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Models and mechanisms for hippocampal dysfunction in obesity
and diabetes

Alexis M. Stranahan®

Abstract

Clinical studies suggest that obesity and type 2 (insulin resistant) diabetes impair the structural
integrity of medial temporal lobe regions involved in memory and confer greater vulnerability to
neurological insults. While eliminating obesity and its endocrine comorbidities would be the most
straightforward way to minimize cognitive risk, structural barriers to physical activity and the
widespread availability of calorically dense, highly palatable foods will likely necessitate
additional strategies to maintain brain health over the lifespan. Research in rodents has identified
numerous correlates of hippocampal functional impairment in obesity and diabetes, with several
studies demonstrating causality in subsequent mechanistic studies. This review highlights recent
work on pathways and cell-cell interactions underlying the synaptic consequences of obesity,
diabetes, or in models with both pathological conditions. Although the mechanisms vary across
different animal models, immune activation has emerged as a shared feature of obesity and
diabetes, with synergistic exacerbation of neuroinflammation in model systems with both
conditions. This Review discusses these findings with reference to the benefits of incorporating
existing models from the fields of obesity and metabolic disease. Many transgenic lines with basal
metabolic alterations or differential susceptibility to diet-induced obesity have yet to be
characterized with respect to their cognitive and synaptic phenotype. Adopting these models, and
building on the extensive knowledge base used to generate them, is a promising avenue for
understanding interactions between peripheral disease states and neurodegenerative disorders.
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Understanding relationships between cellular metabolism and circuit function is a central
question for both basic and clinical neuroscience. Changes in energy intake and expenditure
influence synaptic plasticity, and this relationship is not exclusive to brain regions
classically implicated in food intake and metabolism. Decades of research in animal models
has revealed correlations between metabolic efficiency at the systems level and
neuroplasticity in the hippocampus and other regions involved in learning and memory
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(Bedford et al., 1979; Dulloo et al., 1991; Greenwood and Winocur et al., 1990; Neeper et
al., 1995). These relationships are considered bidirectional based on studies demonstrating
enhancement of hippocampal plasticity with exercise and caloric restriction (van Praag et
al., 1999; Fontan-Lozano et al., 2007), and functional impairment in obesity and diabetes
(Magarifios and McEwen, 2000; Molteni et al., 2002). Associations between metabolism and
neuroplasticity are detectable at the systems level and the cellular level, where insulin
receptor activation (Lee et al., 2011), glucose transporter expression and localization
(Ferreira et al., 2011), and mitochondrial function (Cheng et al., 2012) have all been linked
with synaptic mechanisms for learning and memory. Given the substantial metabolic
demands required for synaptic transmission, it is perhaps unsurprising that bidirectional
regulation of neuroplasticity by energetic challenges would be evident across most, if not all,
brain circuits (for review, see Stranahan and Mattson, 2011). The challenge in addressing
this question lies in isolating individual systems impacted by complex pathologies, such as
obesity and diabetes.

Nearly fifteen years since the first report of increases in dementia risk among diabetics in the
Rotterdam study (Ott et al., 1996), obesity and diabetes have yet to be clinically
implemented as risk factors for cognitive impairment and dementia. Consequentially, there
have been no efforts to develop therapeutics to reduce dementia risk in individuals with
diabetes and obesity, and the promise of greater efficacy based on treatments tailored to
individual risk factors has yet to be realized. Some of the impediments to translation are
likely attributable to variability in the degree to which different animal models of diabetes
and obesity mimic features of these conditions in human populations. Type 1 (insulin-
deficient) diabetes is typically diagnosed early in life and the most frequent cause is
autoimmune destruction of the insulin-producing pancreatic beta cells (Hamman et al.,
2014). Type 1 diabetics are not typically overweight or obese, and with adherence to an
insulin administration regimen, there is little to no cognitive risk in later life (Lobnig et al.,
2006). Type 2 (insulin resistant) diabetes is a progressive disease, with the earliest stages
characterized by elevated fasting glucose levels and compensatory increases in insulin
production (American Diabetes Association, 2014). Over time, the pancreatic beta cells
become exhausted and the patient converts from insulin resistant to insulin deficient diabetes
(American Diabetes Association, 2014). Individuals with Type 2 diabetes are frequently, but
not always, overweight or obese (Sullivan et al., 2005), and dementia risk is elevated in
Type 2 diabetes independent of body mass index (BMI; Xu et al., 2009).

Obesity is a complex disorder that occurs as a consequence of genetic and lifestyle factors
(Ogden et al., 2014). While some obese individuals do not develop insulin resistant diabetes,
data from twin studies and longitudinal studies indicates that, even in the absence of
metabolic and cardiovascular comorbidities, obesity increases risk for multiple forms of
dementia, including vascular dementia and Alzheimer's disease (Xu et al., 2011; Whitmer et
al., 2008). These reports are consistent with other studies that came to similar conclusions
using statistical methods to separate the effects of obesity from those of diabetes (Profenno
et al., 2010).

The goal of identifying cellular and systems-level mechanisms for changes in synaptic
plasticity and cognition in obesity and diabetes would be significantly advanced by
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incorporating sophisticated model systems developed in the field of obesity and metabolism.
These models include transgenic mice with vulnerability or resistance to the metabolic
effects of diet-induced obesity and surgical approaches for manipulating the amount and
distribution of adipose tissue. Comparing learning and plasticity measures across model
systems with selective deficits in glycemic control or body weight homeostasis could
distinguish the effects of diabetes from those of obesity. This approach would enable
subsequent studies of synergy between the two conditions and may also assist in refinement
of risk criteria in clinical populations. This Review highlights recent developments in the
literature on mechanisms for impaired hippocampal neuroplasticity in obesity and diabetes,
with reference to the importance of addressing related questions in future studies using
metabolic models that have yet to be characterized with respect to their cognitive and
synaptic phenotype.

Pharmacological models used to study hippocampal plasticity in obesity

and diabetes

Streptozotocin (STZ) is a pancreatic beta-cell toxin injected intravenously or
intraperitoneally to create a model of insulin deficient diabetes (Lenzen et al., 2008). Either
STZ or alloxan, a related nitrosylurea compound, causes rapid-onset insulin deficient
diabetes that is accompanied by reductions in body weight in some, but not all studies
(Biessels et al., 1998; Magarifios and McEwen, 2000; Stranahan et al., 2008a). Studies of
hippocampal plasticity in diabetes make frequent use of STZ as a rapidly inducible model
with robust deficits in neurogenesis (Zhang et al., 2008; Ho et al., 2014), synaptic plasticity
(Biessels et al., 1998; Stranahan et al., 2008a), and cognition (Kamal et al., 2000; Stranahan
et al., 2008b). Although some mechanisms identified in the insulin-deficient STZ model
have also been demonstrated in insulin resistant rodents (Clodfelder-Miller et al., 2005;
Stranahan et al., 2008a; Kim et al., 2009), many studies using STZ assert that the observed
changes in hippocampal function are relevant to both insulin deficient and insulin resistant
diabetes without demonstrating that this is the case (Diegues et al., 2014). This element of
interpretation is flawed, as insulin resistance develops over years and typically is detected in
middle-aged human populations, but insulin deficiency is generally identified in pediatric
populations (Hamman et al., 2014). Even when scaled down to the shorter lifespan in
rodents, the development of insulin deficiency and hyperglycemia following one to three
days of STZ treatment in no way resembles the gradual time course for development of
insulin resistance in humans (American Diabetes Association, 2014). The use of STZ as a
model of human Type 2 diabetes is similar to the outdated research practice of using kainic
acid-induced neurodegeneration as a model of Alzheimer's disease; there are some
similarities, but the therapeutic utility of treatments that reverse hippocampal plasticity
deficits in STZ-treated rodents is likely to be limited to treating uncontrolled insulin
deficient diabetes in humans.

Streptozotocin is also used to model insulin resistant diabetes following repeated low-dose
administration in conjunction with a high-fat diet (HFD) regimen. The advantage of using
STZ with HFD feeding is that the cognitive and synaptic effects of HFD alone are variable,
with some studies reporting deficits in hippocampus-dependent memory after 2-3 months of
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diet exposure (Molteni et al., 2002; Greenwood and Winocur, 1990), and other studies
detecting memory impairment only after extended maintenance on the diet (Stranahan et al.,
2008c). Combining HFD with partial damage to the insulin-producing beta cells of the
pancreas generates insulin resistance and increases neuronal vulnerability to ischemic insults
(Zhang et al., 2009). Although accelerating the onset for changes in hippocampal function
allows for more timely completion of research studies, the relevance of rapid-onset
metabolic dysregulation to human disease is questionable, as the progression of human
obesity to insulin resistance and type 2 diabetes involves protracted periods of obesogenic
diet consumption together with genetic vulnerability and lifestyle choices (Walley et al.,
2009).

Since the initial reports of an epidemiological correlation between diabetes and dementia in
the Rotterdam study (Ott et al., 1996), basic and clinical scientists have begun to refer to
Alzheimer's disease (AD) as ‘Type Il diabetes’ (Pilcher, 2006). This designation was based
in part on mechanistic studies demonstrating that insulin-degrading enzyme (IDE)
participates in the removal of both insulin and beta-amyloid from the brain, and the
recruitment of IDE for insulin disposal would presumably limit the capacity for disposal of
amyloid beta (Yang and Song, 2013). While IDE is an attractive candidate for AD and
diabetes comorbidity, a subset of the research on alterations in hippocampal plasticity in
diabetes has begun to use intracerebroventricular (ICV) administration of STZ as a model
for central insulin resistance (Lannert and Hoyer, 1998; Shoham et al., 2003). Unfortunately,
this model bears little resemblance to either AD or insulin resistant diabetes at the neuronal
level, and fails to take into account the well-characterized mechanism of action for STZ. The
molecular structure of STZ is similar to glucose, allowing STZ to enter cells via the GLUT2
subtype of the glucose transporter (Schnedl et al., 1994). Once inside the cell, STZ causes
both DNA damage and protein glycosylation, leading to cell death (Liu et al., 2000).
GLUT2 is highly expressed in pancreatic beta cells, but neurons and glia do not exhibit
widespread expression GLUT2 in the CNS (Vannucci et al., 1997), making it unlikely that
they will take up STZ following intracerebroventricular (ICV) administration. The absence
of GLUT2 expression in the CNS is further upheld by interrogation of gene expression data
from the Allen Brain Atlas, where no detectable signal for GLUT2 mRNA was observed in
any brain region (Lein et al., 2007; Figure 1). The consequences of ICV STZ are therefore
likely to be independent of cellular uptake and indirect, with limited consequences for brain
insulin sensitivity. Moreover, the acute nature of ICV STZ experiments renders them subject
to the same caveats as experiments using systemic STZ treatment, as neither the time course
nor the topography of neuroplasticity deficits resembles human aging or dementia (Fotuhi et
al., 2009).

Non-obese models of insulin resistant diabetes used to study hippocampal

plasticity

The Goto-Kakizaki (GK) rat model allows for disambiguation of synaptic regulation by
insulin resistance in the absence of obesity. GK rats were generated by artificial selection for
impaired glucose tolerance in the Wistar strain (Goto et al., 1976). This strategy produced a
polygenic model of spontaneous insulin resistant diabetes with normal body weight and food
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intake (Galli et al., 1996). Studies in GK rats have demonstrated impairment of hippocampal
function in the water maze paradigm and deficits in dendritic spine density among pyramidal
neurons in hippocampal area CA1 (Li et al., 2013). These changes were not restricted to the
CA1 subfield, as other groups demonstrated alterations in dentate gyrus neurogenesis, with
increases in cell proliferation reported at 16 weeks of age (Beauquis et al., 2010), and
reductions in cell proliferation and neurogenesis detected at 18 weeks of age (Lang et al.,
2009). The apparent disparity between these two observations could reflect methodological
differences, as increased cell proliferation was determined by stereological estimates of total
cell number (Beauquis et al., 2010) and reductions were determined by quantification of cell
density (Lang et al., 2009). Because densitometric measures are by nature confounded by
regional volume, which was not reported in either study, it is not possible to directly
compare the outcomes of these experiments, but it is likely that the GK rat model exhibits
changes in adult neurogenesis in the dentate gyrus in addition to deficits in functional and
structural plasticity in hippocampal area CA1.

The GK rat model exhibits insulin resistance without obesity, but also has chronically
elevated levels of the adrenal steroid corticosterone (Beddow and Samuel, 2012). Given the
well-recognized dysregulation of hippocampal plasticity that occurs with chronic exposure
to elevated glucorticoids (Joéls and Baram, 2009), the possible contributions of hippocampal
glucocorticoid receptor activation to impaired plasticity in GK rats warrants further
investigation. Although some reports have described correlations between reductions in
hippocampal neurogenesis and elevated corticosterone levels in GK rats (Beauquis et al.,
2010), no studies have manipulated corticosterone levels in this model to address a possible
causal relationship. The interplay between glucocorticoids and glycemic control complicates
the requisite design for such an experiment, since corticosterone acts in the periphery to
exacerbate hyperglycemia in GK rats (Beddow and Samuel, 2012). Central manipulation of
glucocorticoid signaling in GK rats would therefore be required to specifically examine the
role of hippocampal corticosterone in synaptic deficits. Because no published studies have
examined the consequences of selectively manipulating hippocampal glucocorticoid
signaling in GK rats, the question of whether impaired hippocampal function in this model
arises from insulin resistance, hyperglycemia, or elevated corticosterone levels cannot
currently be answered. The primary conclusion that can be drawn from publications using
the GK rat model is that the endocrine consequences of type 2 diabetes impair cognition and
hippocampal plasticity independently of signaling mechanisms associated with obesity.
While the specific endocrine factors that participate in hippocampal synaptic dysregulation
remain to be identified, non-obese insulin resistant models such as the GK rat are useful to
separate the consequences of diabetes from those of obesity (Figure 2).

Genetic models used to study hippocampal plasticity in obesity and

diabetes

A variety of genetic models with obesity and insulin resistance due to loss-of-function
mutations in the gene for the satiety hormone leptin or leptin receptors have been used in
studies of hippocampal plasticity. Early research in the Zucker rat, in which obesity and type
2 diabetes arise from the lack of functional leptin receptors, yielded mixed results. Some
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studies reported deficits in spatial learning using the hippocampus-dependent water maze (Li
et al., 2002), but others failed to detect changes in hippocampus-dependent memory using
this paradigm (Belanger et al., 2004). This variability could be attributable to the use of four
daily massed trials for water maze testing by Li et al., (2002), versus the once-daily spaced
trials used by Belanger and colleagues (2004). While the massed-training design places
greater demand on working memory, the spaced-training design more effectively elicits
lasting recall of the platform location, and differential outcomes may be explained by a more
prominent impairment of working memory in Zucker rats. Alternatively, the Zucker rats
tested in the spaced design by Belanger et al., (2004) exhibited reductions in swim speed in
both the visible and submerged platform versions of the water maze, while the Zucker rats in
the study by Li et al., (2002) did not exhibit differences in swim speed. This difference
limits the validity of comparisons between the two studies, and the effects of trial spacing on
acquisition and persistence of memory in the water maze paradigm remain to be explored in
relationship to genetic or dietary obesity.

Relative to studies in the Zucker rat model, the data from similar loss-of-function mutations
in the leptin receptor in mice are more consistent. Leptin receptor deficient do/db mice have
impaired spatial memory in the water maze (Li et al., 2002), novel object recognition
(Stranahan et al., 2008a), and spatial recognition memory tasks (Wosiski-Kuhn et al., 2014).
Behavioral deficits in this model are accompanied by reductions in the magnitude of long-
term potentiation (LTP) in hippocampal area CAL (Li et al., 2002) and in the dentate gyrus
(Stranahan et al., 2008a). Deficits in synaptic plasticity are likely a result of reductions in the
density of dendritic spines, the primary sites for excitatory synaptic contact (Stranahan et al.,
2009). Importantly, these measures of loss-of-function among hippocampal neurons are not
a direct consequence of the leptin receptor mutation, as previous studies using
adrenalectomy and physiological corticosterone replacement (ADX+CORT; Stranahan et
al., 2008a) successfully rescued hippocampal plasticity without reversing leptin receptor
deficiency. ADX+CORT normalized mRNA for the consensus region shared by all
transcript variants for brain-derived neurotrophic factor (BDNF) in db/db mice, with a
similar pattern for the high-affinity BDNF receptor TrkB (Stranahan et al., 2011). This
pattern was observed in the hippocampus, but not in the hypothalamus, where BDNF and
TrkB were similarly reduced in db/db mice that received ADX+CORT or sham operation
(Stranahan et al., 2011). The findings from these studies support the existence of regional
differences in the mechanisms for synaptic dysfunction in db/db mice. While dysregulation
of hypothalamic development and plasticity appears to be a direct consequence of defective
leptin signaling (Bouret et al., 2012), hippocampal dysfunction in db/db mice is likely to be
an indirect effect mediated by perturbation of other physiological systems (Stranahan et al.,
2008a; Stranahan et al., 2011).

Leptin unquestionably modulates aspects of hippocampal synaptic physiology (Shanley et
al., 2001), but the consequences of the db/db mutation likely involve both leptin-dependent
effects and effects that are secondary to the obese phenotype of this model. The mechanistic
complexity of synaptic dysregulation in leptin-deficient models reflects the diversity of their
pathological phenotype, which involves elements of both obesity and insulin resistant
diabetes (Figure 2). Although obesity and insulin resistance exhibit substantial comorbidity
in human populations, leptin deficient rodent models are physiologically extreme, and cases
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of human obesity due to congenital leptin deficiency are restricted to an extremely small
cohort (Ozata et al., 1999). Human obesity is associated with leptin resistance (Caro et al.,
1996), but the role of leptin resistance in the development and progression of insulin
resistance and Type 2 diabetes remains somewhat controversial, as administration of
exogenous leptin to obese human subjects with Type 2 diabetes failed to influence glycemic
control or body weight (Chan et al., 2005; Chan et al., 2006). Despite the absence of
detectable physiological effects in human insulin resistance, studies in animal models
suggest that leptin receptor activation recruits both canonical Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway, and the phosphatidylinositol 3-kinase
(PI3K) pathway, which is also a target of insulin receptor signaling (Marino et al., 2011).
The ongoing debate over the degree of overlap in mechanisms for diabetes and obesity
underscores the importance of selecting appropriate models of one or both disorders in
studies of hippocampal plasticity.

Inducible genetic models used to study hippocampal plasticity in obesity

and diabetes

The possibility that leptin receptor deficiency would exert indirect effects on hippocampal
plasticity is cumbersome, but it is also supported by an elegant series of studies using
lentiviral manipulation of hypothalamic sensitivity to metabolic signals as a strategy to
induce obesity and cognitive impairment in rats. Injection of lentiviral vectors carrying
insulin receptor antisense (IRAS) into the third ventricle resulted in dowregulation of insulin
receptors in the hypothalamic arcuate and ventromedial hypothalamic nuclei (Grillo et al.,
2007). Changes in hippocampal insulin receptor expression did not occur following IRAS
injection, confirming the regional specificity of this manipulation (Grillo et al., 2007).
Reductions in hypothalamic insulin receptor expression caused obesity and increased
circulating leptin levels, but did not alter glycemic control (Grillo et al., 2007). Elevations in
serum leptin led to subsequent demonstrations of impaired leptin sensitivity in hypothalamic
neurons in IRAS animals, assessed based on immunoreactivity for the phosphorylated form
of signal transducer and activator of transcription 3 (STAT3) following peripheral leptin
administration (Grillo et al., 2011a). This series of experiments clearly demonstrates that
downregulation of hypothalamic insulin receptors is an inducible and regionally selective
strategy to induce obesity.

Obesity in IRAS rats was associated with deficits in hippocampal long-term potentiation in
area CA1 that were reversible when the obese phenotype was attenuated by caloric
restriction (Grillo et al., 2011b). Impairment of functional plasticity at CA1 synapses was
accompanied by reduced contextual fear conditioning, with commensurate deficits in fear
conditioning-evoked immediate early gene expression (Grillo et al., 2011a). Hippocampal
expression of synaptophysin and postsynaptic density 95 (PSD95) were also reduced as a
consequence of obesity in IRAS rats (Grillo et al., 2011a), indicating that obesity weakens
hippocampal connectivity even in the absence of changes in insulin sensitivity and glycemic
control. This premise is especially striking in light of the complete absence of
hyperglycemia and insulin resistance demonstrated in this model (Grillo et al., 2007), and
suggests that insulin resistant diabetes and obesity independently suppress hippocampal
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plasticity, with synergy between the two disorders leading to more aggressive synaptic loss
and cognitive impairment.

Direct effects of insulin on hippocampal plasticity in diabetes

Although the IRAS studies identified insulin-independent synaptic deficits in non-diabetic
obesity, there is substantial evidence for insulin signaling as an obligatory participant in
hippocampal function. This evidence comes from studies using intrahippocampal insulin
infusions in non-obese, non-diabetic animals, and from studies that measure insulin and
glucose in awake behaving animals using microdialysis. Pre-training (Moosavi et al., 2006)
or post-training (Stern et al., 2014; Babri et al., 2007) injections of insulin into the dorsal
hippocampus of rats improved inhibitory avoidance learning without altering circulating
glucose levels. This relationship was not restricted to avoidance learning tasks, as
assessment of spatial working memory in normal rats also revealed enhancement following
pre-test hippocampal insulin administration, and impairment following pre-test
administration of an insulin-scavenging antibody (McNay et al., 2010). The physiological
consequences of intrahippocampal insulin treatment include reduced extracellular glucose
and increases in extracellular lactate, both of which are lost in animals with diet-induced
obesity (McNay et al., 2010). When examined in parallel with research in normal weight,
insulin resistant GK rats, it is possible to conclude that insulin signaling supports learning
and memory, and that support is lost in the context of diabetes.

Insulin enters the central nervous system (CNS) via receptor-mediated transport across the
blood-brain barrier (Abbott et al., 2006). The transport mechanism for insulin is saturable,
adding another layer of regulation to prevent insulin excess in the brain parenchyma (Banks
et al., 1997). Given this additional buffer against CNS insulin excess, it is entirely possible
that development of peripheral insulin resistance would occur along a shorter timescale than
insulin resistance in the brain. There are a number of experimental approaches to measure
neuronal insulin sensitivity, including quantification of extracellular insulin and glucose in
awake behaving animals by microdialysis (McNay and Gold, 1999; McNay et al., 2010) and
ex vivo analysis of insulin sensitivity in synaptosomes (Grillo et al., 2011) or acute slice
preparations (Mielke et al., 2005; Ross et al., Dey et al., 2014). Although McNay and
colleagues (2010) conclusively demonstrated reductions in both hippocampal insulin
sensitivity and systemic insulin sensitivity following five months of obesogenic diet
consumption in rats (McNay et al., 2010), a possible delayed onset of impaired insulin
neuronal sensitivity, relative to peripheral insulin sensitivity, has never been directly
examined. Additional studies will be required to address possible differences in the temporal
development of impaired neural insulin sensitivity under conditions of reduced peripheral
insulin sensitivity, and the GK rat model of Type 2 diabetes without obesity would be
especially suitable for this purpose. Identification of changes in CNS insulin exposure due to
normal weight hyperinsulinemia would pave the way for more detailed investigation into the
kinetics and anatomical specificity of decrements in neuronal insulin receptor sensitivity.
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Diabetic hyper- and hypoglycemia: feast or famine

Individuals with Type 1 diabetes that experience severe hypoglycemic episodes develop
structural atrophy in medial temporal regions (Hershey et al., 2010). Patients in the early
stages of Type 2 diabetes experience prolonged peripheral hyperglycemia during the early
stages of the disease (American Diabetes Association, 2014), and non-insulin drug
treatments for lowering glucose levels occasionally overshoot the physiological range and
produce episodes of hypoglycemia (Melander, 2004). At later stages of Type 2 diabetes,
beta cell exhaustion converts insulin resistance to insulin deficiency (American Diabetes
Association, 2014), which is subject to similar risk of hypoglycemia seen in Type 1 diabetes
(Hamman et al., 2014). Pathological extremes in circulating glucose levels may initially be
buffered by changes in glucose transport across the BBB (Simpson et al., 1999), but
prolonged hyper- or hypoglycemia paradoxically leads to the same outcome: impaired
synaptic function and eventually, cell death.

Cellular glucose uptake is mediated by the fourteen-member glucose transporter (Glut)
family, of which Glutl is expressed in astrocytes and cerebral endothelial cells (Vannucci et
al., 1997; Simpson et al., 1999), and Glut3, Glut4, and Glut8/Glutx1 are expressed by
neurons (Reagan et al., 1999; Grillo et al., 2009; Reagan et al., 2001). In normal animals, the
expression and localization of neuronal glucose transporters is dynamically regulated by
glucose (Reagan et al., 1999; Piroli et al., 2002), glutamate (Ferreira et al., 2011), and in the
case of Glut4, by insulin (Grillo et al., 2009). Activity-dependent increases in cell-surface
Glut3 in neurons are dependent on activation of the PI3K/Akt pathway (Ferreira et al.,
2011), and insulin-stimulated surface expression of Glut4 is also PI3K-dependent (Grillo et
al., 2009). The subcellular localization of Glut8/Glutx1 suggests a different role, as
peripheral glucose administration in non-diabetic animals promoted trafficking of Glut8/
Glutx1 from the cytoplasm to the endoplasmic reticulum (Piroli et al., 2002). Glucose-
stimulated translocation of Glut8/Glutx1 was lost in rats with insulin deficiency due to STZ
treatment (Piroli et al., 2002), suggesting that neuronal glucose metabolism indeed fluctuates
with pathological hyperglycemia.

Diet-induced obesity models used to study hippocampal structure and

function

Diet-induced obesity models represent the most relevant system for identifying mechanisms
likely to generalize across species. However, experimental variables such as diet
composition, duration of exposure, age at onset of diet availability, and variability in
individual consumption by experimental animals often complicate the design and
interpretation of these studies. The types of diets used to generate obesity in rats and mice
vary widely, with some groups using commercially available high-fat diets ranging from
45% to 60% fat (Stranahan et al., 2008c; Kanoski et al., 2010; McNay et al., 2010; Table 1).
The ingredients used to supply calories from fat also vary between vendors, with most
suppliers supplying additional fat from lard, milkfat, or vegetable oil (Table 1). The fatty
acid composition of experimental diets represents an additional source of variability, as the
proportion of long-chain saturated fatty acids determines the severity of heptatic steatosis
(Geng et al., 2013) which may influence the degree of cognitive impairment in obesity
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(Greenwood and Winocur, 1990; Ross et al., 2012). Although the majority of studies use
diets that differ in fat content, there are a number of commercial diets that combine increases
in fat content with carbohydrates from simple sugars rather than complex sources (Table 1).
When examining the consequences of commercial obesogenic diets for any endpoint, it is
absolutely essential to use control diets purchased from the same source, as typical grain-
based diets supplied by most academic and pharmaceutical animal facilities often differ in
the source of carbohydrates and in micronutrient content per unit of chow. Use of control
diets from a different supplier than the obesogenic diets is a significant confounding variable
in many diet-induced obesity studies.

In a similar vein, some studies utilize a “cafeteria diet’ that involves providing various types
of human food to experimental animals. Food sources used in these experiments range from
lard, high-fructose corn syrup, and processed meats, to more complex palatable foods like
pastries and processed meats (Beilharz et al., 2014; Reichelt et al., 2014). The advantage of
supplying experimental animals with a broad array of varied palatable foods is that they will
more readily overconsume those foods relative to high-fat research diets. The disadvantage
is the lack of experimental control over the many nutritional variables that differ between
rats on a cafeteria diet and rats eating normal rodent chow. Availability of human food
sources in addition to standard rodent chow often results in reduced consumption of rodent
chow, with the potential for micronutrient deficits that may influence experimental
outcomes. Studies using cafeteria diet instead of rodent chow also suffer from this confound
to a greater degree, since animals are not provided with standardized food sources known to
contain specified quantities of vitamins and minerals, many of which influence hippocampal
plasticity (Cocco et al., 2002; Ferri et al., 2006). Particulate or semisolid food sources also
limit the accuracy of intake measurements, which are necessary in order to attribute the
results to increased caloric intake or changes in macronutrient intake without overall
increases in caloric intake. In these respects, although cafeteria diets may appear to more
accurately model obesogenic diets consumed by humans, the utility of these diets for
mechanistic research is limited due to a lack of experimental control. Future studies would
benefit from implementation of custom diet formulations that provide variability in taste and
texture while maintaining macro- and micronutrient content.

Disambiguation of hormonal effects on metabolism and cognition in

diabetes

Chronic activation of the hypothalamic-pituitary-adrenal axis (HPA axis) is known to
exacerbate hyperglycemia and insulin resistance in Type 2 diabetes, based on case reports of
improved glycemic control following unilateral adrenalectomy in patients with Type 2
diabetes and adrenal tumors (Bliher et al., 2000, Weisner et al., 2003). Adrenalectomy
attenuates hyperglycemia and insulin resistance and completely reverses obesity in db/db
mice (Shimomura et al., 1987; Stranahan et al., 2008a). The effects of lowering
glucocorticoids on glycemic control in db/db mice therefore represent a potential alternative
explanation for improvements in hippocampal function, as the initial studies did not
incorporate direct measures of hippocampal insulin sensitivity (Stranahan et al., 2008a).
Subsequent experiments revealed that db/db mice exhibit impaired hippocampal insulin
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sensitivity, based on analysis of insulin receptor phosphorylation after insulin application in
hippocampal slice preparations (Dey et al., 2014). However, this deficit was unaffected by
pharmacological inhibition of corticosterone synthesis (Dey et al., 2014), which normalized
hippocampal plasticity at the structural, physiological, and behavioral levels (Wosiski-Kuhn
etal., 2014).

Despite the lack of correlation between hippocampal insulin sensitivity and functional
rescue in db/db mice (Dey et al., 2014; Wosiski-Kuhn et al., 2014), the diverse physiological
effects of corticosteroid hormones limit the utility of systemic manipulations for mechanistic
analysis of effects on hippocampal plasticity. To overcome this limitation, corticosterone
was infused intrahippocampally to db/db mice that received concurrent peripheral injections
of the glucocorticoid synthesis inhibitor metyrapone (Wosiski-Kuhn et al., 2014). The
challenge with central delivery of steroid hormones is their insolubility in aqueous solution,
necessitating the use of organic solvents or cholesterol pellets, both of which have the
capacity to damage the CNS (Akana et al., 2001; Alfarez et al., 2002). Fortunately, a
bioequivalent form of corticosterone conjugated to 2-hydroxypropyl-B-cyclodextrin, which
forms a hydrophilic pocket around the hydrophobic steroid, was recently developed and
used to evaluate the sufficiency of hippocampal corticosterone exposure for fear memory
(Kaouane et al., 2012). Hippocampal infusion of soluble corticosterone recapitulated deficits
in synaptic plasticity and cognition in metyrapone-treated db/db mice, (Wosiski-Kuhn et al.,
2014), providing support for local elevations in corticosterone as a mechanism for memory
impairment. Followup studies using lentiviral knockdown of hippocampal glucocorticoid
receptor (GR) expression revealed that over-activation of GR in db/db mice led to
sequestration of the transcription factor c-Fos and subsequent transrepression of BDNF
expression at promoters | and IV (Wosiski-Kuhn et al., 2014). This observation parallels the
underlying molecular cascade for reduction of hippocampal BDNF in normal weight, non-
diabetic animals chronically exposed to psychological stress-induced elevations in
corticosterone (Hansson et al., 2003).

Similarities in the molecular mechanism for reductions in hippocampal BDNF with
psychological stress and genetic obesity suggests that chronic exposure to elevated
corticosteroids is a pivotal event for hippocampal dysfunction in both conditions. However,
dysregulation of adrenal steroid hormones is not reliably detectable in all models of
diabetes, with or without obesity. Pharmacological models of insulin deficiency using STZ
or alloxan causes chronic elevations in circulating corticosterone levels (Magarifios and
McEwen, 2000), and ADX+CORT or systemic treatment with the GR antagonist RU486
prevents impairment of hippocampal plasticity in this model (Stranahan et al., 2008; Revsin
et al., 2009). Type 2 diabetic, normal weight GK rats also exhibit chronically elevated
corticosterone levels (Beddow and Samuel, 2012), but a potential role in hippocampal
synaptic impairment has yet to be evaluated in this model. IRAS rats exhibit behavioral
anxiety and reductions in hippocampal BDNF without concurrent alterations in
corticosterone levels (Grillo et al., 2011c), suggesting that obesity without insulin resistance
or hyperglycemia does not elevate corticosteroids. This idea is also supported by data from
diet-induced obesity models, where most studies report blunting of stress-induced elevations
in glucocorticoids (Foster et al., 2009; Auvinen et al., 2012).
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Taken together, the outcome of studies in diabetic rodent models supports a role for
impaired insulin signaling (Biessels et al., 1998; McNay et al., 2010) and increases in
glucocorticoids (Stranahan et al., 2008a; Revsin et al., 2009; Wosiski-Kuhn et al., 2014) as
mediators of hippocampal synaptic impairment and cognitive deficits. The predominance of
either mechanism does not correlate with the presence of comorbid obesity and diabetes, as
model systems with both features have been shown to exhibit insulin-dependent (McNay et
al., 2010) and insulin-independent, glucocorticoid-mediated hippocampal dysfunction (Dey
et al., 2014; Wosiski-Kuhn et al., 2014). The two systems are not mutually exclusive and are
likely to interact at the neuronal level and in the periphery. The challenge for understanding
these interactions can be met by combining direct manipulation of insulin and corticosterone
using in vitro preparations with temporally controlled in vivo manipulation of insulin
receptors, glucose transporters, and glucocorticoid receptors.

Neuroimmune regulation of hippocampal function in obesity

Obesity causes chronic, low-grade inflammation (Kanneganti and Dixit, 2012). During the
initial phases of adipose tissue hypertrophy, adipocytes synthesize and release cytokines that
attract macrophages (Osborn and Olefsky, 2012). Cytokine production by adipose tissues
occurs in a regionally specific manner, with visceral white adipose tissue (VWWAT) as the
predominant driver of inflammation in obesity (Rosen and Spiegelman, 2014). The role of
adipose tissue inflammation in the metabolic consequences of obesity has been investigated
for over twenty years since the initial demonstration of synthesis and release of the pro-
inflammatory cytokine tumor necrosis factor alpha by adipocytes from obese animals
(Hotamisligil et al., 1993). Inflammatory signaling was quickly accepted as a mechanism for
peripheral neuropathy and retinopathy in diabetes and obesity models (Tsuda et al., 2005;
Joussen et al., 2004), but CNS exposure to circulating inflammatory cytokines was
considered minimal due to protection from the blood-brain barrier (BBB; Wolburg and
Lippoldt, 2002).

Given that certain hypothalamic nuclei lack a functional BBB, it is perhaps unsurprising that
initial studies of CNS inflammation in obesity focused on the hypothalamus (Milanski et al.,
2009). Immune signaling in the brain is largely carried out by microglia, which resemble
macrophages but diverge from a shared precursor during embryonic development (Kierdorf
et al., 2013). In parallel with accumulating evidence for hypothalamic microglial activation
in models of obesity and diabetes (Thaler et al., 2010), studies in physiologically normal
animals revealed direct evidence for internalization of hippocampal synaptic terminals by
microglia during developmental pruning (Paolicelli et al., 2011). Reports of correlations
between hippocampal inflammation and cognitive impairment subsequently emerged in
models of obesity (Andre et al., 2014) and obesity with features of diabetes (Dinel et al.,
2011), but the mechanisms were never addressed with selective gain-of-function or loss-of-
function approaches. Similarities between neuroinflammation in models of obesity and in
mouse models of Alzheimer's disease were noted (Tucsek et al., 2014), but the pathways
were not fully characterized, limiting the informative value of these qualitative observations.

Most transgenic models of familial Alzheimer's disease (AD) exhibit progressive microglial
activation and increases in hippocampal pro-inflammatory cytokines (Perry et al., 2010).
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Increasing energy expenditure with wheel-running or treadmill training reliably and
repeatedly attenuated this and other aspects of neuropathology in AD mice (Cotman et al.,
2007; Stranahan et al., 2012a). db/db mice housed with a running wheel from five weeks of
age initially run between 3-5 km/wk, and decrease to less than 1 km/wk by three months of
age (Stranahan et al., 2009). Despite the decline in activity, which at maximum remained
significantly less than the 10 km/wk distance run by wildtype mice, three-month-old db/db
mice retained dendritic spine densities and hippocampal BDNF levels that were comparable
with sedentary wildtype mice (Stranahan et al., 2009). Even with their limited amount of
activity, db/db mice housed with a running wheel showed attenuation of obesity,
hyperglycemia, and other metabolic measures (Stranahan et al., 2009). Subsequent
experiments using treadmill training in db/db mice were initiated to maintain activity levels
at 4 km/wk, and constrain activity in wildtype mice to comparable levels (Erion et al., 2014).

Mice and rats are typically motivated to run on a treadmill by avoidance of the shock grid
located behind the belt on the apparatus (Kregel et al., 2006). To avoid the stress of shock
exposure, the treadmill training program for db/db mice used compressed air, delivered
manually to mice that failed to stay on the belt. Treadmill training normalized hippocampal
function in db/db mice and reduced expression of major histocompatibility complex Il
(MHCII), a marker of classical activation, among hippocampal microglia (Erion et al.,
2014). Reductions in microglial activation in treadmill-trained db/db mice were
accompanied by lower levels of the pro-inflammatory cytokine interleukin 1beta in
hippocampal lysates (Erion et al., 2014). Given the disparity between the level of running
exhibited by wildtype mice in a running wheel (10 km/wk; Stranahan et al., 2009) and the
treadmill training protocol (4 km/wk), it is unsurprising that wildtype mice showed no
alterations in hippocampal plasticity, neuroinflammation, or adiposity in this study (Erion et
al., 2014).

Although microglia are classically thought of as the primary immune cell in the brain, they
often interact with astrocytes, which can generate, amplify, or dampen immune signals
(Norden et al., 2014). To specifically examine the role of microglial activation in
neuroinflammation, primary microglia were isolated from mice in each condition and cells
were stimulated with increasing concentrations of lipopolysaccharide (LPS), a component of
e. coli bacteria that robustly promotes inflammatory cytokine production (Frank et al.,
2006). Microglia that have been activated or ‘primed” exhibit lower thresholds for cytokine
release (Frank et al., 2012), and priming was evident in cells isolated from sedentary db/db
mice (Erion et al., 2014). By contrast, cells from treadmill-trained db/db mice showed dose-
dependent responses to LPS stimulation that were identical to wildtype mice (Erion et al.,
2014).

Treadmill training reduced the amount of visceral adipose tissue and attenuated adipose
tissue inflammation in db/db mice (Erion et al., 2014), and to determine whether reductions
in visceral fat mediate neuroinflammation and synaptic deficits, subsequent experiments
used surgical lipectomy (LPX) and fat transplantation for direct manipulation of adiposity.
Lipectomy and transplantation has been extensively used in obesity studies with endpoints
outside of the CNS (Mauer et al., 2001). LPX completely normalized hippocampus-
dependent memory, long-term potentiation, and dendritic spine density in db/db mice (Erion
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et al., 2014). By contrast, wildtype transplant recipients developed behavioral and synaptic
impairments (Erion et al., 2014). Parallel opposing changes in microglial number and
activation were evident, suggesting that signals from visceral fat drive microglial activation
in genetic obesity (Erion et al., 2014). Effects on microglial activation were most likely cell
autonomous, as primary microglia from mice in each condition showed similar patterns of
functional sensitization (Erion et al., 2014).

Although microglia diverge from the monocyte lineage during embryonic development
(Kierdorf et al., 2013), most of the markers used to identify microglia detect mixed
populations of microglia and perivascular macrophages (Guillemin and Brew, 2004).
Perivascular macrophages are derived from circulating monocyte precursors that penetrate
the BBB, differentiate, and wrap around the abluminal surface of cerebral blood vessels,
giving them a distinct tubular morphology (Audoy-Rémus et al., 2008). Perivascular
macrophages promote local inflammation in the hypothalamus and thereby promote HPA
axis activation following immune stimulation (Serrats et al., 2010), and can be detected
based on expression of CD163, an antigen not present on microglia (Williams et al., 2001).
To determine whether perivascular macrophages initiate CNS inflammation due to visceral
obesity, activated cells were visualized by immunofluorescence for CD163 and MHCII in
hippocampal sections from wildtype transplant recipients, lipectomized db/db mice, and
sham-operated mice from each genotype. Changes in CD163/MHCII double-positive cells
followed the same pattern observed with the monocyte lineage marker ionized calcium
binding adapter protein 1 (IBAL); namely, LPX reversed activation of perivascular
macrophages in db/db mice, and fat transplantation increased activation of this population in
wildtype mice (Erion et al., 2014). Because the direction and magnitude of changes in
activation were comparable among IBA1-positive cells and perivascular macrophages
labeled with CD163, the issue of whether a specific immune cell population initiates
hippocampal inflammation in obesity remains unresolved.

The issue of cell type specificity for most widely used microglial markers, such as IBAL,
CD11b, and F4/80 (Guillemin and Brew, 2004), clouds the interpretation of neuroimmune
studies in obesity, diabetes, and many other conditions. While a number of markers exist for
intensity-based disambiguation of microglia and macrophages by flow cytometry (Guillemin
and Brew, 2004), this approach is not always universally available. Only two antigens have
been identified and validated as exclusive to microglia in vivo and in vitro (Butovsky et al.,
2014). These antigens are the scavenger receptor Fc receptor-like S (Fcrls), which is
expressed in murine microglia but has no human homologue, and the purinergic G-protein
coupled receptor P2Y12 (P2ry12), expressed in both mouse and human microglia (Butovsky
et al., 2014). Adoption of these more selective antigens, together with broad-based
collaborations that bring together expertise in cell sorting and neuroplasticity, would help to
advance understanding of microglia/neuron interactions under normal and pathological
conditions.

Neuroscience. Author manuscript; available in PMC 2016 November 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stranahan

Page 15

Metabolic models of differential adiposity and resistance to dietary obesity:

the next frontier

Obesity and insulin resistant diabetes each evoke a series of signaling cascades leading to
impaired hippocampal function, with mechanistic overlap at multiple levels both within and
outside of the central nervous system. However, closer examination of the pathological
features of obesity and diabetes reveals elements of each disease that can be separately
examined using existing animal models (Figure 2). In obesity, the metabolic consequences
of increased adiposity depend on the distribution of adipose tissue across the visceral and
subcutaneous regions. Increases in visceral white adipose tissue (VWAT) contribute to the
detrimental effects of obesity on glycemic control (Després and Lemieux, 2006), while
subcutaneous white adipose tissue (SCWAT) represents both an active buffer and a
protective metabolic ‘sink’ for energy storage outside of the visceral compartment (Rosen
and Spiegelman, 2014). The distribution of fat in different areas can be manipulated
surgically using lipectomy and fat transplantation (Mauer et al., 2001) or genetically, using
available mouse models with transgenes that elicit hypertrophy or atrophy of different
depots (Lowell et al., 1993; Masuzaki et al., 2001; Nedergaard et al., 2001). One prominent
example of a transgenic model with increased VWAT is the aP2-11betaHSD1
overexpressing mouse, in which the glucocorticoid-amplifying enzyme 11beta-
hydroxysteroid dehydrogenase 1 (11betaHSD1) is overexpressed under the adipocyte fatty
acid binding protein 2 (aP2) promoter (Masuzaki et al., 2001). Although the aP2 promoter is
expressed in both sScWAT and VWAT, overexpression of 11betaHSD1 significantly
increased the amount of VWAT, with concomitant hyperphagia and impairment of glycemic
control. aP2-11betaHSD1 overexpressing mice also exhibit increased circulating
corticosterone levels at the level of the hepatic portal vein, but not in the overall circulation
(Masuzaki et al., 2001). These features would substantially advance both the glucocorticoid
hypothesis of hippocampal synaptic deficits in diabetes, and the vVWAT-driven immune
hypothesis for obesity-induced synaptic deficits.

In contrast with the energy storage function of white adipose tissue, brown adipocytes make
a direct contribution to energy expenditure. Brown adipose tissue (BAT) participates in
metabolism in a manner that is more analogous to muscle, with mitochondrial uncoupling
protein 1 (UCP1) in BAT as an obligatory contributor to thermogenesis (Rosen and
Spiegelman, 2014). The essential role of BAT in body temperature regulation complicates
the design of loss-of-function experiments, as surgical removal or genetic ablation of BAT
impairs nonshivering thermogenesis (Nedergaard et al., 2001). This limitation has not
prevented successful demonstrations of resistance to diet-induced obesity following BAT
transplantation (Zhu et al., 2014), nor has it slowed the implementation of transgenic gain-
of-function models for studies of metabolism (Seale et al., 2007). These designs could easily
lend themselves to endpoints associated with hippocampal synaptic plasticity. With
appropriate consideration of the caveats of each model, it may eventually become possible
to identify features of synaptic impairment due to obesity, with or without comorbid
diabetes. This strategy paves the way for eventual incorporation of body fat distribution and
glycemic control criteria for early identification of risk factors leading to cognitive decline.
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Conclusion

Patterns consistent with enhanced synaptic function with exercise or caloric restriction, and
maladaptive plasticity with obesity or diabetes, are evident in the cerebellum (Green et al.,
2011; Sickmann et al., 2010), brainstem (Michelini and Stern, 2009; Landsberg, 2006),
hypothalamus (Horvath, 2005; Stranahan et al., 2012b), hippocampus (Neeper et al., 1995;
Fontan-Lozano et al., 2007; Stranahan et al., 2008a), and across multiple cortical areas
(Ehninger and Kempermann, 2003; Stranahan et al., 2007; Sweetnam et al., 2012).
Opposing regulation of plasticity at the neural level by alterations in energy metabolism at
the global level therefore appears to be a general principle detectable across multiple brain
regions, including those regions not traditionally associated with food intake and
metabolism. Any potential relationship between global and cerebral energy metabolism must
account for interposition by the BBB, but accumulating evidence suggests that the BBB is
less of a barrier and more of a dynamic gateway for access to the central nervous system
(Abbott et al., 2006). BBB permeability is heterogeneous in different regions of the cerebral
vasculature under normal conditions, with greater resistance along surface arteries,
penetrating arterioles, and capillaries, and varying degrees of leakage in venules and along
the venous drainage system (Ge et al., 2005). The list of pathological conditions known to
compromise BBB integrity is growing, with obesity (Gustafson et al., 2007), aging
(Montagne et al., 2015), and Alzheimer's disease (Zlokovic, 2005) shown to cause barrier
breakdown in humans. CNS exposure to metabolic dysregulation is therefore probable given
the potential for gradual erosion of barrier properties under pathological conditions.

As with any broad conceptual hypothesis, the difficulty lies in integrating the range of
mechanisms and correlates reported in different conditions and identifying pathways
recruited at either end of the metabolic spectrum. There is some degree of consensus that
changes in insulin sensitivity and signaling (Biessels et al., 1998; McNay et al., 2010) and
glucocorticoid receptor activation (Stranahan et al., 2008a; Revsin et al., 2009; Wosiski-
Kuhn et al., 2014) contribute to hippocampal plasticity deficits in diabetes. In the absence of
insulin resistance or deficiency, obesity compromises hippocampal function by promoting
inflammation (André et al., 2014). The combination of hyperglycemia, insulin resistance,
and obesity promotes inflammation in the hippocampus and periphery (O'Connor et al.,
2005; Dinel et al., 2011; Dey et al., 2014), and visceral adipose tissue is the most probable
source of inflammatory cytokines that interfere with synaptic plasticity and cognition (Erion
et al., 2014). The combination of type 2 diabetes and obesity in clinical populations is
therefore likely to induce a synaptic “‘double hit,” with both endocrine and immune features
weakening hippocampal circuits.

Obesity and diabetes both increase the likelihood of cognitive decline and accelerate the
conversion of cognitive impairment to full-blown dementia (Xu et al., 2009; Xu et al., 2011,
Yang and Song, 2013). However, there is substantial individual variability in the degree of
caloric excess required to cause obesity, and in the anatomical distribution of adipose tissue
hypertrophy in different areas during the pathogenesis of obesity. Even within the clinical
population of obese individuals, there is substantial variability in the rate of glycemic
control and progression to full-blown insulin resistance. Prior to implementation of broad-
based conclusions regarding obesity, diabetes, and risk of cognitive impairment, it will be

Neuroscience. Author manuscript; available in PMC 2016 November 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stranahan

Page 17

necessary to identify features of each condition that lead to neurocognitive deficits. These
features can then be used to extrapolate risk, with the goal of preventing cognitive decline in
vulnerable populations without exacerbating societal prejudice against overweight and obese
individuals.
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Research Highlights

Evidence from human neuroimaging studies indicates that obesity and type 2 diabetes
impair brain structure and function

Neurological changes that occur in metabolic pathologies are not restricted to brain
regions involved in metabolism

Research in rodent models of diabetes and obesity has begun to examine synaptic
mechanisms for memory impairment

Neuroimmune and neuroendocrine systems mediate hippocampal dysfunction in obesity
and diabetes
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Figure 1. Absence of detectable GLUT2 detected in gene expression mapping of the mouse brain
(A), The astroglial and endothelial glucose transporter GLUT1 is abundantly expressed in

the mouse brain. Graph (below) depicts GLUT1 gene expression data from the Allen Brain
Atlas. (B), No detectable GLUT2 mRNA was observed in any brain region. (C), The
neuronal glucose transporter GLUT3 is widely expressed in the mouse brain. Graph (below)
depicts regional comparison of gene expression data generated by the Allen Brain Institute.
(D), Gene expression screening revealed lower levels of expression for the insulin-
stimulated glucose transporter GLUT4. Graph (below) depicts GLUT4 gene expression data
from the Allen Brain Atlas. Images and data were obtained from the Allen Institute for Brain
Science website at www.alleninstitute.org.
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Obesity Diabetes
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Figure 2. Distinct and overlapping features of metabolic pathology in obesity and type 2 diabetes
While there is substantial individual variability in the degree of overnutrition required to

induce obesity, caloric excess in the absence of commensurate increases in energy
expenditure will eventually lead to hypertrophy of adipose tissue. Most adipose tissue in
adults is made up of white fat, and there is also a significant genetic component related to
preferential energy storage in subcutaneous white fat or visceral white fat. When the storage
capacity of subcutaneous and visceral fat deposits is exceeded, lipids are stored in other
tissues. Hepatic steatosis is a feature present in obesity and exaggerated in populations with
visceral obesity. Invasion of lipid droplets into other organs contributes to chronic, low-
grade inflammation and priming of immune cells in obesity. These features are exacerbated
in visceral obesity, particularly when the storage capacity of mesenteric adipocytes is
exceeded, causing cell death, which attracts and activates macrophages. Continued demand
for energy storage promotes further invasion of ectopic lipid droplets and contributes to the
development of insulin resistance. Loss of hepatic insulin sensitivity and reductions in
muscle glucose uptake are initially met with compensatory increases in insulin production
by pancreatic beta cells. At this point, individuals may meet clinical criteria for type 2
diabetes, and may receive treatment with glucose-lowering drugs, along or in combination
with treatments that stimulate insulin production, or with newer drugs that increase the
bioavailability of glucagon-like peptide 1. These therapeutics are applied with the goal of
preventing or decelerating eventual exhaustion of pancreatic beta cells and conversion to
insulin dependent diabetes.
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Table 1

Variations in diet composition across studies of obesity and hippocampal function.

Fat Carbohydrate Protein

Citation Diet kCal (%) Source kCal (%) Source kCal (%) Source
Greenwood and Winocur, 1990 LFD 5 Lard 75 Cornstarch 20 Casein
HFD 40 Soybean oil 30 Cornstarch 30 Casein
HSFD 40 Beef tallow 30 Cornstarch 30 Casein

Molteni et al., 2002 LFD 13 Soybean oil 60 Cornstarch 27 Soy

HFD 40 Lard 40 Sucrose 20 Soy
Stranahan et al., 2008c LFD 5 Butter oil 75 Cornstarch 20 Casein
HFD 20 Butter oil 60 Cornstarch 20 Casein

McNay et al., 2010 LFD 6 Lard 64 Cornstarch 30 Soy
HFD 32 Butter oil 51 Sucrose 17 Casein

Kanoski et al., 2010 LFD 14 Soybean oil 56 Cornstarch 30 Soy
HFD 40 Lard 30 Glucose 30 Casein
Ross et al., 2012 LFD 10 Soybean oil 70 Cornstarch 20 Casein
HFD 10 Soybean oil 70 Fructose 20 Casein

Sobesky et al., 2014 LFD 17 Soybean oil 54 Sucrose 29 Soy
HFD 35 Lard 32 Sucrose 33 Casein

Abbreviations: LFD, low-fat diet; HFD, high-fat diet; HSFD, high saturated fat diet.
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