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Summary

The cellular mechanisms underlying cognitive impairments in heart failure (HF) remain unknown. Although
HF-induced neuroinflammation and hypoxia in the hippocampus have been reported in humans and
rodents, whether and how these processes are causally connected remains unexplored. Here we report
that microglial Angiotensin Il (Angll) signaling in the hippocampus is a crucial component in HF-induced
neuroinflammation. We found microglial-specific upregulation of the Angll receptor AT 1a that coincided with
a hypoxic state, but preceded cytokine production. In addition to hippocampal apoptotic clusters, HF rats
displayed progressive angiogenesis, migration of AT1a-positive microglia to blood vessels, and disruption
of BBB integrity. Treatment of HF rats with the AT1 receptor antagonist losartan reversed neuroinflammation
(but not hypoxia), apoptosis and cognitive impairments in HF rats. Taken together, we present here a novel
mechanism by which microglial Angll signaling triggers a microglia-dependent neuroinflammatory cascade
that contributes to neuronal apoptosis, hippocampal structure deterioration and cognitive decline.
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Introduction

Heart failure (HF) is a debilitating disease affecting more than 64 million people worldwide'. In
addition to impaired cardiovascular performance and associated systemic complications, most patients with
HF suffer from depression? and/or substantial cognitive decline®. Multiple studies both in human patients
and experimental animal models of HF have shed on into pathophysiological mechanisms known to
contribute to cardiovascular dysfunction, cardiac necrosis*® or inflammation®, as well as elevated
sympathohumoral activation’, a hallmark of HF*8 Conversely, the specific neural substrates and
mechanisms contributing to emotional and cognitive decline in HF remain to be determined. The
hippocampus plays a critical role in cognitive performance®, including spatial, temporal and emotional
memory'®. Moreover, hippocampal structural and functional abnormalities as a result of normal aging'! or
in brain disorders such as Alzheimer's Disease'? have been shown to contribute to cognitive deficits.
Importantly, recent studies also showed shrinkage and reductions in hippocampal volume in HF both in
rats'® and humans'®. Taken together, these previous studies support the hippocampus as a likely brain
substrate contributing to cognitive deficits in HF.

Two major pathological events have been suggested as likely candidates contributing to
neurological dysfunction in HF. Firstly, it is well-established that myocardial infarction leads to insufficient
oxygen supply to the brain and subsequent hypoxia'®'®.  Secondly, recent studies support
neuroinflammation as a common finding in numerous brain regions of HF rats®'"-'°. Whether these two
pathological factors are causally interrelated, and what their relative contribution to cognitive deficits in HF
is remains largely unknown.

Neuroinflammation is a process regulated by microglial and astrocytic interactions®. Microglia, the
resident macrophages of the brain parenchyma, monitor and protect neurons under normal conditions?'.
Conversely, sustained microglial activation during pathological conditions induces a neurotoxic astrocyte
phenotype?°, which eventually results in neuronal death. In HF, overactivation of the renin-angiotensin
system has been shown to play a critical role in sympathohumoral activation and the associated
cardiovascular detrimental effects?>?*. Importantly, the circulating peptide angiotensin 1l (Angll) is
recognized as a potent proinflammatory molecule?®, and several studies support a contribution of Angll and
its AT1a receptor to hypothalamic neuroinflammation and sympathohumoral activation in HF&19.26-30 gng
other related cardiovascular diseases such as hypertension®'*2, Given this, and the fact that AT1a receptors
are also expressed in hippocampal microglia®3, we aimed to test the overarching hypothesis that
Angll/AT1a-driven microglial activation contributes to hippocampal neuroinflammation, neuronal death and
cognitive deficits in HF.

The ischemic HF rat model is a widely accepted model than replicates the cardiac, systemic and
neurohumoral pathology observed in patients®*. Moreover, we3® and others® recently showed that HF rats
displayed various cognitive and emotional deficits reported in humans, supporting that this model is well-
suited to also study mechanisms underlying HF-induced cognitive and emotional impairments. Using this
model, we report that HF rats with reduced ejection fraction (EF) displayed long-lasting microglial activation

in both ventral (VH) and dorsal hippocampus (DH). We found hippocampal morphometric microglial changes



77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

supportive of a pro-inflammatory state that strongly correlated with higher expression of proinflammatory
cytokines. These pro-inflammatory changes correlated with the progression and severity of the disease. We
found evidence for altered hippocampal neuronal excitability and substantial hippocampal apoptosis in HF
rats. Intriguingly, we observed an increased number of vessel-associated microglia, elevated expression of
hypoxia markers, angiogenesis and compromised hippocampal blood-brain barrier (BBB) integrity in HF
rats. Most of these changes correlated with an increased expression of AT1R mRNA levels in hippocampal
microglia. Importantly, treatment of HF rats with an AT1R antagonist improved all neuroinflammation-
associated parameters, without affecting however the hippocampal hypoxic state. Finally, AT1R blockade
ameliorated cognitive deficits in HF rats. Collectively, our results highlight a novel mechanism of Angll-
AT1aR-mediated hippocampal microglial activation in HF, which progresses over time and has detrimental

effects on hippocampal function and hippocampal-dependent memory.

Results
Heart failure induces a pro-inflammatory microglial phenotype in the hippocampus

To assess potential microglia morphological differences between sham and HF rats, we stained
brain sections containing DH and VH for the microglial marker IBA1 (n=8 for both groups, Fig. 1a, Extended
Fig. 1a-f). We found larger microglia somatic volumes in HF rats (Fig. 1b,c®"), which could be indicative of
a pro-inflammatory microglial phenotype. This was further confirmed using an Imaris-assisted microglia
morphometry approach'” that showed significant changes in microglia surface area, cell volume, and
filament length that are consistent with a proinflammatory phenotype (Fig. 1d-f). Interestingly, these
changes were dependent on the progression of the disease, with animals at later stages of HF displaying
more profound changes in microglial morphology. We recently reported lack of microglial morphological
changes in the somatosensory cortex (S1BF) of HF rats'”. To further confirm that microglial morphology
changes in HF are not a brain-wide phenomenon, we analyzed also here the prelimbic cortex (PLC) and
found no difference between sham and HF rats (Extended Fig. 1g-i). To obtain more detailed information
about changes in microglial morphometry, we created heatmaps of 256 randomly selected microglia (32 per
animal) that display the maximum length and Sholl values for each microglia for both Sham and HF rats
(Fig. 1g, h). On average, microglia from HF rats displayed a reduced reach (i.e. maximum extension of
filaments) and diminished maximum complexity (peak Sholl value). Next, we compared between both
groups the proportions of microglia that were considered pro-inflammatory using our previously established
conservative threshold (7, peak Sholl value <10). In sham rats, we found 14.9% and 15.3% (in VH and DH,
respectively) of all microglia to display a pro-inflammatory profile, while the value was increased in HF rats
(Fig. 1i, j; 41.2% and 36.2% for VH and DH, respectively). No such changes were observed in the PLC,
consistent with our initial findings (Extended Fig. 1j, k). Importantly, we found a significant negative
correlation between the degree of microglia cell activation and the corresponding rat echocardiography EF
value (Fig. 1k, I), suggesting that the microglial status within the hippocampus is dependent on the severity
of cardiac compromise in HF. The HF-induced decrease in microglia morphology complexity was further

confirmed by Sholl analysis (Fig. 1m). Counting of microglia revealed no differences in the total number or
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density of microglia cells between the two groups, indicative of lack of microglia cell proliferation during HF
(Fig. 1n). Assessment of mRNA transcripts via qPCR revealed a significant increase in several
neuroinflammation-associated genes within the VH and DH (Fig. 10), but not in the PLC (Extended Fig.
11). Taken together, these findings suggest that hippocampal microglia undergo a morphological transition
towards a pro-inflammatory phenotype in HF which is progressive in time, and dependent on the severity of
the disease.

Morphological changes in microglia correlate with cytokine mRNA levels in HF rats

Cytokines such as C1q, TNFa and IL1B play an important role in microglia-to-microglia
communication and are pivotal to microglia-mediated maintenance of a pro-inflammatory state®. To
determine whether microglial morphological changes correlated with changes in the levels of cytokine
expression, we combined immunohistochemistry (IHC) against IBA1 with the RNASCope hybridization to
measure cytokine expression and correlated the degree of microglial pro-inflammatory morphological
changes and the amount of cytokine mRNA expressed within individual microglia cells in sham and HF rats
(Fig. 2a-g, Extended Fig. 2a-e). We found a robust and significant negative correlation between IL13 and
TNFa mRNA levels with microglial complexity, while the correlation with C1q was less prominent though
still significant.

A core feature of neuroinflammation is the intricate interaction between microglia and astrocytes.
Microglia release C1q, TNFa and IL-1a to activate astrocytes, which in turn become neurotoxic (A1
phenotype) and induce apoptosis in neighboring neurons in affected brain areas?’. To investigate whether
HF induced a morphological transition of astrocytes towards a pro-inflammatory A1 phenotype, we stained
astrocytes using GFAP and glutamine synthetase (GS) as markers which predominantly stain astrocytic
processes and astrocyte soma, respectively (Fig. 2h, i). We found that HF astrocytes in the VH and DH,
but not the PLC, had substantially increased soma volume and visible swelling of GFAP-labeled processes,
indicative of a hypertrophic phenotype® and reactive astrocytes® (Extended Fig. 2f-h). In line with this, we
found lower levels of neuroprotective A2- and higher levels of neurotoxic A1-related mRNA transcripts in
the hippocampus of HF rats (Fig. 2j). Similar to microglia changes, we did not observe changes in astrocyte
morphology (Extended Fig. 2h), nor an increase in the number of astrocytes in the PLC (Extended Fig.
2i). Taken together, these findings are consistent with the previously described interaction of microglia and
astrocytes during neuroinflammation?>4°, and support that in addition to a microglia proinflammatory state,
the hippocampus of HF rats shows evidence for an astrocytic shift from a neuroprotective to a neurotoxic
state.

Evidence for hippocampal apoptosis in HF rats

To probe for potential neuroinflammation-induced apoptosis in the hippocampus of HF rats, we
performed a TUNEL assay to assess apoptotic levels in the DH and VH of sham and HF rats. This study
was done at two different time points (6w and 16w post HF) to be able to discriminate between early and

late apoptosis in our HF model (Fig. 3a, b, Extended Fig. 3 a, b). We observed frequent apoptotic clusters
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in both DH and VH of HF rats, while those clusters were almost entirely absent in sham rats (Fig. 3 ¢, d).
To corroborate these findings, we stained brain sections of sham and HF rats with a cleaved caspase-3
(cCasp3) antibody and found significant more apoptotic clusters at 6w and 16w post HF surgery in the
hippocampus (Fig. 3e-j). Interestingly, we observed a reduction in cell number at 16w, but not 6w post HF
surgery (Fig. 39, j), suggesting continued apoptosis that manifests in significant decreases in cell numbers
only in later stages of HF. In addition to the observed apoptotic clusters and reduced cell number, we also
found significant thinning of pyramidal cell layers both in the DH and VH of HF rats (Extended Fig. 3 c-e),
which is in line with previous reports of hippocampal shrinkage in HF rats'3.

To further assess hippocampal neuronal damage during HF we patched ex vivo pyramidal neurons
in dorsal CA1 in both sham and HF rats (n= 11 neurons/ 3 rats and 9 neurons/3 rats respectively) and
assessed changes in membrane excitability and firing discharge properties (Fig. 3 k-o, Extended Fig. 3f).
While resting membrane potential was similar between CA1 neurons in sham and HF, we observed a
significantly decreased input resistance which was evident as a decreased slope in the current/voltage plots
(Fig. 3l). Moreover, we found a significantly diminished input/output function in CA1 neurons in HF rats (i.e.
decreased number of evoked action potentials per stimulation, Fig. 30). AP amplitude, AP threshold, AP
half-width, peak AHP amplitude, sAHP amplitude, or AHP decay tau did not differ between sham and HF
rats (Extended Fig. 3f). Taken together, these findings indicate an early onset of HF-induced hippocampal
apoptosis, along with a blunted overall neuronal excitability and decreased ability to fire action potentials in

response to an incoming stimulus.

Upregulation of hippocampal Hif1/2a and Angiogenesis during HF

Myocardial infarction with reduced ejection fraction results in a hypoxic environment that can have
far-reaching consequences on brain vascularization, metabolism and ultimately brain function*'-*4, However,
whether tissue hypoxia and/or pathological angiogenesis occurs in the hippocampus of HF rats, and whether
it is mechanistically linked to the neuroinflammatory process during this condition remains unknown. Thus,
we performed gPCR time series for Hifto. and Hif2a, two widely used hypoxia markers, at 6-, 8- and 12-
weeks post HF. We found a significant increase in both Hifta and Hif2a in the VH and DH of HF rats.
Intriguingly, while the magnitude of the increase in Hif1a levels diminished over time, Hif2a kept increasing
over time (Fig. 4a, b). In line with previous studies showing that Hif2a. promotes pathological angiogenesis
under various conditions*>#¢, we assessed for changes in hippocampal vascular density in sham and HF
rats at two different time points (6 and 12-weeks post HF) (Fig. 4c-h). We observed a prominent and
progressing increase in vascularization in both DH and VH of HF rats (Fig. 4e, f, h), as well as in the
somatosensory cortex, paraventricular nucleus of the hypothalamus (PVN) and central nucleus of the
amygdala (CeA) (Extended Fig. 4a-e). Finally, we analyzed vessel branching points for each animal and
found significantly higher numbers of vessel branching points in HF rats, with a progressive increase over
time (Extended Figure 4f). These findings support hypoxia and hyper-vascularization in multiple brain

regions in rats with HF.
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AT1aR expression in hippocampal microglia is linked to microglial activation during HF

Overactivation of the renin-angiotensin system (RAS) is a hallmark of HF, and disturbed angiotensin
I (Angll) signaling is thought to underlie many of the pathophysiological findings and symptoms associated
with early and late HF stages®'%2%. Angll is a pro-inflammatory neuropeptide?® and we recently reported that
Angll type 1a receptors (AT1aR) are present in hypothalamic microglia®®3"47, while others have shown the
same in hippocampal microglia®®. Thus, we first performed non-cell type-specific QPCR to determine
whether AT1aRs were upregulated in HF rats. Indeed, we found a time-dependent, progressive increase of
AT1aRs both in the DH and VH of HF rats when compared to age-matched sham controls (Fig. 5a).
Interestingly, we could confirm these findings in PVN and CeA, where we previously reported microglial
activation, but not the somatosensory cortex or PLC (Extended Fig. 5a). To determine whether the degree
of AT1aR expression was linked to microglial deramification, we performed RNAScope for AT1aR mRNA
in combination with IHC staining against IBA1 (Fig. 5b-f) and we analyzed the peak Sholl values in AT1aR
-negative and AT1aR-positive microglia. We found that AT1aR positive microglia were significantly less
complex than their AT1aR-negative counterparts, suggesting a potential role of AT1aR in regulation of
microglial morphology and functional state (Fig.5e). In addition, we observed a drastic increase (6-fold) in
the number of AT1aR mRNA positive microglia in both DH and VH of HF rats (Fig. 5f, g), as well as a
significant 1.4-fold increase in AT1aR mRNA expression in hippocampal microglia of HF rats (Extended
Fig. 5b). In hippocampal neurons, a 2.8-fold increase in AT1aR mRNA expression was also observed in
HF rats (Extended Fig. 5¢c-e), however, unlike hippocampal microglia, the total number of AT1aR mRNA-
positive neurons in HF rats did not increase (Fig. 5f). We did not find evidence for AT1aR receptors in
hippocampal astrocytes in sham or HF rats (Extended Fig. 5f).

Following our findings showing increased cytokine production and microglial ATa1R upregulation,
we sought to better understand the time course of these concomitantly occurring phenomena. Thus, we
performed qPCR at a very early stage (10 days post HF surgery) for IBA1, cytokines and AT1aR mRNA
(Fig. 6 a, b). We not only found elevated levels of AT1aR mRNA at this stage, but also observed that the
increase in AT1aR mRNA preceded the increases in IBA1, TNFa, IL13 and IL6 (Fig. 1). Thus, it is tempting
to propose that AT1aR-mediated activation of hippocampal microglia in HF rats contributes to the induction

of the observed morphological changes and subsequent induction of microglial cytokine production.

Increased number of vessel-associated, AT1aR-positive microglia during HF

A recent study showed that during systemic inflammation microglia migrate towards blood vessels
and promote BBB stability through Claudin-5%¢. However, upon sustained inflammation, microglia begin to
phagocytose astrocytic AQP4-positive endfeet in a CD68-dependent manner, thereby compromising BBB
integrity*®. Inspired by this discovery, we sought to investigate potential changes in hippocampal vessel-
associated microglia following myocardial infarction. Thus, we combined IHC against IBA1 and AQP4 and
analyzed the number of vessel-associated microglia in Sham and HF rats in VH and DH. Intriguingly, we
found a stark increase in the number of vessel-associated microglia, accompanied by a decrease in

parenchymal microglia (DH and VH combined, Fig. 7a-c). Interestingly, we observed a substantial variation
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in shape and AQP4-positive contact points of vessel-associated microglia, which prompted us to further
characterize them (Fig. 7d, Extended Fig. 6a). We categorized vessel-associated microglia as Type |
(microglial filaments contacting the vessel), Type Il (partial microglial soma contacting the vessel) and Type
Il (extensive microglial soma contacting the vessel). We found that the relative incidence of Type I-llI
microglia varied between Sham and HF rats (Fig. 7e), with Type | predominating in Sham rats but Type |l
predominating in HF rats. Interestingly, Type Ill microglia in HF rats frequently protruded into blood vessels
(Fig. 7f, Extended Fig. 6b), which is in line with observations recently been made by another group*.
Vessel protrusion by microglia was much less frequently observed in Sham rats (Extended Fig. 6c). Finally,
we performed RNAScope in situ hybridization for AT1aR mRNA in combination with AQP4 and IBA1 IHC,
and found that the vast majority of Type Ill vessel-associated microglia in Sham and HF rats were AT1aR-
positive (Fig. 7g-i). Based on these findings, we propose that AT1aRs not only promote microglia activation
in the hippocampus, but potentially stimulate their migration towards blood vessels and disruption of BBB

integrity.

Increased BBB permeability and co-localization of circulating Angll with microglia in HF rats

Given the profound changes in microglial migration, hypoxia, angiogenesis and AT1aR upregulation
(Figures 4-6), we hypothesized that a compromised BBB could be a plausible mechanism contributing to
the concomitantly-occurring phenomena*®%. As soon as 2-4 weeks post HF surgery, we found significantly
larger leakage of intravascularly delivered FITC10 in the DH, VH and PVN, (but not somatosensory cortex
or PLC) of HF rats compared to Sham rats (Fig. 8 a-c, Extended Fig. 7a-d). Three-dimensional
reconstruction of blood vessels and extravasated dyes revealed that FITC predominantly accumulated at
what seemed to be neuronal/cellular surfaces (Fig. 8b). We previously reported that Angll gains access to
the CNS in a hypertensive rat model, and specifically co-localizes with microglia®'. Thus, we hypothesized
that a similar mechanism could underlie the HF-induced, AT1aR-driven neuroinflammation. Indeed,
following intravascularly delivered fluorescently-labeled Angllsu, we found a significantly higher degree of
IBA1-positive microglia cells displaying bound leaked Angllque in HF rats compared to Sham rats (Fig. 8d,
e, Extended Fig. 7e). In addition, we found significant larger amounts of parenchymal Angllswo in HF rats
than Sham rats (Extended Fig. 7f), again corroborating our findings of increased BBB permeability and
subsequent leakage. Interestingly, the average amount of Angllqu taken up by HF microglia was 1.8-times
higher than in Sham animals (Extended Fig. 7g), which could potentially be explained by the enrichment
of AT1aRs (Extended Fig. 5b) in HF microglia. Finally, we aimed to determine whether Angllqu.-labeled
microglia were vessel-associated. To this end, we co-infused animals with Rho70 to label blood vessels and
found that the vast majority of Angllnw-positive microglia was vessel-associated in HF rats (Fig. 8f, g,
Extended Fig. 7h).

Blockade of AT1Rs improves neuroinflammation, apoptosis and cognitive impairment in HF rats
Based on the results above suggesting a causal link between HF-induced exacerbated microglial

Angll signaling, astrocyte activation, elevated cytokine levels and apoptosis (Figs. 1-3), we hypothesized
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AT1aRs mediated these effects, and thus predicted that blocking AT1R-mediated signaling would
ameliorate these pathological alterations. In addition, we were interested to determine whether this
treatment could reverse our recently reported cognitive impairments in HF rats®®. To this end, we randomly
allocated HF rats to be given either normal drinking water or water containing the AT1R blocker losartan®'
(20 mg/kg/day) for 12 weeks after the myocardial infarction. While losartan did not affect cardiac function
(Extended Fig. 8a), it did significantly decrease both systolic and diastolic blood pressure (Extended Fig.
8b, ¢), supporting the efficacy of the treatment®°. In addition, losartan did not affect weight gain (Extended
Fig. 8d) nor total water consumption (Extended Fig. 8e). We found that losartan significantly reduced
mRNA levels for IBA1, GFAP, IL-1, IL-6 and TNF-a, but not AT1aR, Hif-1a or Hif-2a in the VH and DH (Fig.
9a, b). We also found that losartan significantly reversed previously observed changes in microglia
morphology including cell volume, surface area and filament length in both hippocampal subdivisions
(Fig.9c-f). In addition, losartan almost entirely reversed the previously observed changes in astrocyte
morphology (Extended Fig. 8f). Importantly, losartan also significantly diminished cCasp3 staining both in
the VH and DH (Fig. 99, h). In addition, we found than losartan significantly decreased the number of vessel-
associated microglia (Extended Fig. 8g, h). Finally, losartan almost entirely reversed the earlier described
HF-induced shift (Fig. 7) in Type I-lll microglia subtypes (Extended Fig. 8i).

We recently reported that, compared to sham rats, HF rats displayed signs of spatial and emotional
memory impairments® both of which are associated with altered hippocampal function®'%2.To determine
whether AT1aR-induced neuroinflammation contributed to these effects, we repeated the spontaneous
alternation and inhibitory avoidance tests (IA) in HF and losartan-treated HF rats (Fig. 9i). We found that
losartan-treated rats displayed significantly more percent alternations (Fig. 9j), suggestive of improved
spatial working memory. Although losartan affected the sequence of arm entries (i.e., percent alternation),
it did not affect the number of arms the rats entered in the maze (Fig. 9k), thereby ruling out that the
observed behavioral changes were merely a result of changes in activity levels. Losartan-treated HF rats
also had significantly higher retention latencies during the IA memory test, suggesting that it improved
emotional memory (Fig. 91). Of note, there were no differences in the training latencies (Fig. 9m), further
supporting the interpretation that losartan did not affect activity levels. Taken together, these findings
suggest that blocking AT1R-mediated Angll signaling partially prevents neuroinflammation and subsequent

apoptosis, thereby reversing cognitive impairments observed in HF rats.

Discussion

A growing body of clinical studies supports a high degree of comorbidity between cardiovascular
diseases and cognitive decline®*%°. In fact, 20-40% of all HF patients develop major depression and elevated
anxiety>%35456  along with memory-associated symptoms, which usually appear later than the
cardiovascular and autonomic-related symptoms®. These cognitive and mood disorders have also been
observed in experimental animal models of HF, including the rat and mouse left coronary ligation model®”
59 Still, the mechanisms underlying HF-induced cognitive impairments remain largely unexplored. In our

current study, we focused on the hippocampus, given that normal hippocampal function is paramount for



305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

mood and memory, and that alterations in hippocampal signaling have been linked to cognitive decline,
depression and anxiety'"%. In fact, hippocampal shrinkage and cell loss after HF have been observed in
rats and humans'®'. In addition, cognitive impairment in HF rats has been recently demonstrated by our
group® and others®.

Microglia, the resident immune cells of the CNS, are highly dynamic cells that surveil the brain state
and respond to injury by migration and substantial changes in cellular morphology®’, leading to a pro-
inflammatory state and secretion of cytokines. As part of this process, microglia directly interact with
astrocytes via cytokine signaling to further promote the neuroinflammatory cascade, eventually resulting in
neuronal damage and death?®4°, Using our recently developed morphometric profiler to assess microglial
morphology at various stages in sham and HF rats'”, we found significant microglial process retraction,
somatic swelling and reduction of surface area, all of which are in line with a pro-inflammatory microglial
phenotype'”-6283_Intriguingly, we not only observed time-dependent microglia morphological changes during
the progression of the disease, but also brain region-specific changes, highlighting potential brain
differences in susceptibility and resilience to HF-induced neuroinflammation. Moreover, these changes were
dependent on the severity of cardiac compromise in HF. The robust and significant negative correlation we
report between cytokine level expression (e.g. IL1p and TNFa) with microglial complexity markers, further
support the microglia pro-inflammatory status in the hippocampus of HF rats.

A core feature of the neuroinflammatory process is the intricate interaction between microglia and
astrocytes. Consistent with our previous findings in the PVN and amygdala'’, we report here swelling of
astrocyte processes in DH and VH, as well as an astrocytic shift from a neuroprotective to a neurotoxic
state. It was previously demonstrated that such an astrocyte shift during sustained neuroinflammation
promotes neuronal death and apoptosis?®4. In line with this, but in the context of a systemic cardiovascular
disease state, we show evidence for hippocampal apoptosis (as early as 6 weeks post HF surgery), along
with diminished cell counts and shrinkage of pyramidal cell layers. Moreover, ex vivo electrophysiological
recordings obtained from CA1 pyramidal neurons in sham and HF rats showed a significantly blunted
membrane excitability as well as blunted input/output function in the later. While the precise mechanisms
leading to these changes in intrinsic membrane properties remain to be determined, these studies support
an overall blunted ability of CA1 pyramidal during HF to process an incoming input to generate a proper
action potential firing output. Altogether, these findings are consistent with the notion of neuroinflammation-
induced neuronal dysfunction and neurotoxicity?°, and suggest that HF could lead to drastic and long-lasting
pathological alterations in brain structure and function.

Work from our lab?®31:3265 gnd others®19-242627 have shown that the pro-inflammatory peptide Angll
is linked to both neuroinflammation and autonomic changes in HF and hypertension. In addition, a recent
study showed that systemic administration of Angll induced neuroinflammation in the mouse
hippocampus®. Still, whether endogenous Angll contributes to hippocampal neuroinflammation and
hypoxia in HF remained unknown. Several pieces of evidence from our study support this to be the case: i)
a gradual and progressive increase of AT1aR mRNA in HF rats prior to elevated cytokine mRNA levels, ii)

a 6-fold increase in AT1aR-positive microglia in HF rats and iii) virtually all deramified microglia in HF rats
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were AT1aR-positive. Finally, a causal link between Angll-AT1aR and neuroinflammation is more
compellingly supported by the fact that treating HF rats with the AT1R antagonist losartan substantially
reversed numerous microglial morphometric changes and the elevated cytokine levels observed in non-
treated HF rats. Importantly, AT1R blockade also significantly diminished hippocampal apoptosis, further
supporting a mechanistic role for Angll-AT1R in mediating neuroinflammation and neuronal death in the
hippocampus of HF rats. These results are in line with a previous study showing that candesartan (another
AT1R blocker) ameliorated brain inflammation following LPS injection®’. Finally, it is worth highlighting that
neuroinflammatory markers were evident only in brain regions where an expression/upregulation of AT1aR
was observed (e.g., hippocampus/PVN, but not PLC or SSC). Thus, the brain region specificity of the
neuroinflammatory response during HF could be dependent, at least in part, on a concomitant region-
specific upregulation of AT1aRs in this condition. Clearly, additional work is needed to more conclusively
asses this. An important caveat to take into consideration is that losartan blocks AT1R signaling in all cells,
not just microglia. Thus, a contribution of AT1R-expressing neurons to neuroinflammation and apoptosis
cannot be ruled out entirely. Finally, we observed a losartan-induced reduction in astrocytic soma volume
as well as a reduction in GFAP mRNA, even though we found no evidence for astrocytic AT1aR receptors.
These results in also in line with previous findings showing that astrocyte signaling in neuroinflammation is
downstream to activated microglia®.

It was recently showed that during systemic inflammation microglia migrate towards blood vessels
and promote BBB stability through Claudin-5%¢. However, upon sustained inflammation, microglia begin to
phagocytose astrocytic AQP4-positive endfeet in a CD68-dependent manner, thereby compromising BBB
integrity*®. In this context, we found a robust increase in the number of vessel-associated microglia,
accompanied by a decrease in parenchymal microglia in HF rats. We categorized vessel-associated
microglia as Type | (microglial filaments contacting the vessel), Type |l (partial microglial soma contacting
the vessel) and Type llI (extensive microglial soma contacting the vessel). Importantly, we found a shift from
Type1 to Type 3 microglia in HF, with AT1aRs selectively expressed in the later. Interestingly, a similar
categorization of vessel-associated microglia was recently reported in the somatosensory cortex of mice®
where parenchymal and vessel-associated microglia represent interchangeable populations, allowing the
recruitment of microglia from one pool to the other under normal conditions in the healthy brain. To our
knowledge however, this represents the first account of recruitment of activated microglial towards a
vascular pool during a pathological condition. Moreover, the fact that losartan prevented this recruitment
supports the hypothesis that Angll-AT 1aRs not only promote microglia activation in the hippocampus during
HF, but that this signaling unit could also stimulate their migration towards blood vessels to promote
disruption of BBB integrity. To test whether this was the case, we used a well-established approach to
quantitatively assess BBB permeability using intravascular infusions of fluorescently-labeled dyes®'. Our
results showed significant BBB leakage in the DH and VH (as well as PVN, but not in the somatosensory
cortex or PLC) in HF rats, which was sufficient enough to allow circulating Angll to leak into the hippocampal
parenchyma. Interestingly, and in line with a previous study in hypertensive rats®' we found leaked Angll to

be bound predominantly to microglial cells. Taken together, these results, along with the fact that AT1R
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blockade prevented BBB leakage in HF rats, provide compelling evidence that Angll-AT1aR activation
during HF contributes to microglial cell activation and recruitment into a vascular pool, leading ultimately to
disruption of BBB integrity. These findings are in line with a recent study from our lab showing the
involvement of AT1Rs in BBB disruption in hypertensive rats®®.

Altogether, the above data strongly support an Angll-AT1aR-mediated pro-inflammatory microglia
state, an astrocytic shift from neuroprotective to neurotoxic phenotype, neuronal dysfunction and apoptosis,
and BBB disruption in HF rats. Importantly, these factors have been shown to contribute to cognitive decline
and mood disorders in neurodegenerative conditions”72. We recently reported that, compared to sham rats,
HF rats displayed signs of spatial and emotional memory impairments®®, both of which are associated with
altered hippocampal function®"-%2, Importantly, we report here that losartan-treated HF rats showed
significant cognitive improvements compared to their non-treated counterparts, as shown by improved
performance both during the spontaneous alternation and the inhibitory avoidance testing, while the number
of arm entries and training latencies were not affected. These findings are highly relevant from a clinical
standpoint and suggest that exacerbated Angll-AT1aR signaling in the hippocampus of HF rats is a pivotal
mechanism driving the cognitive impairment observed after HF. We selected to deliver losartan orally, to
mimic the conventional clinical route of administration in patients. We acknowledge however that this limits
our ability to determine the site of action of this drug to mediate the reported effects. Still, we believe this
limitation is mitigated by the fact that AT1aRs were upregulated in very selective brain regions, particularly
the hippocampus, a well-established brain region involved in memory and cognitive functions.

In addition to neuroinflammation, hypoxia, due to the overall compromised cardiac output and
oxygen tissue perfusion'®'6, stands as another key pathological mechanisms in HF. However, to what extent
hypoxia is mechanistically linked to neuroinflammation, and whether it contributes to cognitive deficits in HF
is unknown. Our findings showing increased expression of Hif1a and Hif2a., along with hypervascularization,
(a well-established compensatory response to tissue hypoxia’ ) in all brain regions explored (DH and VH,
as well as somatosensory cortex, PVN and amygdala) support indeed brain hypoxia in HF rats. Intriguingly
however, while AT1R blockade almost completely reversed most, if not all of the neuroinflammatory
endpoints, the hypoxia markers Hifto and Hif2a. remained elevated. This suggests that AT1aR-mediated
neuroinflammation and hypoxia are two relatively independent pathophysiological processes during HF, and
that the former is a key contributor to cognitive deficits in this condition, at least at the time points of the
disease assessed in the present study. A schematic summary of the proposed mechanisms leading to AnglI-
AT1R-mediated contribution to cognitive deficits in HF is shown in Fig. 10. Overall, our results provide new
evidence to support the hippocampal Angll-ATa1R signaling cascade as a novel therapeutic target to
combat HF-induced cognitive decline and memory impairment.

Materials and methods
All experiments were approved by the Georgia State University Institutional Animal Care and Use

Committee (IACUC) and carried out in agreement with the IACUC guidelines. At all times, animals had ad
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libitum access to food and water and all efforts were made to minimize suffering and the numbers of animals

used for this study.

Animals

We used male Wistar rats (5-7 weeks old at HF surgery, 180-200g, Envigo, Indianapolis, IN, USA)
for all experiments (n=151). Rats were housed in cages (2 per cage) under constant temperature (22 + 2°C)
and humidity (55 = 5%) on a 12-h light cycle (lights on: 08:00-20:00).

Heart failure surgery and Echocardiography

As previously described™ HF was induced by coronary artery ligation surgery. Animals were
anaesthetized using 4% isoflurane/oxygen and intubated for mechanical ventilation until the end of the
surgery. To exteriorize the heart, we performed a left thoracotomy and the ligation was performed on the
main diagonal branch of the left anterior descending coronary artery. Animals received buprenorphine SR-
LAB (0.5 mg/kg, S.C.; ZooPharm, Windsor, CO, USA) before the surgical procedure to minimize
postsurgical pain. Sham animals underwent the same procedure except the occlusion of the left coronary
artery. One to 4 weeks after the surgery, we performed transthoracic echocardiography (Vevo 3100
systems; Visual Sonics, Toronto, ON; Canada) under light isoflurane (2-3%) anesthesia to assess the EF
and confirm the development of HF. We obtained the left ventricle internal diameter and the left diameter of
the ventricle posterior and anterior walls in the short-axis motion imaging mode to calculate the EF. The
myocardial infarct surgery typically results in a wide range of functional HF, as determined by the EF
measurements. Rats with EF<50% were considered as HF and the average EF was 85.84 1 2.24 % for
Sham rats and 31.16 £ 3.46 % for HF rats.

Immunohistochemistry

Following pentobarbital-induced anesthesia (Euthasol, Virbac, ANADA #200-071, Fort Worth, TX,
USA, Pentobarbital, 80mg/kgbw, i.p.), rats were first perfused at a speed of 20mL/min with 0.01M PBS
(200mL, 4°C) through the left ventricle followed by 4% paraformaldehyde (PFA, in 0.3M PBS, 200mL, 4°C),
while the right atrium was opened with an incision. Brains were post-fixed for 24 hours in 4% PFA at 4°C
and transferred into a 30% sucrose solution (in 0.01M PBS) at 4°C for 3-4 days. For immunohistochemistry,
40 um slices were cut using a Leica Cryostat (CM3050 S) and brain slices were kept in 0.01M PBS at 4°C
until used for staining. Brain slices were blocked with 5% Normal Horse Serum in 0.01M PBS for 1h at room
temperature. After a 15-min washing in 0.01M PBS, brain slices were incubated for 24h in 0.01M PBS, 0.1%
Triton-X, 0.04% NaNs containing different antibodies: 1:1000 of anti-IBA1 (polyclonal rabbit, Wako, 019-
19741, Lot: CAK1997), 1:1000 anti-glutamine synthetase (monoclonal mouse, Merck Milipore, MAB 302,
clone GS-6), anti-GFAP (goat polyclonal, abcam, ab53554), anti-AQP-4 (polyclonal rabbit, Alomone labs,
AQP-004) at room temperature. Following 15-min washing in 0.01M PBS, sections were incubated in 0.01M
PBS, 0.1% Triton-X, 0.04% NaNs with 1:500 Alexa Fluor 488/594-conjugated donkey anti-rabbit/goat/mouse
(Jackson ImmunoResearch, 711-585-152, 705-585-147, 715-545-151) for 4 hours at RT. Brain slices were

12



457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

washed again for 15 mins in 0.01M PBS and mounted using antifade mounting medium (Vectashield with
DAPI, H-1200B/H-1500).

RNAScope in situ hybridization

RNAScope reagents were purchased from acdbio (PN320881). Nuclease-free water and PBS were
purchased from Fisher Scientific. Brains were processed as described under Immunohistochemistry using
nuclease-free PBS, water, PBS and sucrose. We followed the manufacturer’s protocol with a few
modifications: 1) Immediately after cryosectioning, sections were washed in nuclease-free PBS to remove
sucrose and OCT compound. 2) Hydrogen peroxide treatment was performed with free floating sections
prior to slice mounting. 3) Sections were mounted in nuclease-free PBS at room temperature. 4)
Pretreatment with Protease Il was performed for 20 minutes at room temperature. 5) No target retrieval
step was performed. For analysis, microglia were considered mRNA-positive if they displayed three or more

fluorescently-labeled voxels within the respective microglia soma.

Confocal microscopy and 3D IMARIS analysis

Confocal images were obtained using a Zeiss LSM 780 confocal microscope (1024x1024 pixel, 16-
bit depth, pixel size 0.63-micron, zoom 0.7). Unless indicated otherwise, we used 6-8 sections per animal
for the assessment of various parameters (microglia classification, microglia morphology, microglia number
etc.). For each animal, averages were calculated and the respective dots in the graphs represent the
average value for each parameter for each animal. For the three-dimensional reconstruction 40um-thick z-
stacks were acquired using 1um-steps. Three-dimensional reconstruction of microglia, astrocytes or axons
was performed as previously described'”. Image processing, three-dimensional reconstruction and data
analysis were performed in blind to the experimental conditions. In Sham rats, we found no differences in
microglial morphology in the DH and VH subdivisions CA1, CA2, CA3 or dentate gyrus and thus pooled all
microglia into VH and DH (Extended Fig. 1c-f). For the quantification of mRNA transcripts and the
subsequent correlation with microglial morphology, spheres precisely engulfing the microglial soma were
manually placed on individual microglia as described previously 7. The fluorescent intensity within the
respective spheres was measured and then correlated with microglial complexity assessed via Sholl
analysis. To assess cytokine mRNA levels in neurons, we selected IBA1-negative cells that were located
within the pyramidal cell layers of VH and DH. For the analysis of microglia-specific uptake of Angllswo, each
microglia was assessed individually in Imaris, and green Angllawo voxels were selected manually and

summed for total Angllauw volume in each microglia.

Analysis of cellular density, area fraction, signal intensity, vessel bifurcations and vessel volume

Cellular density (microglia or astrocytes) was assessed blindly using the cell counter plugin in Fiji. for each
animal, 8-10 brain sections were used for analysis, if not indicated otherwise. Area fraction and signal
intensity were assessed using the Adjust—>Threshold function in Fiji, and every image was adjusted

individually for optimal yield and overlap with original fluorescence. Following thresholding, area fraction
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and density were measured using the Set Measurements—Measure function in Fiji. Area fraction is
represented in %, while signal intensity is represented in AU in the respective graphs. For the quantification
of pathological hypervascularization, vessel bifurcations using AQP4 staining was assessed manually while
being blind to the experimental conditions. Collapsed, maximum projections (40um) images were used and
each apparent bifurcation (here defined as a clearly visible delineation/junction from the main vessel) was
assessed manually in Fiji using the cell counter plugin. AQP4 vessel volume was analyzed using the above-
described three-dimensional reconstruction for AQP4 surface area in Imaris. We used 6-8 confocal z-stacks
(40um depth) for each animal and vessel volume for each individual brain section represents the total
volume sum of all vessels within that image. The average vessel volume for each animal was then calculated

by dividing the total vessel volume for all images by the number of images.

Analysis of pyramidal layer thickness

For the analysis of DH and VH pyramidal layer thickness in Sham and HF rats, brain sections (40um)
were collected in sets for each individual animal to obtain comparable rostral/caudal levels. We collected 4
sections per animal at -4.0 mm bregma for DH and -5.5 mm bregma for DH, respectively (indicated on
Figure S3c). Each individual image was analyzed separately using the measurement function in Fiji at the
thickest point of the respective pyramidal layer (bilateral analysis, 4*2=8 per animal, averaged). We
performed the analysis at three different points along the pyramidal layers that were easy to identify for

consistency.

Reverse transcription polymerase chain reaction (RT-PCR) and quantitative real time PCR (qPCR)
RNA extraction and isolation were performed using the miRNAeasy Mini kit (Qiagen, Cat. No.
217004) and the QlAzol Lysis Reagent (Qiagen, Mat. No. 1023537). Two hundred pm-thick tissue sections
were obtained using a cryostat (-20°C, Leica, CM3050S) and punches from the DH (14-18 punches per
animal), VH (10-14 punches per animal) and PLC (6-8 punches per animal) were collected and kept in dry
ice until the RNA extraction procedure. RNA concentration was measured using NanoDrop One (Thermo
Scientific) and was in the range of 190 — 380 ng/ul prior to cDNA synthesis. cDNA synthesis was performed
using the iScript™ gDNA Clear cDNA Synthesis Kit (BIO RAD, cat. no. 1725035) and the SimpliAmp
Thermal Cycler (applied biosystems, Thermo Fisher Scientific) according to the manufacturer protocol.
gPCR was conducted using the following 10x QuantiTect primers (diluted in 1.1 mL TE pH 8.0, final
concentration: 200nM) purchased from Qiagen: IBA1 (QT01591751), GFAP (QT00195517), IL-1B
(QT00181657), IL-6 (QT00182896), Serping1 (QT01607326), C3 (QT00187159), Tm4sf1 (QT01588034),
Sphk1 (QT00182035), TNF-a. (QT00182896), Hif-1a. (QT01830458), Hif-2a. (aka EPAS1, QT00192059),
AT1aR (QT00375865) and B-Actin (QT00193473, used as the reference gene). All individual qPCR

reactions (brain region, primer and condition) were run in triplicate and then averaged.

Assessment of BBB integrity using FITC10, Rho70 and Angllauo
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For the assessment of BBB integrity, we performed intra-carotid infusion of two dextran dyes with different
molecular weight (FITCH 10kDa and Rho 70kDa) as well as fluorescently-labeled Angll (3umol/L, Anaspec,
CA). Rats were anesthetized with Ketamine/Xylazine (60/8 mg/mL, respectively) and a non-occluding
catheter filled with the fluorescent dyes was inserted into the left internal carotid artery as previously
described®'. We used both dyes at 10mg/mL, 2.86ul/g each, with an injection volume of 1mL per rat. We
infused the dyes using 0.9% saline and dyes were allowed to circulate for 30 mins. Rats were then
decapitated and left in 4% PFA for 48hrs, followed by 30% sucrose for 2-3 days at 4°C. Brains were
sectioned using a Cryostat and 40um-thick sections were mounted for confocal imaging. To detect and
quantify the amount of leaked, extravasated FITC 10kDa or Anglliuo we used a digital subtraction approach,
in which we subtracted the vessel-bound FITC10 from the total FITC10 (extravascular + intravascular) in

Fiji as described before®'.

Losartan treatment

HF rats were randomly allocated two either HF or HF + losartan groups and EF were compared
post hoc to verify that there were no significant differences in the severity of the myocardial infarction.
Losartan-treated rats received losartan (20mg/kg/day) in the drinking water starting 1 week after the HF
surgery until they were sacrificed for analysis 13-weeks post-surgery. Weight gain and water consumption
was monitored bi-weekly to guarantee adequate consumption of losartan-containing water and comparable

food intake between the groups.

Blood Pressure Measurements Using Tail-Cuff Plethysmography

Blood pressure was measured at week 13 prior to sacrifice using the CODA High Throughput Non-
Invasive Blood Pressure system (Kent Scientific, Torrington, CT). Experimental settings and
recommendations for procedure were based on the work of Daugherty et al.”® Rats were habituated to blood
pressure measurements for three consecutive days before experimental recordings were taken and they
were acclimated for 10 minutes prior to the start of the measurements. Tail temperatures remained between
32 to 35°C. Blood pressure experimental settings were as follows: occlusion cuffs were inflated to 250 mm
Hg and deflated over 20 seconds. The minimum volume changes as sensed by the VPR cuff was set to 15
ML. Each recording session consisted of 25 inflation and deflation cycles with the first five cycles marked as
“acclimation” and not considered in the final analysis. At least five valid measurement cycles were obtained

for each animal.

Intra-carotid artery infusion for the assessment of blood-brain barrier permeability

Carotid artery infusion was performed as in our previous study®'. Briefly, with adequate
ketamine/xylazine anesthesia (80/20 mg/kg/bw, respectively), rats were placed supine on the surgical table
and the neck was shaved. A longitudinal incision was made followed by blunt dissection of omohyoid muscle
to expose the underlying right common carotid artery (CCA). The vagus nerve and connective tissue

surrounding the CCA were carefully dissected. Using 4-0 silk suture, the caudal end of the CCA was ligated
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and a vascular clamp was applied to the rostral end just above the bifurcation of CCA. An incision was made
and a PE50 tubing was inserted in a retrograde fashion, and then 4-0 silk suture was used to stabilize the
tubing followed by the removal of vascular clamp. All dyes were infused slowly (1 ml over 2 mins) and
allowed to circulate for 30 mins before extraction of the brains. Following post-fixation, we acquired confocal
images of brain sections containing somatosensory cortex, DH, VH, PVN and CeA and performed binary
reconstruction and subtraction of vessel-confined fluorescent signal of confocal images to assess the levels
of extravasated dyes in the brain parenchyma, as we previously reported?’.

TUNEL apoptosis staining

TUNEL staining for the identification of apoptotic cells was performed using the Neurotacs™ Il In
Situ Apoptosis Kit (Trevigen, 4823-30-K) according to the manufacturer’s protocol. We used two different
approaches (number of apoptotic clusters and area fraction) to measure and quantify the degree of
hippocampal cell death (Extended Fig. 3a, b). The number of apoptotic clusters were counted manually
using the cell count function in Fiji. Area fraction was assessed using the thresholding function as described
in Extended Fig. 3a, b.

Acute slice patch clamp electrophysiology

On the day of the experiment, Sham and HF rats were anesthetized with pentobarbital (50 mg/kg™
i.p.) and then perfused transcardially with 40 mL of ice cold aCSF solution with NaCl replaced by equal-
osmol sucrose. This sucrose aCSF solution contained (in mM): 200 sucrose, 2.5 KCI, 1 MgSQs4, 26 NaHCOs3,
1.25 NaH2PQOs4, 20 D-Glucose, 0.4 ascorbic acid, and 2.0 CaClz; pH 7.2; 300-305 mosmol I-'. The animal
was then rapidly decapitated and the brain was subsequently removed for horizontal slicing. The brain was
sliced in half longitudinally and a single hemisphere was cut and mounted dorsal side down in the chamber
of a vibratome (Leica VT1200s, Leica Microsystems, Buffalo Grove, IL, USA) in accordance with the protocol
outlined in Bischofberger et al., 2006. The brain was submerged in sucrose solution and bubbled constantly
with 95% 02/5% CO2. Horizontal slices were cut at 250 um thickness and placed in a holding chamber
containing aCSF bubbled with 95% 02/5% CO2. The aCSF is identical in composition to the sucrose solution,
but the 200mM sucrose was replaced with 119 mM NaCl. The slice chamber was warmed using a water

bath at 32°C for 20 mins before placement at room temperature for at least 40 mins.

Horizontal slices containing the dorsal hippocampus (CA1) were placed into a specimen chamber on the
stage of a Nikon Eclipse FN1 microscope and perfused constantly (~3 ml/min) with aCSF bubbled
continuously with 95% 02/5% CO2 and warmed to 32°C. CA1 neurons were visualized using the Dragonfly
200 laser spinning disk confocal imaging system and an iXon 888 EMCCD camera (Andor Technology,
Belfast, UK). Whole-cell current clamp recordings were obtained from CA1 pyramidal neurons using pipettes
(4-5 MQ) pulled from borosilicate glass (0.d. 1.5 mm) using a P-97 flaming/brown horizontal micropipette
puller (Sutter Instruments, Novato, CA). The pipette internal solution consisted of (in mM): 135 KMeSQOs4, 8
NaCl, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, 6 phosphocreatine, 0.2 EGTA with pH 7.2-7.3 and 285-295
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mOsmol (kg H20)". The liquid junction potential for the KMeSQs4 internal was approximately -10 mV and
was not corrected. Recordings were obtained with an Axopatch 200B amplifier (Axon Instruments, Foster
City, CA) and digitized using an Axon 1440B Digitizer (Axon Instruments, Foster City, CA) at 10 kHz on a
Dell desktop computer running Clampex 10 software (Molecular Devices). CA1 neurons were identified by
their anatomical location in the pyramidal laminar layer. Data were discarded if series resistance exceeded
a 20% change over the course of the recording. All data are the average of at least two traces in current
clamp. Holding current was used to maintain a resting membrane potential of -60mV throughout the
recording and there was no correction for liquid junction potential. Data from |-V curves: |-V curves were
generated from square pulses of -70pA to +40pA current injections in 10 pA increments, each lasting 1 sec.
The steady-state voltage potential was measured at each level and plotted as a function of the amount of
current injected. Input resistance: calculated as the slope of the individual |-V curve in each
cell. Input/Output curves were generated from square pulses of OpA to +100pA current injections in 10 pA
increments, each lasting 1 sec. The spike frequency and count were measured at each level and plotted as

a function of the amount of current injected.

Behavioral studies
Spontaneous Alternation

Spontaneous alternation (SA) is a behavioral task that assesses spatial working memory”’. Rats
have a natural preference to visit environments that they have not been to recently. The assumption
underlying SA is that rats must remember their visits to previous locations in order to alternate successfully
between spatial locations, which is supported by findings showing that alternation scores are impaired by
removing extramaze cues or by increasing the interval between arm choices’”.All testing was conducted
during the light phase between 9:00 am and 12:00 pm and the apparatus was cleaned with 70% ethanol
after each rat was tested. Each rat was placed in a Y-maze composed of three equally spaced arms (120°;
61 cm x 16.5 cm) and three extra-maze cues were placed on each wall of the testing room and allowed to
explore the maze for 8 mins. while an experimenter blind to experimental conditions recorded the sequence
and number of arm entries. An alternation was defined as entering three different arms consecutively and a
percent alternation score was calculated by dividing the the number of alternations each rat made by the
total number of arm entries minus two (i.e., number of alternations possible) and multiplying the resulting
quotient by 100.

Inhibitory Avoidance

Three days after SA testing, rats were trained in the one-trial IA task, which assesses emotional,
long-term memory’8. All testing was conducted during the light phase between 9:00 am and 12:00 pm and
the apparatus was cleaned with 70% ethanol after each rat was tested. For both training and testing, rats
were placed in a polycarbonate trough-shaped apparatus (84 x 20 cm x 34 cm) that was divided into a
lighted (24 cm) and dark compartment (60 cm) by a retractable polycarbonate guillotine door. The dark

compartment had a metal floor through which shock could be delivered. The lighted compartment was

17



646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676

677
678
679
680
681
682
683
684
685

illuminated by a 60 W lamp and was the only light source in the room. For training, a rat was placed in the
lighted side of the apparatus facing away from the door and the door was lowered when it turned around or
after 12 sec passed. As soon as the rat entered the dark compartment with all four paws, the door was
closed and a 0.5 mA/1 sec footshock (Coulbourn) was administered, and then the rats was removed from
the apparatus 5 sed later. The current level was verified using a digital multimeter (AstroAl AM33D) before,
during, and after the experiment. The latency to enter the dark compartment was recorded. The retention
test was conducted 24hrs later using the same procedure, with the exception that footshock was not
administered. Latency to enter the dark compartment (maximum 600 sec) was recorded and used as an

index of the retention of the training, with longer latencies indicative of better memory.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, California,
USA). Student’s t-test, one- or two-way analysis of variance (ANOVA) were used to compare the groups
followed by Tukey post-hoc tests. Results are expressed as mean + standard error of the mean (SEM).
Results were considered statistically significant if p<0.05 and are presented as * for p<0.05, ** for p<0.01

and *** for p<0.0001 in the respective Figures.
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Figure 1

a DH Sham || VH Sham | b Raw IHC IBA1 3D reconstruction
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Figure 1 Microglial activation and increased cytokine levels in the hippocampus of HF rats

a Confocal images showing IBA1-positive microglia in the DH and VH of sham rats. (v)CA2/3 = (ventral)
cornu ammonis 2/3, PoDG = polymorph layer of dentate gyrus. b Images of microglia and their three-
dimensional reconstruction in sham and HF rats; ¢ Three-dimensional assessment of somatic volume (n=6
per group). d Representative confocal images depicting microglial morphology at two different timepoints.
e, f Quantification of various microglial morphology parameters following three-dimensional reconstruction.
HF rats displayed a de-ramified microglial phenotype with reduced cell volume, surface area and filament
length (n=8 per group). g, h Heat map analysis (256 microglia, 32 per animal, 8 rats per group) of microglial
morphology reveals a less complex and reduced domain size in HF rats. Left numbers indicate microglial
reach (in um), color coding indicates peak Sholl values of individual microglia. i, j The percentage of
activated microglia (Peak sholl value<10) is higher in HF rats. k, | The percentage of activated microglia
correlates with the severity of disease (EF%) in HF rats. Pink circles represent HF rats, blue circles represent
sham rats (n=8 per group). m Sholl analysis for microglia in sham and HF rats. n Microglial cell counting
revealed no difference between sham and HF animals (n=8 rats per group). o Quantification of cytokine
mRNA levels via qPCR (n=6 per group). p<0.05*, p<0.01** and p<0.001***. Scale bars 300um (a), 25um
(a), 10um (a), 10um (b) and 50um (c).
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746

Figure 2 Cytokine transcripts correlate with microglial morphology and predict astrocyte complexity
in HF

a Schematic depiction of workflow for in situ hybridization, reconstruction of microglial morphology and
correlation of microglial complexity with cytokine mRNA levels. b, ¢ Representative images showing raw
and three-dimensional reconstructions of microglia of a sham rat negative for IL-13 (b) and positive for C1q
(c). d Representative images of IL1p, TNF-a or C1g mRNA in microglia in sham and HF rats. Note that less
complex microglia in HF rats (bottom rows) have more cytokine mRNA. Arrowheads indicate co-localization
of IBA1 fluorescence and cytokine mRNA probe visualized via RNAScope. e, f, g The amount of cytokine
mRNA is negatively correlated with microglial complexity (measured by the total number of sholl
intersections, each dot represents a single microglia, plot is a pool of microglia obtained from n=4 rats per
group). h Typical images of normal and hypertrophic astrocytes in sham and HF rats respectively. i Example
of a three-dimensionally reconstructed astrocyte via GFAP and GS. j Quantification of A1/A2 astrocyte
markers via gPCR in sham and HF rats (n=6 per group). p<0.05*, p<0.01** and p<0.001***. GFAP = glial
fibrillary acidic protein; GS = glutamine synthetase. Scale bars 75um (a), 10um (b) and 20um (h).
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Figure 3 Early onset of heart failure-induced apoptosis and altered neuronal function

a, b Images show TUNEL-based detection of apoptotic clusters (arrowheads) in DH and VH of HF rats at
6- and 16-weeks post-surgery (n=5 per group); (v)CA3 = (ventral) cornu ammonis 3. ¢, d Quantification of
area fraction and number of apoptotic clusters in sham and HF rats. e Images of cCasp3-positive cells at 6-
weeks post HF surgery (n=5 per group). Note the absence of cCasp3 staining in sham rats. f, g
Quantification of cCasp3-positive immunoreactivity and cell numbers in DH and VH of sham and HF rats at
6-weeks post-surgery (n=5 per group). Note that the number of DAPI-positive cells is not reduced in HF
animals 6 weeks post-surgery. h Images of cCasp3-positive cells at 16-weeks post HF surgery (n=5 per
group). Note the absence of cCasp3 staining in sham rats and the weaker cCasp3 staining compared to HF
6w rats. i, j Quantification of cCasp3-positive immunoreactivity and cell numbers in DH and VH of sham and
HF rats at 6-weeks post-surgery (n=5 per group). Note that the number of DAPI-positive cells is reduced in
HF animals 16 weeks post-surgery. k -V curves (top) and positive ramping current injections (bottom) from
CA1 pyramidal neurons of Sham (left) and HF (right) rats. Note the decreased input resistance and
increased rheobase of HF neurons relative to sham. | I-V curve summary of sham (circles) and HF (squares).
(sham n= 2 animals/ 11 cells; HF n= 3 animals/9 cells) o Input/output calculations measured as number of
spikes evoked as a function of current injected as a 500 ms pulse (sham n= 2 animals/ 11 cells; HF n=3
animals/9 cells). p<0.05*, p<0.01** and p<0.001***. Scale bars 100um (e), 50um (e) and 100um (f).
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Figure 4 Hypoxia and pathological angiogenesis in the hippocampus of HF rats

a, b gPCR assessment of changes in hypoxia markers Hif-1a. and Hif-2oo mRNA 6, 8- and 12-weeks post-
surgery (n=5 per group). ¢, d Representative images in sham and HF rats showing vascularization
(Aquaporin 4 (AQP4) immunoreactivity) of VH and DH at 6- and 12- weeks post-surgery. e, f Quantification
of AQP4 signal intensity and area fraction volume in sham and HF rats (n=5 per group). g Three-dimensional
reconstruction of vessel volume using AQP4 fluorescence. h Quantification of vessel volume by three-
dimensional reconstruction (n=5 per group). p<0.05*, p<0.01** and p<0.001***. Scale bars 100um (c), 25um
(d) and 25um (g).
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Figure 5 Microglia-specific AT1a receptor (AT1aR) upregulation in HF rats

a Time course of changes in AT1a mRNA levels in HF rats at 6-, 8- and 12-weeks post-surgery (n=5/6 per
group). b Confocal images showing AT1aR mRNA in situ combined with IHC against IBA1 in the VH of
sham rats; vCA3 = ventral cornu ammonis 3. ¢ High magnification confocal images show co-localization of
AT1aR mRNA with IBA1-labeled microglia in a sample from a HF rat. Arrowheads indicate weak and strong
AT1aR colocalization in IBA1-positive microglia. d Three-dimensional reconstruction confirms the presence
of AT1aR mRNA in activated microglia of HF rats. e AT 1aR-positive microglia are less complex than AT 1aR-
negative microglia (n=5 per group). f Representative confocal images of AT1aR-positive microglia in DH
and VH of sham and HF rats. White arrowheads indicate colocalization of IBA1 immunoreactivity and AT1aR
mRNA. g AT1aR mRNA is significantly increased in DH and VH microglia, but not neurons identified by their
location within the pyramidal cell layers, of HF rats. p<0.05*, p<0.01** and p<0.001***. Scale bars 250um
(a), 20um (b), 5um (b), 10um (c), 25um (e), 5um (f) and 10um (f).
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Figure 6 Hypoxia and elevated AT1aR levels precede cytokine increase in HF rats

a, b gPCR assessment of Hif1a, Hif2a, AT1aR, I1B1, IL1B, IL6 and TNFa mRNA levels in the DH and VH of

HF rats 10 days post HF surgery (n=5 per group).
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Figure 7 Increased number of AT1aR-positive, AQP4-associated microglia in HF rats

a Confocal images showing IBA1-positive microglia and AQP4-labeled blood vessels in sham and HF rats.
Arrowheads point to vessel-associated microglia b, ¢ Quantification of vessel-associated and parenchymal
microglia (n=5 per group). d Classification of Type I-lll vessel-associated microglia. e Pie charts showing
the relative incidence of Type I-lll microglia in sham and HF rats (n=5 per group). f Three-dimensional
reconstruction highlights vessel-protruding microglial filaments in HF rats. Arrowheads indicate IBA1-
positive filaments within AQP4-labeled vessel lumen. g Images showing samples of AT1aR mRNA
expression (arrowheads) in vessel-associated microglia. h Quantification showing that the vast majority of
vessel-associated microglia are positive for AT1aR mRNA both in sham and HF rats (n=5 per group). i
Quantification of vessel-associated microglia reveals that the majority of AT 1aR-positive microglia are Type
Il vessel-associated microglia (n=5 per group). p<0.05*, p<0.01** and p<0.001***. Scale bars 150um (a),
75um (a), 10um (d) and 10um (g).
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Figure 8 Compromised BBB and uptake of circulating Angll by microglia in HF rats

a Confocal images showing rhodamine 70 (red) and FITC10 (green) staining in the VH of a sham and HF
rats following their systemic infusion. Note the increased extravasated FITC10 (green) in the HF rat. b
Three-dimensional reconstruction of blood vessels (intravascularly stained with Rho70, red) reveals
perivascular clustering of FITC10 (green), as well as what appears to be accumulation of the dye in neuronal
profiles in close proximity to the blood vessels. ¢ Quantification of extravasated FITC10 (FITCev) in the DH,
VH, somatosensory cortex, PLC and PVN of sham and HF rats (n=5 per group). d Confocal images show
parenchymal leakage of fluorescently-labeled Angllau (green) in the VH of a HF rat. Insets 1-3
(corresponding to the squared areas in left panel) show clear co-localization of Angllsiwe with IBA1-positive
microglia. Three-dimensional reconstructions (right panels) shows that Angllsuo is taken up by microglia and
accumulates both in processes and somata (indicated by white arrowheads). Microglia have been made
transparent for better visibility of Angllie. € Quantification of Angllaue-positive microglia in DH and VH in
sham and HF rats (n=3 per group). f Sample images of co-infusion of Rho70 and Angllnuw to discriminate
between Angllnuwo-positive, vessel-associated and parenchymal microglia in DH and VH of a HF rat. White
arrowheads indicate co-localization of Angllwe and IBA1-positive vessel-associated microglia, yellow
arrowheads indicate Angllawe bound to parenchymal microglia. Three-dimensional reconstructions show
clear overlap of IBA1 and Angllaw. g Pie charts show the proportion of Anglliuo-positive, vessel-associated
microglia in DH and VH of HF rats (n=2 per group) 2-weeks post-surgery. p<0.05*, p<0.01** and p<0.001***.
Scale bars 150 um (a), 50 ym (a), 100 uym (d) and 10 um (f).
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Figure 9 AT1aR blockade improves neuroinflammation and improves cognitive performance in HF
rats

a, b AT1aR blockade (losartan) reduced mRNA levels of IBA1, GFAP and various cytokines, but not AT1aR,
Hif-1a or Hif-2a. in HF rats (n=6 per group, 12 weeks post-surgery). ¢, d Representative images of microglia
in HF rats with and without losartan treatment. e, f Assessment of microglial cell volume, surface area and
filament length using three-dimensional reconstruction in HF rats with and without Losartan treatment (n=6
per group, 12 weeks post-surgery). g, h Losartan treatment significantly reduced cCasp3 immunoreactivity
in VH and DH of HF rats (n=5 per group). i-m Effect of losartan treatment on two different behavioral
paradigms (n=19 HF, n=22 HF + Losartan). HF rats subjected to losartan treatment displayed significantly
more spontaneous alternations (j), which are not due to hyperactivity as indicated by similar total number of
arm entries in the two groups (k). Losartan-treated animals have a higher retention latency during inhibitory
avoidance testing (I). m No difference in training latencies between HF and HF + Losartan rats. p<0.05*,
p<0.01** and p<0.001***, Scale bars 25 um (c) and 150 uym (g).
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Figure S1 a Assessment of cardiac ejection fraction in a sham and HF rat using echocardiography. b
Ejection fraction of all rats used for this study (151 total, n=56 sham, n=95 HF). c¢-f Quantification of microglia
volume and filament length via three-dimensional reconstruction reveals no significant differences across
various hippocampal subdivisions (n=6 per group). For the sake of simplicity, microglia were pooled and
referred to as DH and VH microglia hereafter. g-i No difference in prelimbic cortex (PLC) microglial
morphology between sham and HF rats (n=6 per group). j Sholl analysis reveals no differences in PLC
microglial complexity between sham and HF rats. k No changes in the number of activated microglia in the
PLC of HF rats. | Cytokine mRNA levels in the PLC of HF rats does not increase (n=5 per group). m Images
depict the location of tissue punches obtained from brain sections (100 um thick) used for the brain region-
specific gPCR. p<0.05*, p<0.01** and p<0.001***.
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Figure S2 a Confocal images of RNAScope in situ hybridization for detection of cytokines IL1p3, TNF-a and
C1q in combination with IBA1 antibody staining in HF rats. b, ¢, d High magnification images show co-
localization of cytokines and IBA1 using three-dimensional reconstruction. White arrowheads indicate co-
localization. e Quantification of microglia-specific mMRNA cytokine levels in DH and VH of sham and HF rats
(n=5 per group). f Panel shows IBA1-positive microglia and GFAP/GS-labeled astrocytes in sham and HF
rats. g Assessment of astrocyte soma volume using three-dimensional reconstruction for VH and DH
astrocytes (n=6 per group). h No difference in astrocyte soma volume in the PLC between sham and HF
rats. i No difference in astrocyte number were observed between sham and HF rats for VH, DH and PLC
(n=8 per group). Scale bars 10 ym (b) and 100 ym (f). p<0.05*, p<0.01** and p<0.001***.
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Figure S3
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Figure S3 a,b Images show the different steps for thresholding analysis and manual selection of apoptotic
clusters using the software Fiji. ¢ Pyramidal cell layer landmarks for the detailed analysis of pyramidal cell
layer thinning in HF rats. d High magnification confocal images depict thinning of pyramidal cell layers in HF
rats across multiple different points, as indicated in ¢. e Quantification of pyramidal cell layer thickness in
DH and VH of sham and HF rats. f Summary data of multiple electrophysiological parameters obtained via
patch-clamp recordings in CA1 neurons from slices of sham and HF rats. AP: action potential; Rinput: input
resistance; AHP: afterhyperpolarization, AHP1s: AHP amplitude measured 1 second after the end of the
spike train. Scale bar 75 pm (d). p<0.05* and p<0.01**.
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1378  Figure S4 a Representative confocal images of vascularization of the DH in sham and HF rats at different
1379  time points. CA1 = cornu ammonis 1, PoDG = polymorph layer of dentate gyrus. b Confocal images of AQP-
1380 4 labeled vessels in PVN, central amygdala and somatosensory cortex of sham and HF rats. c-e Graphs
1381 show quantifications for area fraction, signal intensity and vessel volume for PVN and central amygdala at
1382  6- and 12-weeks post-surgery (n=5 animals per group). f Quantification of the number of vessel bifurcation
1383  points in DH and VH in sham and HF rats (n=5 animals per group). Scale bars 400 um (a) and 100 ym (b)
1384  p<0.05*, p<0.01** and p<0.001***,
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Figure S5
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Figure S5 a qPCR for AT1aR in PVN, CeA, SSC and PLC using brain-region specific tissue punches. b
Graph shows relative AT1aR mRNA intensity in sham and HF microglia (n=5 per group). ¢ Confocal images
show representative images of AT1aR mRNA signal in hippocampal neurons of sham and HF rats. d, e
Neurons in the dorsal and ventral hippocampus express significantly more AT1aRs in HF rats (n=4 per
group). f Hippocampal astrocytes (stained with glutamine synthetase, green) in sham and HF rats do not
express AT1aRs. White arrowheads indicate absence of AT1aR mRNA (red). Scale bars 25um (b) and
50um (e). p<0.05*, p<0.01** and p<0.001***.
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Figure S6 a Representative images of Type I-lll microglia in DH of a HF rat. Scale bars 10um (top left) and
5um (bottom right). b Type Ill microglia frequently protrude blood vessels in both sham and HF rats (n=5
per group). ¢ HF rats have a significantly higher number of vessel-protruding microglia (n=5 per group).
p<0.05*, p<0.01** and p<0.001***.
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Figure S7
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Figure S7 Infusion of intra-carotid fluorescently-labeled dextran dyes for the assessment of BBB integrity.
Panels show confocal images of co-infusion of Rho70 and FITC10 in the DH (a), PVN (b) somatosensory
cortex (¢) and PLC (d). e Confocal images show DH brain sections from sham and HF rats infused with
Angllaw and counter-stained with IBA1. Insets show high magnification microglia negative (sham, left) and
positive (HF, right) for Angllawe. White arrowhead indicates overlap of IBA1 and Angllnw. f Quantification of
leaked extravasated (EV) Angllawo in sham and HF rats (n=3 per group). g Assessment of microglia-bound
Angllawe in sham and HF rats (n=3 per group). h Confocal images show increased co-localization of Angllfiuo
with IBA1-positive (yellow merge) microglia in DH and VH of HF rats co-infused with Rho70 and Angllfio.
White arrowheads indicate overlap of Angllawe and IBA1 immunosignal. High magnification images show
microglia negative (sham, top) and positive (HF, bottom) for Angllaw. Scale bars 150um (a, b, c, d), 50um
(e), 25um (e) and 75um (h). p<0.05*.
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Figure S8 a Summary data for ejection fraction for HF and HF + Losartan experimental groups (n=19 HF,
n=22 HF + Losartan). b, ¢ Systolic and diastolic blood pressure for HF and HF + Losartan animals assessed
via tail-cuff test (n=9 HF, n=9 HF + Losartan). d Comparison of weight gain over time between HF and HF+
Losartan animals (n=19 HF, n=22 HF + Losartan). e Comparison of water consumption over time between
HF and HF + Losartan animals (n=19 HF, n=22 HF + Losartan). f Graph shows significant differences in
astrocyte soma volume in HF and Losartan treated rats for DH and VH (n=6 per group). g Confocal images
of IBA1 stained microglia in the vicinity of AQP4-labeled blood vessels in VH and DH of HF and HF +
Losartan groups. White arrowheads indicate vessel-associated microglia. h Quantification of vessel-
associated and parenchymal microglia in HF and HF + Losartan rats (n=5 per group). i Quantification of
Type |-l vessel-associated microglia in HF and HF + Losartan rats (n=5 per group). Scale bar 100um (g).
p<0.05*, p<0.01** and p<0.001***.
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