
logical TDP-35/25 in all groups. e Normalized densitometry analysis 
reveals a significant decrease in the expression levels of whole length 

TDP-43 and pathological fragmented TDP-35/TDP-25 levels in the 
CCH mice treated with IMS-088 in comparison with vehicle-treated 
group. f Western blot of nuclear lysate collected from the control, 
CCH mice treated with vehicle or IMS-088 using TDP-43 reveals the 
different level of expression of TDP-43. g Normalized densitometry 
analysis shows significant increase in the expression of whole length 
TDP-43 in CCH mice treated with IMS-088 in comparison with vehi-
cle-treated group. Entire data in the figure was presented as mean ± 
SEM and statistical significance between the groups was achieved 
using ANOVA followed by Tukey’s multiple comparison test and 
depicted as ***p < 0.001, **p < 0.01, *p < 0.05
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Decreased Microglial Activation 
in IMS‑088‑Treated Mice

IMS-088 acts as regulator of immune response by reducing 
inflammation via the NF-κB pathway. Here, we analyzed 
the effect of IMS-088 on microglial activation in CCH 
mice. As shown in Fig. 5a, we observed fewer microglial 
cells in control mice and IMS-088-treated mice when com-
pared with vehicle-treated group suggesting that IMS-088 
is able to reduce the microglial activation induced by CCH. 
At higher magnification (Fig. 5b), microglial cells from 
controls showed extended ramification suggesting a rest-
ing state whereas microglia from the vehicle-treated CCH 

mice showed shorter ramifications and a bigger soma, an 
indication for reactive state, whereas in the IMS-088-treated 
CCH, the morphological phenotypes of microglia were more 
resting-like cells. As shown in Fig. 5c, the quantification 
of Iba1-positive microglial cells per unit square area from 
control mice and CCH mice treated with vehicle or IMS-088 
revealed a significant increase in the number of Iba1-positive 
cells in the cortex of CCH mice treated with vehicle (n = 3, 
P < 0.001) when compared with control mice. In contrast, 
treatment with IMS-088 (n = 3, P < 0.0001) significantly 
reduced the number of Iba1-positive cells in CCH mice in 
comparison with CCH mice treated with vehicle. To further 
confirm the reduction in the numbers of microglial cells, we 
collected the cortical lysates from the control, CCH mice 

Fig. 5  IMS-088 attenuated microgliosis after CCH. a Immunofluo-
rescence analysis of Iba1 immunostaining in cortical sections from 
the control and CCH mice treated with vehicle or IMS-088. b Con-
focal images of Iba1 staining showing difference in the morphology 
of microglial cells in control (small soma-longer ramifications), CCH 
mice treated with vehicle (larger soma and short ramifications), and 
IMS-088 (small soma and longer ramifications). c Number of Iba1-
positive cells per unit square area from control and CCH mice treated 
with vehicle or IMS-088 group were counted using Image J soft-
ware. Significant reduction in the number of microglial cells per unit 

area is found in the CCH mice treated with IMS-088 in comparison 
with vehicle-treated group. d Western blot of whole cortical lysate 
using TLR2 and Iba1 antibodies shows the different levels of Iba1 
and TLR2 expression in all 3 groups. e Normalized densitometry 
analysis shows a significant decrease in the levels of TLR2 and Iba1 
in the CCH mice treated with IMS-088 in comparison with vehicle 
group. Scale bar represents 10 and 50 μm. Entire data in the figure 
was presented as mean ± SEM and statistical significance between 
the groups was achieved using ANOVA followed by Tukey’s multiple 
comparison test and depicted as ***p < 0.001, **p < 0.01
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treated with vehicle or IMS-088, and analysed the expres-
sion levels of Iba1 and TLR2 proteins by Western blot. The 
normalized densitometry analysis revealed a significant 
increase in the levels of TLR2 and Iba1 in the CCH mice 
compared with controls (Fig. 5e, TLR2: n = 3, P < 0.001; 
Iba-1: n = 3, P < 0.001). Supporting the immunofluorescence 
data, the levels of TLR2 and Iba1 were significantly reduced 
in the cortex of IMS-088-treated mice (Fig. 5e, TLR2: n = 3, 
P < 0.01; Iba-1: n = 3, P < 0.01). Both the immunofluores-
cence and the Western blot analyses clearly demonstrated 
that IMS-088 moderated the inflammatory response follow-
ing CCH.

Inhibition of NF‑κB Ameliorates Cognitive 
and Motor Performance in CCH Mice

Next, we examined whether IMS-088-mediated regu-
lation of NF-κB signaling had an effect on cognitive 
and motor symptoms after CCH. The cognitive behav-
ior of the CCH mice was assessed using passive avoid-
ance test following 8 weeks of treatment with IMS-088. 
Remarkably, latency to enter the dark compartment 
by the IMS-088-treated CCH mice was significantly 
increased (n = 13, P < 0.001) compared with the vehicle-
treated group to reach control levels as previously shown 
(Fig. 6a), suggesting a significant therapeutic effect of 
IMS-088 on cognitive performance. The effects of IMS-
088 were also tested in the novel object discrimination 
test. The percentage of the time spent with the novel 
object was significantly increased in the CCH mice 
treated with IMS-088 (n = 13, P < 0.001) when compared 
with the vehicle-treated group (Fig.  6b). The results 
obtained in these two cognitive tests suggest that 8 weeks 
of IMS-088 treatment significantly improved cognition 
and memory in CCH mice model. To assess the effects 
of IMS-088 treatment on motor balance and coordina-
tion, we performed the four limb grid hanging test. The 
CCH mice treated with IMS-088 (n = 13, ***P < 0.001) 
for 8 weeks exhibited a significant increase in the time 
before falling when compared with the CCH mice treated 
with vehicle (Fig.  6c). To further confirm the thera-
peutic effects of IMS-088 on motor balance, we used 
the forelimb wire hanging test. Once again, the CCH 
mice treated with IMS-088 (n = 13, P < 0.001) showed 
a significant increase in the time before falling from the 
wire in comparison with CCH mice treated with vehicle 
(Fig. 6d). Finally, as shown in Fig. 6e, pole descend test 
was used to confirm the effects of IMS-088 on motor 
coordination. Importantly, the IMS-088-treated mice 
(n = 13, P < 0.001) were quicker to descend the pole 
than the vehicle-treated group. Hence, our results clearly 

suggest that treatment with IMS-088 improved cognitive 
impairments and motor deficits caused by CCH.

IMS‑088 Promotes Clearance of the Insoluble 
Phospho‑TDP‑43 Aggregates by Enhancing 
Autophagy

While the role of IMS-088 in suppressing inflammation 
is in line with its expected inhibition of the NF-κB sign-
aling, the effects of IMS-088 on the formation of phosho-
TDP-43 aggregates suggest some additional therapeutic 
properties. As shown in Fig. 7a, we observed a signifi-
cant reduction in the whole length phospho-TDP-43 and 
pathological phospho-TDP-35 and phosp-TDP-25 follow-
ing IMS-088 treatment. In fact, normalized densitom-
etry analysis(Fig. 7b) confirmed a significant decrease 
in the formation of phospho-TDP-35 and phosp-TDP-25 
fragmented aggregates in the IMS-088-treated mice in 
comparison with CCH mice treated with vehicle (phos-
pho-TDP-43: n = 3, P < 0.05; phospho-TDP-35: n = 3, 
P < 0.05; phospho-TDP-25: n = 3, P < 0.001). To address 
the mechanism of clearance/reduction of insoluble phos-
pho-TDP-43 aggregates in IMS-088-treated mice, we 
examined the levels of autophagy markers like LC3B, 
beclin, and p62 using Fig. 7c. Normalized densitometry 
analysis revealed a significant increase in the levels of 
beclin (n = 3, P < 0.05), LC3BI (n = 3, P < 0.05), and 
LC3BII (n = 3, P < 0.001) when compared with vehicle-
treated CCH mice with the level of LC3B II and beclin 
reaching the control level (Fig. 7d). We observed a sig-
nificant decrease in the P62 levels (n = 3, P < 0.05) in 
the IMS-088-treated CCH mice in comparison with the 
vehicle-treated controls. Together, our results revealed 
that IMS-088 treatment promoted autophagy thus helping 
clearance of the insoluble TDP-43 aggregates. Impor-
tantly, the level of P62 was restored to the control levels 
in CCH mice treated with IMS-088 treatment (Fig. 7d). 
Next, to confirm and to validate the impact of IMS-088 
on NF-κB inhibition, we measured the levels of nuclear 
phospho-p65. As shown in Fig. 7e, we found a significant 
reduction in the phospho-p65 levels after IMS-088 treat-
ment (n = 3, P < 0.05) in comparison with the CCH mice 
treated with vehicle.

Finally, in order to determine if the treatment with 
IMS-088 had an effect on cell survival after CCH, we col-
lected the cytoplasmic lysates from the control and CCH 
mice treated with vehicle and IMS-088 and examined the 
expression levels of apoptotic marker, cleaved caspase 3, 
(Fig. 7g). Normalized densitometry revealed a significant 
decrease in the CCH mice treated with IMS-088 (n = 3, 
P < 0.05) in comparison with vehicle-treated CCH mice 
demonstrating that IMS-088 improved cell survival after 
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chronic cerebral hypoperfusion (Fig. 7h). Taken together, 
our results suggest that, in the context of disease caused by 
CCH, IMS-088 acts as inhibitor of the pathogenic NF-κB 
signaling and enhancer of autophagy thereby protecting 

ischemia-affected neurons against TDP-43-mediated 
pathology.

Fig. 6  IMS-088 improves cognitive and motor performance in CCH 
mice. a Passive avoidance test showing latency to enter the dark 
compartment in control, CCH mice treated with vehicle or IMS-088. 
Latency to enter the dark compartment was significantly increased in 
CCH mice treated with IMS-088 in comparison with vehicle-treated 
group. b Novel recognition test showing percentage time spent with 
novel object in control, CCH mice treated with vehicle or IMS-088. 
Percentage of the time spent with novel object was significantly 
increased in CCH mice treated with IMS-088 in comparison with 
vehicle-treated group. c Grid test showing the time of fall from the 
grid in control, CCH mice treated with vehicle and IMS-088. Time of 
fall from the grid was significantly increased in the CCH mice treated 

with IMS-088 in comparison with vehicle group. d Wire hang test 
showing time of fall from the wire in control, CCH mice treated with 
vehicle and IMS-088. Time of fall was significantly increased in the 
CCH mice treated with IMS-088 in comparison with vehicle group. e 
Pole test showing a time to descend in the control, CCH mice treated 
with vehicle and IMS-088. Time to descend pole was significantly 
decreased in CCH mice treated with IMS-088 in comparison with 
vehicle group. Entire data in the figure was presented as mean ± SEM 
and statistical significance between the groups was achieved using 
ANOVA followed by Tukey’s multiple comparison test and depicted 
as ***p < 0.001
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Fig. 7  IMS-088 enhances autophagy and clearance of cytoplasmic 
TDP-43 aggregates and reduced NF-κB activation and apoptosis. 
a Western blot of urea-SDS insoluble fraction using anti-phospho-
TDP-43 antibody in both vehicle- and IMS-088-treated CCH mice. 
b Normalized densitometry analysis reveals a significant decrease 
in levels of phospho-TDP-43 and pathological fragmented phospho-
TDP-35/25 aggregates in CCH mice treated with IMS-088 in com-
parison with vehicle-treated group. c Western blot of cortical lysates 
using autophagy markers p62, beclin, and LC3BI and LC3BII in 
control and CCH mice treated with vehicle or IMS-088. d Normal-
ized densitometry analysis shows significant reduction in p62 lev-
els, and significant increase in the levels of beclin, LC3BI, LC3BII 
in the CCH mice treated with IMS-088 in comparison with vehicle-
treated group suggesting autophagy clearance of aggregated proteins 

was promoted by IMS-088. e Western blot of nuclear lysates using 
phospho-p65 in the control and CCH mice treated with vehicle or 
IMS-088. f Normalized densitometry analysis shows significant 
reduction in the levels of phospho-p65 in the CCH mice treated with 
IMS-088 in comparison with vehicle-treated group. g Western blot 
of cytoplasmic lysates using cleaved caspase-3 in the control and 
CCH mice treated with vehicle or IMS-088. h Normalized densi-
tometry shows significant reduction in the levels cleaved caspases-3 
in the CCH mice treated with IMS-088 in comparison with vehicle-
treated group. Entire data in the figure was presented as mean ± SEM 
and statistical significance between the groups was achieved using 
ANOVA followed by Tukey’s multiple comparison test and depicted 
as ***p < 0.001, **p < 0.01, *p < 0.05
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Discussion

While a role for TDP-43 in the pathogenesis of fronto-
temporal dementia has been widely established [45], the 
work presented here provides compelling evidence for 
TDP-43 involvement in vascular dementia. Furthermore, 
the results strongly suggest that targeting autophagy and 
TDP-43 pathogenic inclusions may have a disease-modify-
ing effect in dementia caused by chronic brain hypoperfu-
sion. Here, we report that (1) CCH induced cytoplasmic 
mislocalization of TDP-43 and formation of insoluble 
phospho-TDP-43 aggregates as well as cleaved TDP-35 
and 25 toxic fragments in cortical neurons; (2) CCH is 
associated with a deregulation of TDP-43, early activation 
of microglial cells, and NF-κB immune signaling as well 
as development of cognitive and motor deficits; (3) treat-
ment of CCH mice with an analog of withaferin A which 
is a NEMO antagonist restored the balance between the 
nuclear vs cytoplasmic TDP-43 and alleviated behavioral 
deficits; and (4) IMS-088 acted as inducer of autophagy.

Vascular dementia is one of the most common causes 
of dementia in aging population, and to date, there is no 
certified treatment for this disease [46]. In spite of research 
efforts, understanding of the molecular mechanisms 
involved in the development of disease and the correla-
tion between the cerebrovascular pathology and the cogni-
tive impairments and/or dementia remain unclear. Here, 
the characterization of mice subjected to UCCAO surgery 
revealed that chronic brain hypoperfusion causes severe 
TDP-43 pathology in cortical neurons, a phenomenon 
which was also detected in post-mortem brain samples of 
patients who suffered from vascular dementia (Fig. 1g). 
TDP-43 is normally localized in the nucleus. The cyto-
plasmic TDP-43 aggregates, observed in pathological con-
ditions, are associated with depletion of TDP-43 nuclear 
protein and a loss of its normal function [47]. In the CCH 
mouse model, we observed cytoplasmic mislocalization 
of TDP43, formation of highly phosphorylated TDP-43 
aggregates, and increased levels of its pathogenic frag-
ments such as phospho-TDP25 and phospho-TDP35. The 
TDP-43 pathology in the CCH mice is reminiscent of 
TDP-43 abnormalities found in FTD and ALS [15]. In 
the CCH mouse model of vascular dementia, the TDP-43 
pathology was associated with an increase in apoptotic 
neuronal cell death, microglial activation, and increased 
levels of pro-inflammatory cytokines. Furthermore, the 
nuclear p65 NF-κB levels were increased reflecting abnor-
mal activation of NF-κB signaling. Notably, the TDP-43 
pathology in CCH mice was associated with development 
of marked cognitive and motor impairment.

NF-κB has been shown to have pivotal role and acts 
mediator of inflammatory cascades in TDP-43-mediated 

pathology [29, 48]. TDP-43 overexpression in BV2 cells 
caused elevated inflammatory responses to LPS while 
TDP-43 small interfering RNA (siRNA) reduced the acti-
vation of NF-κB in those cells [48]. Furthermore, mutant 
or truncated form of TDP-43 can directly activate micro-
glial cells via NF-κB and the NLRP3 inflammasome trig-
gering proinflammatory signals promoting motor neuron 
injury [49]. In human subjects with ALS or mild cognitive 
impairment, it was also reported that TDP-43 can interact 
with the P65 subunit of NF-κB [50]. Neuron-specific inhi-
bition of NF-κB signaling was found to mitigate TDP-43 
neuropathology [51].

IMS-088 is a novel semi-synthetic analog of withaferin 
A, a compound extracted from the medicinal plant Withania 
somnifera which is an inhibitor of NF-κB activity. Many 
reports described the effect of withaferin A on suppres-
sion of NF-κB activation, but the mechanism has only been 
unraveled recently. At first, this compound was described 
as an inhibitor of IκB kinase (IKKβ) [52] but subsequent 
studies rather suggested that withaferin A was a weak direct 
IKKβ inhibitor and that it inhibited IKK function by binding 
and disrupting NEMO reorganization into ubiquitin-based 
signaling structures [19–21]. Our group reported previ-
ously that inhibition of NF-κB signaling by withaferin A 
conferred protection mouse models of ALS [44, 48]. This 
has been further supported by a more recent work revealing 
that treatment with withaferin A alleviates TDP-43 pathol-
ogy and cognitive impairment in a mouse model of FTDL 
[53]. IMS-088 is a semi-synthetic analog of withaferin A 
with improved tolerability and satisfactory blood-brain bar-
rier penetration. The IMS-088 compound is basically the 
4-O-methyl withaferin-A. Here, our results provide evidence 
of effective therapeutic effects of IMS-088 administered 
orally twice a day (30 mg/kg) in mice subjected to brain 
hypoperfusion by mitigating TDP-43 pathology and allevi-
ating the cognitive/motor deficits. Furthermore, IMS-088 
decreased NF-κB activation and reduced neuroinflammation.

It is noteworthy that IMS-088 treatment led to induc-
tion of autophagy. Autophagy is constitutively active in 
neurons and plays a significant role in cellular homeosta-
sis by clearing the dysfunctional organelles and abnormal 
protein. When a cell is stressed during an injury or energy 
deprivation, it results in endoplasmic reticulum stress and 
involves impaired synthesis and mis-folding of the pro-
tein [54]. In most of the neurodegenerative disease, like 
in ischemic and hypoxic injury of the brain, the unfolded/
misfolded protein response in the endoplasmic reticulum 
initiates autophagy to correct the protein misfolding and 
persistent stress affecting the cellular function, neurotrans-
mission impairment, and neuronal death [55–58]. It has 
been reported that autophagy impairment by mammalian 
TOR activation causes abnormal accumulation of tau in 
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Alzheimer’s disease mice subjected for CCH [35]. Another 
study reported that Arginine vasopressin, endogenous non-
peptide hormone reverses the spatial learning memory 
impairments in a CCH rat model by promoting autophagy 
signaling partially [59]. In vitro studies on different cancer 
cell lines revealed that TNF-dependent NF-κB activation 
represses autophagy and that withaferin A can promote 
autophagy [60, 61]. Resveratrol, a known NF-κB inhibitor, 
has been demonstrated to show neuroprotection against 
cerebral ischemia through enhancing autophagy [62]. In 
current study, autophagy markers LC3B1 and 2, beclin lev-
els were upregulated in the CCH mice administered with 
IMS-088. An enhancement of autophagy by IMS-088 in 
the CCH mice likely promoted the clearance of insoluble 
phospho-TDP-43 aggregates.

Various studies reported that CCH can cause neuronal 
loss [63–66]. Activation of caspase-3 followed by proteolytic 
cleavage to yield cleaved caspase-3 is one of the important 
steps in apoptotic cell death process [67, 68]. Interestingly, 
treatment with IMS-088 significantly reduced cleaved cas-
pase-3 levels after CCH which is consistent with its anti-
apoptotic properties. Another possible factor for the reduc-
tion in cell death in the IMS-088-treated CCH mice could 
be linked to its effects on TDP-43-mediated pathology. A 
recent report suggests that cerebral hypoperfusion is an early 
marker that is associated with spread of TDP-43 proteinopa-
thies in diseases like ALS and FTLD [69]. We observed that 
following CCH, there was a nuclear to cytoplasmic shift in 
TDP-43 expression indicating mislocalization thereby pre-
disposing the protein to aggregation. IMS-088 treatment was 
found to restore the distribution of TDP-43 to the nucleus 
in cortical neurons of CCH mice. Hence, IMS-088 treat-
ment may provide protection by restoring nuclear TDP-43 
function.

In conclusion, our results provide an important in vivo 
evidence of a link between CCH, vascular dementia, and 
TDP-43 proteinopathy. Administration of IMS-088, a with-
aferin A analog inhibitor of NF-κB signaling, conferred 
beneficial effects in a mouse model of dementia caused by 
CCH, which included reversal of motor and cognitive defi-
cits. Remarkably, by enhancing autophagy, the treatment was 
also effective in restoring the nuclear/cytoplasmic ratio of 
TDP-43 which is altered in pathological conditions. Taken 
together, the results of our study strongly suggest that target-
ing autophagy and TDP-43 pathogenic inclusions may have 
a disease-modifying effect in dementia caused by chronic 
brain hypoperfusion.
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