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Abstract

The hippocampus, a brain region vital for memory and learning, is sensitive to the damage caused by ischemic/hypoxic stroke
and is one of the main regions affected by Alzheimer’s disease. The pathological changes that might occur in the hippocampus
and its connections, because of cerebral injury in a distant brain region, such as the striatum, have not been examined. Therefore,
in the present study, we evaluated the combined effects of endothelin-1-induced ischemia (ET1) in the striatum and (3-amyloid
(A) toxicity on hippocampal pathogenesis, dictated by the anatomical and functional intra- and inter-regional hippocampal
connections to the striatum. The hippocampal pathogenesis induced by A3 or ET1 alone was not severe enough to significantly
affect the entire circuit of the hippocampal network. However, the combination of the two pathological states (ET1 + Af3) led to
an exacerbated increase in neuroinflammation, deposition of the amyloid precursor protein (APP) fragments with the associated
appearance of degenerating cells, and blood-brain-barrier disruption. This was observed mainly in the hippocampal formation
(CA2 and CA3 regions), the dentate gyrus as well as distinct regions with synaptic links to the hippocampus such as entorhinal
cortex, thalamus, and basal forebrain. In addition, ET1 + A{3-treated rats also demonstrated protracted loss of AQP4 depolari-
zation, dissolution of [3-dystroglycan, and basement membrane laminin with associated IgG and dysferlin leakage. Spatial
dynamics of hippocampal injury in ET1 + Af3 rats may provide a valuable model to study new targets for clinical therapeutic
applications, specifically when areas remotely connected to hippocampus are damaged.
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Introduction formations (presubiculum, parasubiculum, area

retrosplenialis, and entorhinalis; entorhinal cortex) along

The archicortical hippocampal formations, consists of five
major intrahippocampal connections (fascia, dentate gyrus;
DG, hilus, cornum ammonis (CA3-2), CA1l, and
subiculum), are regions of the brain most sensitive to is-
chemic damage. The hippocampal and retrohippocampal
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with parahippocampal [1, 2] medial temporal lobe (MTL)
[1, 2] and the islands of Calleja are part of a
neuroanatomically well-defined cerebral limbic network
involved in memory and learning behavior, particularly
spatial information and associative memory processes
[3-5]. In addition, the septohippocampal network of cho-
linergic neurons consists of the septal region (the medial
and lateral septal nuclei, dorsomedial quadrant of the sep-
tum, and the nuclei of the horizontal (HDB) and vertical
(VDB) limbs of the diagonal band of Broca) and the nu-
cleus basalis of Meynert [6]. Animal, as well as clinical
studies [7—-10], revealed that the hippocampus is selective-
ly vulnerable to ischemic and/or hypoxic stroke or the con-
sequences of hypoperfusion [7], possibly due to its loca-
tion and lack of vascularization [8]. Similarly, non-
invasive imaging performed on multi-infarct dementia,
Alzheimer’s disease (AD), and Parkinson’s disecase with
dementia patients demonstrated regional hypoperfusion
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most aggressively in the MTL, including the hippocampus,
where the observed reduced cerebral blood flow (CBF) strongly
associated with the extent of dementia [9]. Stroke during middle
age profoundly increases the risk of AD [10]. It is possible that
the stroke exacerbates the aging process by increasing the extent
of inflammation, (3-amyloid (A[3) deposition, and neuronal and
blood-brain barrier (BBB) loss [11, 12]. An underlying systemic
vascular disorder, or, instead, the additive consequences of the
AD and ischemic pathologies, might be responsible for the ag-
gravated and earlier onset of impairments [11]. Therefore, in-
flammation, A3 deposition, neurodegeneration, and altered
BBB permeability point to a link between stroke and AD.

Similarly, we have provided insight into the critical path-
ological changes in neuroinflammation, endogenous f3-
amyloid deposition, neurogenesis, and cognition occurring
in the hippocampus in a striatal endothelin-1 (ETI) model of
ischemia and {3-amyloid toxicity [13—18]. The ventral stri-
atum is the brain region that showed (3-amyloid (Af3) depo-
sition early in AD pathology by in vivo (3-amyloid imaging
[19]. Moreover, in the familial AD, the striatum is the first
brain region where A3 deposition starts [19]. Furthermore,
intrahippocampal injections of ET1 [20] or A325-35 [21]
have been shown to result in neuronal degeneration and cell
loss of the pyramidal cell layer [22, 23]. However, it is not
understood how a brain region as anatomically distant as
striatum can affect a nonischemic, remote region from the
lesion core, such as the hippocampus. Therefore, we hy-
pothesize that the biochemical and vascular exacerbation
occurring in the hippocampus, due to the comorbid striatal
ischemia and 3-amyloid toxicity, are driven by anatomical
and functional units, fibers, and inter-regional hippocampal
synaptic connections to the ischemic area. The novelty of
our study lies in its hypothesis that the progression to mem-
ory impairment might occur via functional connectivity so
that an ischemic injury in the striatum, often affected in
middle cerebral artery (MCA) localized strokes, could ex-
acerbate deleteriously pathology in interconnected regions.
Spatial dynamics of hippocampal injury in ET1 + A rats
may provide a valuable model to study new targets for clin-
ical therapeutic applications, specifically when areas re-
motely connected to hippocampus are damaged [24].
Hence, in the present investigation, we examined neuroin-
flammation, 3-amyloid deposition, microvasculature, and
BBB alteration to determine the role of hippocampal-
specific biochemical and vascular patterns driven by con-
nectivity to striatum in comorbid conditions of cerebral is-
chemia and (3-amyloid toxicity.

Enhanced appreciation of the connectivity pattern of the
structural links of biochemical and vascular injury among dis-
tinct anatomical and functional hippocampal units after ET1
and/or A3 toxicity could provide insight into the pathogenic
mechanisms and a new rationale for the design of therapeutics
for demented patients.

Materials and Methods
Animal, Treatment, and Tissue Preparation

All animal protocols were carried out according to the guide-
lines of the Animal Use and Care Committee of the Western
University (approval ID: 2008-113). Male Wistar rats (240—
310 g) were anesthetized using 1.8% isoflurane. The animals
were positioned in a stereotaxic apparatus (David Kopf) with
the incisor bar below the interaural line, set at 3.3 mm. Body
temperatures were maintained at 37 °C. To insert the Hamilton
syringe (30 gauge), small burr holes were drilled in the parietal
bone. There were four groups of animals (n =6 for each
group). To model striatal ischemia (ET1 group), 60 pmol
endothelin-1 (ET1; Sigma-Aldrich, Oakville, ON) per 3 uL
(dissolved in saline) was injected (single time) into the right
striatum through the Hamilton syringe (anterior/posterior +
0.5 mm, medial/lateral — 3.0 mm relative to bregma, and dor-
soventral —5.0 mm below dura). The well-established rat
model of 3-amyloid toxicity (A3 group) was used [21, 22].
Briefly, a bilateral injection of A325-35 (50 nmol/10 pL of
saline) (Bachem, Torrance, California) was made into the lat-
eral ventricles (anterior/posterior — 0.8 mm, mediolateral =
1.4 mm relative to bregma, and dorsoventral —4.0 mm below
dura). A325-35 peptide is likely generated endogenously by
enzymatic proteolysis of AB40 [25, 26], and due to its high
hydrophobic amino acids content tends to aggregate more
than the AP342 peptide. It has been identified in AD brains
in the core of senile plaques, extracellular neurofibrillary tan-
gles, and degenerating CA1 hippocampal neurons of AD pa-
tients, but not in control subjects [26]. For rats getting both
bilateral intracerebroventricular (ICV) A[325-35 injections
and unilateral ET1 (ET1 + A3 group) injections, the A325—
35 peptide injection into the lateral ventricles was followed by
the striatal ET1 injection. The control rats (control group)
went through the identical steps but with saline injections.
The Paxinos and Watson [27] atlas was used to determine all
stereotaxic coordinates. Following ET1, A325-35, or saline
injections, the syringe was left in situ for 3 min before being
removed slowly to avoid a backward flow. After suturing the
wound, all rats received 30 pg/kg buprenorphine injection
subcutaneously and an injection of 20 ul (50 mg/ml stock)
enrofloxacin antibiotic (Baytril, Bayer Inc., Canada) intramus-
cularly. Four weeks after surgery, rats were euthanized with
pentobarbital (160 mg/kg, i.p) and transaortically perfused,
first with heparinized phosphate-buffered saline (PBS) follow-
ed by 4% paraformaldehyde (pH 7.4). The brains were imme-
diately removed, post-fixed in 4% paraformaldehyde for 24 h,
and cryoprotected by immersion in 30% sucrose at 4 °C for
36 h. Gross cerebral hemorrhage was noticed in three ET1 and
two Af3 rats, which were discarded and repeat experiments
performed. No hemorrhages were detected in any of the con-
trol rats.
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Histology

Immunohistochemistry was performed on serial, coronal sec-
tions of the entire brain, 35 pm in thickness using a sliding
microtome (Tissue-Tek Cryo3, USA) as described [13, 14, 17,
18]. Sections were stained with the following antibodies: 4G8
(Signet, 9220-10, 1:1000) for amyloid precursor protein
(APP) fragments including Af; OX6 (BD Pharmingen,
554,926, 1:1000) for MHCII antigens expressed by the mi-
croglia; anti-basement membrane (BM)-laminin (Sigma, L
9393, 1:1000) as an indicator of the BM leakage rather than
a vascular marker; anti-SMI71 (Covance, SMIR, 1:2000)
which is a specific endothelial barrier antigen (EBA) located
in mature endothelial cells of the blood vessels with functional
BBB [28], anti-IgG for vascular permeability (Invitrogen,
A21209, 1:500); anti-glial fibrillary acidic protein (GFAP,
Sigma, G3893, 1:1000) for active astrocytes; anti-aquaporin-
4 (AQP4, Chemicon, AB2218, 1:1000) for water channel pro-
tein; anti-matrix metalloproteinase9 (MMP9; Millipore,
AB19016, 1:1000) and anti-3-dystroglycan (3-DG; Leica
B-DG-CE-S, 1:200) to demonstrate astrocytic anchoring
around the cerebral endothelium; anti-dysferlin (Abcam, ab
75,571, 1:200) to detect leakage of inflammatory infiltrates;
anti-NeuN (Chemicon, MAB377, 1:200) to stain neuronal
nuclei; and FluoroJade B (FJB) (Chemicon Int., 0.0004%) to
visualize degenerating cells. For fluorochrome FJB staining,
mounted sections were placed in 0.06% potassium permanga-
nate solution for 15 min, in 0.0004% FJB (Chemicon Int.)
solution for 20 min, rinsed in distilled water, cleared in xylene,
and coverslipped using Depex.

Analyses

The angioarchitecture of the hippocampal gray matter and
microvasculature between 0.48 and —5.8 mm anterior to
posterior was selected as the region of interest for inves-
tigation under light and fluorescence microscope. A Leica
Digital Camera DC 300 (Leica Microsystems Ltd.,
Heerbrugg, Switzerland) attached to Leitz Diaplan micro-
scope and Leica IM50 software was used to acquire the
images. Digitized photomicrographs obtained as TIFF
files using a 10x objective and brought to the same sharp-
ness and contrast level using the IM50 software. Manual
stereologic counting method was employed to count and
identify the numbers and locations of cells unequivocally
on the basis of positive labeling by visual inspection with-
in hundreds of microscopic fields-of-view. Six non-
neighboring brain slices were analyzed from each rat,
starting from the anterior basal forebrain level
(0.48 mm) to the posterior hippocampal level (= 5.8 mm
from the bregma) with 210 um distance. Six fields were
studied in each hippocampal region. Cellular or vascular
densities (expressed as the number of cells or vessels in
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the optical field/mm?) were quantified as the arithmetic
mean of the six slices in ipsilateral hemisphere of each
rat divided by the total area of the region (6.28 mm). Two
separate individuals blinded to the study group undertook
each quantification. Microvessels were counted using ste-
reoscopic method [29] at 10x magnification from six ran-
domly placed fields per hippocampal region per slice.
Segments from each microvessel were counted separately.
All values were presented as a mean =+ standard error of
the mean (S.E.M.) and were analyzed using one-way
ANOVA followed by post hoc Dunnett’s tests. The signif-
icance level was set at p <0.05.

Results
Thalamic Pathology

The ET1 and ET1 + A rats exhibited several characteris-
tic features of a degenerated brain. First, IgG leakage in
Fig. 1(a) showed the size of the ischemic lesion in the
ipsilateral striatum in ET1 and ET1 + A rat brains com-
pared to its absence in control and Af3 rats. In thalamus,
IgG leakage (Fig. 1(b)) and the number of ramified microg-
lia (Fig. 1(c) OX6) appeared not only in the ipsilateral side
but also spread to the contralateral side in both ET1 and
ET1 + AP rats, with an increased trend in ET1 + Af3-
treated animals compared to ET1 rats but significantly
more than the A3 rats (p <0.01). Next, we examined the
levels of endogenous APP fragments, as ET1 injection el-
evates the deposition of APP fragments, including (3-amy-
loid, in the brain. APP fragments-positive neurons in the
ET1 + A3 thalamus weakly exhibit deficient dendritic and
axonal branching compared to the ET1 rats (p =0.07) but
did so more when compared to A3 rats (» <0.001) (Fig. 1
APP fragments). To examine cellular degeneration, we
used FJB (polyanionic fluorescein derivative) that has been
reported to stain dying neuronal cells in cases of acute
insult [30] and label astrocytes and microglia [31] at some
stage in a chronic neurodegenerative course. In the ventral
posteromedial (VPM) and ventral posterolateral (VPL) nu-
clei, ET1 + Af3 rats did not show a significant decrease in
cell survival compared to ET1 but did so when compared
to AP rats (p<0.001) (Fig. 1 FJB). In ET1 and ET1 + A
animals, MMP9 showed a strong astrocytic expression in
the area of astrogliosis with more in ET1 rats compared to
ET1 + AP brains, while in control and A3 rats, MMP9
showed neuronal expression. Correspondingly, the area
surrounding the astrogliosis showed a fragile network of
microvessels with stabilized 3-DG expression (Fig. 1
MMPY/3-DG) and functional BBB (SMI) (Fig. 1 Lm/
SMI). MMP?9 is protective when expressed by astrocytes
and mediates BBB repair by stabilizing 3-DG in
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neurovascular remodeling and regeneration process [32].
This may represent an attempt by the brain to restore the
broken BBB and sustain CBF, 4 weeks after injury. In
contrast to laminin (Lm) staining, SMI staining did not
differ in ET1 + A rats compared to ET1 rats (p >0.05)
but was sparingly observed when compared to A3 rats
(p=0.01). MMP9 and laminin-like molecules could also
be seen in neurons throughout the control and Af3 rats as
well as in the non-injured regions of ET1 and ET1 + Af
rats. ET1 + Ap rats tended to show a resulting weakly
increase in the leakage of dysferlin-positive inflammatory
infiltrates compared to ET1 (p=0.06) which became de-
finitive in A3 rats (p <0.001) (Fig. 1 dysferlin). Weak
GFAP (red) expression in control and Af3 rats (p =0.005
compared to ET1 + Af3 rats) steadily developed fourfold
into glia scar in ET1 (p=0.054 compared to ET1 + Af3
rats) and ET1 + Af rats. The distribution of granulated
AQP4 channels (green) was highly polarized in the astro-
cytic end-feet cell membranes around vascular endothelial
cells in control and A3 rats compared to ET1 and ET1 +
A rats. In contrast, in the ET1 + Af3 rats, a highly signif-
icant increase in AQP4 staining intensity was found com-
pared to AP (p <0.001) and ET1 (p <0.001) animals as-
sociated with the redistribution of polarized expression of
AQP4 from astrocytic foot processes to astrocytic paren-
chymal membrane [33], as shown in dual immunofluores-
cent images of AQP4 and GFAP colocalization.
Depolarization of AQP4 expression on astrocytic end-feet
(merged images) is associated with its role in the resolution
of vasogenic edema (Fig. 1 AQP4/GFAP). In addition, the
response of astrocytes to injury is manifested by their in-
creased proliferation and size along with cytoplasmic pro-
cesses elongation [34]. ET1 (p <0.05) and ET1 + AR (p=
0.05) rats also displayed a decisive decrease in NeuN
stained pyknotic neurons (resembling apoptotic cells) com-
pared with control rats (Fig. 1 NeuN).

Entorhinal Cortex Pathology

Entorhinal cortex (Fig. 2(a)) showed a substantial and signifi-
cant increase in neuroinflammation in A3, ET1, and ET1 + A
rat brains compared to none in control rats (Fig. 2 OX6). Not
only were there significantly greater numbers of microglia in
the ET1 + A3 rats compared to AP (p=0.001) rats, but the
microglia were also found in clusters, with plump somas, and
intense immunoreactivity throughout the soma and processes,
indicating a profound increase in intracellular MHC 1II expres-
sion. Neuroinflammation was also accompanied by the signif-
icant deposition of APP fragments producing (Fig. 2 APP
fragments) and FJB-positive cells (Fig. 2 FIB) in ET1 + Af3
rats compared to A3 rats (A3 p=0.003, FJB p =0.002), while
an increased trend was found compared to ET1 rats. According
to their morphology and distribution pattern, APP fragments-

positive cells appeared to be degenerating neurons. A network
of BM-laminin protein, that demonstrates the leakage of lami-
nin across the compromised BM and BBB, was also seen
across the groups with an increased trend in ET1 + Af3 rats
compared to control, A3, and ET1 rats (Fig. 2 Lm/SMI).

Basal Forebrain Pathology

Septohippocampal (Shi) and lateral septal (LSD) nuclei dem-
onstrated increased numbers of ramified microglial cells in
AP (p=0.004) and ET1 + AR (p=0.055) rats compared to
control and ET1 brains, respectively (Fig. 3(a)). Similarly,
APP fragments stained cells were seen within the inflamed
microvessels in all the tested animals with substantially more
in AR (»p<0.01) and ET1 + A (p >0.05) rats compared to
control and ET1 brains, respectively (Fig. 3(a) APP frag-
ments). We found a significant number of FJB-positive degen-
erative cells, with a distinct microglial morphology and distri-
bution pattern with substantially more in Af3 (p =0.05) and
ET1 + A animals (p =0.007) compared to control brains
(Fig. 3(a) FJB), indicating that 3 weeks after the surgery, some
of the microglial cells were on the verge of degeneration.
Similarly, medial septal nucleus (MS) showed increased ex-
travasation of IgG protein from the inflamed microvessels
(Fig. 3(b) IgG). The MS, VDB, HDB, and medial forebrain
bundle (MFBB) also showed a general increase in APP frag-
ments stained cells that from morphology and appearance
look like neurons with more in A3 and ET1 + Af3 rats com-
pared to ET1 and control brains (Fig. 3(b) APP fragments). In
brain regions comprised of ventral pallidum (VP), HDB, an-
terior amygdala area (AAV), and islands of Calleja (ICj) OX6
antibody showed dense extracellular deposits instead of ram-
ified microglia with significantly more in ET1 + A3 rats com-
pared to AP (p =0.035) but not compared to ET1 rats (> 0.05)
(Fig. 3(c) OX06). Interestingly, the microglia were observed in
the vicinity of microvessels, whereas A3 antibody showed
deposition of 3-amyloid fragments around microvessels and
in cells with the appearance of neurons and astrocytes. Insets
showed APP fragments-positive neuronal and astrocytic cells
surrounding the leaky microvessels (Fig. 3(c) APP frag-
ments). FIB-positive cells in this region also showed distinc-
tive microglial morphology with more in ET1 + A3 compared
to AR (p=0.01) but not compared to ET1 rats (p =0.058)
(Fig. 3(c) FJB). SMI staining colocalized almost completely
with BM-laminin staining in Af3 rats except in inflamed and
dilated microvessels of ET1 and ET1 + Af3 rats, suggesting a
weakly greater BBB loss in ET1 + Af3 rats compared to ET1
(p=0.06) rats but significantly more compared to AP (p=
0.003) rats. ET1 and ET1 + Ap rats also showed uneven,
locally thickened BM continuous with the non-affected and
normal BM (Fig. 3(c) Lm/SMI).
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<« Fig. 1 Thalamic pathology: representative coronal sections stained with
an IgG antibody show striatal lesion at bregma level 0.48 mm (a) and a
thalamic lesion at bregma level — 2.3 mm (b). Low-resolution images (c)
at bregma level —2.3 mm show thalamic pathology in ventral
posteromedial (VPM) and ventral posterolateral (VPL) nuclei. Globus
pallidus (GP) is shown to orient the readers. The dotted rectangles in b
indicate the region of the high magnification images. High-resolution
immunostaining indicates ramified microglia (0X6), APP fragments
including (-amyloid (Af3), FIB-positive cells (FIB), MMP9-(green)
positive astrocytes (MMP), 3-DG (red)-positive vessels (3-DG),
laminin (green)-positive microvessels (Lm), SMI (red)-positive vessels
(SMI), dysferlin-positive inflammatory infiltrates (dysferlin), AQP4
(green) depolarization (AQP4), GFAP- (red) positive astrocytes (GFAP),
and NeuN-positive neuronal cells (NeuN) in the ipsilateral thalamus. Plots
show a quantitative analysis of OX6, A3, FJB, BM-laminin, SMI, MMP9,
[-DG, dysferlin, AQP4, GFAP, and NeuN immunoreactivity in the control,
AR, ETI1, and ET1 + A rats, *p <0.05; **p <0.01.

0X6- and FIB-positive cells in the CA2 region of ET1 rats
compared to ET1 + Af rats and A3 rats showed that the
injury matures more rapidly in ET1 rats compared to other
treatments (Fig. 4(b) OX6 and FIB). The CA3 subregion of
ET1 + AP rats was characterized by a comparably larger in-
jury in contrast to CA1 and CA2 subregions. The majority of
microglial cells in the CA3 region were found close to the

Control AB

OX6

Fig. 2 Entorhinal cortex pathology: low-resolution images at bregma level
— 2.8 mm stained with OX6 antibody show cortical pathology in the ecto
(Ect), peri (PRh), entorhinal (LEnt), and piriform (Pir) (a) cortices of
control, A3, ET1, and ET1 + A rats. The dotted rectangles indicate the
region of the high magnification images. High-resolution immunostaining

ET1

fimbria (Fig. 4(c) OX6). In CA3, ET1 + Af3 rats resulted in
a general increase in APP fragments stained cells compared to
AB (p=0.01) and ET1 (p =0.05) rats, close to the pyramidal
cell layer that from morphology and appearance look like
neurons with few processes and stout soma (Fig. 4(c) APP
fragments). Similarly, we found a significant number of
degenerating cells in ET1 + A3 brains compared to A} (p=
0.001) but not compared to ET1 (p=0.064) brains with a
distinct microglial morphology (Fig. 4(c) FIB). Inflamed
microvessels exhibited less SMI immunoreactivity, and at
higher magnification revealed punctate immunoreactivity
along the individual vessel walls which showed a robust
BM-laminin staining, particularly evident in the hippocampal
CA3 region of ET1 + A3 rats significantly compared to Af3
(p=0.01) but weakly compared to ET1 rats (p = 0.056) (Fig.
4(c) Lm/SMI).

Dentate Gyrus Pathology

The number of ramified microglia appeared not only in the
ipsilateral DG but also spread to the contralateral side in both
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the control, A3, ET1, and ET1 + Af rats.
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ETI1 and ET1 + A rats (Fig. 5(a) OX6). Increased immuno-
staining for morphologically neuronal cells expressing APP
fragments, including (3-amyloid, was also increased with sub-
stantially more in ET1 + A3 rats compared to A3 (p=0.03)
and ET1 (p =0.05) rats (Fig. 5 APP fragments). DG showed
overall decreased cell survival in ET1 + Af rats (p =0.05)
compared to control, Af3, and ET1 rats (Fig. 5 FIB). SMI
staining colocalized almost completely with BM-laminin
staining except in inflamed microvessels with IgG leakage,
suggesting a BBB loss in those vessels, more obvious in
ET1 + Af rats compared to AR (»p=0.03) and ETI (p=
0.06) rats (Fig. 5 Lm/SMI). Most notably, the 1gG leakage in
the granular cell layer of DG (dotted line in Fig. 5 IgG) with
reduced SMI immunoreactivity (Fig. 5 Lm+/SMI-) on
microvessels suggests a decrease in the expression of tight
junction protein at those sites with a resulting elevated BBB
permeability. Similarly, as shown by us throughout, an in-
creased number of OX6 stained cells was associated with
reduced SMI staining in the hippocampus and its connected
pathways. This finding refers to a potential association be-
tween vascular alterations and inflammation in the present
study.

Fornix and Hippocampal Commissure Pathology

0OX6 staining showed a general increase in the number of
microglial cells concentrated ipsilaterally in the ET1 and bi-
laterally in the hippocampal fimbria (Fig. 6(a, b)) and hippo-
campal commissure (Fig. 6(c) OX6) of A and ET1 + A{3 rats
with significantly more in ET1 + Af3 rats compared to A3 (fi
p=0.01,df p=0.009) rats. We found an increase in FJB stain-
ing in the hippocampal commissure with relatively more in
ETI1 + A rats significantly compared to A3 (p =0.003) and
weakly compared to ET1 (p =0.06) rats (Fig. 6 FIB). A pro-
gressive shrinkage of the hippocampus and hippocampal fim-
bria (which is a prominent band of white matter) could also be
appreciated in Fig. 6(a, b).

Discussion

In the present investigation, we show that a single icv bilateral
injection of A3 and unilateral intrastriatal injection of ET1
provoked substantial biochemical alterations in the cellular
and vascular anatomy of the hippocampus that provides an
etiology link between AD and ischemia. Largely MTL [1]
(including thalamus and entorhinal cortex), intrahippocampal
subdivisions, CA3-2, and DG, fornix, hippocampal commis-
sure, and basal forebrain were affected. Conversely, the hip-
pocampal pathogenesis/atrophy induced by ET1 or Af3 toxic-
ity alone was not severe enough to significantly affect the
entire circuit in a hippocampal network.

While striatum and thalamus were the major injury sites in
ET1 and ET1 + A rats, degenerative changes were also ob-
served in distant regions [35] with synaptic links to the striatal
and thalamic lesions such as hippocampal subfields CA2,
CA3, which are intimately unidirectionally connected to the
reward-processing network of the ventral striatum (nucleus
accumbens) [36, 37]. Similarly, anterior nuclei of the thalamus
have direct connections to the hippocampus through fornix.
Alternatively, cellular and vascular disruption observed in en-
torhinal cortex may also be the epicenter of damage seen in
DG, CA1, and CA3, as the perforant pathway projection [1]
from the entorhinal cortex directly innervates these hippocam-
pal subdivisions [2, 38]. While thalamic deterioration in early
AD stages is controversial [39, 40], we observed an early sign
of degeneration in the thalamus of ET1 + Af3 rats with elevat-
ed astroglial expression, vascular degeneration, BBB disrup-
tion, and the presence of pyknotic neurons. Conversely, we
observed a decrease in thalamic neuronal loss in A3 rats com-
pared to ET1 and ET1 + A rats. This points to an aggravated
drift towards AD pathology when it occurs comorbidly with
ischemia. Disruption of thalamus-hippocampal connections
leads to short-term and working memory impairment [41-43].

Similarly, origination of extrinsic afferent projections from
the medial septum and basal forebrain to the CA1 (reviewed in
[44]) as well as the fornix that connects the hippocampus with
the cholinergic septal nuclei and VDB nuclei [6] may cause
additional damage to CA1 region, provided the damage is
severe enough at its site of origin. This connectivity between
basal forebrain and hippocampus may be one of the contrib-
uting factors for the cellular and vascular degeneration seen in
the hippocampus of ET1 and ET1 + Af3 rats and pointing to
yet another intriguingly similar pathology between ischemia
and AD [45]. Hypoactivity of septohippocampal cholinergic
neuronal projections is an early AD pathology (reviewed in
(45D

DG and CA3 were affected the most (sparing CA1 and
CA2), because mossy fibers, which are the axons of the gran-
ule cells of DG terminate in the CA3 subfield. The integrity of
these connections is essential for episodic memory, which is
primarily affected in AD [46]. The present study did not find
any support to verify the vascular theory of CA1 vulnerability
[47, 48]. Perhaps, the reported massive regeneration of neu-
rons in CA1 of rat hippocampus after ischemia [49] also made
them less susceptible to ischemia and/or A toxicity in the
present study. On the contrary, the higher capillary density of
CA3 may be related to its increased vulnerability. Increased
capillary density results in the shorter average distance be-
tween the capillary lumen and surrounding neurons.
Therefore, neurons in CA3 region are adapted to faster deliv-
ery of oxygen and nutrients and as a result to be more suscep-
tible to ischemia and/or A3 insults in the current study.

The hippocampal divisions greatly affected by various del-
eterious biochemical changes due to the damage to their
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<« Fig. 4 Cornu ammonis pathology: high-resolution images at bregma
level —3.8 mm show CAl (a), CA2 (b), and CA3 (c) pathology in
control, A3, ET1, and ET1 + A rats. Immunostaining indicates
ramified microglia (OX6), APP fragments including 3-amyloid (Af),
FJB-positive cells (FJB), laminin (Lm)- and SMI (SMI)-positive
microvessels in the CA1, CA2, and CA3 regions. Plots show a
quantitative analysis of OX6, A3, FJB, BM-laminin, and SMI
immunoreactivity in the CA1, CA2, and CA3 of control, Ap3, ET1, and
ETI + AP rats

connecting brain regions. For instance, the first set of charac-
teristic biochemical alteration observed was an increase in
MHC II expression by ramified microglia reflecting localized
hippocampal inflammation with considerably enhanced

Control AR
@ Bl e N

ET

Fig.5 Dentate gyrus pathology: low-resolution images stained with OX6
antibody at bregma level —3.8 mm (a) show DG pathology in control,
AR, ET1,and ET1 + A rats. The dotted rectangles indicate the region of
the high magnification images. High-resolution immunostaining indi-
cates neuroinflammation (OX6), amyloid accumulation (Af), cellular
degeneration (FJB), BM-laminin leakage (Lm), and BBB disruption
(SMI). Low-resolution images at bregma level —3.14 mm (b) show IgG
leakage through the disrupted microvessels. The dotted lines indicate the

1

inflammation in the ET1 + A rats [13]. Further, the present
data reaffirms that ischemia and/or (3-amyloid toxicity leads to
an elevated generation of endogenous 3-amyloid triggered by
either A3 25-35 ICV injections (confirms our previous find-
ings [13-16]), or by the heightened retention of APP in the
perikarya of neuronal cells. It could also be due to the im-
paired transport of APP to the axons, or owing to its impaired
cleavage or overexpression in neurons, astrocytes, or ramified
microglia [50, 51], while our results propose it is mainly
contained in neurons. Intriguingly, the formation and accumu-
lation of APP fragments deposits within the microvessels of
basal forebrain region appeared to be an initiating site to

30

p=0.057
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region of the high magnification images. Fluorescent immunostaining
indicates BM-laminin (Lm), and SMI (SMI)-positive microvessels in
the ipsilateral DG of control, A@, ET1, and ET1 + A rats. Polymorph
layer of DG (PoDG), hilus of DG (Hil), CA1, CA2, and CA3 are shown
to orient the readers. Plots show quantitative analysis OX6, A{3, FIB,
BM-laminin, and SMI immunoreactivity in the DG of control, Af3,
ET1, and ET1 + A rats
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Fig. 6 Fornix and hippocampal commissure pathology: low-resolution
images at bregma levels —3.3 (a) and — 3.8 (b) mm show ramified mi-
croglia (OX6) in the fimbria of hippocampus (fi) and at bregma level —
4.52 mm show dorsal fornix (df) and dorsal hippocampal commissure
(dhe) (c) of control, AP, ET1, and ET1 + Af3 rats. The dotted rectangles
indicate the region of the high magnification images. High-resolution
immunostaining indicates a dense and widespread expression of ramified

produce cerebral amyloid angiopathy. While DG hilar neurons
and mossy fiber axons of A3 rats showed increased APP
fragments immunoreactivity, CA2 of ET1 + Af3 rats did not
show any significant increase in (3-amyloid as well as
microglial cells compared to A3 and ET1 rats alone. This
points out that in CA2 subdivision, ischemia and A3 toxicity
do not interact to have any synergistic or additive effects.
Given that A3 accumulation is related to the neuro-
nal damage after brain insult [52] and that in AD, hip-
pocampus is the main region of neurodegeneration, de-
layed necrotic damage is likely to contribute to the pres-
ent FJB data. The appearance of FJB-positive cells (and
decreased number of NeuN-positive neurons in VPM
and VPL) in hippocampal-connected brain regions fur-
ther indicates that the specific homeostatic mechanisms,
architecture, strength, and a number of connections
within the hippocampus primarily drive the pattern of
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microglia (OX6) and FIB-positive cells (FIB) in the ipsilateral df of
control, AP, ET1, and ET1 + A rats. CA2, CA3, and lateral ventricles
(Iv) are shown to orient the readers. Low-resolution images stained with
0OX6 antibody at bregma level — 5.8 mm (d) show extended DG pathol-
ogy. Plots show quantitative assessment of immunoreactivity of OX6 in
the fi and OX6 and FJB in the ipsilateral df of control, A3, ET1, and ET1
+ AP rats

degeneration. And that the ischemic injury and/or Af
toxicity may result in cellular degeneration not only in
the lesion core but also in the nonischemic areas remote
from the lesion core [48, 52, 53]. In addition, different
populations of hippocampal neurons displayed differen-
tial susceptibility to A3 toxicity and/or ischemia [54].
For instance, DG, CA2, and CA3 pyramidal neurons
demonstrated selective and substantial deposition of
AP fragments but neurons in the CAl area were rela-
tively intact. Perhaps the toxicity induced by ET1 + Af
was not sufficient to give metabolic stress to CAl neu-
rons [55].

Activated microglia are primarily involved in altering
the BBB integrity and vascularization in ischemia [56]
and AD [57]. Given that the onset of dementia and
neurodegeneration are probably followed by the cerebro-
vascular alterations in AD patients [58, 59] and that A
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toxicity or deposits play an important role in harming
the nearby microvessels [60] [61, 62] and BM [62]. The
appearance of BBB loss and tortuous capillaries in all
hippocampal-connected regions, a trisynaptic circuit
(DG (fascia dentata and hilus), CA3), ventral pallidum
(VP), anterior amygdala area (AAV), and islands of
Calleja was not a surprise. Thus, not only cells but also
hippocampal capillaries are vulnerable to cerebral insult.

MMP?9 has a dual role after cerebral injury. The pathological
role starts immediately after the injury. This role degrades BM-
laminin [63] and extracellular matrix receptor [3-DG to mediate
BBB disruption (SMI loss) [64], inducing cytotoxic edema (as
indicated by the astrocytic swelling and depolarized expression
of water channel protein; AQP4), leakage of IgG and dysferlin
[64, 65], (which is manifested as serum proteins leakage) with
eventual loss of NeuN staining [66]. The protective role that
observed almost 4 weeks after injury, in the present study,
repaired the BBB by stabilizing 3-DG and BM-laminin to me-
diate neurovascular remodeling and regeneration process [32].
While ET1 rats showed an elevated level of astrocytic MMP9
and (3-DG, ET1 + A rats showed comparatively decreased
levels of MMP9, and microvessels with laminin meshwork still
missing (3-DG and SMI staining. These findings also suggest a
mechanistic insight for hippocampal-related functional deficits
in ET1 + A rats, previously reported by us [13].

Two conclusions can be drawn from the present findings.
Firstly, that an injury in any hippocampal interconnections
whether distant or close is strategically destined to slowly
but steadily harm hippocampus and may cause cognitive im-
pairment sooner or later, depending on the injury severity, if
not treated in a timely fashion. Secondly, the structural strate-
gic development of the hippocampal cellular and vascular
degeneration in ET1 + A rats, that resembles the evolution
of human dementia, is further established as an etiological link
between AD and ischemia and may well be occurring in
humans as ET1 is upregulated by (3-amyloid in human AD
brain [67]. The challenge remains to determine if curing
striatal damage can lead to a reversal of the cellular and vas-
cular degeneration in the hippocampus to provide new targets
for clinical therapeutic applications, specifically when areas
remotely connected to hippocampus are damaged.
Promotion of timely astroglial reactivity, AQP4 expression,
and MMP9 activity may serve as independent strategies for
neuroprotection in comorbid cases of ischemia and AD.
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