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Abstract

The ‘apple-shaped’ anatomical pattern that accompanies visceral adiposity increases risk for 

multiple chronic diseases, including conditions that impact the brain, such as diabetes and 

hypertension. However, distinguishing between the consequences of visceral obesity, as opposed 

to visceral adiposity-associated metabolic and cardiovascular pathologies, presents certain 

challenges. This review summarizes current literature on relationships between adipose tissue 

distribution and cognition in preclinical models and highlights unanswered questions surrounding 

the potential role of tissue- and cell type-specific insulin resistance in these effects. While gaps 

in knowledge persist related to insulin insensitivity and cognitive impairment in obesity, several 

recent studies suggest that cells of the neurovascular unit contribute to hippocampal synaptic 

dysfunction, and this review interprets those findings in the context of progressive metabolic 

dysfunction in the CNS. Signalling between cerebrovascular endothelial cells, astrocytes, 

microglia, and neurons has been linked with memory deficits in visceral obesity, and this 

article describes the cellular changes in each of these populations with respect to their role 

in amplification or diminution of peripheral signals. The picture emerging from these studies, 

while incomplete, implicates pro-inflammatory cytokines, insulin resistance, and hyperglycemia 

in various stages of obesity-induced hippocampal dysfunction. As in the parable of the five blind 

wanderers holding different parts of an elephant, considerable work remains in order to assemble a 

model for the underlying mechanisms linking visceral adiposity with age-related cognitive decline.
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1. Introduction and evolutionary perspectives

The central nervous system is a unique metabolic environment characterized by high cellular 

metabolism and limited local energy storage (Kety and Schmidt, 1948; Sokoloff et al, 1955). 

These characteristics evolved in tandem with intricate coordination between local cerebral 
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blood flow and neuronal activity, or ‘neurovascular coupling,’ as revealed by comparative 

anatomical measures, physiological proxies, and empirically based computational models 

of different species (Pontzer et al, 2016; Armstrong, 1983; Hayward and Baker, 1969; 

Karbowski, 2007). Historically, the expansion of human brain size and complexity has 

occurred in the context of food scarcity (Bellisari, 2008). Cellular specialization in nutrient 

sensing at the circumventricular organs, which lack a fully formed blood-brain barrier 

(BBB), predates mammalian evolution (Kiecker et al, 2017; Tsuneki, 1986). Neurons in 

each of the circumventricular organs have been implicated in sensing of glucose, ketones, 

and hormones such as insulin and leptin (Faouzi et al, 2007; Simpson et al, 2007; Kang et 

al, 2004; El Messari et al, 1998; Djogo et al, 2016). The conservation of ‘sensor neurons’ 

and their integration into energy balance circuits in different species implicates homeostatic 

control as one of the earliest drivers of brain evolution.

Unlike the neurons in the peripheral nervous system, the mammalian CNS exhibits 

limited regenerative capacity (Pleasure et al, 1999). Even under intact conditions, synaptic 

transmission is accompanied by extracellular ion and nucleotide gradients that are similar to 

damage-associated molecular patterns (DAMPs) in peripheral tissues. Specifically, neuronal 

firing is accompanied by localized bursts of extracellular ATP known to promote chemotaxis 

and polarization of lymphocytes outside of the CNS (Di Virgilio et al, 2020; Kitajima et al, 

2020). As a consequence, increases in brain size likely emerged after the development of 

regulatory mechanisms for control of interactions between the immune system and the brain. 

Consistent with this idea, a functional BBB with endothelial tight junctions and limited 

paracellular permeability is present in species with high regenerative capacity in the adult 

CNS, such as the zebrafish Danio rerio (Kishimoto et al, 2012; Jeong et al, 2008) and the 

axolotl Ambystoma mexicanum (Amomoto et al, 2016; Lazzari et al, 2008), and in species 

with limited CNS regeneration in adulthood, such as the frog Xenopus laevis (Lee-Liu et 

al, 2017; De Jesús Andino et al, 2016) and most reptiles, birds, and mammals (Sánchez 

Alvarado and Tsonis, 2006; O’Brown et al, 2018).

While segregation between the peripheral immune system, comprised of hematopoetic 

lineage cells (and their derived signaling factors), and the CNS was originally framed as 

absolute, recent years have seen increasing recognition of dynamic interactions with cells 

in the brain parenchyma. Many of these interactions occur at the blood-brain and blood-

cerebrospinal fluid interfaces, where vascular mural cells and choroid plexus epithelial cells 

coordinate the entry and exit of solutes, cytokines, peptide hormones, and protein aggregates 

(Abbott et al, 2006; Lun et al, 2015). The intercellular networks at each of the above 

interfaces are complex; taking the BBB as an example, arteries, arterioles, capillaries, and 

veins exhibit variable degrees of coverage and regulation by endothelial cells, pericytes, and 

vascular smooth muscle cells (VSMCs) on the luminal (blood) side (Abbott et al, 2006; 

Zhao et al, 2015). On the brain side, the above-listed populations of vascular mural cells 

interact with astroglial endfeet and are innervated by interneurons (Abbott et al, 2006), 

although this innervation remains incompletely characterized with respect to its function and 

structure. Sandwiched in between the glia limitans on the brain side and the basal lamina 

of the cerebral vasculature are the perivascular macrophages (pvMΦ) (Lapenna et al, 2018; 

Kierdorf et al, 2019). pvMΦ have been implicated in various neuroimmune interactions, 

including diapedesis and infiltration of bone marrow-derived immune cell populations from 
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the vasculature and cytokine signaling between the brain and periphery (Serrats et al, 2010; 

Lapenna et al, 2018). However, these functions overlap with those of vascular mural cells, 

and the degree of anatomical specification in different vascular beds in various brain regions 

remains incompletely understood.

Given the cellular diversity at the blood-brain and blood-CSF interfaces, cerebral responses 

to perturbation of energy metabolism are likely to be complex and dynamic over time. 

The temporal kinetics of these reponses are likely to differ between classical metabolic 

circuits, such as the brainstem and hypothalamus; regions implicated in hedonic control 

of feeding, such as the prefrontal cortex and ventral tegmental area; and regions that 

mediate environment-context associations, such as the hippocampus and amygdala. This 

review considers neuroimmune responses to visceral adiposity in the hippocampus, with 

reference to the many unanswered questions regarding initation and propogation of synaptic 

dysfunction in these conditions. Insulin resistance develops hetereogeneously in different 

cell types and tissues, but a complete picture of CNS feedback has yet to emerge. This 

review covers the metabolic characteristics of mice with tissue-specific insulin insensitivity 

and identifies candidate signaling factors for feedback regulation of brain function. The 

physiological consequences of cell type-specific insulin insensitivity in the brain are 

reviewed with respect to their direct and indirect consequences for neurons. Dysfunctional 

interactions at the blood-brain and blood-cerebrospinal fluid barriers are considered, with 

emphasis on the consequences of subsequent neuronal and glial exposure to peripheral 

signals in obesity. Theoretical models for visceral adiposity-driven neuroinflammation are 

proposed, with reference to local and long-range effects on cells located within or adjacent 

to the brain parenchyma. The mechanistic and correlative interactions described in this 

review were identified based on publications listed in PubMed, Scopus, and Google Scholar. 

The overarching theme emerging from these studies is that feedback regulation of the 

hippocampus and other brain regions not directly implicated in homeostatic control likely 

occurs in discrete stages with chronic obesity. Delineating the peripheral metabolic and 

immunological signatures of progressive cognitive dysfunction in obesity could uncover 

critical windows for therapeutic intervention.

1.1. Visceral adiposity, cognition, and heterogeneous insulin resistance across cell types 
and tissues

Individuals with visceral obesity exhibit earlier and more frequent cognitive impairment 

with aging in longitudinal and twin studies (Jagust et al, 2005; Elias et al, 2005; Whitmer 

et al, 2008; Debette et al, 2011; Xu et al, 2011). While statistical covariation-based 

approaches suggest that this relationship occurs independently of other metabolic risk 

factors, such as insulin resistance (Whitmer et al, 2008, Xu et al, 2011), understanding 

the underlying mechanisms for visceral obesity-associated cognitive risk is fraught with 

caveats. Visceral obesity is also a major risk factor for the development of insulin resistance, 

which is a complex phenomenon involving progressive loss of sensitivity to the glucose-

lowering effects of insulin in different tissues, including muscle, liver, and adipose tissue. 

Even in nondiabetic young adults, whole-body insulin sensitivity was correlated with 

cognitive performance (Bove et al, 2013; Bove et al, 2016), reflecting the critical role 

of energy homeostasis as a determinant of brain function. Preclinical research on obesity 
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and cognition is gradually progressing from associational studies linking high-fat diet and 

memory impairment (Greenwood and Winocur, 1996; Molteni et al, 2002), to designs that 

incorporate static and/or dynamic measures of whole-body glycemic control (Stranahan et 

al, 2008; McNay et al, 2010; Morrison et al, 2010; Porter et al, 2011; Lavin et al, 2011; Jeon 

et al, 2012; Pancani et al, 2013; Grayson et al, 2014; Hao et al, 2016; Spencer et al, 2017; 

Wang et al, 2018; Petrault et al, 2019; Yamamoto et al, 2019; Guo et al, 2020). However, 

relationships between tissue-specific insulin resistance and cognition remain underexplored.

Given the diverse (and growing) list of feedback signals from adipose tissue, muscle, and 

liver that regulate cognition (Fig.1), tissue-specific insulin resistance has the potential to 

impact synaptic function independently of (or in coordination with) dysfunctional insulin 

signaling in the brain. Tissue-specific insulin resistance emerges earlier than whole-body 

deficits in glycemic control (reviewed by Czech, 2017), and can be assessed clinically 

and preclinically using glucose clamps, opening the potential for earlier identification of 

cognitive risk. Section 1.1.1 provides an overview of preclinical studies on tissue-specific 

insulin resistance, with reference to potential feedback regulation of circuits in the medial 

temporal lobe, and section 1.1.2 highlights the direct and indirect effects of insulin receptor 

deletion in cells located within or adjacent to the CNS.

1.1.1. Tissue-specific insulin resistance and feedback regulation of the 
medial temporal lobe—In chronic overnutrition, the demand placed upon the insulin-

producing pancreatic beta-cells leads to cellular stress and eventual exhaustion, converting 

insulin resistant diabetes to insulin deficiency. Elegant cell type-specific inactivation of 

insulin receptor (IR) in pancreatic beta-cells, hepatocytes, skeletal muscle, adipocytes, 

and neurons indicates that compartmentalized responses to insulin govern different 

aspects of obesity-associated pathophysiology (Fig.1A–B). Ablation of IR expression 

in beta-cells results in defective glucose-stimulated insulin secretion, while constitutive 

deletion in hepatocytes interferes with insulin suppression of hepatic glucose output 

and increases fat mass (Kulkarni et al, 1999; Michael et al, 2000; Fig.1B). With 

respect to potential feedback regulation of cognition, LIRKO mice exhibit reductions in 

circulating insulin-like growth factor-1 (IGF-1) (Ling et al, 2018), a hepatokine with 

known positive effects on hippocampal synaptic plasticity and cognition (Fig.1A; for 

review, see Fernandez and Torres-Aleman, 2012). Fibroblast growth factor-21 (FGF21) 

is another liver-derived signaling factor previously shown to enhance insulin sensitivity, 

increase energy expenditure, and attenuate obesity (Fig.1A; reviewed by Gasser et al, 2017). 

Administration of exogenous FGF21 also rescues cognition, attenuates obesity, and reduces 

local inflammation in the hippocampus with dietary obesity (Wang et al, 2018). However, 

restoration of hepatic insulin sensitivity is unlikely to underlie these effects, as LIRKO 

are still responsive to the insulin-sensitizing and anti-obesity effects of exogenous FGF21 

(Emanuelli et al, 2014). Although this remains an active area of research, the effects of 

FGF21 on body weight likely involve neurons in the ventromedial hypothalamus, while 

effects on insulin sensitivity are at least partially mediated by actions on adipose tissue 

(Jensen-Cody et al, 2020; BonDurant et al, 2017). The restorative effects of FGF21 could 

be mediated by direct actions on hippocampal neurons, as reported for the ventromedial 
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hypothalamus (Wang et al, 2018; Jensen-Cody et al, 2020); alternatively, FGF21 could 

rescue hippocampal function via indirect effects on adipose tissue (BonDurant et al, 2017).

Constitutive IR ablation in skeletal muscle increases fat mass and impairs insulin sensitivity, 

as determined by hyperinsulinemic-euglycemic clamp (Fig.1A–B; Kim et al 2000; Bruning 

et al, 1998). More recently, muscle-specific insulin receptor overexpression was linked with 

a distinct and opposing phenotype characterized by increased lean mass and age-dependent 

improvements in glucose tolerance (Wang et al, 2020). While considerably less is known 

about the CNS impact of secreted factors from skeletal muscle (‘myokines’), emerging 

evidence supports potential interactions with brain regions outside of canonical metabolic 

circuits. Increased levels of the myokine myostatin, which inhibits muscle growth and 

promotes atrophy (reviewed by Pedersen and Febbraio, 2012), were recently linked with 

cognitive impairment in Alzheimer’s disease (AD) model mice (Lin et al, 2019). This 

relationship likely occurs independently of skeletal muscle insulin receptors, as MIRKO 

mice exhibit local and systemic reductions in myostatin (Fig.1A; Li et al, 2019). The trophic 

myokine irisin, generated following cleavage of transmembrane protein fibronectin type 

III domain-containing protein 5 (FNDC5), also regulates cognition in AD mice (Lourenco 

et al, 2019), but changes in irisin/FNDC5 have yet to be examined following selective 

manipulation of skeletal muscle insulin signaling.

The metabolic phenotype of muscle-specific IRKO mice (MIRKO) differs from that of white 

fat-specific IRKO mice (FIRKO), which exhibit reduced fat mass (Fig.1A–B; Bluher et al, 

2002). The degree of reduction in fat mass varies between different adipose cre drivers, 

resulting in dramatically different phenotypes. Under the aP2 promoter, which generated 

moderate reductions in fat mass and serum leptin levels, FIRKO extended lifespan and 

were protected against age-related reductions in glycemic control (Bluher et al, 2003; 

Bluher et al, 2002). Under the adiponectin promoter, fat mass was severely reduced, 

causing ectopic lipid deposition, hypoleptinemia, and fasting hyperglycemia on standard 

chow (Softic et al, 2016). The aP2 and Adiponectin cre drivers differ in recombination 

efficacy and specificity (reviewed by Kang et al, 2014), and in this case, the serendipitous 

dose-response underscored the nonlinear relationship between fat mass and metabolic 

phenotype. Although CNS endpoints have yet to examined in either line of FIRKO mice, 

the phenotype of the adiponectin-cre driver is reminiscent of Seipin knockouts, which model 

congenital generalized lipodystrophy (Cui et al, 2011). Seipin knockouts and Adiponectin-

cre/IRKO mice both exhibit severe hypoleptinemia and reduced serum adiponectin levels 

(Cui et al, 2011; Softic et al, 2016). Constitutive ablation of Seipin in the nervous system 

impairs memory and induces widespread glial reactivity (Qian et al, 2016), and leptin and 

adiponectin have independently been shown to support hippocampal synaptic function and 

memory (Fig.1A; for leptin, see Irving and Harvey, 2021; for adiponectin, Rizzo et al, 

2010). While the potential synergistic effects of combined deprivation remain unexplored, 

those data will likely emerge from future studies. Published work in this area carries 

certain caveats associated with the developmental effects of IR knockdown; however, any 

differences between prior work in constitutive cre lines and future studies in inducible 

knockouts could lead to fascinating new questions related to critical periods for the observed 

phenotypes. Moreover, the underlying logic used to dissect the functional impact of insulin 
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receptor ablation in various tissues is an excellent model for inquiry into other complex 

diseases.

1.1.2. Consequences of dysfunctional insulin signaling in vascular mural 
cells, astrocytes, and neurons—Endothelial insulin receptors are engaged during 

signal transduction and during influx of insulin into brown fat, muscle, and brain 

(Konishi et al, 2017; Banks et al, 1997). However, current knowledge surrounding 

the progression of cellular insulin insensitivity and dysfunctional transport in different 

tissues remains incomplete, likely due to the scarcity of experimental strategies for tissue-

specific manipulation of endothelial cells. Despite this limitation, recent studies implicate 

impaired insulin transport into the CNS as a mechanism for disordered glucoregulation and 

perturbation of body weight homeostasis (Fig.2A–B; Garcia-Caceres et al, 2016; Konishi et 

al, 2017). Inducible ablation of IR in astrocytes impaired glycemic control in adult mice on 

normal chow, and these effects accompanied by cerebral hypometabolism, determined by 

PET imaging (Fig.2A; Garcia-Caceres et al, 2016). In a similar vein, constitutive ablation of 

IR among VE-cadherin-expressing endothelial cells introduces a temporal delay in insulin 

receptor phosphorylation across multiple brain regions, including the hippocampus, and in 

peripheral tissues such as skeletal muscle and brown adipose tissue (Konishi et al, 2017). 

In lean mice, disruption of endothelial insulin receptor expression was associated increased 

cerebrovascular permeability to 3kDa fluorescent dextran and reductions in hypothalamic 

tight junction protein expression (Konishi et al, 2017). With high-fat diet-induced obesity, 

constitutive deletion of endothelial IR increased susceptibility to insulin resistance and 

impaired glycemic control, as determined by IPITT and OGTT (Fig.2A–B; Konishi et al, 

2017). Successful disruption of endothelial insulin receptor expression in VE-cadherinCRE/

IRfl/fl mice was determined by western blotting for insulin receptor targets in whole aorta 

and binding of FITC-conjugated insulin in lectin-labeled cortical vascular profiles (Konishi 

et al, 2017). These approaches revealed a partial knockdown, which is consistent with 

subsequent findings in this model using radiolabeled insulin (Rhea et al, 2018). It should 

be noted that endothelial IR were knocked down throughout development (Konishi et al, 

2017), and astroglial IR were ablated in adulthood (Garcia-Caceres et al, 2016). While both 

manipulations impaired glycemic control, the lack of endothelial IR during development 

may have contributed to the reductions in BBB integrity reported in VE-cadherinCRE/IRfl/fl 

mice (Konishi et al, 2017). The results of both studies are broadly consistent with prior 

work in rats with dietary obesity, which revealed insensitivity to the anorexic effects of 

intra-3rd ventricular insulin (Begg et al, 2013), and resistance to the procognitive effects 

of intrahippocampal insulin delivery using microdialysis (McNay et al, 2010). However, 

fundamental questions have yet to be answered regarding the onset and progression of 

cellular insulin resistance among diverse cell populations throughout the brain.

Insulin enters the CNS via saturable transporters, likely via receptor-mediated transcytosis 

(Abbott et al, 2006). The same insulin receptor involved in cellular signaling is thought to 

mediate blood-to-brain transport, based on minimal influx of radiolabeled insulin following 

heat-inactivation (Banks et al, 1997). However, given the importance of insulin signaling for 

metabolic homeostasis, reproduction, and lifespan (Tower, 2017), it would not be surprising 

if redundant mechanisms governed CNS influx. This conclusion was indirectly supported 
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by persistent entry of blood-borne radiolabeled insulin into the brains of VE-cadherinCRE/

IRfl/fl mice and in the brains of Wt mice treated with S961, a peptide antagonist of IR 

(Rhea et al, 2018). While one interpretation involves IR-independent entry of circulating 

insulin into the brain, insulin will bind to IGF-1 receptors (and vice versa), albeit with much 

lower affinity (Schumacher et al, 1991). In the absence of serum binding proteins, insulin 

also competes with IGF-1 for receptor-mediated transport across the BBB (Yu et al 2006). 

While the initial report characterizing VE-cadherinCRE/IRfl/fl mice validated deletion and 

loss of IR signaling in the aorta, published RNA sequencing data support the possibility of 

tissue- and cell type-specific differences in IR and IGF1R expression. Specifically, capillary 

endothelial cells in the brain express higher levels of both IR and IGF1R than capillary 

endothelial cells of the lung (Vanlandewijck et al, 2018). Higher relative expression of 

IGF1R among capillary endothelial cells in the brain may therefore translate into greater 

potential for transport of circulating insulin by IGF1R after constitutive ablation of IR in 

VE-cadherin-expressing endothelial cells. Within the CNS, data from early postnatal (Zhang 

et al, 2014) and adult brain (Vanlandewijck et al, 2018) indicates that both IR and IGF1R are 

expressed at higher levels in endothelial cells, relative to microglia, astrocytes, and neurons.

In comparison with the multisystem impact of IR ablation in peripheral tissues, the effects 

of deletion in specific neuronal populations were more subtle. Selective IRKO in AgRP 

or POMC neurons did not alter food intake, body weights, or glucose homeostasis, but 

AgRP-specific IRKO disrupted insulin suppression of hepatic glucose production (Konner et 

al, 2007). By contrast, pan-neuronal IR deletion under the Nestin promoter increased body 

weight, fat mass, and fasting glucose levels (Fig.2A–B; Bruning et al, 2000; Fisher et al, 

2005). Cell type-specific ablation of IR under the LysM promoter, which targets peripheral 

myeloid cells and microglia (reviewed by Blank and Prinz, 2016), reduced adipose tissue 

inflammation and improved glycemic control in mice with dietary obesity (Fig.2A–B; 

Mauer et al, 2010). However, the potential impact of microglia-specific IR deletion remains 

to be seen.

1.2. Disruption of CNS barriers and immune cell infiltration with visceral obesity

Cerebrovascular dysfunction can be initiated by inflammatory responses in the brain 

parenchyma, or may occur following exposure to damage-associated molecular patterns in 

circulation (Zhao et al, 2015). Neurodegenerative proteopathies such as AD and Parkinson’s 

disease are examples of intrinsic CNS disorders that disrupt cerebrovascular homeostasis, 

while HIV dementia and autoimmune encephalitis involve degradation by blood-borne 

factors. There has been limited investigation into whether cerebrovascular dysfunction is 

a cause or a consequence of inflammation in the brain parenchyma in obesity, but evidence 

exists for either scenario. On the brain side, neuronal firing is accompanied by transient 

increases in both local cerebral blood flow and vascular permeability (Vazana et al, 2016; 

for review, see Iadecola, 2017). Dietary obesity disrupts glutamatergic synaptic plasticity in 

the hippocampus (Stranahan et al, 2008; Pancani et al, 2013; Hao et al, 2016; Yamamoto 

et al, 2019; Guo et al, 2020), and it is possible that obesity-induced cerebrovascular 

deficits could be secondary to dysfunctional neurovascular coupling. On the blood side, 

C-reactive protein (CRP) is perhaps the most well-characterized circulating biomarker of 

inflammation in obesity (Kahn et al, 2006). Cerebrovascular exposure to CRP promotes 
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BBB breakdown and elicits maladaptive glial reactivity following entry into the brain 

parenchyma (Kuhlmann et al, 2009; Hsuchou et al, 2012). This is just one hypothetical 

pathway in which peripheral inflammation might drive obesity-induced cerebrovascular 

dysfunction. In reality, the progression of cerebrovascular dysfunction in obesity likely 

involves a diverse set of interactions between cells of the CNS and vascular mural cells, 

which includes endothelial cells, pericytes, and vascular smooth muscle cells (VSMCs) 

surrounding larger arteries descending from the pial surface.

Until recently, the degree of transcriptional and structural heterogeneity among vascular 

mural cells in different brain regions has been a topic for speculation. However, a powerful 

new RNA-sequencing study recently elucidated certain fundamental principles governing 

endothelial cell heterogeneity in arterioles, capillaries, and venuoles (Vanlandewijck 

et al, 2018). Unlike the phenotypic clustering of gene expression observed between 

pericytes and arteriole-associated VSMCs, cerebrovascular endothelial cells in arteries, 

capillaries, and veins exhibited gradual, overlapping genetic signatures (Vanlandewijck 

et al, 2018). Consistent with anatomical gradients in gene expression, structural and 

functional decrements in cerebrovascular homeostasis are evident across multiple brain 

regions in obesity. Increases in BBB permeability have been reported in the hippocampus, 

arcuate nucleus of the hypothalamus, and prefrontal cortex in rodent models (Kanoski et 

al, 2010; Yi et al, 2012; Jais et al, 2015; Yamamoto et al, 2019). Anatomically, both 

the hippocampus and the arcuate nucleus lie adjacent to the cerebral ventricles, and the 

arcuate nucleus has a uniquely permissive cerebrovascular interface that enables local 

signaling between peripheral myeloid cells and microglia (Valdearcos et al, 2017). The 

hippocampus is also situated posterior to the subfornical organ (SFO), which lacks a BBB, 

but bundled myelinated axons of the fimbria separate the rostral pole of the hippocampus 

from the SFO. The ventral hippocampus is bordered by the lateral ventricles, but here 

again, myelinated axons of the fimbria demarcate the boundary and may therefore constrain 

paracrine interactions by limiting volume transmission. These anatomical constraints remain 

hypothetical at present, as heterogeneous patterns of obesity-induced synaptic dysfunction 

in different brain areas have not yet been causally linked with cell-autonomous or 

environmental features.

Anatomically, there are fewer constraints on inter-cellular signaling between hippocampal 

neurons and ependymal cells lining the dorsal third ventricle. Ventricular capillaries are 

highly fenestrated and lack tight junctions, rendering them more permeable to water-soluble 

signaling factors (reviewed by Lun et al, 2015). Adjacent epithelial cells form polarized 

inter-cellular adhesions, with tight junctions predominating at the apical surface facing the 

ventricles, and less-stringent adherens junctions linking cells at the basal surface facing the 

stroma (for review, see Neman and Chen, 2016). With aging, choroid plexus epithelial cells 

become compressed, potentially leading to disruption of cell-cell contacts and increased 

permeability of the BCSFB (Serot et al, 2001). Bone marrow-derived lymphocytes, 

including macrophages and T-cells, are present in cerebrospinal fluid and indirect evidence 

suggests that local production of cytokines influences hippocampal neuroplasticity and 

cognition (reviewed by Filiano et al 2017). Disruption of the blood-cerebrospinal fluid 

(CSF) barrier has yet to be examined in obesity, but given the greater basal permeability 
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of the BCSF interface, interactions are likely and may represent an early event during the 

progression of obesity.

Circulating immune cells patrol the cerebral vasculature but do not penetrate the intact BBB 

(reviewed by Daneman and Engelhardt et al, 2017). Confinement of circulating immune 

cells is attributable to cellular and structural features of the luminal surface, with tight 

junction proteins essentially sealing the gaps between adjacent endothelial cells. Increased 

cerebrovascular permeability is accompanied by loss of tight junction protein expression in 

rodent models of obesity and diabetes (Kanoski et al, 2010; Ouyang et al, 2014; Stranahan 

et al, 2016), and we recently provide comprehensive evidence for disruption of tight junction 

ultrastructure (Yamamoto et al, 2019). This disruption could be intrinsically mediated by 

endothelial cells responding to the circulating milieu in obesity, or could be mediated by 

local interactions between endothelial cells and immune cell populations that patrol the 

cerebral vasculature. Conditional ablation of myeloid lineage cells protects against insulin 

resistance with high-fat feeding, and also blunted the induction of MMP-9 (Mauer et al, 

2010). It is therefore possible that myeloid cell-specific insulin resistance might erode 

the BBB by increasing MMP-9 in circulating macrophages, but this scenario has yet to 

be addressed experimentally. Macrophage infiltration into the CNS has been reported in 

both genetic and dietary obesity (Buckman et al, 2014; Stranahan et al, 2016; Guo et al, 

2020), and understanding the mechanism for this process could distinguish between signals 

that degrade the cerebrovascular barrier and chemokines that attract or repel circulating 

lymphocytes.

1.3. Visceral adiposity, interleukin-1beta, and neuroimmune feedback on the brain

During the early stages of obesity, adipose tissue expansion is accompanied by angiogenesis, 

which maintains tissue oxygenation and a relatively benign immunological environment 

(reviewed comprehensively by Crewe et al, 2017 and by Graupera and Claret, 2018). Over 

time, obesity-induced adipose tissue expansion outpaces angiogenesis, placing individual 

adipocytes further away from blood vessels, which exacerbates lipid overload-associated 

cellular stress by promoting hypoxia (Crewe et al 2017). Concurrent hypoxia and lipid 

overload eventually cause adipocyte cell death, which continues the cycle of macrophage 

infiltration and pro-inflammatory cytokine production (Graupera and Claret, 2018). These 

processes involve the pro-inflammatory cytokines interleukin-1beta (IL1b) and tumor 

necrosis factor alpha (TNFa), with the latter produced following lipid overload, and the 

former produced mainly by macrophages following infiltration and exposure to stressed 

adipocytes in obese VAT (Nagareddy et al, 2014; Hotamisligil et al, 1993). We recently used 

VAT transplantation to investigate the underlying mechanisms for visceral obesity-induced 

cognitive impairment (Guo et al, 2020). Cumulative exposure to local inflammation is 

accompanied by pre-assembly of cytosolic ‘inflammasome’ complexes comprised of a Nod-

like receptor protein (NLRP), a caspase-1 precursor, and an adaptor protein (ASC; Wen et 

al, 2012). Formation of inflammasome complexes around the cytoplasmic receptor Nlrp3 

contributes to inflammation in VAT with genetic or dietary obesity (Nagareddy et al, 2014) 

and promotes the development of obesity-induced insulin resistance (Vandanmagsar et al, 

2011). Whole-body NLRP3 knockout mice exhibit protection against age-related cognitive 

decline, reduced hippocampal astrogliosis, improved glycemic control, and attenuation of 
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trabecular bone loss (Youm et al, 2013). When crossed with an APP/PS1 mouse model 

of Alzheimer’s disease, the resultant APP/PS1/Nlrp3−/− mice exhibited reduced amyloid 

pathology, improved hippocampus-dependent memory and synaptic plasticity, and enhanced 

microglial internalization of amyloid-beta (Heneka et al, 2013).

In our recent publication, whole-body Nlrp3−/− mice were protected against obesity-

induced cognitive deficits, and exhibited intact hippocampal long-term potentiation, despite 

comparable severity of obesity (Guo et al, 2020). Protection against obesity-induced 

hippocampal dysfunction in Nlrp3−/− mice was accompanied by reduced levels of IL1b 

in VAT, serum, and hippocampus. However, it was not possible to draw causal inferences 

from correlations in different tissues. We therefore transplanted VAT from obese Nlrp3+/+ 

and Nlrp3−/− donors into lean Wt recipients. In previous work, we determined that VAT 

transplants from genetically obese and diabetic db/db mice impaired memory and activated 

microglia in lean Wt recipients (Erion et al, 2014). Visceral fat transplants from Wt mice 

with high-fat diet-induced obesity also impaired hippocampal function, with associated 

activation of microglia based on cellular and morphological measures (Guo et al, 2020). 

Transplants from comparably obese Nlrp3−/− donors had no effect on memory, synaptic 

physiology, or microglial reactivity, and recipients were also protected against increases in 

circulating and hippocampal IL1b (Guo et al, 2020).

After observing correlations between Nlrp3 induction in VAT, hippocampal IL1b 

accumulation, and cognitive dysfunction, we investigated whether microglial IL1 receptor 1 

(IL1R1) activation underlies these effects. Inducible ablation of IL1R1 in CX3CR1creERT2 

mice protected against microglial activation without influencing the severity of dietary 

obesity (Guo et al, 2020). CX3CR1creERT2/IL1R1fl/fl mice were also protected against 

obesity-induced hippocampal dysfunction (Guo et al, 2020). To examine whether similar 

protection might occur following VAT transplantation, lean CX3CR1creERT2/IL1R1fl/fl mice 

and nontransgenic littermates received VAT transplants from Wt donor mice with dietary 

obesity. Transgenic mice were protected against hippocampal dysfunction and microglial 

activation following VAT transplantation, and ex vivo stimulation experiments revealed 

a potential role for microglial IL1R1 signaling in local amplification of IL1b (Guo et 

al, 2020). Taken together, these studies suggest that NLRP3 induction in VAT leads to 

local IL1b production, increased penetration of IL1b into the CNS, and cognitive deficits 

following IL1R1 activation on CX3CR1+ cells in the nervous system. We interpreted these 

effects as reflecting the actions of IL1R1 activation among microglia because microglia 

represent the predominant CX3CR1-expressing population in the CNS, but it should be 

noted that CX3CR1 is also expressed by long-lived CNS border-associated macrophages 

(BAMs) in the meninges and perivascular space (reviewed in Kierdorf et al, 2019). We 

cannot rule out a potential role for BAMs in transport or amplification of IL1, or in any 

other aspect of CNS inflammation with obesity or VAT transplantation. However, future 

work using the microglia-specific TMEM119creERT2 line (Kaiser and Feng, 2019) will 

eventually shed light on this issue.
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1.4. Tumor necrosis factor alpha-driven inflammation and cognitive impairment in obesity

We focused on IL1b signaling as a link between visceral obesity and cognitive dysfunction 

due to the well-characterized suppression of learning and synaptic plasticity that occurs 

following exposure to high levels of IL1b (Hein et al, 2012; Erion et al, 2014; Lynch, 

2015) and previously reported relationships with visceral adiposity (Nagareddy et al, 2014; 

Vandanmagsar et al, 2011). However, IL1b is by no means the only cytokine generated 

by VAT in obesity with known links to cognitive dysfunction. Adipose tissue contains 

adipocytes, endothelial cells, lymphatic vessels, and immune cells including macrophages, 

T-cells, innate lymphoid cells, and eosinophils. Even in lean individuals, visceral fat contains 

more immune cells than subcutaneous fat, likely due to the evolutionary advantages of 

having a pool of immune cells in close proximity to the gut, which would facilitate 

resolution of inflammation in response to ingested pathogens or irritants (Harman-Boehm 

et al, 2007; West-Eberhard 2020). Adipocytes expand and proliferate during overnutrition, 

and shrink with lipolysis during subsequent periods of caloric deficit. Eventually, as the 

proliferative capacity of adipocyte precursors is depleted, continued demands for lipid 

storage cause cellular stress, leading to production of tumor necrosis-alpha (TNFa) by 

adipocytes (reviewed by Hotamisligil, 2017). This section considers the role of TNFa in 

peripheral metabolic dysfunction (1.4.1); neuroimmune regulation of brain and behavior 

following TNFa inhibition (1.4.2), and the role of TNFa in obesity-induced synaptic deficits 

(1.4.3).

1.4.1. Tumor necrosis factor signaling and metabolic dysfunction in obesity
—The tumor necrosis factor superfamily includes Tnfa, Tnfb (aka lymphotoxin, LT), 

Nerve Growth factor (Ngf), vascular endothelial cell-growth inhibitor (VEGFI), and 

receptor activator of nuclear factor-kB (NFKb) ligand (RANKL), among others (for review, 

see Aggarwal, 2003). The functional significance of the TNF superfamily was initially 

identified based on tumor regression after bacterial infection, well before sequencing 

and characterization of the two archetypal TNFs (Aggarwal, 2003). Adipocyte-derived 

TNFa acts as a chemoattractant for circulating macrophages and monocyte precursors, 

which accumulate in VAT and skew toward a pro-inflammatory state in obesity (reviewed 

by Hotamisligil, 2017). Recruited macrophages amplify local production of TNFa and 

other pro-inflammatory cytokines, such as interleukin-6 (IL6), monocyte chemoattractant 

protein 1 (MCP1, aka CCL2), and interferon-gamma in VAT (reviewed comprehensively 

by Crewe et al 2017). Local induction of pro-inflammatory cytokines is accompanied by 

increases in circulating TNFa (Mauer et al, 2010), although the degree to which circulating 

concentrations track local synthesis in adipose tissue has yet to be fully adequately resolved 

(Zhou et al, 2011).

TNFa is expressed as a membrane-bound monomer and as a soluble trimer with paracrine 

and autocrine functions (see reviews by Aggarwal 2003 and by Croft et al, 2009). Soluble 

TNFa (sTNFa) binds to TNFR1 (aka Tnfrsf1a, p55) with relatively greater affinity than 

TNFR2 (aka Tnfrsf1b, p75; Lang et al, 2016) in cells that express both receptors. Outside 

of immune and vascular mural cell populations, Tnfr2 expression is rare, while Tnfr1 is 

essentially ubiquitous (Zhang et al, 2014; Vanlandewijck et al, 2018; Lein et al, 2007). 

Ligand binding elicits rapid clustering and trimerization of TNF receptors, which have 
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similar ligand binding regions and variable intracellular signaling domains (Aggarwal 

2003; Croft et al, 2009). The intracellular signaling domain of Tnfr1 contains a death 

domain and recruits caspase-dependent apoptotic and caspase-independent necrotic cascades 

(Aggarwal 2003). Tnfr1 activation also recruits mitogen-activated protein kinase (MAPK) 

signaling and activates NFKb by promoting proteosomal degradation of IkBa (Aggarwal 

2003). Interestingly, the intracellular region of Tnfr1 contains a neutral sphingomyelinase 

activation domain, linking activation of Tnfr1 with ceramide accumulation. By contrast, 

the intracellular domain of Tnfr2 contains two TNFR-associated factor (TRAF) sequences 

(TRAF1, TRAF2) and lacks a death domain. Depending on cell type and prior history 

of activation, TRAFs exert pro- or anti-inflammatory effects by forming complexes with 

inhibitor of NFkB alpha (IkBa), IkB kinase-beta (IKKb), or NFkB-inducing kinase (Croft et 

al, 2009; Aggarwal, 2003). Activation of Tnfr2/TRAF signaling also regulates cell survival 

by recruiting Pi3K/Akt (Croft et al, 2009). Consistent with dichotomous pro- and anti-

inflammatory effects of TNFR signaling, TNFa is required for physiologically beneficial 

adipogenesis within 72hr of HFD exposure, but also promotes adipocyte hyperplasia 

and inflammation with long-term HFD consumption (Wernstedt Asterholm et al, 2014; 

Hotamisligil et al, 1993). While TNF signaling exerts heterogeneous effects on adipose 

tissue over time, there is consensus that TNF-driven inflammation drives the onset of insulin 

resistance in chronic obesity (Hotamisligil, 2017).

1.4.2. Impact of TNFa inhibition on metabolic pathology and behavior in 
preclinical models—Receptors for TNFa are ‘shed’ into the extracellular space, allowing 

them to compete with endogenous TNFs for ligand binding, resulting in net suppression 

of receptor activation (Aggarwal, 2003). Negative regulation of TNFa signaling by soluble 

receptors and the importance of TNFa signaling in chronic inflammatory conditions led 

to the development and approval of TNF-scavenging antibodies for clinical use in 1998. 

Infliximab is a monoclonal human:mouse chimeric antibody against TNFa. It neutralizes 

both membrane-bound and soluble TNFa, including sTNFa bound to TNF receptors, without 

affecting TNFb. Infliximab exerts variable degrees of cytotoxicity on TNFa-producing 

cells (Scott and Kingsley, 2006), and systemic administration attenuated hypothalamic 

mitochondrial dysfunction in mice with short-term dietary obesity (Carraro et al, 2018). 

Adalimumab is another monoclonal antibody raised against human TNFa that sequesters 

endogenous TNFa (both soluble and membrane-bound) without influencing TNFb and also 

elicits cytotoxicity among TNFa-producing cells (Bain and Brazil, 2003). While not used 

frequently in rodents, there is published evidence that systemic treatment with adalimumab 

attenuates fasting hyperglycemia and reduces circulating levels of TNFa and IL-6 (Shuwa et 

al, 2018).

Unlike the monoclonal antibodies, Etanercept is a recombinant fusion protein comprised 

of the extracellular region of human TNFR2 and the intracellular tail of a human 

immunoglobulin Fc receptor. Etanercept blocks both TNFa and TNFb signaling without 

cytotoxicity towards TNF-producing cell populations (Mitoma et al, 2008). While etanercept 

is used experimentally in rodents, the ligand binding domain exhibits approximately 70% 

homology, and there is limited data on how variability in the amino acid sequence 

might impact CNS bioavailability following peripheral administration. However, direct 
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intracerebroventricular infusions of etanercept reduced behavioral anxiety in leptin receptor 

mutant (db/db) mice with genetic obesity, mimicking the behavioral effects of reducing 

endogenous hippocampal TNFa with caloric restriction in this model (Fourrier et al, 

2019). More recently, systemic treatment with the brain-penetrant soluble TNFa inhibitor 

XPro1595 was shown to reduce hippocampal pro-inflammatory cytokine gene expression 

and attenuate behavioral anxiety in mice with dietary obesity (De Sousa Rodrigues et 

al, 2019). These effects were accompanied by attenuation of fasting hyperinsulinemia 

(De Sousa Rodrigues et al, 2019), and were in line with previously reported reductions 

in neuroinflammation in AD model mice treated with XPro1595 (Cavanagh et al, 2016; 

MacPherson et al, 2017). XPro1595 is currently under evaluation in Phase I clinical trials for 

the treatment of Alzheimer’s disease. Given that other TNF inhibitors have been shown to 

reduce risk of diabetes among at-risk populations (reviewed by Hotamisligil, 2017), such as 

individuals with visceral obesity, repurposing these drugs could have combined therapeutic 

benefits.

1.4.3. Central actions of TNFa in obesity—Peripheral TNFa enters the nervous 

system via transporters that saturate in the picomolar range (Gutierrez et al, 1993). Data 

from whole-body Tnf receptor knockout mice and Wt mice treated with scavenging 

antibodies suggests that receptor-mediated transport is carried out by the same receptors 

involved in signaling (Pan and Kastin, 2002). In the CNS, TNFR1 and TNFR2 play 

redundant roles in blood-to-brain influx of TNFa, based on nearly complete elimination of 

transport in TNFR1/TNFR2 double knockout mice and minimal impact on transport kinetics 

in TNFR1 or TNFR2 single-knockout mice (Pan and Kastin, 2002). This pattern differs 

from that of the spinal cord, where TNFR1 and TNFR2 make independent and additive 

contributions to influx of circulating TNFa (Pan and Kastin, 2002). At the blood-brain and 

blood-CSF interfaces, TNFR1 is robustly expressed by cerebrovascular endothelial cells, 

vascular smooth muscle cells, pericytes, and choroid plexus epithelial cells (Vanlandewijck 

et al, 2018, Lun et al, 2015), while TNFR2 is expressed by endothelial cells, albeit at lower 

levels than in microglia and brain-resident macrophages (Vanlandewijck et al, 2018).

Parenchymal expression of TNFa mRNA is restricted to microglia, with nonexistent or 

minimal gene expression by astrocytes, neurons, and cells at the blood-brain and blood-CSF 

interfaces (Zhang et al, 2014; Vanlandewijck et al, 2018; Lun et al, 2015). Two independent 

single-cell RNA sequencing studies indicate that Tnfr1 receptors are ubiquitously expressed 

by neurons, astrocytes, and microglia, abeit with nearly 10-fold higher enrichment among 

microglia, relative to other cell populations (Zhang et al, 2014). TNFR2 expression is 

low or undetectable in neurons and astrocytes, but is expressed by microglia (Zhang et 

al, 2014; Vanlandewijck et al, 2018). While the cellular signaling interactions have yet 

to be fully elucidated, there is considerable evidence that TNFa exerts dose-dependent, 

developmentally regulated effects on synaptic function. In the CA1 subfield of hippocampal 

slice preparations from neonatal rodents, exposure to low nanomolar concentrations of TNFa 

regulates both activity-dependent and homeostatic plasticity by promoting AMPA receptor 

insertion (reviewed by Stellwagen et al, 2006). These effects were likely limited to early 

postnatal development, as activity-dependent long-term potentiation in hippocampal area 

CA1 in acute slices from adult animals is suppressed by similar doses of TNFa (Tancredi 
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et al, 1992). Microglia were indirectly implicated as a potential source for TNFa-mediated 

synaptic deficits in adult mice, as diptheria toxin-mediated conditional ablation of microglia 

maintained NMDA/AMPA current ratios and prevented synaptic loss in hippocampal area 

CA1 after sciatic nerve injury (Liu et al, 2017).

Hippocampal dentate gyrus granule neurons differ from CA1 pyramidal neurons in their 

morphology, resting membrane potential, and firing rates (for review, see Spruston and 

McBain, 2007). The dentate gyrus subgranular zone exhibits ongoing proliferation and 

neurogenesis in adult rodents, but the ontogeny of developmentally generated dentate 

granule neurons also differs from area CA1. In rodents, the majority of CA1 neurons are 

generated during prenatal development, between E10-E18 (for review, see Frotscher and 

Seress, 2007). This timeframe differs from the ontogeny of most granule neurons, which 

are generated between E16-P10 in rodents (Hastings and Gould, 2002). Subfield-specific 

variability in developmental neurogenesis is not unique to the rodent hippocampus, as 

hippocampal area CA1 develops during the first trimester in human fetuses and is mostly 

complete by week 16 of gestation (Frotscher and Seress, 2007). Gestational neurogenesis 

in the dentate gyrus starts during the first trimester, but is not complete until approximately 

30wk later, well into the third trimester (Frotscher and Seress, 2007).

Considering the different developmental ontogenies of dentate granule neurons, versus 

CA1 pyramidal cells, it is challenging to align the reported window for TNFa-mediated 

homeostatic plasticity in CA1 with a similar period of maturation in the dentate. In fact, 

given the relatively greater developmental heterogeneity among dentate granule neurons, 

relative to CA1 neurons, direct and accurate comparisons of the two subfields may not 

be feasible. Synaptic physiological regulation by TNFa at medial perforant path synapses 

in the dentate gyrus clearly differs from responses in CA1, but these differences could 

arise due to variability in either the dose-response relationship or the developmental 

window for TNFa-mediated synaptic scaling. Specifically, early postnatal exposure to low 

nanomolar concentrations of TNFa elicits homeostatic increases in CA1 neuron excitability 

via coordinated AMPA receptor insertion and removal of GABAA receptors (reviewed by 

Pribiag and Stellwagen, 2014). In contrast to the postsynaptic response observed at Schaffer 

collateral synapses in area CA1, early developmental exposure to picomolar concentrations 

of TNFa enhances presynaptic glutamate release, creating stronger excitatory drive onto 

dentate granule neurons (Habbas et al, 2015). Exposure to nanomolar concentrations of 

TNFa suppresses LTP in the dentate gyrus of the adult brain without altering basal synaptic 

transmission (Butler et al, 2004; Curran et al, 2003), but developmental regulation of 

homeostatic and activity-dependent responses to TNFa remain incompletely understood in 

this subfield. Given the distinct contributions of dentate granule neurons and CA1 neurons 

to pattern separation and spatial memory (reviewed in Wosiski-Kuhn and Stranahan, 2013), 

it would be worthwhile to examine subfield-specific responses to TNFa in greater detail. 

Obesity-induced synaptic dysfunction has been reported in the dentate gyrus and CA1 

subfields (Stranahan et al, 2008; Hao et al, 2016; Pancani et al, 2013, Guo et al, 2020), 

but trans-synaptic mechanisms for impaired plasticity remain unexplored. Addressing gaps 

in knowledge surrounding TNFa and malfunction at different relays within hippocampal 

circuitry could generate additional support for repurposing existing TNFa-suppressing 

therapies.
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1.5. Multiple models of interaction between visceral fat and the brain

The literature on metabolic and immune responses to visceral obesity is very broad, as 

is the ever-growing literature on neuroimmune regulation of brain function. However, 

there are some systems-level interactions that are initiated primarily in VAT, with known 

consequences for neurons and glia. Under the ‘adipo-centric’ model, cytokines and 

hormones from stressed adipocytes are released into circulation, and subsequently enter 

the brain via transporters or at ‘gaps’ in the BBB (Fig.3A). TNFa is one example of a 

VAT-derived signal that accumulates in the brain with obesity (Hotamisligil et al, 1993; 

Jeon et al, 2012; Dey et al, 2014). Although transport mechanisms exist for blood-to-brain 

influx of TNFa (Gutierrez et al, 1993), the origins of increased central TNFa have yet to be 

determined in dietary obesity, and are likely to differ between circumventricular areas and 

regions that lie beyond the BBB. Other adipose-derived hormones, including adiponectin 

and leptin, are associated with distinct functional consequences for inflammation in the brain 

and peripheral tissues (reviewed by Tilg and Moschen, 2006). In the case of adiponectin, 

these consequences are anti-inflammatory (Spranger et al, 2006; Chabry et al, 2015; Li 

et al, 2021), while leptin evokes pro-inflammatory responses in microglia and peripheral 

myeloid cells (Fourrier et al, 2019; Dey et al, 2014; Erion et al, 2014). Leptin is also 

preferentially expressed in subcutaneous fat, which is less prone to inflammation than 

the visceral compartment, while adiponectin is expressed by white adipocytes in the 

subcutaneous and visceral depots (Tilg and Moschen, 2006). Although downregulation 

of adiponectin in obesity could recruit the ‘adipo-centric’ CNS model by removing an 

opposing anti-inflammatory signal, brain vascular mural cells express both AdipoR1 and 

AdipoR2 (Spranger et al, 2006; Vanlandewijck et al, 2018). Exposure to physiological 

concentrations of adiponectin suppresses lipopolysaccharide (LPS) induced expression of 

the pro-inflammatory cytokine IL6 in cerebral microvessels, leaving open the possibility 

of indirect effects on cells of the brain parenchyma (Spranger et al, 2006). Peripherally 

administered adiponectin accumulates in CSF, without evidence of systemic efflux, and ICV 

delivery exerts clear physiological effects on energy expenditure (Qi et al, 2004; Kubota 

et al, 2007). However, specific adiponectin transporters (or sites of penetration) have not 

yet been identified, and the potential role of cellular ‘gatekeepers’ in the circumventricular 

organs and at the BCSF/BBB interfaces has not yet been resolved.

A complementary ‘vasculo-centric’ model for neuroinflammation in visceral obesity 

incorporates local inter-cellular interactions in VAT, and potential cellular interactions at 

interfaces between the brain and periphery (Fig.3B). In VAT, bidirectional communication 

between signaling between adipocytes, adipose tissue macrophages, and vascular endothelial 

cells governs angiogenesis, adipocyte precursor cell differentiation, and insulin resistance in 

adipose tissue (comprehensively reviewed by Crewe et al, 2017). Under the ‘vasculo-centric’ 

model, adipocyte-derived signals, alone or in concert with cytokines from adipose tissue 

macrophages, act on tissue-resident vascular mural cells, leading to release of endothelium-

derived factors into circulation (Fig.3B). For example, reductions in adiponectin synthesis 

with dietary obesity removes a tonic anti-inflammatory signal that suppresses vascular 

inflammation, smooth muscle cell proliferation, and platelet aggregation (Matsuda et al, 

2002; Ouichi et al, 1999; Kato et al, 2006). The functional impact on vascular mural 

cells could be direct, as endothelial cells in VAT express both AdipoR1 and AdipoR2, and 
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incubation with adiponectin suppressed high glucose-induced generation of ROS in vitro 

(Chen et al, 2021; Ouedraogo et al, 2006). Alternatively, adiponectin reduces induction 

of pro-inflammatory cytokines, including TNFa, in LPS-stimulated macrophages (Yokota 

et al, 2000), opening the possibility for indirect regulation of endothelial reactivity via 

adiponectin-mediated reductions in TNFa production by ATMs (Fig.3B). The two scenarios 

are not mutually exclusive, as stimulation with adiponectin also suppresses activation of 

IKB kinase (IKKb), a biological readout for NFkB, following in vitro exposure to TNFa in 

endothelial cells (Wu et al, 2007). In the in vivo setting, surprisingly few circulating factors 

have been identified with known origins in VAT endothelium, but this gap in knowledge 

likely reflects the scarcity of experimental strategies for tissue-specific manipulation of 

endothelial cells. Here again, TNFa represents a prime example of a signal originating in 

VAT, with potential amplification by VAT endothelial cells prior to increases in circulation 

and established routes into the CNS (Hotamisligil et al, 1993; Maeda et al, 2002; Gutierrez 

et al, 1993; Pan and Kastin, 2002).

Under the long-range cytokine model, adipose tissue macrophages release pro-inflammatory 

cytokines into circulation, with direct and indirect consequences for neurons and glia. 

Upon entry into the CNS, cytokine signals from VAT would then bind directly to their 

receptors on neurons, astrocytes, and microglia; alternatively, low-level cytokine exposure 

could initiate an auto-amplification loop in microglia and/or pvMΦ. As an example, we 

recently demonstrated that obesity exposes the brain to peripheral IL1b, which is sensed and 

amplified by IL1R1 activation on CX3CR1-expressing microglia and other CNS myeloid 

cells (Guo et al, 2020). VAT transplantation from an obese Wt, but not a similarly 

obese NLRP3−/− donor recapitulates this outcome, indicating that NLRP3 induction in 

VAT signals to the brain via IL1b (Fig.3C). In addition to the long-range cytokine 

signaling model, there are several possible scenarios in which immune cell trafficking 

could mediate interactions between visceral adiposity and the CNS. For example, signals 

from stressed adipocytes and/or adipose tissue macrophages could activate and polarize 

circulating lymphocytes that subsequently traffic into the cerebral vasculature and/or CSF 

compartments, allowing for signaling interactions with cells of the brain parenchyma 

(Fig.3D). These signaling interactions could be direct, via local production of cytokines 

transported across the BBB or BCSFB, or via diapedesis and infiltration into the CNS 

proper. Alternatively, VAT-activated lymphocytes that traffic to the BBB/BCSFB could 

regulate glia and neurons indirectly via interactions with cerebrovascular mural cells and/or 

epithelial cells lining the cerebral ventricles (Fig.3D).

Another variation on the trafficking model involves amplification of pro-inflammatory 

signals from VAT following an increase in the pool of circulating lymphocytes, similar 

to that previously reported in obese mice and humans (Nagareddy et al, 2014). Under this 

scenario, signals from VAT promote the proliferation of bone marrow stem cells (BMSCs) 

and/or circulating precursors (Fig.3D). Lymphocytosis could then amplify pro-inflammatory 

signals locally in adipose tissue after infiltration and differentiation into adipose tissue 

macrophages; alternatively or in addition, the expanded pool of circulating lymphocytes 

could traffic into the cerebral vasculature or CSF, as previously reported in other models of 

chronic inflammation (for review, see Filiano et al, 2017 and Lun et al, 2015). Trafficking 

into either compartment would enable direct interaction between peripheral lymphocytes and 
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cells of the brain parenchyma after infiltration, or indirect signaling through interactions 

with vascular mural cells. The potential relevance of this scenario is supported by the 

following lines of evidence: first, obesity is accompanied by expansion of circulating 

lymphocytes in mice and humans (Nagareddy et al, 2014; Breznik et al, 2018); second, 

dietary obesity promotes the entry of peripheral myeloid cells into the CNS (Buckman et al, 

2014; Guo et al, 2020); and third, interactions between pvMΦ and brain vascular endothelial 

cells regulate neuroinflammation and circuit recruitment under pro-inflammatory conditions 

(Serrats et al, 2010; Lapenna et al, 2018; Kierdorf et al, 2019).

Obesity-induced lymphocytosis occurs independently of systemic hyperglycemia and insulin 

resistance, but requires induction of TNF (Nagareddy et al, 2014; Breznik et al, 2018). 

However, trafficking is involved in both pro-inflammatory and pro-resolving effects on the 

CNS, as local production of anti-inflammatory cytokines by CSF lymphocytes supports 

learning and memory (reviewed by Filiano et al, 2017). We recently explored this model 

while investigating the protective effects of subcutaneous fat on the brain (Guo et al, 2021). 

Unlike VAT, subcutaneous fat is home to a heterogeneous population of white and ‘beige’ 

adipocytes that expend energy, similar to brown fat (reviewed comprehensively by Rosen 

and Spiegelman, 2014). The transcription factor PRDM16 is required for ‘beiging,’ and 

type 2 (anti-inflammatory) cytokine signaling also regulates beige fat formation (Qiu et al, 

2014). To examine relationships between beige fat and cognition, Wt mice with dietary 

obesity received SAT transplants from a lean Wt donor, or an AdipoqCRE/PRDM16fl/fl 

mouse lacking beige adipocytes. After observing beige adipose-dependent reinstatement 

of microglial quiescence and memory (Guo et al, 2021), we considered the potential role 

of lymphocyte trafficking between resident and transplanted SAT and the brain in these 

effects. Subcutaneous fat transplants from a lean donor expressing a fluorescent reporter in 

all tissues revealed no evidence of immune cell trafficking into the brain, but subsequent 

transplantation experiments in scid mice lacking most lymphocyte subsets revealed that 

recipient-derived immune cells were required for the procognitive and anti-inflammatory 

effects of SAT transplantation (Guo et al, 2021). While these studies indirectly implicate 

host lymphocytes in beige adipose-dependent reinstatement of hippocampal function and 

immunoquiescence, the relative contributions of long-range signaling and lymphocyte 

trafficking (Fig.3C–D) remain to be determined.

1.6. Understanding immunometabolic regulation of brain function in obese females

Developmental exposure to sex steroids determines adipose tissue distribution, with females 

exhibiting greater subcutaneous adiposity than males under normal conditions (Krotkieski et 

al, 1983; reviewed comprehensively by Palmer and Clegg, 2015). There is also substantial 

evidence for differences in basal insulin sensitivity, with females exhibiting significantly 

greater physiological responses to insulin (Macotela et al, 2009). These factors likely 

contribute to the relatively greater prevalence of type 2 diabetes in men (Kuhl et al, 

2005), and the protection against obesity-induced insulin resistance reported in female 

rodents (Medrikova et al, 2012). Although sex differences in adipose tissue expansion 

after obesogenic diet consumption are well-established (Palmer and Clegg, 2015), surgical 

removal of SAT does not influence glucose tolerance in female HFD mice (Shi et al, 2007), 

or in genetically obese and diabetic Zucker rats (Liszka et al, 1998), suggesting that sexually 
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dimorphic vulnerability to metabolic pathology is unlikely to occur as a simple function of 

subcutaneous fat mass.

Innate and adaptive immunity are also sexually dimorphic, and sex differences vary over the 

reproductive lifespan (for review, see Giefing-Kröll et al, 2015). Postpubertal females exhibit 

stronger innate immune responses, retain higher concentrations of antibodies, and exhibit 

higher rates of T cell proliferation upon re-exposure (Giefing-Kröll et al, 2015). Adult 

females are also more vulnerable to autoimmune disorders, relative to males (Giefing-Kröll 

et al, 2015). These disparities are diminished in postmenopausal women and ovariectomized 

rodents, suggesting that gonadal steroids underlie prior sexual dimorphisms (Giefing-Kröll 

et al, 2015). This relationship has been explored, and largely upheld, in female rodents on 

regular chow (Rettew et al, 2009; Loram et al, 2012). In rodent models of obesity, elegant 

bone marrow chimera studies uncovered cell-autonomous sex differences in myelopoesis 

(Singer et al, 2015). Before the onset of HFD, irradiated males and females received a 

1:1 mixture of bone marrow stem cells from congenic male and female donors expressing 

distinct CD45 variants to enable tracking (Singer et al, 2015). After recovery, recipient 

mice were maintained on HFD for varying durations before analysis of male donor-derived 

and female donor-derived macrophages in perigonadal VAT. This beautifully designed and 

executed study revealed that male donor-derived ATMs preferentially accumulate in VAT, 

irrespective of signals from the environment (Singer et al, 2015). When interpreted in 

the context of extensively replicated reports of macrophage infiltration and male-typical 

hypertrophy in VAT from ovariectomized rodents (Rettew et al, 2009), the study by Singer 

et al (2015) demonstrates that the organizational effects of exposure to male or female 

sex steroids on bone marrow stem cells are a stronger determinant of myelopoesis than 

environmental signals or acute exposure to a completely different hormonal milieu.

Resident microglia express estrogen receptors (alpha and beta; Ishihara et al, 2015) 

and respond differently to stimulation in cycling females, relative to males and acyclic 

females. Specifically, ovariectomized young females and aged females in reproductive 

senescence exhibit microglial hypersensitivity to immune challenge in vivo and in vitro 

(Loram et al, 2012, Saijo et al, 2011). Estrus cycle-dependent variability has received 

less attention, but endogenous fluctuations in estrogen regulate neuroinflammation and 

functional outcomes in ischemia (Xiong et al, 2015). There is also evidence that microglia 

regulate sexual dimorphisms in the developing brain. The medial preoptic area (MPOA) 

of the hypothalamus is significantly larger in males, and the developmental effects of 

estradiol (derived from testosterone) underlie structural differences (reviewed by Crews, 

2005). Microglia in the developing MPOA of females are more quiescent, whereas 

microglia in the developing MPOA of males express higher levels of inflammatory markers, 

including prostaglandins and cyclo-oxygenases (Lenz et al, 2013). Developmental microglial 

activation in males promotes synaptogenesis and increased MPOA volume, and these 

features are recapitulated by early postnatal estradiol administration in females (Lenz et 

al, 2013; Amateau et al, 2004). Sex differences in microglial activation and synaptogenesis 

in the MPOA could be independent processes, or they could be mediated by microglial 

interactions with neurons and other CNS cell populations. Although sex steroids pass 

freely through the blood-brain barrier, brain vascular endothelial cells (BVECs) are also 

functionally regulated by estrogen, which protects against BBB breakdown after systemic 
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treatment with bacterial lipopolysaccharides (Maggioli et al, 2015). Taken together, these 

lines of evidence indicate that CNS responses to inflammation are subject to multilevel 

regulation by reproductive hormones. Moving forward, it will be fascinating to see how 

cellular and tissue-specific trajectories of inflammation and insulin resistance vary as a 

function of biological sex.

2. How did we get here? and Future Directions

Relationships between peripheral signals and brain function have fascinated neuroscientists 

for over a hundred years, beginning with functional characterization of the blood-brain 

barrier by Edwin E. Goldmann in 1913 using dyes developed by immunologist Paul Ehrlich 

(for comprehensive historical review, see Bentivoglio and Kristensson, 2014). However, 

the concept of an impenetrable ‘barrier’ is gradually giving way to the idea of a dynamic 

gate, with entry and efflux determined by signaling from between cells at the luminal and 

abluminal interfaces. Refinement of canonical doctrines surrounding CNS immune privilege 

took place in parallel with, but mostly separate from, research on the impact of drastic 

fluctuations in diet composition in the brain. Highly palatable, calorically dense foods once 

reserved for the wealthy were suddenly, in the evolutionary equivalent of a millisecond, 

available for at-will consumption.

As obesity was reaching pandemic status, studies of insulin and leptin revealed a critical role 

for neuronal sensing of hormones and cytokines in CNS control of metabolic homeostasis. 

These findings, together with the systematic functional characterization of cerebrovascular 

transport mechanisms by Banks and colleagues (Erickson and Banks, 2018), instigated 

the current, more dynamic reinterpretation of the cerebrovascular interface. Disruption of 

cerebrovascular permeability in obesity was first reported in humans, based on correlations 

between cerebrospinal fluid IgG levels and body mass index (Gustafson et al, 2007). This 

observation emerged approximately 10 years after initial reports of correlations between 

obesity and cognitive impairment in population-based studies (Kilander et al, 1997). 

While subsequent studies of obesity and cognitive impairment in humans reported variable 

outcomes (Sturman et al, 2008; van den Berg et al, 2007), studies that incorporated measures 

of adipose tissue distribution, as opposed to body mass index, revealed more consistent 

relationships between visceral obesity and age-related cognitive impairment (Jagust et al, 

2005; Elias et al, 2005; Whitmer et al, 2008; Debette et al, 2011; Xu et al, 2011; Metzler-

Baddeley et al, 2019).

The translational goal of studying relationships between adipose tissue distribution and 

cognition is twofold: first, determine whether visceral adiposity is a predictive biomarker for 

cognitive decline; and second, understand how visceral adiposity drives risk of age-related 

cognitive impairment and develop strategies to prevent or attenuate risk. In rodents, most 

(but not all; see Mielke et al, 2006) data supports the underlying premise that dietary obesity 

impairs cognition (Molteni et al, 2002; Granholm et al, 2008; McNay et al, 2010; Morrison 

et al, 2010; Grayson et al, 2014; Hao et al, 2016; Spencer et al, 2017), and generalizing 

across studies suggests that preferential accumulation of visceral fat is correlated with 

obesity-induced cognitive dysfunction (Erion et al, 2014; Petrault et al, 2019; Guo et al, 

2020; Guo et al, 2021). Moving forward, it will be intriguing to carry out high-fat diet 
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studies in transgenic mice with preferential accumulation of visceral fat, such as the 11beta-

hydroxysteroid dehydrogenase-1 (11bHSD1) overexpression model (Masuzaki et al, 2001), 

and in mice that acquire visceral-like features in subcutaneous fat, as reported in adipose-

specific G-protein suppressor 2 knockouts (GPS2; Drareni et al, 2018). Animal models 

with depot-specific adipocyte dysfunction will generate additional insight into relationships 

between adipose distribution and cognition, and combined with targeted disruption of 

signaling between adipocytes and peripheral immune cells, will advance understanding of 

signaling between fat and the hippocampus.

The links between impaired glycemic control and obesity-induced cognitive dysfunction 

present certain conceptual challenges for use of adipose tissue distribution as a risk factor 

or criterion for targeted intervention. The onset and progression of tissue- and cell type-

specific insulin resistance is heterogeneous, even among commonly used inbred mouse 

strains (Ayala et al, 2010; Goren et al, 2004), and individual differences are likely to 

be magnified in species with greater genetic diversity, such as humans. The recent focus 

on identifying and characterizing individuals with ‘metabolically healthy’ obesity (Stefan 

et al, 2013), and parallel characterization of normal-weight individuals with impaired 

glycemic control (Stefan et al, 2017), is consistent with expected patterns in a genetically 

heterogeneous population. It is interesting to note that the textbook curve representing 

progression from insulin resistance to beta-cell exhaustion and insulin dependence closely 

resembles trajectories of cognitive aging over the lifespan. While kinetic similarity does 

not demonstrate mechanistic overlap, joint investigation of cognitive and metabolic aging 

using longitudinal approaches in outbred rodents will facilitate the identification of ‘critical 

windows’ for obesity-associated cognitive risk, similar to that reported in humans (Whitmer 

et al, 2008; Debette et al, 2011). Expanding beyond early adulthood into the developing 

and aged brain will also allow for more precise delineation of ‘critical periods,’ which may 

differ as a function of cell type and circuit. The impact of maternal HFD on stress responses 

was initially characterized in rats over 10 years ago (Tamashiro et al, 2009); this pioneering 

study revealed increased vulnerability to obesity and insulin resistance in the offspring of 

dams maintained on HFD, with or without concurrent exposure to chronic mild stress during 

gestation. Since that report, there have been >900 publications on maternal HFD in models 

ranging from mice to nonhuman primates, covering a range of behaviorally relevant circuits 

(Sullivan et al, 2010; Dias et al 2020). Further investigation into these effects could shed 

light on the long-term consequences of developmental high-fat diets for cognition over the 

lifespan.

Given evolutionary predispositions and the widespread availability of palatable, calorically 

dense foods, rates of obesity are unlikely to be reduced in the near future. Several 

international societies including the American Diabetes Association, International Diabetes 

Foundation, and the Japanese Diabetes Society have recently issued guidelines for routine 

evaluation of cognitive status among diabetic patients (Biessels and Whitmer, 2020). If the 

goal is to use obesity and its comorbidities as predictive risk factors for neurodevelopmental 

and neurodegenerative disease, it is reasonable to model experimental criteria for impaired 

glycemic control on clinical definitions, while taking into account physiological differences 

between rodents and humans. Investigating the underlying mechanisms for obesity-induced 
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cognitive risk should be driven by the goal of attenuating risk without exacerbating pre-

existing societal prejudices against overweight and obese individuals.
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Figure 1. Multisystem impact of tissue-specific insulin receptor deletion.
A) Tissue-specific effects of constitutive deletion of insulin receptor (IR) in pancreatic 

beta-cells, muscle, liver, or white adipose tissue. Dashed lines represent circulating factors 

that regulate cognition and are disrupted in tissue-specific IR knockouts. B) Organism-level 

metabolic outcomes following selective deletion of IR in peripheral metabolic organs. 

Abbreviations: HFD, high-fat diet.
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Figure 2. Direct and indirect effects of insulin receptor deletion in specific populations that reside 
within or adjacent to the CNS.
A) Cell type-specific and paracrine effects of IR ablation in neurons, astrocytes, endothelial 

cells, and myeloid cells. B) Impact of cell type-specific IR deletion on glucoregulation and 

body weight homeostasis. Abbreviations: HFD, high-fat diet.
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Figure 3. Mechanistic interactions between visceral adipose tissue and the CNS.
A) The ‘adipo-centric’ model for neuroimmune regulation of hippocampal function by 

stressed adipocytes (gray) in visceral adipose tissue (VAT). B) The ‘vasculo-centric’ model 

for immune regulation of hippocampal function in visceral obesity. C) Long-range model 

for immunological signaling between VAT and hippocampus. D) Trafficking model for 

immune signaling between VAT and hippocampus. For all panels, solid arrows represent 

known routes of entry and cellular targets for adipocyte-derived signals. Dashed arrows 

represent potential inter-cellular interactions. Abbreviations: BMSCs, bone marrow stem 

cells (BMSCs); BBB, blood-brain barrier; BCSFB, blood-cerebrospinal fluid barrier.
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