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Abstract

Background: 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. 

Although neuroinflammation and brain hypoperfusion occur in humans and rodents with heart 

failure (HF), the underlying neuronal substrates, mechanisms, and their relative contribution to 

cognitive deficits in HF remains unknown.

Methods: To address this critical gap in our knowledge, we used a well-established HF rat model 

that mimics clinical outcomes observed in the human population, along with a multidisciplinary 

approach combining behavioral, electrophysiological, neuroanatomical, molecular and systemic 

physiological approaches.

Results: Our studies support neuroinflammation, hypoperfusion/hypoxia and neuronal deficits in 

the hippocampus of HF rats, which correlated with the progression and severity of the disease. An 

increased expression of angiotensin II (AngII) AT1a receptors (AT1aRs) in hippocampal microglia 

preceded the onset of neuroinflammation. Importantly, blockade of AT1Rs with a clinically used 

therapeutic drug (Losartan), and delivered in a clinically-relevant manner, efficiently reversed 

neuroinflammatory endpoints (but not hypoxia ones), resulting in turn in improved cognitive 

performance in HF rats. Finally, we show than circulating AngII can leak and access the 
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hippocampal parenchyma in HF rats, constituting a possible source of AngII initiating the 

neuroinflammatory signaling cascade in HF.

Conclusions: In this study, we identified a neuronal substrate (hippocampus), a mechanism 

(angiotensin II-driven neuroinflammation) and a potential neuroprotective therapeutic target 

(angiotensin II 1a receptors, AT1aRs) for the treatment of cognitive deficits in HF.
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Introduction

Heart failure (HF) is a debilitating disease affecting more than 64 million people 

worldwide1. In addition to cardiovascular complications, most patients with HF suffer from 

depression2 and/or cognitive decline3. Studies in HF patients and animal models support 

overactivation of the renin-angiotensin system (RAS) as a critical mechanism underlying 

sympathohumoral activation and associated cardiovascular compromise in HF4–6. Notably, 

pharmacological blockade of the RAS is an effective treatment for the improvement of 

cardiovascular compromise in HF7–9.

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 performance10, including spatial and emotional memory11. Moreover, 

hippocampal abnormalities as a result of aging12 or in Alzheimer’s Disease13 have been 

shown to contribute to cognitive deficits, standing thus as a candidate substrate contributing 

to cognitive deficits in HF.
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Two major pathological factors have been proposed to contribute to neurological dysfunction 

in HF, including end-organ hypoperfusion/hypoxia14–18 a state associated also to cognitive 

impairment and neurodegeneration such as Alzheimer’s19. Additionally, recent studies 

support neuroinflammation as a common finding in numerous brain regions during HF20–23. 

Still, whether these two pathological processes are causally interrelated, and what their 

relative contribution to cognitive deficits in HF are, remains largely unknown.

Neuroinflammation is a process regulated by microglial and astrocytic interactions24. 

Microglia, the resident macrophages of the brain parenchyma, monitor and protect 

neurons under normal conditions25. Conversely, sustained microglial activation during 

pathological conditions induces a neurotoxic astrocyte phenotype24, which eventually results 

in neuronal apoptosis and death. The circulating peptide angiotensin II (AngII), acting on 

its AT1a receptors (AT1aR) is a potent proinflammatory molecule26 shown to contribute 

to hypothalamic neuroinflammation and sympathohumoral activation in hypertension27,28 

and HF21,23,29–33. Given this, and the fact that AT1aRs are also expressed in hippocampal 

microglia34, we used an established ischemic HF rat model and a highly multidisciplinary 

approach to test the hypothesis that the AngII/AT1aR-signaling pathway contributes to 

microglia activation, hippocampal neuroinflammation, neuronal apoptosis and cognitive 

deficits in HF.

Materials and methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. All experiments were approved and carried out in agreement to the 

Georgia State University Institutional Animal Care and Use Committee (IACUC) guidelines. 

A detailed description of experimental procedures can be found in the supplemental 

materials.

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 under constant temperature (22 

± 2°C) and humidity (55 ± 5%) on a 12-h light cycle (lights on: 08:00–20:00) ad libitum 
access to food and water.

Heart failure surgery and Echocardiography

The ischemic HF surgical model and echocardiography was performed as previously 

described35. A summary of all assessed parameters is shown in Table S1. HF rats were 

categorized into an early (6–10 weeks) and late (10–16 weeks) progressive stages of the 

disease.

Immunohistochemistry

Following pentobarbital-induced anesthesia rats were intracardially perfused and fixed with 

4% paraformaldehyde20. Conventional fluorescence immunohistochemistry was performed 

in fixed brain sections as described in the supplementary Methods section.
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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, following 

manufacturer’s protocol. For analysis, microglia were considered mRNA-positive if they 

displayed three or more fluorescently-labeled voxels within the respective soma.

Confocal microscopy and 3D IMARIS analysis

Confocal images were obtained using a Zeiss LSM 780 confocal microscope (1024×1024 

pixel, 16-bit depth, pixel size 0.63-micron, zoom 0.7). Three-dimensional reconstruction 

of microglia, astrocytes or axons was performed as previously described20. For the 

quantification of mRNA transcripts and subsequent correlation with microglial morphology, 

spheres precisely engulfing the microglial soma were manually placed on individual 

microglia as described previously36. The fluorescent intensity within the respective spheres 

was measured and then correlated with microglial complexity assessed via Sholl analysis.

Analysis of cellular density, signal intensity and density

Cellular density (microglia or astrocytes), signal intensity and density were assessed blindly 

using the cell counter plugin and a thresholding approach in Fiji as previously described27. 

To differentiate neurons from glia (astrocytes and microglia) for the cCasp3 study (Figure 

3 and S3), we ran a separate set of experiments in which we immunohistochemically 

labeled for astrocytes (glutamine synthetase antibody), microglia cells (IBA1 antibody) and 

neurons (NeuN antibody) along with DAPI nuclear staining. Using ImageJ algorithms, the 

nuclear size (DAPI area) of individually identified cell types was measured, and a frequency 

distribution histogram was built.

Reverse transcription polymerase chain reaction (RT-PCR) and quantitative 

real time PCR (qPCR)

RNA extraction and isolation, cDNA synthesis and qPCR were performed using the 

miRNAeasy Mini kit (Qiagen, Cat. No. 217004), QIAzol Lysis Reagent (Qiagen, Mat. No. 

1023537) and iScript™ gDNA Clear cDNA Synthesis Kit (BIO RAD, cat. no. 1725035) and 

the SimpliAmp Thermal Cycler (applied biosystems, Thermo Fisher Scientific) according to 

manufacturer protocol. All results are expressed as fold changes in HF relative to control 

(sham) rats unless indicated otherwise and as previously reported20.

Measurement of tissue partial pressure of oxygen (pO2) and cerebral blood 

flow (CBF)

Partial pressure of tissue O2 (pO2) and CBF in the hippocampus were recorded in urethane 

anesthetized rats positioned in a stereotaxic apparatus using an optical fluorescence probe 

(250 μm tip diameter; OxyLite (pO2) and OxyFlo (CBF) systems; Oxford Optronix) that 

allows real-time recording of absolute values of these parameters.
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Assessment microglial AngIIfluo uptake

Rats were anesthetized with Ketamine/Xylazine (60/8 mg/mL, respectively) and a non-

occluding catheter filled was inserted into the left internal carotid artery27. AngIIfluo 

(3μmol/L, Anaspec, CA) was infused at 2.86μl/g/rat and allowed to circulate for 30 mins. 

Rats were then decapitated, and brains were fixed and sectioned using a Cryostat at 40μm-

thick for confocal imaging. Imaris was used to detect and quantify the amount of microglial 

AngIIfluo.

Losartan treatment

HF rats were randomly allocated two either HF or HF + Losartan groups. Losartan 

(20mg/kg/day in the drinking water started 1 week after the HF surgery until rats were 

sacrificed for analysis 13-weeks post-surgery.

Acute slice patch clamp electrophysiology

Conventional whole-cell patch-clamp recordings from dorsal hippocampus CA1 neurons 

were obtained from acutely obtained slices from Sham and HF rats as previously 

described37. CA1 neurons were identified by their anatomical location in the pyramidal 

laminar layer.

Behavioral studies

Spontaneous Alternation and Inhibitory Avoidance

Spontaneous alternation testing and inhibitory avoidance testing were performed as 

previously described38.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, 

California, USA). Student’s t-test, Chi square test or one- or two-way analysis of variance 

(ANOVA) were used to compare the groups followed by Tukey post-hoc tests. Chi-square 

tests were used to compare incidence of effects. 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.

Results

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

All experimental procedures and anatomical analyses were performed both in the dorsal 

ventral hippocampus unless indicated otherwise. Given that we obtained very similar 

results between both hippocampal subregions, we are only reporting findings in the dorsal 

hippocampus (DH), given its known direct involvement39 in the cognitive deficits we 

reported here and previousl38.
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An Imaris-assisted microglia morphometry analysis20 revealed significant changes in 

microglia morphometry in the DH of HF rats that are consistent with a pro-inflammatory 

state40. These included larger microglia somatic volumes along with significant changes in 

microglia surface area, cell volume, and filament length compared to sham rats (n=8, Figure 

1A–C and Figure S1B-D). No differences in the number of microglia cells were observed 

between the two groups, indicative of lack of microglia cell proliferation during HF (Figure 

S1E). These morphological changes were found to be dependent on the progression of the 

disease (Figure 1C), as animals at later stages of HF displayed more profound changes 

in microglial morphology. We next quantified the percentage of activated microglia using 

a morphological threshold established in our previous studies20 and found a roughly 2.5-

fold increase in activated microglia in HF rats (p<0.0001, Chi-square test, Figure 1D). 

Changes in hippocampal microglia morphometry in HF rats were further confirmed by Sholl 

analysis and heatmaps that displayed the maximum filament length and Sholl values for 

each microglia (n= 256 randomly selected microglia, 32 per animal) (Figure 1E), showing 

a reduced reach (i.e. maximum filament extension) and diminished maximum complexity 

(peak Sholl value) in microglia of HF rats.

A significant negative correlation between the degree of microglia cell activation and 

the degree of HF (i.e., echocardiography EF value, Figure 1F) support that hippocampal 

microglial status is dependent on the severity of HF.

None of changes reported above were observed in the prelimbic cortex (PLC, Figure S1F-

G) nor in the somatosensory cortex (SSC) (S1BF region)20, suggesting that HF-induced 

microglia changes were region-dependent.

In addition to native brain microglia, IBA1 also labels infiltrating macrophages during 

systemic inflammation41. Thus, to determine whether the IBA1 staining in the hippocampus 

reflected resident microglia, we combined IBA1 and TMEM119 staining, a microglia-

specific marker41. We found the majority of microglia to colocalize both IBA1 and 

TMEM119 signals (Sham: 90.2% TMEM119+; HF: 92.8% TMEM119+, Figure S1I,J), 

supporting that IBA1-stained cells reflect for the most part resident microglia rather than 

infiltrating macrophages. Together, these findings indicate that hippocampal microglia 

during HF undergo a morphological transition towards a pro-inflammatory phenotype which 

is progressive in time, and dependent on the severity of the disease.

Microglial morphological changes correlate with cytokine mRNA expression levels in HF 
rats

qPCR assessment of mRNA transcripts revealed a significant increase in 

neuroinflammation-associated genes within the DH of HF rats (Figure 2A), but not in 

the PLC (Figure S1G). Moreover, measurement of cytokine mRNAs expression at the 

single microglia level (IBA1 immunohistochemistry+RNAScope hybridization, Figure 2B–

D, Figure S2A-D), showed a significant negative correlation between IL1β, TNFα and C1q 

mRNA levels with microglial morphological complexity. While the cytokine mRNA signal 

was rather diffuse, likely reflecting the fact that other cell types express cytokines42, our 

analysis was restricted to IBA1 positive microglial cells (see Figure S2A).

Althammer et al. Page 6

Hypertension. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Evidence for reactive A1 astrocytes in the hippocampus of HF rats

We found that astrocytes in the DH of HF rats had increased soma volume and swelling 

of GFAP-labeled processes (Figure 2E, Figure S2E, F), indicative of a hypertrophic 

phenotype43 and reactive astrocytes44. The number of astrocytes however did not change 

(Figure S2G). Similarly, we found lower levels of neuroprotective A2- and higher levels 

of neurotoxic A1-related mRNA transcripts in the DH of HF rats (Figure 2F). Neither 

astrocytic numbers nor their soma volume were altered in the PLC (Figure S2F,G). Together, 

these findings support an astrocytic shift from a neuroprotective to a neurotoxic state the 

hippocampus of HF rats.

Evidence for hippocampal apoptotic signaling and neuronal dysfunction in HF rats

We found a significant increase in hippocampal caspase-3 (cCasp3) immunoreactivity both 

at early and late stages in HF compared to sham rats (Figure 3A,B), and observed a 

significant thinning of pyramidal cell layers in the DH of HF rats (Figure S3A-C). The 

majority of hippocampal cCasp3-staining in HF rats was located within pyramidal cell layers 

(90.2%) (Figure S3D).

To more conclusively determine if apoptosis was primarily neuronal, we traced individual 

cell profiles showing positive cCasp3 signal, and using an approach that allows us to 

differentiate neurons from astrocytes and microglia cells based on their nuclear DAPI 

size (see Methods and Figure S3E), we found that the mean cCasp3-positive nuclear 

size was similar to that in neurons, but significantly larger from those of astrocytes and 

microglia cells (Figure 3C). Importantly, we found a significantly higher cCasp3 signal at 

the individual neuronal level in HF when compared to sham rats (Figure 3D).

We further assessed neuronal apoptosis via TUNEL staining, and found frequent apoptotic 

clusters in the DH in early and late stages of HF (Figure S3F-I), which we analyzed with 

two complementary approaches (Figure S3H-I). Moreover, and in line with the pyramidal 

layer thinning, we found a reduction in DH neuronal counts in HF rats (Figure S3K).

To further assess for possible hippocampal neuronal functional damage during HF, we 

performed patch-clamp recordings ex vivo from pyramidal neurons in dorsal CA1 (Sham: 

9 neurons from 3 rats; HF early stage, n= 11 neurons from 3 rats). We found a decreased 

input resistance (i.e., decreased slope in the current/voltage plots, Figure 3E,F and Figure 

S3F), along with a diminished input/output function (i.e. decreased number of evoked 

action potentials per stimulation, Figure 3F) (p= 0.0135, 2-way ANOVA) in CA1 neurons 

in HF rats. Moreover, CA1 neuronal resting membrane potential was significantly more 

depolarized in HF rats (Figure S3K). No differences were observed in general action 

potential properties between the two groups (Figure S3K). Together, these findings support 

HF-induced hippocampal neuronal apoptotic signaling and functional compromise, that 

manifested as an overall decreased neuronal ability to fire in response to an incoming 

stimulus.
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Evidence for a hippocampal hypoperfusion/hypoxic microenvironment in HF rats

Next, to probe for a potential hippocampal hypoxic state in HF, we assessed mRNA 

expression of Hif1α and Hif2α, two widely used hypoxia markers, and found significant 

increases in the DH of HF rats relative to sham controls (Figure 4A,B). Interestingly, the 

increase in Hif1α and Hif2α diminished and increased over time, respectively, following the 

induction of HF (Figure 4A,B). in vivo recordings of hippocampal pO2 levels in anesthetized 

sham and HF rats (n= 4 and 6 respectively) showed significantly lower basal pO2 levels in 

the latter (Figure 4C). In addition, in separate sets of rats we observed a decreased basal 

cerebral blood flow (CBF) in the hippocampus of HF, when compared to sham rats (n= 

4 and 5 respectively, (Figure 4C, right panel), further supporting a hypoxic/hypo-perfused 

hippocampal state.

A hippocampal angiography (intra-carotid infusion of Rho70) showed an increased vessel 

volume in HF compared to sham rats (Figure 4D,E). This hypervascularized state was 

also corroborated using the vessel-specific antibody CD31 (PECAM-1, Figure 4F), as 

well as with an Aquaporin-4 immunostaining, (labeling astrocytic process enwrapping all 

these vessels) , showing also a progressive increased degree of vessel bifurcations (Figure 

S4A-D). Contrasting pro-inflammatory markers, the hypervascularization in HF rats was 

also observed in the SSC, PVN and the amygdala (CeA) (Figure S4E-G). Together, these 

findings support a hypoperfusion/hypoxic state in the hippocampus and other brain regions 

of HF rats.

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 exacerbated 

angiotensin II (AngII) signaling, a pro-inflammatory peptide26, contributes to the 

pathophysiology of HF21,23,31. To determine whether AT1aRs were upregulated in the DH 

of HF rats, we first performed non-cell-type specific qPCR. We found a progressive increase 

of AT1aR expression in the DH of HF rats when compared to age-matched sham controls 

(Figure 5A). A similar increase was observed in the PVN and CeA (but not in the SSC 

or PLC) of HF rats (Figure S5A). Moreover, a combination of RNAScope for AT1aR 

mRNA with IHC staining against IBA1 confirmed a significant increase in the number of 

DH AT1aR-positive microglia Figure 5B,C) and AT1aR receptor density/microglia (Figure 

S5-E). We also found that AT1aR positive microglia were morphometrically less complex 

than their AT1aR-negative counterparts (Figure 5C). These results suggest a potential role 

for AT1aR in promoting the pro-inflammatory phenotype. This was further supported by 

the finding that only AT1aR (but not IBA1 and other cytokines) mRNA hippocampal level 

(qPCR) was already elevated at a very early stage of the disease (10 days post HF surgery) 

(Figure 5D, left graph). A similar elevation in microglial AT1aR mRNA (RNAscope) was 

detected at this early stage (Figure 5D, right graph). Conversely, we failed to detect any 

increases in neuronal AT1aR mRNA in HF (Figure S5D,E). Notably, we did not detect any 

AT1aRs in hippocampal astrocytes in sham or HF rats (Figure S5F).

We finally aimed to investigate whether circulating AngII gained access to the DH in 

HF rats. Intra-carotid artery infusions of AngIIfluo showed a significant extravasation of 

AngIIfluo within the DH of HF compared to sham rats (n=5 and 4 respectively, Figure 5E,F). 
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Notably, the leaked AngIIfluo accumulated within IBA1-positive microglia cells, to a much 

higher degree in HF compared to sham rats (Figure 5F, Figure S5G).

Based on these results, we hypothesized that a leaky BBB could be an underlying cause 

contributing to the elevated access of circulating AngII to the brain parenchyma in HF 

rats. To test this hypothesis, and following a procedure we previously established to 

quantitatively assess altered BBB permeability using intra-carotid infusions of two dyes 

of different molecular sizes (Rho70kDa and FITC10kDa)27, we observed an increased 

intraparenchymal leakage of FITC10kDa in the DH, but not the PLC or cortex of HF 

rats (Figure S5H–J). In line with this finding, we observed a downregulation of mRNA 

levels of several tight junction proteins associated to normal BBB integrity (e.g., Claudin 

1,3,5 and Beta-catenin) in the DH (but not the PLC), of HF rats relative to sham rats, 

further supporting a compromised BBB integrity in the DH of HF rats, which in turn could 

contribute to circulating AngII access to this brain region in this condition.

Blockade of AT1Rs improves neuroinflammation and neuronal apoptosis, but not the 
hypoperfused state in HF rats

To determine whether AT1aRs played a causal role in mediating hippocampal HF-associated 

pro-inflammatory and hyperperfused states, we assessed the effects of pharmacological 

blockade of AT1R-mediated signaling on these pathological alterations. We chose the 

widely clinically-used and orally-delivered AT1R blocker Losartan45–47 (20 mg/kg/day, 

for a duration of 12 weeks after the myocardial infarction)27. Losartan did not affect 

cardiac function, body weight gain or total water consumption (Figure S6A-C). Conversely, 

Losartan reduced mRNA levels for IBA1, GFAP, IL-1, IL-6 and TNF-α, but not 

AT1aR (Figure 6A). Losartan also ameliorated the hippocampal microglia morphological 

proinflammatory (Figure 6B,C) and the astrocyte reactive/neurotoxic phenotypes (Figure 

S6D-G). Importantly, Losartan also diminished cCasp3 hippocampal staining (Figure 6D), 

as well as the changes in some of the tight junction proteins observed in HF rats (Figure 

S5K)

Interestingly, Losartan treatment did not change any the increased hypoxia markers (Hif1/2a 

mRNA) (Figure 6A) or the hypervascularized state (Figure S6H-K) observed in HF rats. 

Together, these results support a critical contribution of AT1Rs to HF-induced hippocampal 

neuroinflammation, but not to the hypoxic state.

Blockade of AT1Rs improves cognitive impairment in HF rats

We recently reported that HF rats displayed signs of spatial and emotional memory 

impairments38 both of which are associated with altered DH function48,49. To determine 

whether AT1aR activation also contributed to these effects, we repeated the spontaneous 

alternation (SA) and inhibitory avoidance (IA) tests (for spatial and emotional memory, 

respectively) in HF and Losartan-treated HF rats (Figure 6E). Losartan-treated rats displayed 

significantly more percent alternations, compared to non-treated HF rats (Figure 6E), 

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 (Figure 6E), ruling out that changes were due to altered activity levels. 
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Losartan-treated HF rats had significantly higher retention latencies during the IA memory 

test, suggesting that it also improved emotional memory (Figure 6F). Of note, there were 

no differences in the training latencies (Figure 6F), further supporting that Losartan did 

not affect overall activity level. Finally, to rule out a general effect of Losartan per se, 

we performed a similar set of behavioral experiments in healthy control rats, in which we 

observed no effects of Losartan on spontaneous alternations or inhibitory avoidance latency 

(Figure S6L, M),

Together, these findings support that blockade of AT1Rs using a clinically-relevant drug 

via a clinically- relevant delivery route ameliorated key neuroinflammatory and apoptotic 

processes during HF, which we propose to contribute in turn to the improvements in 

cognitive impairments observed in this condition.

Discussion

A growing body of clinical studies supports a high degree of comorbidity between 

cardiovascular diseases and cognitive decline50–52. In fact, 20–40% of all HF patients 

develop major depression and elevated anxiety2,50,51,53, along with memory-associated 

symptoms, which appear later than the cardiovascular and autonomic-related symptoms3. 

These cognitive and mood disorders have also been observed in experimental animal 

models of HF, including the rat and mouse left coronary ligation model54–56, a widely 

accepted model that replicates the cardiac, systemic and neurohumoral pathology observed 

in patients57. Moreover, we38 and others58 recently showed that HF rats displayed cognitive 

and emotional deficits, supporting that this model is well-suited to study underlying 

mechanisms and substrates involved in these deficits. It is important to highlight that 

the majority of existing studies, both HF patients and animal models, have focused thus 

far on pathophysiological mechanisms that contribute to cardiac/cardiovascular59,60 and 

sympathohumoral activation61, whereas those involved in cognitive/mood deficits still 

remain largely unexplored.

HF induces hippocampal pro-inflammatory microglia, reactive neurotoxic A1 astrocytes 
and neuronal apoptosis

Using our recently validated morphometric profiler to assess microglial morphology 

changes in disease states20, we found significant microglial process retraction, somatic 

swelling and reduction of surface area, all of which support a pro-inflammatory microglial 

phenotype20,62,63. Importantly, these changes were progressive in time, and dependent on 

the severity of cardiac compromise in HF. Moreover, the fact that the pro-inflammatory 

state was brain region-specific supports topographical differences in the susceptibility and 

resilience of the brain to HF-induced neuroinflammation.

Cytokines such as C1q, TNFα and IL1β play an important role in microglia-to-microglia 

communication and are pivotal to microglia-mediated maintenance of a pro-inflammatory 

state24. In addition to finding increased expression of these cytokines in the hippocampus 

of HF rats, we report a robust and significant negative correlation at the single-cell level 

between cytokine level expression (e.g. IL1β and TNFα) and microglial morphometric 

complexity, further supporting the microglia pro-inflammatory status in the hippocampus 
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of HF rats. It is important to note that we observed substantial “diffuse” cytokine mRNA 

signal that was not confined to microglia, which could reflect cytokine production by other 

neighboring cells. The facts that we observed changes in mRNA expression of selective 

cytokines, and that other mRNA signals (e.g., AT1aR) detected using the same approach 

provided a much more restricted staining, argue against a non-specific mRNA staining 

provided by the RNAScope approach.

Another core feature of neuroinflammation is the intricate interaction between microglia 

and astrocytes24. Microglia release C1q, TNFα and IL-1α to activate astrocytes, which in 

turn become neurotoxic (A1 phenotype) leading to apoptosis in neighboring neurons24. We 

report here swelling of hippocampal astrocyte processes, as well as an astrocytic shift from 

a neuroprotective to a neurotoxic state. In line with this, and as previously reported64, we 

show evidence for HF-induced hippocampal neuronal apoptosis, along with shrinkage of 

pyramidal cell layers. Moreover, ex vivo electrophysiological recordings showed dampened 

membrane excitability and blunted input/output function in CA1 pyramidal neurons in HF 

rats. While the precise mechanisms leading to these changes remain to be determined, our 

studies support an overall blunted ability of CA1 pyramidal neurons during HF to process 

incoming inputs to mount a proper action potential firing output. Altogether, these findings 

support neuronal dysfunction and neurotoxicity in the hippocampus of HF rats.

AngII-AT1R signaling contributes to hippocampal neuroinflammation, apoptosis and 
cognitive deficits in HF rats

We27,28,31,65 and others6,21,23,29,30 have shown that the pro-inflammatory peptide AngII is 

linked to neuroinflammation and autonomic changes in HF and hypertension. In addition, 

a recent study showed that systemic administration of AngII induced neuroinflammation 

in the mouse hippocampus66. Still, whether endogenously elevated levels of AngII 

contribute to hippocampal neuroinflammation and a state of hypoperfusion/hypoxia in 

HF remained unknown. We recently reported that AngII type 1a receptors (AT1aR) are 

present in hypothalamic microglia27,33,67, while others have shown the same in hippocampal 

microglia34.

Several pieces of evidence from our study support indeed a critical role for AngII-AT1aRs 

in HF-induced neuroinflammation. These include i) a gradual and progressive increase of 

AT1aR expression in the hippocampus of HF rats prior to elevated cytokine mRNA levels; 

ii) a 6-fold increase in AT1aR-positive microglia in HF rats and iii) virtually all de-ramified 

microglia in HF rats were AT1aR-positive.

Most importantly, a causal link between AngII-AT1aR and neuroinflammation is more 

compellingly supported by the fact that treating HF rats with the AT1R antagonist 

Losartan substantially reversed most neuroinflammatory endpoints including microglial 

morphometric changes and the elevated cytokine levels. These results are in line with 

a previous study showing that candesartan (another AT1R blocker) ameliorated brain 

inflammation following LPS injection68. Notably, AT1R blockade was able to diminish 

hippocampal apoptosis, supporting a neuroprotective effect of Losartan. This agrees 

with recent studies showing that targeting the RAS slowed down the progression of 

clinical Alzheimer’s Disease69–71. We chose and prioritized to use a drug and a route of 
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administration (i.e. orally-administered Losartan) that mimic those used in human patients, 

and are thus clinically relevant. There are several caveats however that need to be considered 

in this approach. Firstly, it is controversial whether Losartan can cross the BBB, with studies 

arguing in favor72 or against it73. Nonetheless, our results showing a compromised BBB 

integrity in the hippocampus of HF rats (see more below) would further support the ability 

of Losartan to access the hippocampal parenchyma. Still, we acknowledge that changes 

observed in the DH following Losartan treatment could be secondary to peripheral actions of 

this drug. Secondly, our approach is not cell-type or region specific. Thus, despite that our 

studies support a key contribution of AT1Rs in hippocampal microglial cells, future studies 

will be needed to more conclusively determine the specific cell-type and topographical 

location of the receptors mediating Losartan’s neuroprotective effects. Similarly, we cannot 

completely rule out the contribution of neuronal AT1aRs in HF-induced neuroinflammation. 

The facts that we observed no changes in neuronal AT1aRs, that we failed to detect AT1aRs 

in astrocytes, and that AngII-mediated neuronal dysfunction has not yet been reported 

in the absence of glial cell activation74, would argue against a neuronal/astrocyte critical 

contribution. On the other hand, it is worth acknowledging that AngII can suppress LTP in 

hippocampal neurons75 and that other mechanisms, including leaky ryanodine receptors76, 

could also contribute to cognitive impairment in this HF rat model.

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 upregulation of AT1aRs in those 

regions.

We recently reported that HF rats were impaired in the spontaneous alternation (SA) and 

inhibitory avoidance (IA) memory tasks used in the present experiment38. Importantly, we 

extend those previous results by showing that Losartan-treated HF rats showed significant 

improvements in these memory tests compared to their non-treated counterparts, as shown 

by increased percent alternation scores and IA retention latencies that were not associated 

with changes in activity levels. These findings are consistent with the observation that 

intracerebroventricular (ICV) infusions of Losartan reverse SA and IA memory deficits 

produced by ICV infusions of Ang II77. Given that successful performance in both the 

SA and IA tasks requires an intact hippocampus39,78–82, our findings suggest that HF 

impairs hippocampal function, and that Losartan improves memory in HF rats via an effect 

on this brain region. This interpretation is supported by findings showing that systemic 

administration of Losartan reverses deficits in hippocampal synaptic plasticity75,83 and 

that systemic doses of Losartan that have no effect in control animals prevented LPS-

induced hippocampal-dependent memory impairments, including IA retention deficits84. 

Together, these findings support exacerbated AngII-AT1aR signaling in the hippocampus as 

a pivotal mechanism driving neuroinflammation and cognitive impairment after myocardial 

infarction.
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Hippocampal hypoxia is not linked to AT1R-mediated neuroinflammation

In addition to neuroinflammation21, myocardial infarction with reduced ejection fraction has 

been associated with brain hypoperfusion, a process that could lead to changes in brain 

vascularization, metabolism and ultimately brain dysfunction14,17,85. Still, to what extent 

hypoperfusion is mechanistically linked to neuroinflammation, and whether it contributes 

to cognitive deficits in HF is unknown. Our findings showing increased expression of 

Hif1α/Hif2α, lower hippocampal tissue pO2 levels, lower basal hippocampal CBF, along 

with hypervascularization (a compensatory response to tissue hypoxia86) in all brain regions 

explored, support a rather global hypoxic state in the brain of HF rats. Intriguingly however, 

while AT1R blockade reversed most neuroinflammatory endpoints, the hypoxia-associated 

markers remained unaffected. This suggests that AT1aR-mediated neuroinflammation and 

brain 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.

Circulating AngII as a possible source activating hippocampal AT1Rs in HF

While our studies support a contribution of AngII-AT1Rs signaling to hippocampal 

neuroinflammation and cognitive deficits in HF, the source of AngII driving these effects 

within the hippocampus is unknown. Because AngII is highly hydrophilic, the general 

consensus is that circulating AngII does not cross the blood brain barrier (BBB), acting 

only on circumventricular organs (CVOs), which have an incomplete BBB87. However, we 

recently showed that chronically elevated levels of AngII during hypertension leads to BBB 

disruption and its own access to the brain27,28,88. Here, we provide evidence for a leaky 

hippocampal BBB in HF rats, along with altered expression of mRNA for tight junction 

proteins that are critical for BBB integrity. Moreover, we show that systemically-infused 

fluorescently-labeled AngII leaked into the hippocampal parenchyma of rats with HF. This 

indicates that the chronically elevated levels circulating AngII in HF6,21,59 could constitute 

a source leading to the AT1R-mediated neuroinflammatory cascade. Notably, we found the 

leaked AngII in hypertensive27,28,88 and HF rats were mostly bound to microglial cells. 

While these results indicate that exogenously applied AngII can leak into the DH of HF 

rats, they do not necessarily prove that the same is true for endogenous circulating AngII. 

Moreover, alternative sources of AngII, such as local production by astrocytes89,90 could 

also contribute to the neuroinflammatory cascade.

Together, our results provide additional evidence to support the hippocampal AngII-

ATa1R signaling cascade as a critical pathophysiological mechanism contributing to 

neuroinflammation and cognitive deficits in HF, standing in turn as a novel neuroprotective 

therapeutic target to combat brain-related deficits in this highly prevalent cardiovascular 

disease.

Perspective

HF is a prevalent disease that poses debilitating burdens on affected individuals and 

particularly aging societies in the western world. Although both neuroinflammation and 

hypoxia have been described as potential mechanisms contributing to memory loss and 
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mood changes in HF patients, their respective role in the pathophysiology of the disease is 

poorly understood. Previous studies showed that the pro-inflammatory peptide Angiotensin 

II might be a pivotal contributor to microglial activation, especially in HF. Here we 

expand on these findings by showing microglial and astrocytic activation, as well as 

apoptotic events and neuronal deterioration in the hippocampus of HF rats. In addition, 

we found that the clinically-approved AT1aR antagonist Losartan, ameliorates microglial 

and astrocytic activation and neuroinflammation-associated changes. Importantly, Losartan 

treatment rescued HF-induced memory deficits and cognitive impairments. We believe these 

results are important in the context of the ongoing Prospective Evaluation of Cognitive 

Function in Heart Failure: Efficacy and Safety of Entresto (LCZ696, Sacubitril/Valsartan) 

compared to Valsartan on Cognitive Function in Patients with Chronic Heart Failure and 

Preserved Ejection Fraction (PERSPECTIVE, NCT02884206) which aims at addressing the 

potential beneficial cognitive effects of this new angiotensin receptor blocker. Thus, we 

believe our study provides important mechanistic insights regarding the potential outcome of 

this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pathophysiological Novelty and Relevance

• What is new?

AngII-driven neuroinflammation in the hippocampus of rats with heart 

failure leads to microglia activation, neuronal apoptosis and cognitive 

impairment.

• What is relevant?

Elucidating the precise cellular and signaling mechanisms contributing to 

cognitive impairment in heart failure is critical for the development of 

novel and more efficient therapeutic approaches.

• Clinical/Pathophysiological Implications?

Blockade of AngII-AT1Rs in rats with heart failure ameliorated 

hippocampal neuroinflammation and neuronal apoptosis, improving in 

turn cognitive outcomes.
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Figure 1- Microglial activation and increased cytokine levels in the hippocampus of HF rats
A IBA1-positive microglia in the DH of ham rats. CA2/3= cornu ammonis 2/3. B Images of 

microglia in sham and HF rats, and their assessment of somatic volume (n=6 per group). C 
Quantification of microglial morphology at early and late HF stages, showing a de-ramified 

microglial phenotype with reduced cell volume, surface area and filament length in HF (n=8 

per group). D Quantification of activated microglia based on their morphological appearance 

in sham and HF rats. E Sholl analysis for microglia in sham and HF rats. Heat map analysis 

(256 microglia, 32 per animal, 8 rats per group) reveals reduced microglial complexity in 

HF rats. Left numbers indicate microglial reach (in μm), color coding indicates peak Sholl 

values of individual microglia. F The percentage of activated microglia correlates with the 

severity of disease (EF%) in HF rats. p<0.05*, p<0.01** and p<0.001*** (n=8/group). Scale 

bars 300μm (a, top left), 25μm (a, top right), 10μm (a, bottom right), 10μm (b) and 50μm (c).
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Figure 2- Cytokine mRNA expression correlates with microglial morphology
A Quantification of cytokine mRNA levels in HF relative to sham rats (n=6 per group). B 
Schematic workflow used for correlative assessment of microglial complexity with cytokine 

mRNA levels. Images show samples of microglia negative for IL-1β (b) and positive for C1q 

(c). C Images of microglial IL1β, TNF-α or C1q mRNA in Sham and HF rats. Note that 

less complex microglia in HF rats (bottom rows) have more cytokine mRNA. Arrowheads: 

co-localization of IBA1 and cytokine mRNA probe. D Cytokine mRNA levels negatively 

correlate with microglial complexity (each dot represents a single microglia, plot is a pool of 

microglia obtained from n=4 rats/group). E Images of normal and hypertrophic astrocytes in 

sham and HF rats respectively. F Quantification of A1/A2 astrocyte mRNA markers in HF 
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rats relative to Shams (n=6 per group). p<0.05*, p<0.01** and p<0.001***. GFAP = glial 

fibrillary acidic protein; GS = glutamine synthetase. Scale bars 10μm (b, c) and 20μm (e).
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Figure 3- Apoptotic signaling and altered pyramidal neuronal function in HF rats
A cCasp3-positive cells at early and late HF stages. Note the absence of cCasp3 staining 

in sham rats. High magnification images show nuclear deterioration and overlap of DAPI 

and cCasp3 signal in HF rats. B Quantification of cCasp3-positive signal at early and 

late HF stages (n=5/group). C Quantification of cell type-specific DAPI nuclear size. D 
Quantification of mean single cell neuronal cCasp3 signal in sham and HF rats (n=4/group). 

E Representative whole-cell voltage traces in response to depolarizing/hyperpolarizing 

current injection in CA1 pyramidal neurons from Sham (left) and HF (right) rats. F Mean 

I-V curves in sham (circles, n=11 cells/2 rats) and HF (squares, HF n=9 cells animals/ 3 

rats. Note the decreased slope (input resistance) in sham rats. Input/output function plots 

from the same CA1 neurons in D, showing a diminished firing discharge in HF rats p<0.05*, 

p<0.01** and p<0.001***. Scale bars 100μm (a, overviews), 25μm (a, enlarged images) and 

5μm (enlarged insets).
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Figure 4- Evidence for a hypoperfusion/hypoxic state in the hippocampus of HF rats
A Changes in hypoxia markers Hif-1α and (B) Hif-2α mRNA in the DH at early and late 

HF stages relative to Sham (n=5 /group). C Schematic depiction of in vivo measurement of 

pO2 and cerebral blood flow (CBF) in the DH. HF rats display lower basal hippocampal 

pO2 levels (n=4 sham, n=6 HF, left panel) as well as decreased basal CBF (n=5 sham, n=4 

HF, right panel). D Schematic depiction of angiography via intra-carotid infusion of Rho70 

dye. Rho70-labeled blood vessels within the DH of sham and HF rats. E HF rats display 

significantly increased vessel density. F Confocal images show vascular CD31/PECAM-1 

staining in the DH of sham and HF. Note the significantly increased vascular density in HF 

compared to sham rats. Scale bar 100μm (e) and 200μm (f). p<0.05*, and p<0.001*** vs 

sham; p<0.01## and p<0.0001### vs HF early.
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Figure 5- Upregulation of AT1aRs in hippocampal microglia of HF rats
A Changes in AT1a mRNA levels in HF rats relative to Sham at early and late HF stages 

(n=5/6 rats per group). B Images of AT1aR-positive microglia (white arrowheads) in DH 

of sham and HF rats. Enlarged inset shows magnification of an exemplary AT1aR-positive 

microglia. C The number of AT1aR mRNA-positive microglia is increased in HF rats (left). 

AT1aR-positive microglia are less complex than AT1aR-negative microglia (right) (n=5 rats 

per group). D Left: Assessment of AT1aR and cytokine mRNA expression via qPCR in 

HF relative to Sham rats 10 days post HF surgery (n=5/group). Right: Quantification of % 

microglial showing a positive AT1aR mRNA expression in in sham and HF rats 10 days 

post-surgery via RNAScope. E Schematic depiction of intra-carotid infusion of AngIIfluo. 
F Images showing leakage of AngIIflu (green, following i.v. infusion) in the DH of a 

HF rat. Insets 1–3 (corresponding to squared areas in left panel) show co-localization of 

AngIIfluo with IBA1-positive microglia. Right panels: Three-dimensional reconstructions 

showing accumulation of AngIIfluo both in microglia processes and somata (arrowheads). 

Quantification of hippocampal extravasated (EV) AngIIfluo in sham and HF rats (n=5/group, 

left panel). Bar graphs showing an overall increase in extravasated hippocampal AngIIfluo 

(left), increased AngIIfluo positive microglia (middle), and increased AngIIfluo levels within 

individual microglial cells (right) in the DH of HF compared to sham rats (n=5/group). 
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p<0.05*, p<0.01** and p<0.001***; p<0.01## vs HF early . Scale bars 20μm (b), 5μm (b), 

10μm (c), 100μm (e) and 10μm (f).
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Figure 6- AT1aR blockade improves neuroinflammation and cognitive performance in HF rats
A AT1aR blockade (Losartan) reduced mRNA levels of IBA1, GFAP and various cytokines, 

but not AT1aR, Hif-1α or Hif-2α in late stage HF rats (n=6 per group). B Images of 

microglia in HF rats with and without Losartan. C Assessment of microglial morphometry 

in HF rats with and without Losartan (n=6/group, HF late). D Losartan significantly reduced 

cCasp3 immunoreactivity in HF rats (n=5/group). E, HF rats subjected to Losartan displayed 

significantly more spontaneous alternations without changes in the total number of arm 

entries. F, Losartan-treated HF rats showed higher retention latency without difference in 

training latencies during inhibitory avoidance testing (n=19 HF, n=22 HF + Losartan). 

p<0.05*, p<0.01** and p<0.001*** Scale bars 25 μm (b) and 150 μm (d).
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